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Abstract 

 
There are several studies suggesting the role of aneuploidy in tumor formation. Aneuploid cells are 

different from normal ones in term of gene expression and proteome. Cells with different amount and kind of 
proteins might act differently to external stimuli, including ionizing irradiation. Currently, radiotherapy is one of 
the main methods in fight against cancer, therefore, it is important to understand the response of the aneuploidy-
tumor cells to irradiation. To investigate the chromosomal effect of gamma irradiation on aneuploid cells, L929 
cells were treated with 1.5 ng.ml-1 of vinblastine to induce aneuploidy. Vinblastine-treated cells were left to recover 
for 72 h and irradiated with 1 Gy of gamma radiation. Induced chromosomal damages were investigated using 
micronucleus (Mn) assay. Data showed that vinblastine and gamma irradiation both were able to significantly 
increase micronucleated-binucleated cells (MnBi) frequency. However, 1 Gy gamma irradiation of the cells after 72 
h of vinblastine treatment led to the lower frequency of MnBi compared to irradiated cells. Results of this study 
suggest that vinblastine treatment of cells before irradiation not only did not sensitize the cells to radiation-induced 
chromosomal abnormalities, but also had radio-protective effect for these cells. This result could be useful in 
planning cancer therapy regimes. 
 
Keywords: Gamma, Vinblastine, L929 cells, Micronucleus assay, Binucleated cells 
 

 

Introduction1� 

 
Aneuploidy is an important incidence in 

cancer formation. Even low rates of chromosome 
mis-segregation lead to tumor formation (Silk et al., 
2013). It has been reported in all solid tumors 
(Tanaka K, 2016). Aneuploidy by disturbing the 
genetic balance of the cell, affects several fetal 
cellular pathways involved in maintaining the 
integrity of genetic materials such as response of 
the cell to DNA damage and monitoring 
mechanisms of chromosome segregation during cell 
divisions (Nicholson and Duesberg, 2009). 
Carcinogens cause progressive anomalies in 
chromosomal integrity of the cells (Bloomfield et 
al., 2014). Therefore, aneuploid cells are more 
prone to genetic damages which may lead to 
transformation and cancer.  
Agents capable of inducing chromosomal loss or 
non-disjunction do so by inducing anomalies in 
chromosome segregation during cell division. One 
of the strong aneugens is vinblastine, a Vinca 
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alkaloid with strong aneugenic capability which has 
been suggested in several in vivo and in vitro 
studies (Cammerer et al., 2010; Leopardi et al., 
2002; Zijno et al., 1996). It confers its effect by 
blocking tubulin dimers and preventing spindle 
fiber formation. It is able to induce aneuploidy even 
at very low doses (Cammerer et al., 2010). 
Radiotherapy and chemotherapy are currently 
frequent approaches to cancer treatment (Blank et 
al., 2017; Franklin et al., 2017). Radiotherapy of 
cancer cells leads to harmful damages to the cells. 
Ionizing irradiation used in radiotherapy does so by 
inducing profound genetic damages to the cells. 
The harmful effect of ionizing radiation has been 
known for several years. It is able to induce 
damages and cuts to DNA which could end up as 
chromosomal breaks. It imposes damages to 
chromosomes by its direct effect on DNA or 
producing free radicals with high tendency to react 
with it (Ward, 1988). 
Investigating the combined effects of radiation with 
other agents is advised by UNSCEAR (UNSCEAR, 
2000). Chromosomal unbalanced cells may have 
different responses to other harmful agents 
compared to the normal ones. Because of the 
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important role of aneuploidy in cancer induction, it 
is important to know more about the reaction of 
aneuploid cells to other stimuli. A previous study 
showed that radiation-induced aneuploid cells 
showed higher sensitivity to radiation (Bakhoum et 
al., 2015). In this study we investigated the 
response of the vinblastine-induced aneuploid cells 
to ionizing radiation, which is a most common way 
of cancer treatment. It is for the first time that the 
co-treatment of two aneugen and clastogen agents 
is investigated on L929 cells.  

 
Materials and Methods 
 
Vinblastine treatment 
     L929 cell line was used in this experiment. Cells 
were cultured in DMEM LG (Gibco) supplemented 
with 10% FBS (Gibco) in 5% CO2 and 37ºC. Sub-
culturing was taken place every 72 h in 1:5 ratios. 
Vinblastine sulfate (GedeonIchter Ltd.) was 
dissolved in distilled water to the stock 
concentration of 1µg.ml-1. L929 cells have been 
treated with three doses of 0.5 and 1.5 and 2 ng.ml-
1 of vinblastine 24 h post culture initiation for next 
24 h. For the second part of the experiment, cells 
have been treated with 1.5ng.ml-1 of vinblastine for 
24 h. Culture medium was replaced with fresh 
vinblastine-free medium at the end of treatment. 
Cell harvest was performed at different time points 
of 24, 48 and 72 h post vinblastine removal. 
Cytochalasin-b (Cyto-b) was added to the cells at 
final concentration of 4ng.ml-1 20 h before harvest 
for each time point. 
 
Gamma irradiation 
     Gamma irradiation of the cells was performed 
with the rate of 0.99Gy/min at the final dose of 1Gy 
in T25 flask (60CO radiation therapy, Therateron, 
Canada). Cells which have been recovered at 72 h 
post vinblastine removal as well as non-treated cells 
were irradiated. Cyto-b was added to the cells at 
final concentration of 4ng.ml-1 2 h after irradiation 
for 20 h. 
 
Cell harvest and giemsa staining 
     Cell harvest was performed according to 
Fenech(Fenech, 2000) with some modifications. 
Briefly, 20 h post Cyto-b treatment, cells were 
detached from culture flasks by trypsin and 
centrifuged at 100g for 10 min. Cells were washed 
twice with 9:1 methanol: acetic acid fixator. Cell 
suspension was dropped on clean slides from height 
of 15-20 cm and left to air-dry. 
Dried slides were placed in 10% giemsa solution 
for 20 min. They were washed with buffer 

phosphate and left to dry before scoring. 
 
Scoring 
     Cell scoring took place at a 1000x 
magnification. In this study, cells with two 
detached nuclei with visible shared cytoplasm were 
scored as binucleated cell. From each culture flask 
at least three slides were coded, and on each slide at 
least 500 Bi as well as all mononucleated cells 
which were encountered were scored. In all Bi 
scored, cells harboring one or more small 
unattached nuclei considered as micronucleated-
binucleated cell (MnBi). The frequency of MnBi 
was calculated as: 

% MnBi= NO of MnBi/ All Bi scored x100 
The Binucleated index (Bi index) was calculated as: 
Bi index= NO of all Bi/ All Mono and Bi-nucleated cells 

scored x100 
 
MTT test 
     Treated as well as untreated control cells were 
cultured in 96 wells culture plates. Cell viability 
test was performed for control and vinblastine 
treated cells harvested 24, 48 and 72 h post 
vinblastine removal. 100µg of tetrazolium salt 
(Sigma), dissolved in PBS, was added to 200 µl of 
cell culture medium and left for 6 h in 37◦C. 
Medium of each well was replaced with 150 µl of 
DMSO. Light absorbance of each well at 545 nm 
wavelength was recorded using ELISA reader 
(AWASENESS). Light absorbance value of each 
well was compared to control and its graph was 
prepared. 
 
Statistical analysis 
     Statistical analysis was performed using 
MINITAB software version 14. The differences 
between control and treated cells as well as 
between treated groups were analyzed by one-way 
analysis of variance (ANOVA). For MTT analysis, 
the SD for all treatments was calculated using 
MINITAB software and the graphs were plotted 
using EXCEL software version 2013. 
 
Results 
 
     Cyto-b blocked the cytokinesis of the cell 
division. Treatment of the cells with Cyto-b 
resulted in cells with two detached nuclei in one 
shared cytoplasm (Figure 1). Any break to 
chromosome structure which led to chromosome 
fragment or any chromosome loss resulted in 
binucleated cell harboring micronuclei (Mn) 
(Figure 2). 
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Figure 1. Binucleated cell 
 
 

 
 

Figure 2. Binucleated cell harboring one 
micronucleus (MnBi) 

 
Vinblastine treatment 
     Vinblastine treatment of the cells led to 
statistically significant increase in the frequency of 
MnBi (Table 1) compared to control at two highest 
doses used in this experiment (P<0.05). The highest 
increase was for 1.5 ng.ml-1 of vinblastine. The Bi 
index showed that vinblastine treatment 
significantly reduced the cell division activity at all 
doses used in this experiment (P<0.05) (Table 1). 

 
Table 1. Vinblastine treatment of the L929 cells with 

different doses of 0.5, 1.5 and 2 ng.ml-1 

 

Doses of 
Vinblastine 

Bi index 
±SD 

Frequency of 
MnBi±SD 

0.0 ng.ml-1 53.14 ± 
3.62 

1.89 ±1.64 

0.5 ng.ml-1 29.11 ± 
2.46a 

5.48 ±4.52 

1.5 ng.ml-1 27.90 ± 
4.91a 

15.26 ±7.58a 

2 ng.ml-1 26.82 ± 
6.94a 

10.63 ± 0.85a 

a: Statistical difference with control (P<0.05) 
 
The lowest dose that was able to induce the 

significant increase in MnBi frequency in this 
experiment was 1.5 ng.ml-1. To minimize the 

probability of cell damage, we used this dose 
throughout the rest of the experiment. 

 
Cell recovery after 1.5 ng.ml-1 vinblastine 
treatment 
     L929 cells were treated with 1.5 ng.ml-1 
vinblastine for 24 h and cell harvest performed at 
different time intervals after cell culture 
replacement. The results of MnBi analysis are 
presented in Table 2. Vinblastine treatment of the 
cells led to statistically significant increase in the 
frequency of MnBi right after vinblastine removal 
compared to control (P<0.05). However, the 
frequency decreased in time dependent manner till 
reached to the control level at 72 h post culture 
replacement. Bi index although showed significant 
decrease compared to control right after vinblastine 
removal, but in all time points after vinblastine 
removal did not show any significant differences 
with control (Table 2). 

 
Table 2. Effect of 24 h of vinblastine treatment at 

different time points after cell wash 
 

 Binucleated index 
(Bi I)±SD 

Frequency of 
MnBi±SD 

control 44.89 ± 
9.60 

2.22 ± 1.06 

 
Time points 

after 
vinblastine 

removal 

0 h 27.90 ± 
4.91a 

15.26 ±7.58a 

24 h 39.56 ± 
2.11 

6.85 ± 0.39a 

48 h 44.04 ± 
5.21 

5.96 ± 2.92a 

72 h 35.78 ± 
3.27 

2.14 ± 0.51 

a: Statistical difference with control (P<0.05) 
 

Figure 3 represents the result of MTT assay after 
vinblastine treatment for 24 h at different time 
points post culture replacement. The results 
revealed that cells were able to gain their survival 
ability from harmful effect of vinblastine treatment 
72 h post vinblastine removal. The cell viability 
reached to normal after 48 h. 
 
Gamma irradiation of untreated and vinblastine 
treated cells 
     The results of gamma irradiation of L929 cells 
are represented in Table 3. Gamma irradiation of 
L929 cells caused significant increase in the 
frequency of MnBi compared to control (P<0.05). 
Recovered cells from 1.5 ng.ml-1 vinblastine 
treatment after 72 h of vinblastine removal did not 
show any significant difference in the frequency of 
MnBi compared to control. Irradiation of the 
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recovered cells 72 h after vinblastine treatment led 
to the significant increase in the frequency of MnBi 
in comparison to control (P<0.05), however, they 
also showed a significant decrease of MnBi 
frequency compared to non-vinblastine treated 
irradiated cells (P<0.05). 

In all treatment regimes, Bi index did not show 
any significant difference in comparison to control 
(Table 3).  

 

 
Figure 3. Cell viability after 24 h of 1.5ng.ml-1 

vinblastine treatment at different time points post 
vinblastine removal 

 
Table 3. Gamma irradiation of untreated and 

recovered cells 72 h after treatment with 1.5 ng.ml-1 
vinblastine 

 
 Binucleated 

index  
(Bi I)±SD 

Frequency of 
MnBi±SD 

Control 42.19 ± 
12.06 

2.45 ± 
1.23 

Cells recovered 72 h 
post vinblastine treatment 

40.33 ± 
6.30 

2.63 ± 
0.98 

1 Gy gammairradiation 
of non-vinblastine treated 

cells 

45.07 ± 
5.96 

10.40 ± 
1.82a,b 

1 Gy gamma 
irradiation of cells 

recovered 72 h post 
vinblastine treatment 

48.83 ± 
2.65 

6.13 ± 
1.01a 

a: Statistically significant difference with control 
(P<0.05) 

b: Statistically significant difference with vinblastine 
recovered cells after Irradiation (P<0.05) 

 
Discussion 
 
     There are different conclusions about the role of 
aneuploidy and structural chromosomal aberrations 
in inducing cell transformation. Various kinds of 
numerical and structural chromosomal 
abnormalities have been reported in tumor cells. 
Although there is no doubt about the role of these 
two mechanisms in tumor formation, but the way 
these two react at the same time and how tumor 

cells which are involved in genetic instability react 
to therapy needs to be explained. Changes in the 
genetic composition of the cells leads to 
modification in time and quantity of gene 
expression and synthesis of proteins involve in cell 
division control and DNA repair, which would have 
profound consequences on the cell life(Nicholson 
and Duesberg, 2009). Ionizing irradiation of cancer 
cells is widely used in cancer therapy. It is 
suspected that cells with abnormal genetic 
equilibrium might act differently to the irradiation 
in comparison to normal cells. Aneuploid cells 
exhibit profound modifications in their gene 
expression profiles (Roschke et al., 2008) which 
may lead to different responses to other stimuli. In 
this study, we tried to investigate the effect of 
gamma irradiation in vinblastine-induced aneuploid 
cells. 
Strong aneugenic capability of vinblastine has been 
investigated in several studies. It can induce 
chromosome loss or non-disjunction even at very 
low doses (Cammerer et al., 2010). Vinblastine is 
able to bind to DNA and in much higher affinity to 
tubulin (Pandya et al., 2014) and direct its effect 
through preventing tubulin polymerization during 
mitosis. Vinblastine treatment of the cells at the two 
highest doses used in this study were able to induce 
micronucleus formation. Judged by the nature of 
vinblastine action, it is possible to say that the 
increase in the frequency of micronucleus 
formation was because of high incidence of 
chromosome loss in treated cells. In other studies, 
also vinblastine treatment increased kinetochore 
positive micronuclei, which supports this argument 
(Marshall et al., 1996). 
L929 cells are aneuploidy in nature. Chromosome 
analysis of this cell line has been revealed the 
chromosome number of 62-64 chromosomes 
(Sorokina et al., 1988). In current experiment, 
vinblastine treatment of these cells was performed 
to produced extra chromosomal instability in these 
cells. 
Results of this experiment showed that treatment 
with vinblastine led to increase in the micronuclei 
frequency, although, it reached the base line 
frequency 48 h post treatment. The reduction in the 
frequency of induced micronuclei was started 24 h 
post vinblastine removal and reduced in a time 
dependent manner till reached the control level 72 h 
post vinblastine removal. Cell viability test also 
revealed that damaged cells were able to recover 
from vinblastine effect 48 h post vinblastine 
removal. 
Reduction of the frequency of micronuclei after 
several cell divisions might be the result of 
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reintegration of micronuclei into main nuclei or 
simply by losing them during cytokinesis (Leach 
and Jackson-Cook, 2004). In both suggested 
reasons it is possible to expect that the result would 
be creation of aneuploid cells either by losing or 
gaining one or more chromosomes. Therefore, most 
of the recovered cells in this experiment could be 
considered as aneuploid cells. 
Ionizing radiations are able to induce structural 
chromosomal damages in exposed cells (Shi et al., 
2012). Cells which have been treated with doses of 
gamma irradiation showed a significant increase in 
the frequency of chromosomal damages which in 
micronucleus assay were represented as 
micronuclei (Hosseinimehr et al., 2009; Rao et al., 
2011). Ionizing radiation imposes its harmful 
effects on chromosomes of the cells either through 
direct cuts of double or single strands of DNA or its 
indirect effect by increasing the free radicals 
capable of inducing breaks in DNA. Ionizing 
radiation by passing through water, produces highly 
active free radicals capable of attacking 
macromolecules of the cells including DNA. 
Induced one or double strand cuts in DNA 
molecule eventually lead to chromosomal structural 
aberrations including chromosome or chromatid 
breaks (Hall and Giaccia, 2012). 
In several studies increase in the frequency of 
micronucleus in binucleated cells was proceeded 
the gamma irradiation of human peripheral 
lymphocytes (Hosseinimehr et al., 2009; Rao et al., 
2011). In this study gamma irradiation of L929 
cells also led to significant increase in the MnBi. 
The induced frequency of MnBi in our study was 
lower than the frequency of MnBi in human 
peripheral lymphocytes irradiated in vitro in both 
studies mentioned earlier (Hosseinimehr et al., 
2009; Rao et al., 2011). This difference might be 
related to the higher dose of gamma-ray used in 
those studies.  
On basis of the nature of damages imposed by 
ionizing radiation it is possible to expect that high 
frequency of micronuclei in exposed cells in the 
present study was mainly the result of chromosome 
or chromatid breaks. Those chromosomal parts 
were left behind in the cytoplasm during cell 
division and form micronuclei. 
Cells already treated with vinblastine when exposed 
to 1 Gy gamma irradiation showed a lower 
frequency of MnBi compared to untreated cells. 
The vinblastine treated cells are expected to have 
unbalance composition of chromosomes and 
genetic materials. It is possible to consider the 
protective effect of aneuploidy against ionizing 
radiation through alteration in transcription and 

changing the amount of proteins and gene 
transcripts involved in radiation response of the 
cells. The gene expression modification in 
aneuploid cells could affect different aspects of cell 
response to external stimuli. The role of 
chromosomal instability in response to cancer 
therapy has been reviewed extensively (Rangel et 
al., 2017). Changes in the cell transcriptome by 
aneuploidy leads to increase in expression of a 
large group of genes appropriate for cancer 
formation (Gao et al., 2007). From these large 
group of genes some might be responsible for 
resistance to irradiation. These cells produce the 
higher amount of proteins with capability of 
radioprotection. Change in gene expression profile 
of the vinblastine-induced aneuploid cells results in 
producing higher amount of proteins involved in 
free radical scavenging and/or DNA repair 
mechanisms. The reduced frequency of MnBi in 
those aneuploid cells could be a result of alteration 
in quantity of gene products of those cells. The 
result of this study is in contrary with another study 
that suggests the higher sensitivity of aneuploid 
cells to ionizing radiation compared to normal cells 
(Bakhoum et al., 2015). The difference could be 
related to the way of inducing aneuploidy in those 
cells compared to ours. In that study aneuploidy 
was induced by irradiation whereas in ours it was 
induced by vinblastine treatment. Aneuploidy 
induction by irradiation would not be the only 
consequence of irradiation. Irradiation most 
definitely would be able to induce some forms of 
gene mutation which might reduce the resistance of 
the cells to subsequent irradiation. In our study 
aneuploidy was induced by vinblastine, which no 
evidences show its mutagenic capability. Therefore, 
it is possible to imagine that vinblastine induced 
aneuploid cells have no gene mutation which 
reduce their resistance to irradiation. 
This lower frequency of chromosomal damages 
also could be the result of ability of vinblastine to 
reduce the harmful effect of ionizing radiation by 
its free radical scavenging capability. The radio-
protective ability of vinblastine has been already 
suggested (Rajagopalan et al., 2003). Hence, 
despite vinblastine removal, the amount of 
vinblastine inside the cells could act as an 
antioxidant and protect the cells from clastogenic 
activity of gamma irradiation. To be able to 
understand this, the time interval between 
vinblastine removal and irradiation must be 
extended to several days. 
Data of this study suggest that vinblastine treatment 
is able to protect the cells from ionizing radiation 
induced damages. The lower frequency of damages 
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induced by gamma irradiation in aneuploid cells 
reveals the need for more studies to create more 
effective cancer treatment protocols. The authors 
suggest longer interval time between vinblastine 
treatment and ionizing irradiation to reduce the 
probability of direct protection of vinblastine. 
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Abstract 

 
There are different subtypes of brain tumors, classified according to the origin of the abnormally proliferated 

glial cells. Glioblastoma multiforma (GBM) is the grade 4 of brain tumors, gliomas, with the least life expectancy. 
microRNAs (miRNAs) are small, single stranded, non-coding RNAs with 20-25 nt length with post-transcriptional gene 
regulatory activities. An altered expression of miRNAs is linked to developmental disorders and some diseases, most 
importantly cancers. miR-21 is a well-known microRNA, overexpressed in almost all cancer types, including brain 
tumors. It targets several genes with vital roles in cellular pathways involve in proliferation, invasion and metastatic 
behaviors. Exosomes are 30-100 nm extracellular vesicles which are packed with various molecules, including 
miRNAs. Here, we suppressed miR-21 expression level in HEK-293T cells by transfecting them with the miRZip-21 
vector. However, when U87-MG cells were cultured in the presence of exosomes isolated from conditioned medium of 
engineered HEK-293T cells derived exosomes, we did not observe any suppressing effect on host cells’ miR-21 
expression level. Moreover, by analyzing the effects of miRZip-21-enriched cell’s conditioned media on three other 
brain cell lines including 1321N1, A-172 and DAOY, cell type-specific effects of exocrine miRZip-21 were revealed. 
These data suggested that cell lines from different brain tumor subtypes could exert different responses to microRNA-
based therapies, based on their cellular origin and clinical behaviors. 
 
Keywords: miR-21, Brain tumors, Glioblastoma multiforma, Exosomes 
 

 

Introduction1� 

 
Brain tumor is a neoplasm that occurs by 

an abnormal and uncontrolled cell division of glial 
cells within the central nervous system (CNS). 
Tumors of the CNS have a wide spectrum of 
subtypes according to the WHO classification, their 
cellular origin and histological characteristics of 
each particular tumor. The most frequent brain 
cancers in children are pilocytic astrocytomas, 
ependymomas and medulloblastomas, while, in 
adults diffuse astrocytic tumors (including 
astrocytoma, anaplastic astrocytomas, and 
glioblastomas), oligodendrogliomas, and 
meningiomas (Collins and Psychiatry, 2004; Louis 
et al., 2007; Louis et al., 2016) are most frequent 
brain cancer subtypes. Glioblastoma multiforma 
(GBM) is the grade 4 of brain tumors, which it’s 
life expectancy about 18 months after diagnosis 
(Paolillo et al., 2018). 

microRNAs (miRNAs) are small, single 
stranded, non-coding RNAs with 20-25 nt length 
that have post-transcriptional gene regulatory 
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activities. miRNAs play crucial roles in variable 
biological events such as development, 
differentiation and apoptosis. Misregulations in 
expression level of miRNAs can lead to some 
diseases including cancers. Therefore, investigating 
the expression profile of various miRNAs can 
provide useful diagnostic, prognostic and 
therapeutic information for the future therapeutic 
challenges (Gulyaeva and Kushlinskiy, 2016; 
Hayes et al., 2014; Paul et al., 2018). miR-21 is a 
well-known miRNA that is overexpressed in almost 
all cancer types, including brain tumors. It targets 
several important genes in cellular processes, with 
regulatory effects on proliferation, invasion and 
metastatic behaviors. PDCD4 (Programmed cell 
death protein 4) and RECK (Reversion-inducing-
cysteine-rich protein with kazal motifs) are two 
important miR-21 target genes, with some key 
regulatory roles in apoptotic and metastatic 
pathways (Corsten et al., 2007; Gabriely et al., 
2008; Gao et al., 2007; Gaur et al., 2011; Malhotra 
et al., 2018; Papagiannakopoulos et al., 2008; Sekar 
et al., 2015). Inhibition of miR-21 expression or 
activity via different techniques promoted apoptotic 
cell death, sensitivity to chemotherapy/radiotherapy 
and cancer suppression (Belter et al., 2016; 
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Devulapally et al., 2015; Lu et al., 2008; Sicard et 
al., 2013; Yang et al., 2014).  

Extracellular vesicles (EVs) are membrane 
fragments budding from cells’ surfaces to transfer 
cytoplasmic or membrane cargoes to target cells 
(Ratajczak et al., 2006; Tkach and Théry, 2016; 
Yuana et al., 2013). Exosomes are 30-100 nm 
extracellular vesicles with important roles in 
signaling pathways (Arscott et al., 2013; 
Kucharzewska et al., 2013; Mittelbrunn et al., 
2011). They contain a variety of cellular 
components, including proteins and genetic 
materials such as miRNAs (Nouraee et al., 2015; 
Yu et al., 2016; Zhang et al., 2015). 

Here, we tried to downregulate miR-21 
expression in HEK293T cells by transfecting them 
with an anti-miR-21 (miRZip-21) construct. Then, 
engineered exosomes enriched from HEK293T 
cells’ conditioned media were transferred into 
glioblastoma cells to explore their suppressing 
effects on host cells’ miR-21 expression level. Our 
data revealed that exosome enriched with miRZip-
21 have differential effects on different glioma cell 
lines. 
 
Materials and Methods 
 
Cell culture and transfection  
     HEK-293T cells were obtained from Iranian 
biological resource center and cultured in DMEM-
F12 (Gibco, USA), supplemented with 10% fetal 
bovine serum (Gibco, USA) and 1% penicillin-
streptomycin (Bio Basic, Canada) and were seeded 
in a 12-well plate (SPL Life Science, South Korea). 
To suppress miR-21 expression level, miRZip-21 
purchased from System Bioscience (SBI, USA). 
Stable cell line colonies expressing miRZip-21 
were generated by transfecting cells at %70 
confluencies with lipofectamin 3000 (Invitrogen, 
USA). Successfully transfected cells were selected 
by using 4 μg/ml Puromycin (Sigma, Germany). 
Then, cells were expanded while antibiotic 
concentration reduced gradually. 
  
RNA extraction and RT-PCR 
     RNA extraction performed by Trizol (for cells) 
and Trizol LS (for cell’s conditioned media and 
exosomes) reagents (Invitrogen, USA). After 
cDNA synthesis with TAKARA cDNA synthesis 
kit (Japan), Real-time PCR was performed for 
detecting miR-21 expression level using SYBR 
Green (Bio Fact, Korea) and Stem-loop method 
(Kramer, 2011). Then, the expression levels of 
PDCD4 and RECK, as miR-21 target genes, were 
analyzed (Supplementary table 1). 

 
Co-culture experiments 
     In order to analyze miRZip-21 effects on target 
cells, stable transfected HEK-293T cells were 
seeded in 6-well plates (2×104 cells per well, SPL 
Life Science, South Korea). 24 hours later, target 
cells (U87-MG cells, obtained from Iranian 
biological resource center) were seeded on inserts 
with 0.4 µm pore sizes (SPL Life Science, South 
Korea), within the same plates of transfected HEK-
293T cells (23×103 cells/insert). RNA extraction 
was performed for both HEK-293T and U87-MG 
cells after 24 and 48 hours of co-culture 
experiments. 
 
Exosome purification and characterization 
     miRZip-21-expressing stable cell lines were 
cultured in T75 cell culture flasks in the presence of 
exosome-depleted FBS (Huan et al., 2013). Cell’s 
conditioned media were collected every 2-3 days, 
and total exosomes were extracted by several steps 
of centrifugation (300 g for10 min, 2000 g for 10 
min, 10000 g for 30 min, 20000 g for 60 min, 
100000 g for 70 min) (Théry et al., 2006). DLS 
analysis (with 10 minutes sonication), and Bradford 
assay were respectively used to determine size and 
concentration of isolated exosomes. 20 µl of our 
exosome preparations were applied for scanning 
electron microscopy (SEM). To visualize size and 
shapes of extracted exosomes, SEM images were 
achieved by using gold coating with physical 
vapour deposition (PVD) method, done with 
Sputter coater instrument (SBC 12 model) and 
KYKY-EM3200 instruments (26 KV).  
Investigating effects of exosomes on U87-MG 
cells: U87-MG cells were seeded in a 24-well plate 
in RPMI media (Gibco, USA) (supplemented with 
10% FBS and 1% Penicillin/streptomycin). Then, 
they exposed to 50 µg/ml of miRZip-21 enriched 
exosomes for 24 to 48 hours. Following cell lysis, 
total RNA extraction performed for all samples to 
investigate the expression levels of miR-21 and 
miR target genes.  
Analyzing effects of conditioned media from 
miRZip-21 producing HEK-293T cells on other 
brain related cell lines: 1321N1, A172 and DAOY 
cell lines were obtained from Iranian biological 
resource center, cultured in RPMI media (Gibco, 
USA) containing 10% fetal bovine serum (Gibco, 
USA) and 1% penicillin-streptomycin (Bio Basic, 
Canada), in 24-well plate (SPL Life Science, South 
Korea). Upon reaching 70% confluencies, their 
medium exchanged with an equal mixture of RPMI 
and conditioned media of miRZip-21 producing 
HEK-293T cells (1:1).  
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Statistical analysis 
     All experiments were repeated at least 2-3 times. 
Statistical analysis performed using GraphPad 
Prism 6 software and ordinary ANOVA test. Data 
were presented as Mean +/- SD, and differences 
were considered significant, when p value were less 
than 0.05. 
 
Results 
 
     miRZip-21 decreases miR-21 expression level 
in HEK-293T cells: We employed miRZip-21 to 
downregulate miR-21 expression level. Following 
transfecting HEK-293T cells with miRZip-21 
vector and producing stable cell lines, the 
expression levels of miRZip-21 and miR-21 were 
determined by a real-time PCR approach. In 
miRZip-21 expressing stable cell line, miR-21 
expression level significantly decreased in 
comparison to untransfected cells (p <0.0001; 
Figure 1A). Gene expression levels were 
normalized to the expression of GAPDH 
(Glyceraldehyde 3-phosphate dehydrogenase) as 
our house keeping gene. 
 
miR-21 expression level of U87-MG cells exert 
modifications upon co-culturing with HEK-293T 
cells expressing miRZip-21: Primary glioblastoma 
cell line U87-MG was employed to analyze the 
effects of secreted miRZip-21 in a co-culture 
system, in which the cells were physically 
separated from each other. After 24 and 48 hours of 
conditioned media contact between U87 and 

miRZip-21 expressing HEK-293T cells, miR-21 
expression measured quantitatively. Our 
experiments revealed that although, miRZip-21 
decreases miR-21 expression level in HEK-293T, 
but it fails to decrease miR-21 level in U87-MG 
target cells (Figure 1B). As it is evident in Figure 1, 
we even observed an unexpected elevation of miR-
21 levels in U87-MG target cells following 24 h 
and 48 h of co-culture experiments. 
 
miRZip-21 successfully packaged into the 
exosomes of transfected cells: To examine the 
possibility of miRZip-21 packaging in the 
exosomes of transfected cells, we purified 
exosomes by means of ultracentrifugation. General 
characteristics of isolated exosomes including their 
size and shape evaluated and confirmed by 
performing DLS analysis and electron microscopy. 
Particle size analysis revealed a sharp and single 
peak on 83.46 nm point for purified vesicles 
(Figure 2A). Uniform shape and proper size of 
isolated exosomes (mostly under 100 nm) were also 
confirmed following scanning electron microscopy 
experiments (Figure 2B).  
We then analyzed the level of miR-21 expression in 
exosomes isolated from conditioned media of 
HEK-293T miRZip-21 expressing stable cell line, 
in comparison to untransfected cells. Our data 
revealed a diminished level of miR-21 in the 
miRZip-21 expressing cells; however, it was not 
statistically significant (Figure 3). 

 
 
 
 
 

 
Figure 1. A) Down-regulation of miR-21 expression in HEK-293T stable cell lines exogenously expressing 
miRZip-21, in comparison to untransfected cells (p <0.0001). B) miR-21 expression level in U87-MG cells, 24 and 
48 hours following co-culturing with HEK-293T cells stably expressing miRZip-21. As demonstrated no significant 
downregulation observed for treated cells. 
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Figure 3. miR-21 expression levels in exosomes 
isolated from miRZip-21 expressing HEK-293T cells, 
in comparison to the exosomes extracted from 
untransfected cells. 
 
Engineered exosomes had no miR-21 
suppression effect on U87-MG cells: Despite our 
expectations, miRZip-21 containing exosomes 
failed to exert any suppression effects on miR-21 
expression levels of U87-MG cells as our target cell 
(Figure 4A). Interestingly, a noticeable, but not 
statistically significant, increase in the level of 
miR-21 was observed in the cells, 24h after co-
culture experiments. To explore the possibility of a 
similar effect of miRZip-21 containing exosomes 
on miR-21 target genes, we quantified the 
expression levels of PDCD4 and RECK genes, two 
important target genes of miR-21, in treated cells. 
As was expected, miRZip-21 containing exosomal 
treatments caused a reverse effect on the expression 
of PDCD4 and RECK genes in treated cells, 
although, these changes were also not statistically 
significant (Figure 4B, C).  
 

Investigating miRZip-21 effects on other brain 
cancer cell lines: To further examine the effects of 
miRZip-21 on other cell lines, we performed 
similar experiments on some other glioma cell lines 
(table 1). Our data revealed a differential effect on 
the above mentioned cell lines exposed to the 
miRZip-21-enriched conditioned media of HEK-
293T stable cells (Fig 5). In 1321N1 astrocytoma 
cell line, miR-21 level elevated in 24 hours, but 
dramatically dropped down after 48 hours of 
treatment. In case of A172 cells, which are 
classified as non-tumorgenic glioblastoma cell line, 
a significant downregulation of miR-21 observed in 
all investigated time points. Finally, DAOY cells 
showed an upregulation of miR-21 expression at 
both 24 and 48 hours. However, differences were 
not statistically significant. 
 
Discussion 
 
     Glioblastoma multiforma is the most malignant 
form of brain tumors (Collins and Psychiatry, 2004; 
Louis et al., 2007; Louis et al., 2016). Finding a 
new therapeutic approach for treating brain tumors 
is of great importance. Despite new molecular and 
surgical approaches (Gilbert, 2011; Van Meir et al., 
2010), finding an effective cure is still remained to 
be introduced.  
microRNAs are demonstrated to have important 
roles in cancer initiation and progression (Gulyaeva 
and Kushlinskiy, 2016; Hayes et al., 2014; Paul et 
al., 2018). We have already reported that miR-21 is 
upregulated in esophageal tumors and that the 
upregulation was mainly confined to the fibroblast-
like stromal cells adjacent to cancer cells, rather 
than tumor cells (Nouraee et al., 2013). The latter 
finding suggests a role for secreted miR-21 as a 
microenvironmental communication signal between  

 
Figure 2. Characterizing the purity and identity of extracted exosomes. A) DLS experiments demonstrated a good 
quality and normal size distribution (with a unique peak under 100 nm; average 83.46 nm) for purified exosomes. B) 
SEM micrograph obtained from our exosome preparation, indicated proper concentration of exosomes in our 
investigated sample with ideal size distribution between 30-170 nm (mostly under 100nm). 
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Figure 5: miR-21 expression levels in 1321N1, A172 
and DAOY cell lines after treatment with conditioned 
media obtained from miRZip-21 stably expressing HEK-
293T cells. Note that different cell lines responded 
differentially to the treatment with miRZip-21-containing 
conditioned media. 
 
cancer cells and their adjacent non-tumor cells. 
Cancer cell communications is an important target 
point to be considered for inhibition of cancer 
development. Most of these secretory signaling 
molecules are released in the form of exosomes. 
GBM cells apply these microvesicles to increase 
tumor cell communication for proliferation, 
invasion and even metastatic behaviors (Arscott et 
al., 2013; Kucharzewska et al., 2013; Mittelbrunn et 
al., 2011). The presence of microRNAs within 
exosomes have been already reported (Collino et 
al., 2010; Ogata-Kawata et al., 2014; Yuana et al., 
2013), including the packaging and release of miR-

21 within exosomes of different cancer cell types 
(Tanaka et al., 2013; Tian et al., 2014; Tsukamoto 
et al., 2017; Wang et al., 2015). miR-21 silencing 
was also carried out with effective results in both in 
vitro and in vivo trials (Belter et al., 2016; 
Devulapally et al., 2015; Lu et al., 2008; Sicard et 
al., 2013; Yang et al., 2014). 
     Here, we tried to supress miR-21 expression in 
glioblastoma cell line U87-MG, employing 
engineered exosomes carrying the miRZip-21 
construct. While miRZip-21 downregulated miR-21 
expression level in transfected HEK-293T stable 
cell line, its effect on target cells treated with 
miRZip-21 containing exosomes was unexpected. 
There is no rational explanation for elevated 
expression of miR-21 in U87-MG cells. To find out 
if the aforementioned effect is caused by a general 
mechanism, we examined the effect of miRZip-21 
producing stable HEK-293T conditioned media on 
three other brain cancer cell lines. The cerebellar 
medulloblatoma cell line, DAOY, showed almost 
similar results as U87-MG, with an upregulation of 
miR-21 after 24h and 48h of treatment. The effect 
of miRZip-21 on A172 cells was in contrast with 
what observed on U87-MG, with a downregulation 
of miR-21 expression level at both 24 and 48h of 
treatment. The astrocytoma cell line 1321N1 
(Gundemir et al., 2017; Toll et al., 2011) showed a 
surprising response after treatment with miRZip-21 
containing conditioned media, with an upregulation 
of miR-21 at 24h and a dramatic downregulation 48 

Figure 4: A) Expression of miR-21 in U87-MG cells exposed to the engineered exosomes isolated from conditioned 
media of miRZip-21 expressing HEK-293T cells by ultracentrifugation. B, C) Expression of PDCD4 and RECK in 
U87-MG cells following treatment with exosomes obtained from conditioned media of genetically modified HEK293T 
cells. As demonstrated similar expression pattern observed for miR-21 target genes, PDCD4 and RECK, 24 and 48 
hours post-treatments. It should be notified that these modifications were not statistically significant.  
 

Table 1: Characteristics of brain tumor cell lines applied in the present study. 
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hours following treatment. 
Altogether, our data revealed different response of 
various brain cell lines to a single treatment. This is 
in agreement with previous findings that brain 
tumor subtypes response differently to different 
treatment approaches (Gundemir et al., 2017; Toll 
et al., 2011; Verhaak et al., 2010). Therefore, the 
therapeutic application of miR-21 suppression 
requires to determine the subclass of tumors, as the 
current proposed therapy is cell-line dependent. 
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Abstract 

 
Aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor and its induction may result in 

suppressing of cell proliferation in colorectal cancer (CRC). Cucurbitacin D (CucD), E (CucE) and I (CucI) are plant 
derived metabolites that inhibit cancer cells. This study aimed to evaluate the possible potency of the cucurbitacins 
for activation of AHR expression in CRC cell lines SW-480 and HT-29. The MTT assay was used to find the IC50 
value of the metabolites in the cell lines. Afterwards, the cells were incubated with the IC50 concentrations of the 
cucurbitacins and AHR-mRNA expression assessed using RT-PCR. The IC50 values of CucD, CucE, and CucI were 
4.5, 6.8, and 3.8 μM in HT-29 cell line and 35, 19, 17.5 μM in SW-480 cells, respectively. The SW-480 cells were 
more resistant against cucurbitacins in comparison with HT-29 cells and all three cucurbitacins led to more AHR-
mRNA expression in HT-29 cells. CucE had the lowest effect on AHR-mRNA expression in the cell lines and CucI 
was a common metabolite for both HT-29 and SW-480 cells, which showed the lowest IC50 value (the highest 
toxicity) and the highest effect on AHR-mRNA expression. CucI may have a potential AHR-induction role and it 
could be applicable as an AHR-expression inducer in CRC studies. 
 
Keywords: Aryl hydrocarbon receptor, Colon cancer, Cucurbitacin, HT-29, SW-480 
 

 

Introduction1� 

 
It is predicted that the global burden of 

colorectal cancer (CRC) will increase by 60% to 
more than 2.2 million new cases and 1.1 million 
deaths by 2030 (Arnold et al., 2017). The Aryl- 
hydrocarbon receptor (AHR) is a ligand-activated 
transcription factor that upon activation, translocates 
to the nucleus and associates with ARNT, binds to 
the cognate dioxin responsive elements (DRE) and 
transactivates target genes, particularly the phase I 
and II drug-metabolizing enzymes (Nebert et al., 
2004; Kawajiri and Fujii-Kuriyama, 2007). It 
controls a wide range of developmental and 
toxicological processes (Stockinger et al., 2014; Liu 
et al., 2014; Esser and Rannug, 2015). Moreover, 
AHR gene communicates with several cellular 
signal transduction cascades to lead cell 
proliferation, cell cycle arrest, and apoptosis 
(Marlowe and Puga A, 2005). 

Some studies suggest that AHR may act as a 
tumor suppressor and its induction has been 
proposed as a potential target for cancer treatment 
(Fan et al., 2010; Wang et al., 2017; Kolluri et al., 
2017). It is reported that lung cancer cell migration 
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is inhibited by AHR overexpression (Tsai et al., 
2017) and ligand-activation of the AHR exhibits 
enhanced antitumor effects in colon cell lines 
(Megna et al., 2017). The AHR-mRNA expression 
level is reported to be moderate in normal colon 
tissue and it has been shown that AHR pathway is 
active in CRC cell lines (Li et al., 1998; Koliopanos 
et al., 2002). Although, AHR has a critical role in 
suppression of intestinal carcinogenesis (Kawajiri et 
al., 2009), the molecular features of this event is not 
clarified convincingly. However, it was revealed 
already that the sustained AHR activation results in 
G1 phase cell cycle arrest (Levine-Fridman et al., 
2014).  

AHR activation could be reached through several 
ways: 1- Toxic ligands (Morrow et al., 2014), 2- 
Rapidly metabolized or relatively non-toxic ligands 
(Koliopanos et al., 2002; Ehrlich and Kerkvliet, 
2017), 3- Nontoxic ligands (Goettel et al., 2016) and 
4- An indirect ligand-independent event (Maayah et 
al., 2013). However, most ligands of this protein 
have been disqualified for pharmaceutical 
development regarding their toxicity potentials 
(Ehrlich and Kerkvliet, 2017). But, ligand-
independent induction of AHR has been reported as 
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a useful strategy in cancer cell suppressing 
(Gluschnaider et al., 2010). Therefore, identifying 
appropriate molecules, which perform such 
function, could help in developing more successful 
cancer suppressing drugs. 

Cucurbitacins (Cucs) are diverse plant derived 
metabolites that have been introduced as candidates 
for cancer cell inhibition (Lee et al., 2010). 
Structurally, they are a multiplex category of 
triterpenes such as cucurbitacin D (CucD), E (CucE) 
and I (CucI) found in the members of Cucurbitaceae 
plants and several other families and possess 
immense pharmacological potential (Kaushik et al., 
2015). The STAT3 and F-actin are the two main 
identified molecular targets of Cucs. They induce 
G2/M (CucD and CucI) and/or S-phase (CucD) cell 
cycle arrest and exhibit an effective inhibitory action 
on many cells, including CRC cell lines (Chen et al., 
2012). Cucs are not ligands of AHR and therefore, if 
they could induce AHR activity indirectly, they 
would be useful chemicals in the study of cancer cell 
inhibition via AHR-ligand independent activation. 
This study aimed to evaluate the effects of CucD, 
CucE, and CucI on AHR-mRNA expression in 
human primary colorectal adenocarcinoma cell lines 
SW-480 and HT-29. 

 
Materials and Methods 
 
Chemicals and cell culture 
     All solvents and reagents used were purchased 
from Sigma (USA). The human cancer cell lines HT-
29 and SW-480 were provided from Iranian 
Biological Resources Center’s Cell Bank (Tehran, 
Iran). CucD, CucE, and CucI were obtained from 
Extrasynthese, Genay, France. HT-29 and SW-480 
cells were cultured in the RPMI-1640 mix with 
sodium bicarbonate, streptomycin/penicillin, l-
glutamine and 10% FBS. The cells were incubated 
at 37 °C in a water-saturated atmosphere of 5% CO2 
and 95% air until confluence. All reagents and 
medium were prepared just before use. 
 
Cell viability assay and IC50 determining 
     Mortality of CRC cell lines SW-480 and HT-29 
under CucD, CucE and CucI treatment was 
investigated by the colorimetric MTT assay 
(Edmondson et al., 1998). Cells were divided into a 
96-well plate (15 × 103 cells/well for both cell lines) 
in the culture medium for 24 h. Next, they were 
treated with different concentrations of CucD, CucE 
and CucI (0.25, 1, 3, 5, 8, 12, 16, 30 and 50 μM for 
HT-29; 3, 7, 12, 18, 24, 28, 36, 40 and 50 μM for 
SW-480 cell line) in 0.1% (v/v) dimethyl sulfoxide 
with at least 3 repeats for 24 h. Blank was also 

measured in the absence of cells. Cells in culture 
medium and DMSO (0.1%, v/v) in the absence of 
drugs were considered as controls. Every assay was 
repeated three times. For the colorimetric MTT 
assay, 20 μl MTT, a soluble tetrazolium salt solution, 
(5 mg/ml in PBS), was added to the wells containing 
80 μl medium in the absence of drugs. Plates were 
incubated for 3 h at 37◦C in the dark. Cells were then 
solubilized by adding 100 µl of 0.04 N DMSO and 
formazan absorbance was recorded at 550 nm using 
a Microplate Reader RT2100C spectrophotometer 
(Rato Life and Analytical Sciences Co., China). Cell 
growth percentage was calculated as [mean of the 
test well (3 repeats) − mean of the blank wells] × 
100/ [mean of control wells − mean of blank wells]. 
Plots of viable cells percentage against Cucs 
concentration series were drawn. The IC50 values 
(concentration of Cucs that decreases cell viability 
by 50%) were derived from the data plots using 
corresponding horizontal and vertical lines. 
 
Assessing of the AHR-mRNA expression 
     SW-480 and HT-29 cells (5×105 cells per well) 
were seeded into 6-well plates and were grown to 
80% confluency. 24 h after treatment with 
cucurbitacins D, E, and I at IC50 concentrations, 
cells were harvested and total RNA was extracted 
from the cells by RNX-Plus solution (Sinaclon 
Labware & Container, Iran) according to the 
manufacturer’s instructions. The cDNA was 
synthesized using Easy cDNA Synthesis Kit (Cat. 
No. A101161, Parstous Biotechnology, Iran) 
according to the manufacturer’s instructions. The 
real-time PCR experiments were performed at least 
in duplicate using a 48 well Step One Real-Time 
PCR System and Real Q Plus Master Mix Green kit 
(Ampliqon A/S, Denmark) with the following 
conditions: 95 °C for 15 min, 40 amplification cycles 
consisting of 95 °C for 15 sec, 60 °C for 30 sec, and 
72 °C for 60 sec. Melting curves were then 
determined with temperature ranging from 60 to 95 
°C. GAPDH was chosen as an internal control. 
SYBR Green reagents were used for all real time 
PCR reactions. The expression of the genes was 
analyzed based on the cycle threshold (Ct) and 
relative expression levels were determined as 2-

[ΔΔC(t)]. The specific primers were used for AHR (F: 
CCATCCCCATACCCCACTAC, R: 
TTCTGGCTGGCACTGATACA) and GAPDH (F: 
GACCCCTTCATTGACCTCAACTAC; R: 
TCGCTCCTGGAAGATGGTGATGG). 
 
Statistical analysis 
     In order to make it possible to compare Cucs 
effect on AHR-mRNA expression, the quantity of 
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mRNA upregulation under a specific Cuc (folds of 
expression increasing) divided into the IC50 value of 
corresponding cucurbitacin and named Index A. 
Therefore, the index A implies the upregulation 
amount of AHR-mRNA per each concentration unit 
of a particular Cuc. Indeed, characteristic drug 
features are reflected in the gene expression profile 
(Iskar et al., 2010). One-way ANOVA test and LSD 
post hoc analysis was used to evaluate IC50 and 
AHR-mRNA expression data. The statistical 
significance level was set at P<0.05. SPSS version 
20.0 was employed for the data analyzing. 
 
Results 
 
Cell viability and IC50 
     Figure 1A and Figure 2A depict the cell viability 
vs. gradually increasing concentration of the Cucs in 
HT-29 and SW-480 cell lines, respectively. The 
behavior of CucD, CucE, and CucI in two cell lines 
was different, but in the final stage, CucI showed 
more toxicity in both of them. The IC50 values of 
CucD, CucE, and CucI were 4.5, 6.8, and 3.8 μM in 
HT-29 cells (Figure 1B) and 35, 19, 17.5 μM in SW-
480 cell line, respectively (Figure 2B). Comparison 
of IC50 values of CucE and CucI in SW-480 cells 
showed no significant difference but other 
comparisons result in significant differences (Table 
1). However, in HT-29 cells the IC50 values of all 
Cucs were significantly different with each other 
(Table 1). In controls, which were treated with 
DMSO (0.1%, v/v) and medium, no significant 
change in cell viability was detected. 
 
 
 

Table 1. Comparison of IC50s and AHR-mRNA 
expression in the cell lines after treating with Cucs 

 

Cell 
line 

Compared 
Cucs 

P-value of 
IC50s 

comparison 

P-value of 
index A* 

comparison 

HT-
29 

D, E 0.000 0.000 
D, I 0.007 0.226 
E, I 0.000 0.000 

 
SW-
480 

D, E 0.000 0.085 
D, I 0.000 0.000 
E, I 0.347 0.000 

*Index A: Folds of AHR-mRNA expression 
increasing/IC50 concentration of Cucs. 
 

 
 
 

 

 
 
Figure 1. Cell viability, IC50 value and AHR-mRNA 
expression under CucD, CucE and CucI treatment in HT-
29 cells. (A) The lethality of the gradually increasing 
concentration of CucD, CucE and CucI in HT-29 cell line. 
Results represented as a percentage of control recovery, 
which was considered to be 100%. All data were reported 
as the mean (±S.E.M.) of at least three separate 
experiments. (B) IC50 concentrations of cucurbitacins in 
HT-29 cell line. (C) AHR-mRNA expression after 
treatment with the cucurbitacins in HT-29 cells. *Index A: 
Folds of AHR-mRNA expression increasing/IC50 
concentration of Cucs. 
 
AHR-mRNA expression 
Melting curves showed that the primers are efficient 
for gene expression analysis (Figure 3). AHR-
mRNA expression upregulated in HT-29 cells after 
treatment with CucD, CucE, and CucI 13.63, 4.21 
and 10.64 folds, respectively. Moreover, in SW-480 
cells AHR-mRNA increased 3.5, 1.14 and 8.05 folds 
under CucD, CucE and CucI treatments, 
respectively. In HT-29 cells, index A was not 
significantly different for CucD, CucI comparison 
(Table 1). Also, in the SW-480 cell line difference 
between the index A of CucD and CucE was not 
statistically significant. All other comparisons of the 
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index A for Cucs showed a significant difference 
(Table 1). 
 

 
 
Figure 2. IC50 value and AHR-mRNA expression under 
CucD, CucE and CucI treatment in SW-480 cell lines. (A) 
The lethality of the gradually increasing concentration of 
CucD, CucE, and CucI in SW-480 cell line. Results 
represented as a percentage of control recovery, which 
was considered to be 100%. All data were reported as the 
mean (±S.E.M.) of at least three separate experiments. 
IC50 concentrations of cucurbitacins in SW-480 cell line. 
(B) IC50 concentrations of cucurbitacins in SW-480 cells. 
(C) AHR-mRNA expression after treatment with the 
cucurbitacins in SW-480 cell line. *Index A: Folds of 
AHR-mRNA expression increasing/IC50 concentration 
of Cucs. 
 
 
Discussion 
 
     Colorectal cancer is the third most commonly 
diagnosed malignancy and the fourth leading cause 
of cancer-related deaths in the world. Its incidence 
and mortality rates are rising rapidly in many 
countries and the number of patients with CRC will 
continue to increase in future decades. Therefore, 
improvement of treatment options of CRC is a vital 
issue (Arnold et al., 2017). 

The AHR gene contributes to cell 
proliferation, cell cycle arrest and apoptosis and 
therefore has a crucial role in cancer-related 

molecular pathways (Marlowe and Puga A, 2005; 
Fan et al., 2010). However, the role of AHR gene in 
cancer has remained controversial and recent 
evidence supports both pro- and anti-carcinogenic 
properties of AHR signaling (Xie and Raufman, 
2015). Besides, the induction of tumor suppressor 
and anti-metastatic function of AHR has been 
proposed as a potential target for cancer treatment 
(Kolluri et al., 2017; Tsai et al., 2017; Denison and 
van den Berg, 2017). Recently, it is reported that 
AHR activation may induce p21cip1/waf1 and lead 
to anti-proliferative effects (O’Donnell et al., 2017). 
Especially, it is also shown recently that AHR may 
represent a potential putative target for novel 
anticancer agents for CRC (Megna et al., 2017). 
AHR pathway role in intestinal cancers has been 
subject of many molecular studies and its protective 
role in tumorigenesis has been emphasized (Kawajiri 
et al., 2009; Díaz-Díaz et al., 2014; Ikuta et al., 2016; 
Ikuta et al., 2013; Ronnekleiv-Kelly  et al., 20126; 
Oh-oka et al., 2017). Altogether, Ikuta et al. 
concluded that in normal intestine tissue, AHR is 
associated with tumor prevention by regulating gut 
immunity, whereas in tumor cells, it is involved in 
growth suppression (Hall et al., 2010). 

AHR could be activated by toxic ligands, 
rapidly metabolized or relatively non-toxic ligands, 
non-toxic ligands, and even ligand independently 
and then prevent cancer cell growth and migration 
(Koliopanos et al., 2002; Morrow et al., 2014; 
Ehrlich and Kerkvliet, 2017; Hall et al., 2010; Safe 
et al., 2010; Chen et al., 2001). However, given that 
many AHR agonists are potential oxidative stress 
inducers (Qiang et al., 2004; Abdelrahim et al., 
2006), ligand-independent or nontoxic metabolites-
dependent induction of AHR may have a priority for 
using as AHR inducers (Ehrlich and Kerkvliet, 
2017). For instance, Megna et al. (2017) showed that 
piperidone analogues of curcumin, an AHR ligand, 
exhibit enhanced antitumor effects in colon cell lines 
due to the ability of these compounds in AHR 
activation. In the same way, Gluschnaider et al. 
indicated a ligand-independent strategy of boosting 
AHR expression as a means of suppressing prostate 
cancer (Gluschnaider et al., 2010). Indeed, there are 
compounds such as Sunitinib (Maayah et al., 2013) 
Omeprazole and Ketoconazole (Novotna et al., 
2014; Jin et al., 2014), which facilitate AHR activity 
and induce AHR-dependent pathways, but they are 
not AHR ligands or represent a weak affinity 
(Platten et al., 2015). 

Cucurbitacins are plant-derived highly 
oxygenated triterpenes that exhibit anti-cancer 
activity. Indeed, many plants, which have been used 
in folk medicine to treat cancer, contain these 
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metabolites (Lee et al., 2010; Alghasham, 2013; 
Platten et al., 2015; Jafargholizadeh et al., 2018). 
Among different Cucs, it is shown previously that 
CucD, CucE and CucI exhibit a potent inhibitory  

effect on the CRC cells (Jayaprakasam et al., 2003). 
For instance, Hsu et al. (2014) showed that CRC 
primary cells accumulated in metaphase due to 
G2/M arrest after treating with 2.5-7.5 μM of CucE. 
Feng et al (2014) found that it inhibits SW-480 cells 
proliferation and modulates the expression of cell 
cycle regulators through Wnt/β-catenin signaling 
activation and upregulation of a tumor suppressor. 
Further, Kim et al. (2014) reported that up to 500 nM 
CucI reduces SW-480 cells proliferation by 
enhancing apoptosis and cell cycle arrest at the 
G2/M phase with a decreased expression of cell 
cycle proteins and increased caspases activities. 
Also, Song et al. (2015) demonstrated that CucI 
decreases the viability of COLO205 cell line 
significantly (IC50=200 nM/24h) and suppresses 
cell migration and invasion and decreases expression 
of p-STAT3 and MMP-9. 

In the current study, the comparison of IC50 
value between CucD and CucE; CucD and CucI; and 
CucE and CucI in HT-29 cells showed that there are 
significant differences between them (Table1). 
However, AHR-mRNA expression per 

concentration unit (Index A) of CucD in comparison 
with CucE showed no significant difference in HT-
29 cells (Table1). Also, in SW-480 cell line CucE 
and CucI showed no significant difference in IC50 

value, however, the AHR expression per 
concentration unit of CucE and CucI in this cell line 
was significantly different (Table1). Indeed, in SW-
480 cells CucI causes to 7.67 folds more AHR-
mRNA expression in comparison with CucE (Figure 
2C). Regarding that alongside common effects, there 
are some different induced pathways by these two 
cucurbitacins (Chen et al., 2012), the difference of 
AHR-mRNA induction sounds reasonable. 

The SW-480 cells were more resistant 
against Cucs in comparison with HT-29 cells. 
Indeed, in comparison with HT-29 cells, 
respectively 7.78, 2.8 and 4.6 folds more of CucD, 
CucE and CucI were needed to kill 50 percent of 
SW-480 cells. Also, all three Cucs lead to more 
AHR-mRNA expression in HT-29 cells. In other 
words, each concentration unit of CucD, CucE and 
CucI results in 33, 10.3 and 6.09 folds more AHR-
mRNA expression in HT-29 cells in comparison 
with SW-480 cells. 

In the HT-29 cells, the order of Cucs from 
the highest cytotoxicity to the lowest was: 
CucI>CucD>CucE (Figure 1B). However, the 

 

Figure 3. Melting Curves of GAPDH (A) and AHR (B). Amplication plots of GAPDH (C) and AHR (D). 
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cytotoxicity order of metabolites in SW-480 cell line 
was CucI>CucE>CucD without significant 
difference between CucI and CucE (Figure 2B, 
Table 1). In a similar manner, it is previously 
reported that compared to CucD, CucI and CucE 
represent a higher toxicity in SW-1353 cell line 
(Abbas et al., 2013). Index A comparison revealed 
that in HT-29 cells the order of metabolites in 
affecting AHR-mRNA expression from the highest 
to the lowest could be shown as CucD>CucI>CucE 
(Figure 1C) and there was no significant difference 
between CucD and CucI (Table 1). In SW-480 cells 
the order of metabolites regarding their effect on 
AHR-mRNA expression was: CucI>CucD>CucE, 
without significant difference between CucD and 
CucE (Figure 2C). 

The CucE in HT-29 cells had the lowest 
cytotoxicity and lowest effect on AHR-mRNA 
expression (Figures 1B and C). CucI showed higher 
cytotoxicity and higher effect on AHR-mRNA 
expression in SW-480 cell line (Figures 2B and C). 
However, regarding that there is no significant 
difference between CucD and CucI in AHR-mRNA 
expression in HT-29 cells, it could be inferred that 
among studied three cucurbitacins the CucI is a 
common metabolite for both HT-29 and SW-480 cell 
lines that has the lowest IC50 value (the highest 
toxicity) and the highest effect on AHR-mRNA 
expression. 

According to recent reports, it seems that 
Cucs effect and AHR pathway have overlapping 
features in cancerous cells. The IDO-AHR-IL6-
STAT3 signaling loop maintains indoleamine-2,3-
dioxygenase (IDO) expression in human cancers 
(Litzenburger et al., 2014). Induction of IDO and 
IDO-mediated tryptophan catabolism has been 
introduced as an important immunoregulatory 
mechanism, which depends on AHR expression 
(Nguyen et al., 2014). Initial studies showed that the 
CucI is a selective inhibitor of JAK/STAT3 
activation and reduces the levels of activated STAT3 
in human cancer cell lines (Blaskovich et al., 2003). 
Then, it could be hypothesized that after incubating 
cells with CucI and disruption of IDO-AHR-IL6-
STAT3 signaling loop via STAT3 inhibiting, AHR 
expression may upregulate to compensate the 
reduction of the loop outcome, however, excessive 
amounts of AHR protein results in increased 
expression of DRE-containing genes and lead to 
growth inhibition and apoptosis (Nebert et al., 2000). 
Also, a recent study revealed that CucE modulates 
AHR signaling in CD4+ T cells and stimulates 
Cyp1A expression, which is hallmark of AHR 
activation (Jevtić et al., 2016). Furthermore, the 
activation of AHR results in cyclin D inhibiting and 

promotes S-phase arrest (Marlowe and Puga A, 
2005) in a same way as CucD performs (Chan et al., 
2010). 

In conclusion, our findings revealed that the 
cucurbitacin D, E and I show different lethal 
concentrations in colorectal cancer cell lines HT-29 
and SW-480. Also, there was a different level of 
AHR-mRNA expression under treatment with these 
metabolites. In comparison with SW-480 cells, the 
HT-29 cells were more vulnerable against the 
cucurbitacins and this cell line represented more 
AHR-mRNA expression too. Cucurbitacin I was 
common metabolite that resulted in the highest 
toxicity and the highest AHR-mRNA expression in 
HT-29 and SW-480 cells. Therefore, it may 
potentially be useful as an indirect activator of AHR 
pathway in colorectal cancer cells. 
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Abstract 
 

Zucchini yellow mosaic virus (ZYMV) is one of the most economically important viruses infecting cucurbits 
worldwide. Population genetic analysis of ZYMV was conducted based on the virus cylindrical inclusion (CI) gene 
sequences of 10 isolates identified in this study and 94 other isolates from different countries in six continents: Asia, 
Europe, Oceania, Africa, North and South America. The overall mean value of nucleotide sequence diversity among all 
isolates was 0.074±0.006. Phylogenetic analysis showed that ZYMV isolates fell into three main phylogroups with 
significant FST values (>0.55) and almost tended to cluster according to their geographical position. Group I was 
predominant and contained isolates originated from different parts of the world. Iranian isolates clustered into group I, 
sharing 87.7-99.7% and 92.5–100% nucleotide and amino acid identity, with other isolates of this group. Group II was a 
new group that included only Singapore isolates. Group III including East Timor, Reunion Island and Australia-
Kununurra isolates which were genetically differentiated from other populations. ZYMV populations from different 
geographic origins were composed of multiple lineages. With exception of the Oceanian population which was strongly 
differentiated from the American population, most other geographical populations showed low to moderate genetic 
differentiation. There was moderate to high level of gene flow despite large separating geographic distances. Analysis 
of the synonymous-to-nonsynonymous ratio showed strong purifying selection in the CI gene. The analyses indicated 
that in addition to selection, random processes such as genetic drift and founder effects are important determinants for 
the genetic structure of populations of ZYMV. 

 
 
Keywords: Cylindrical inclusion, Evolutionary forces, Genetic variability, Zucchini yellow mosaic virus 
 

 

Introduction1� 

 
Zucchini yellow mosaic virus (ZYMV; 

genus Potyvirus, family Potyviridae) is a damaging 
plant pathogen that infects a wide range of cucurbit 
crops worldwide (Desbiez and Lecoq, 1997; Lisa 
and Lecoq, 1984), with major economic impact and 
significant yield losses. The virus was first isolated 
in Italy in 1973, described in 1981 by Lisa et al. 
(1981), subsequently in France by Lecoq et al. 
(1981). As other potyviruses, ZYMV has flexuous 
filamentous particles of 680–730 nm long, which 
encapsidate a single-stranded, positive-sense RNA 
of approximately 10 kb. The viral genome, which 
has a poly (A) tail at its 3´end and a VPg structure 
at its 5´ end, consists of a unique large open reading 
frame (ORF) which encodes a single large 
polyprotein that is self-hydrolyzed after translation 
into 10 putative functional proteins (from N- to C-
termini): P1 protein, helper component proteinase 
(HC-Pro), P3 protein, 6K1, cylindrical inclusion 
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protein (CI), 6K2, nuclear inclusion protein a (NIa) 
(VPg+Pro), nuclear inclusion protein b (NIb) and 
coat protein (CP) (Adams et al., 2005a; Urcuqui-
Inchima et al., 2001; Riechmann et al., 1992; 
Adams et al., 2012). In addition, a pretty interesting 
Potyviridae ORF, which is embedded in the P3-
coding region, encodes a small putative protein 
PIPO (Chung et al., 2008). ZYMV, which is aphid-
transmitted in a non-persistent manner (Lecoq et 
al., 1991; Desbiez et al., 1996; Gal-On, 2007), can 
infect wild and agronomically important cucurbit 
plants, some non-cucurbitaceous weeds, and some 
ornamental plants (Al-Musa, 1989; Desbiez and 
Lecoq, 1997; Coutts and Jones, 2005; Chen and 
Hong, 2008; Choi et al., 2002). Seed transmission, 
although at very low rates, has been reported in 
some cases (Desbiez and Lecoq, 1997; Tobias and 
Palkovics, 2003; Schrijnwerkers et al., 1991; Coutts 
et al., 2011; Simmons et al., 2011, 2013), which 
could explain ZYMV worldwide distribution 
(Desbiez et al., 2002). Several studies have been 
published in recent years on ZYMV biological and 
molecular variability in the world (Coutts et al., 
2011; Desbiez et al., 1996, 2002; Glasa et al., 2007; 
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Maina et al., 2017; Novakova et al., 2014; Yakoubi 
et al., 2008) as well as in Iran (Bananej et al., 2008; 
Masumi et al., 2011). Most of the molecular studies 
were based on analysis of CP and or partial NIb-CP 
sequences. Based on these phylogenetic analyses, 
ZYMV isolates have been classified into two or 
three major phylogroups (Desbiez et al., 2002; 
Zhao et al., 2003; Simmons et al., 2008; Ha et al., 
2008a; Bananej et al., 2008; Yakoubi et al., 2008; 
Masumi et al., 2011; Coutts et al., 2011; Maina et 
al., 2017). On the other hand, in the absence of 
complete genomic sequence, cylindrical inclusion 
(CI)-coding region is the most suitable part for 
diagnostic and taxonomy purposes, rather than the 
CP (Ha et al., 2008b; Adams et al., 2005b, Lee et 
al., 1997). Molecular evolutionary studies of 
viruses focused on understanding effects of 
variation caused by mutation, recombination, 
selection pressure, and host or geography driven 
adaptation in viral populations (Moury et al., 2002; 
Gibbs and Ohshima, 2010). So, studying the 
molecular evolutionary history of plant viruses and 
understanding their genetic variation and the 
causative factors producing variation in viral 
populations is important for developing sustainable 
management strategies. Despite worldwide 
distribution of this virus, molecular evolution and 
population genetic structure are poorly understood 
and further investigation is required. This study was 
aimed to investigate population genetic structure 
and genetic diversity of ZYMV to identify the 
sources of genetic variation operating in the ZYMV 
population. It is based on analysis of the CI 
genomic region, which is a region that, to date, has 
not been analyzed in other studies. According to the 
Adams et al. (2005b) comparisons of the CI gene 
most accurately reflected those for the complete 
ORF, and this region would be the best for 
diagnostic and taxonomic studies if only a sub-
portion of the genome were sequenced and was 
therefore selected for this study. Here, the CI 
nucleotide sequences of ten ZYMV isolates were 
obtained and analyzed together with those retrieved 
from the GenBank.  

 
Materials and Methods 
 
Virus sources, RT-PCR, cloning and sequencing 
      During the growing season of 2013, cucurbit 
and tomato plants with symptoms of ZYMV 
infection (including systemic mosaic, yellowing, 
vein clearing and banding, stunting, blistering, 
shoestring and leaf and fruit deformations) were 
collected from northern (Mazandaran, Golestan) 
and eastern (Razavi Khorasan) areas of Iran (Table 

1). Total RNA was isolated and used as a template 
for reverse transcription (RT). One pair of 
degenerate primer including CI For/CI Rev 
corresponding to CI coding region in the potyvirus 
genome (Ha et al., 2008b) was used in the RT-PCR 
reactions. The first strand cDNA was synthesized 
using antisense primer and the Moloney murine 
leukemia virus (MMuLV) reverse transcriptase 
(Thermo Scientific, USA) according to the 
manufacturer’s instructions. PCR was carried out 
using Taq PCR Master Mix (Ampliqon, Denmark) 
according to the manufacturer’s instructions. PCR 
was performed under the following conditions: 
94 °C for 3 min; followed by 35 cycles of 94°C for 
30 s, 52°C for 30 s, and 72 °C for 90 s and ended 
with a final extension at 72 °C for 10 min. The 
expected PCR products (of ~700 base pairs) were 
purified and ligated into pTZ57R/T vector (Thermo 
Scientific, USA), according to the manufacturer’s 
instructions. The ligation mix was transformed into 
Escherichia coli strain DH5α. Plasmid DNA from 
recombinant clones was purified using a Plasmid 
Miniprep Kit (Qiagen, Germany), and a purified 
clone from each isolate was subjected to 
sequencing in both directions (Macrogen Inc., 
South Korea). Sequence data were assembled using 
the Contig Express program in the Vector NTI 11 
software (Invitrogen, USA). 
 
Sequences, phylogenetic and recombination 
analysis 
     High nucleotide sequence similarity to ZYMV 
was indicated using BLAST N analysis. Analyses 
were conducted using 104 CI nucleotide sequences, 
including 10 nucleotide sequences obtained in this 
work and 94 retrieved from GenBank (Table 2). 
Out of ZYMV CI sequences retrieved from 
GenBank, three were from Iran and the others were 
from other countries in the world. The CI 
nucleotide sequences were translated to amino 
acids using ExPASy translate tool 
(http://web.expasy.org/translate/). Alignments were 
performed with Clustal W implemented in BioEdit 
v.7.2.5 (Hall, 1999). The pairwise nucleotide (nt) 
and amino acid (aa) sequence identity scores were 
displayed as color-coded cells using SDT v.1.2 
software (Muhire et al., 2014). Phylogenetic trees 
were generated by the maximum-likelihood (ML) 
and neighbor-joining (NJ) methods implemented in 
MEGA7 (Kumar et al., 2016), with 1000 bootstrap 
replicates. Genetic distance between and within 
phylogenetic groups of ZYMV CI gene was 
calculated using MEGA7 with 1000 bootstrap 
replicates. Recombination analysis was performed 
on the aligned nucleotide sequences using RDP4 
package (Martin et al., 2015). The occurrence of  
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recombination events was assessed by at least four 
programs using default parameters, and a P value 
threshold of 0.05. 
 
Population genetic analysis  
     Population genetic parameters of CI gene 
sequences obtained in this study and those from 
GenBank were estimated using DnaSP v. 6.10.04 
software (Rozas et al., 2017) based on phylogenetic 
groups and geographic origins. Nucleotide 
sequences alignment of the CI gene were assessed 
to estimate number of haplotypes (H), haplotype 
diversity (Hd), number of polymorphic sites (S), 
total number of mutations (η), average pairwise 
nucleotide diversity (π) using the Jukes and Cantor 
correction (Jukes and Cantor, 1969), average 
number of nucleotide differences between 
sequences from the same population (K), and the 
ratio of non-synonymous to synonymous nucleotide 
diversity (dN/dS), also known as ω. In general, ω = 
1, < 1 and > 1 indicates neutral evolution, negative 
(purifying) selection and positive (diversifying) 
selection, respectively. The nucleotide diversity 
measures the average pairwise variation among 
sequences with values ranging from 0 (no variation) 
to 0.1 (extreme variation). The haplotype diversity 
indicates the frequency of haplotypes in a sample 
with values ranging from 0 to 1.000 (Tsompana et 
al., 2005).  
 
Population genetic differentiation 
     Genetic differentiation between populations was 
examined using several statistics: Ks*, Z, Z*, Kst* 
and Snn based on permutation statistical tests with 

1000 replicates. Ks* and Z are the sequence-based 
statistics considered by Hudson (2000). Under the 
null hypothesis (no genetic differentiation), Kst* is 
expected to be near zero, but if Ks*, Kst* test 
statistics is supported by small P value (<0.05), the 
null hypothesis is rejected (Hudson et al., 1992a). 
The Z statistic is calculated from ranking distances 
between all pairs of sequences. Z* statistic is a 
logarithmic variant of Z statistic and if it is too 
small and supported by significant P value (<0.05) 
the null hypothesis of no genetic differentiation is 
rejected (Hudson et al., 1992b). The frequency of 
the nearest neighbor sequences in the same locality 
is measured by the Snn test statistic, whose values 
may range from 1 (when populations from different 
localities are genetically distinct) to 1/2 in the case 
of panmixia (Hudson, 2000). The degree of genetic 
differentiation or the level of gene flow between 
ZYMV populations was calculated by estimating 
the absolute value of the standardized variance in 
allele frequencies across populations (Fst) (Wright, 
1951). The Fst values ranges from 0 (indicating no 
differentiation between the populations) to 1 (when 
the populations are clearly differentiated) (Rozas et 
al., 2003). These analyses were performed using 
DnaSP6 (Rozas et al., 2017). 
 
Results 
 
CI nucleotide sequences  
     PCR amplification of partial CI region yielded 
fragments of about 700 bp. Sequences of the CI 
gene from ten Iranian ZYMV isolates were 
successfully generated, submitted to the GenBank,  

Table 1. Characteristics of samples which identified as ZYMV after analyzing with BLAST and their 
origin, host, symptom and accession numbers 

 
Isolates  Province (region) Host plant Symptom Accession number 

Gj1 Razavi Khorasan (Jovein) Solanum lycopersicum YM/MO KJ135782 

Kj Mazandaran (Juybar) Cucurbita moschata M/B/Y KJ135786 

KHB2 Mazandaran (Babolsar) Cucurbita moschata M/MO/VB KJ135785 

KB Mazandaran (Babolsar) Cucurbita moschata VC/M KJ135784 

KB2 Mazandaran (Babolsar) Cucurbita pepo VC/YSP MF766014 

Gj2 Razavi Khorasan (Jovein) Solanum lycopersicum MO/B/YM MF766013 

KS1 Mazandaran (Sari) Cucurbita pepo GB/D/M MF766018 

KF1 Mazandaran (Nowshahr) Cucurbita pepo M/B/D MF766015 

KG1 Golestan (Gorgan) Cucurbita pepo M/GB/D MF766016 

KG2 Golestan (Gorgan) Cucurbita pepo GB/D/S MF766017 

 
Abbreviations: VC; Vein clearing, VB; Vein banding, M; Mosaic, B; Blistering, GB; Green blistering, 
MO; Mottling; YSP; Yellow spots, YM; Yellow mosaic, Y; Yellowing, D; Deformation, S; Shoestring. 
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Table 2. GenBank accession number and origin of some of the previously reported ZYMV used for phylogenetic 
comparison of the nucleotides sequence of the CI coding region 

Populations 
 

Geography Country Number 
 

Isolates/strains (host of 
origin) 

Accession numbers 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
I 

Asia Iran 13 Fars (Cpe), IKA/strain A 
(Sq), SANRU (Cpe) 

JN183062, KU528623, 
KU198853 

India 1 AP Gherkin (Can) KT778297 

Turkey 35 YUN8-4 (Cpe), Y4 
(Cpe), Y23 (Cpe), S3 
(Cme), KZ1 (Cpe), 
KAR15-1 (Cmo), KAR12-4 
(Cpe), K3 (Cpe), K17 
(Cpe), H1M (Cs), G3 
(Cpe), G2 (Cpe), G1 
(Cpe), ER6-8 (Cpe), E-7 
(Cme), AYS7 (Cpe),  D14 
(Cs), C5 (Cmo), C17 
(Cme), C13 (Cmo), 
C11(Cmo), BRD4 (Cmo), 
BRD2 (Cmo), BE7 (Cmo), 
BE6 (Cpe), BE26 (Cpe), 
BE15 (Cpe), BE10 (Cpe), 
AS5 (Cpe), AS1 (Cpe), 
AS11 (Cpe), AKS6-2 
(Cpe), AKS5-7 (Cpe), 
AKS2-5 (Cmo), KZN1 
(Cpe) 

KP828427, KP828426, 
KP828425, KP828424, 
KP828423, KP828422, 
KP828421, KP828420, 
KP828419, KP828418, 
KP828417, KP828416, 
KP828415, KP828414, 
KP828413, KP828412, 
KP828411, KP828410, 
KP828409, KP828408, 
KP828407, KP828406, 
KP828405, KP828403, 
KP828402, KP828400, 
KP828397, KP828395, 
KP828394, KP828393, 
KP828392, KP828391, 
KP828390, KP828389, 
KP828388 

Israel 3 AG (-), NAT (-), B* 
(France-Israel) (-) 

EF062583, EF062582, 
AY188994 

South Korea 5 RDA (Cpe), KR-PS 
(Cmo),KR-PE (Cmo), KR-
PA (Cmo), A (Ar) 

AB369279, 
AY279000, 
AY278999, 
AY278998, AJ429071 

Japan 4 2002 (Cs), Z5-1 (Cs), 169 
(Cme), M (-) 

AB188116, 
AB188115, 
AB020477, AB020478 

China 9 WS (Cpe), zz (Sin), SXSG 
(La), CJLX30535 
(Crayfish), spider131932 
(Spiders), WG (Bh), SG 
(Lc), CU (Cs), WM (Cl) 

KX664482, 
KX421104, 
KX249747, 
KX884565, 
KX884570, AJ316229, 
AJ316228, AJ307036, 
AJ515911 

Taiwan 3 TW-TN3 (Lc), Begonia 
(Begonia), TW-TN3 (Lc) 

NC_003224, 
AM422386, 
AF127929 

Africa Egypt 1 EG (Sq)  LC153708 

Europe  Slovakia 2 Kuchyna (Cpe), SE04T 
(Cpe),  

DQ124239, KF976713 

Czech 
Republic 

1 H (Cpe) KF976712 

Spain 1 Vera (Cpe) KX499498 

Americas 
 

 
N. 
America 
 

USA 11 leaf23 (Cpe), leaf17 (Cpe), 
leaf1 (Cpe), SG5 (Cpe), 
SG4 (Cpe), SG1 (Cpe), 
FG2 (Cpe), PA_2006 
(Cpe), California (Cmo), - 
(Cpe), - (Cpe) 

KJ923769, KJ923768, 
KJ923767, KC665635, 
KC665634, 
KC665631, 
KC665630, JQ716413,  
L31350, KJ875864, 
KJ875865 
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 and assigned the accession numbers KJ135782, 
KJ135784, and MF766013-MF766018 (Table 1). 
Names and accession numbers of the previously 
reported ZYMV isolates have been also presented 
in Table 2. 
 
 
Sequence comparisons 
     The pairwise sequence identity of partial CI 
gene of all 104 ZYMV isolates ranged from 79.0 to 
100.0% at the nt sequence level (Figure 1) and from 
91.2 to 100% at the aa sequence level (Figure S1). 
All 13 Iranian isolates (ten from this study and 
three retrieved from GenBank) revealed 93.5–
99.1% and 94.3–100% identity at the nt and aa 
levels, respectively. The lowest nt identity (79.0%) 
was observed between Gj1 and TM40 (KY225556) 
and TM39 (KY225544) isolates from East Timor. 
In addition, the highest nt identity (99.7%) was 
identified between KG1 and AG, NAT and B 
isolates from Israel. Amino acid sequence identity 
in the CI gene of all ZYMV isolates was over 91%. 
The minimum aa sequence identity of the CI gene 
between the Iranian isolates and those deposited in 
GenBank was between isolates Gj1, Gj2 and KB 
and isolate TM39 (KY225544, East Timor) 
(91.2%), respectively. Some Iranian isolates (Fars, 
SANRU, KS1, KG1, KG2, KF1) showed 100% aa 
identity with isolates from Slovakia (SE04T, 
Kuchyna), Czech Republic (H), Israel (NAT, B, 
AG), Japan (169) and Turkey (KZN1, AKS2-5, 
AKS5-7, AKS6-2, AS11, AS5, BE10, BE15, BE26, 
BE6, BE7, BRD4, C11, C13, C17, C5, D14, E-7, 

ER6-8, G1, G2, G3, H1M, K3, KZ1, KAR12-4, 
KAR15-1, S3).  
 
Phylogenetic analysis 
     The ZYMV CI coding region sequences were 
subjected to phylogenetic analyses, with that of 
Watermelon mosaic virus (WMV) isolate (IR02-54, 
EU660584) as outgroup. Both the ML and NJ trees 
showed a similar topology. As shown in Figure 1, 
all the 104 ZYMV isolates were divided into three 
distinct phylogroups: I, II and III. Group I is a large  
and geographically widespread group which was 
further clustered into several subgroups (IA, IB, IC 
and ID). Group I included a range of isolates 
(n=95) from different parts of the world including 
all 13 Iranian isolates plus isolates from Egypt 
(n=1), Turkey (n=35), Australia (n=5), Argentina 
(n=1), USA (n=11), Spain (n=1), India (n=1), 
Slovakia (n=2), Czech Republic (n=1), Israel (n=3), 
Taiwan (n=3), Japan (n=4), South Korea (n=5), and 
China (n=9). The between-subgroup genetic 
distance of the four subgroups in group I was 
significantly higher than the within-subgroup ones 
(Table S1) which providing evidence for a 
phylogenetic grouping. The overall mean value of 
nucleotide sequence diversity between Iranian and 
other isolates in subgroup IA was 0.031±0.003. 
Group II included two isolates from Singapore. 
Group III contained three isolates from East Timor, 
one from Reunion Island and three from Australia. 
The overall mean distance among all ZYMV 
isolates was 0.077±0.006. Based on pairwise 
comparisons, genetic distance within groups was 
0.052±0.004, 0.000±0.000 and 0.130±0.010 for  

  S. America Argentina 1 10itSDE (Cma) KT598222 

Oceania 
 

Australia: 
Broome, WA 

3 13Br (Cpe), 20Br (Cpe), 
56Br (Cpe) 

KY225555, 
KY225550, 
KY225549 

Australia: 
Darwin, NT 

2 38NT (Cme, honeydew), 
75NT (Cme, rockmelon) 

KY225548, 
KY225547 

II Asia  Singapore 2 Singapore (-), Singapore 
(Cs) 

U60962, AF014811 

 
 
 
 

III 

Africa Reunion 
Island 

1 Reunion Island (Mch) L29569 

Oceania 
 

East Timor 3 TM40 (Cs), TM16 (Pu), 
TM39 (Pu) 

KY225556, 
KY225545, 
KY225544 

Australia: 
Kununurra, 
WA 3 694K (Pu), 695K (P), 697K 

(Cme, honeydew) 

KY225543, 
KY225542, 
KY225546 

Cpe: Cucurbita pepo, Cme: Cucumis melo, Cma: Cucurbita maxima, Cmo: Cucurbita moschata, Cs: Cucumis sativus, Can: 
Cucumis anguria, Mch: Momordica charantia, Cl: Citrullus lanatus, Sin: Sesamum indicum, La: Luffa aegyptiaca, Lc: 
Luffa cylindrica, Bh: Benincasa hispida, Ar: Althaea rosea, Pu: Pumpkin, Sq: Squash, -: unknown isolate or host 
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group I, II and III, respectively. In addition, the 
genetic diversity between groups was 0.144±0.015, 
0.220±0.018 and 0.231±0.019 for group I versus II, 
I versus III and II versus III, respectively. As 

expected, the genetic distances between the three 
groups were significantly greater than the within-
group ones, supporting the results of phylogenetic 
grouping. 

 

Figure 1. Maximum-likelihood phylogenetic tree constructed from the partial cylindrical inclusion (CI) gene 
nucleotide sequences of 104 ZYMV isolates, and graphical representation of pairwise nucleotide identity. The 
phylogenetic tree was generated in MEGA7 and bootstrapped with 1000 replicates. Bootstrap values ≥ 50%  are 
shown at the branch internodes. Two dimensional nucleotide diversity plot constructed based on SDT MUSCLE 
alignment. The Asian isolates are indicated by “▲“,  European isolates by “■“, American isolates by “▼“, Oceanian 
isolates by “♦“ and African isolates by “●“. 
 

 KP828416/G2/Turkey

 KP828415/G1/Turkey

 KP828417/G3/Turkey

 KP828394/AS5/Turkey

 KP828393/AS1/Turkey

 KP828414/ER6-8/Turkey

 KP828424/S3/Turkey

 KP828392/AS11/Turkey

 KP828410/C5/Turkey

 KP828408/C13/Turkey

 KP828422/KAR15-1/Turkey

 KP828397/BE15/Turkey

 KP828390/AKS5-7/Turkey

 KP828421/KAR12-4/Turkey

 KP828391/AKS6-2/Turkey

 JN183062/Fars/Iran

 KU198853/SANRU/Iran

 KS1

 KG2

 KG1

 KT778297/AP Gherkin/India

 EF062583/AG/Israel

 EF062582/NAT/Israel

 AY188994/B*/France-Israel

 KHB2

 KB

 Kj

 Gj1

 Gj2

 KB2

 KP828405/BRD2/Turkey

 KP828406/BRD4/Turkey

 KP828427/YUN8-4/Turkey

 KU528623/IKA/Iran

 KP828407/C11/Turkey

 KP828418/H1M/Turkey

 KP828412/AYS7/Turkey

 KP828411/D14/Turkey

 KP828388/KZN1/Turkey

 KP828419/K17/Turkey

 KP828402/BE6/Turkey

 KF976713/SE04T/Slovakia

 KF976712/H/Czech Republic

 KP828389/AKS2-5/Turkey

 DQ124239/Kuchyna/Slovakia

 KP828423/KZ1/Turkey

 KP828420/K3/Turkey

 KP828413/E-7/Turkey

 KP828409/C17/Turkey

 KP828400/BE26/Turkey

 KP828403/BE7/Turkey

 KP828395/BE10/Turkey

 KY225548/38NT/Australia

 KY225547/75NT/Australia

 AB020478/M/Japan

 KF1

 AJ429071/A/South Korea

 L31350/California/USA

 KJ923769/leaf23/USA

 KJ923768/leaf17/USA

 KJ923767/leaf1/USA

 KC665635/SG5/USA

 KC665634/SG4/USA

 KC665631/SG1/USA

 KC665630/FG2/USA

 JQ716413/PA_2006/USA

 KJ875864/USA

 KJ875865/USA

 AB188116/2002/Japan

 AB188115/Z5-1/Japan

 KY225555/13Br/Australia

 KY225550/20Br/Australia

 KY225549/56Br/Australia

 KX499498/Vera/Spain

 AJ316229/WG/China

 KT598222/10itSDE/Argentina

 AJ316228/SG/China

 AJ307036/CU/China

 AM422386/Begonia/Taiwan

 AF127929/TW-TN3/Taiwan

 NC_003224/TW-TN3/Taiwan

 LC153708/EG/Egypt

 AB020477/169/Japan

 KX884565/CJLX30535/China

 KX884570/spider131932/China

 AY279000/KR-PS/Korea

 AY278999/KR-PE/Korea

 KP828426/Y4/Turkey

 KP828425/Y23/Turkey

 KX249747/SXSG/China

 AY278998/KR-PA/Korea

 KX664482/WS/China

 AJ515911/WM/China

 KX421104/zz/China

 AB369279/RDA/South Korea

 U60962/Singapore

 AF014811/Singapore

 KY225556/TM40/East Timor

 KY225544/TM39/East Timor

 L29569/Reunion Island

 KY225545/TM16/East Timor

 KY225543/694K/Australia

 KY225542/695K/Australia

 KY225546/697K/Australia

 EU660584/WMV/Iran

100

100

100

85

100

70

97

97

62
99

99

78

100

99

99

94

99

53

67

99

90

62

74
100

100

85

99

99

96

85
99

99

81

99

62

99

99

59

88

98

61

76

95

78

54
94

75

67

94

66

70

69

50

84 IA 

IB 

III 

I 

IC 

ID 

II 



Journal of Cell and Molecular Research (2019) 10 (2), 76-89  

82 
http://jcmr.um.ac.ir 

It is worth noting that no recombination event was 
found between ZYMV isolates in CI gene. Also, no 
signatures of recombination were detected between 
ZYMV group I, II and III subpopulations, 
indicating significant genetic differentiation and 
limited gene flow between isolates in these 
phylogenetic groups, probably due to the presence 
of quarantine and physical barriers between them or 
existence of other host plants.  
 
Genetic diversity of ZYMV 
     Pairwise comparisons showed that members of 
group I shared 87.7-100% nt sequence identity, 
with an average nt identity value of 97.05%, 
members of group II were 100% identical, and 
members of group III shared 84.6-100% nt 
sequence identities, with an average nt identity 
value of 92.68% (Figure 1). This suggested that 
group III ZYMVs had a higher level of genetic 
variation than those belonging to group I and II. 
Group I did not show a clear division in terms of 
geographical distribution. However, groups II and 
III were more phylogenetically clustered by 
geographical origin. Haplotype diversity and 
nucleotide diversity for all ZYMV isolates were 

0.986 and 0.074, respectively, indicating a 
relatively high genetic diversity in ZYMV 
populations and among lineage subpopulations 
(Table 3). The haplotype diversity for group I and 
group III was 0.985 and 0.810, whereas nucleotide 
diversity for these two groups was 0.050 and 0.126, 
respectively. Notably, it was impossible to perform 
these statistical tests for ZYMV group II isolates, 
due to limited data. The highest nucleotide diversity 
(π=0.126) between the isolates and the greatest 
overall average number of differences, k (78 
nucleotides), were calculated for the phylogroup 
III. However, the largest number of segregation  
sites, (S=234), and mutations within the segregating 
sites, (η=278), were found in the phylogroup I 
(Table 3). In the geographical populations, the 
highest values of π (=0.212) and k (126 
nucleotides), were calculated for the Africa 
population. However, the highest values of S (236), 
and η (288), were found in Asia population (Table 
3). The lowest π (0.015) and k (10 nucleotides) 
were estimated for the America population. The 
global selection pressure (dN/dS) for all ZYMV 
isolates was 0.0286. Furthermore, the dN to dS 
ratio (ω) for each population was <1. The highest 

Table 3. Population genetic parameters calculated for the CI genes of Zucchini yellow mosaic virus on the basis of 
phylogroups identified in Figure 1 and geographical origin 

 
Phylogroup H Hd S η K π SS NS dN   dS ω 

All 72 0.986 280 373 46.46 0.074 154.67 526.33 0.00784 0.27345 0.0286 

Group I (n=95) 67 0.985 234 278 33.026 0.050 154.64 526.36 0.00549 0.2496 0.0219 

Group II (n=2) 1 0.000 0 0 0 0.000 153.67 527.33 0.0000 0.0000 0.0000 

Group III (n=7) 4 0.810  172 179 77.619 0.126  155.38 525.62 0.01117 0.87953 0.0127 

Geographic 

origins  
           

Asia (n=75) 60 0.994  236 288 37.767 0.058 154.68 526.32 0.00648 0.30088 0.02153 

Europe (n=4) 2 0.500 53 53 26.500 0.041 154.50 526.50 0.00382 0.20613 0.01853 

America (n=12) 3 0.318  55 56 10.000 0.015  154.47 526.53 0.00063 0.07950 0.0079 

Oceania (n=11) 7 0.909  194 211 89.127 0.148  154.67 526.33 0.01605 1.70054 0.00943 

Africa (n=2) 2 1.000  126 126 126.000 0.212  156.17 524.83 0.01930 3.48410 0.005539 

 
H, number of haplotypes, Hd, haplotype diversity; S: number of polymorphic sites; η (eta): total number of mutations; 
k: average number of nucleotide differences between sequences; π: nucleotide diversity, with Jukes & Cantor 
correction; SS: total number of synonymous sites analyzed; NS: total number of non-synonymous sites analyzed; dN, 
average number of nonsynonymous substitutions per nonsynonymous site; dS, average number of synonymous 
substitutions per synonymous site, with the Jukes and Cantor correction; dN/dS, average ratio between 
nonsynonymous and synonymous substitutions in sequence pairs. Maximum respective values between groups are in 
bold. 
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and lowest pressure was calculated for Asian 
(ω=0.021) and African (ω=0.005) populations. 
These results indicated that all ZYMV populations 
are under negative selection but subjected to 
distinct constraints. To determine the gene- and 
site-specific selection pressures acting on the 
ZYMV CI cistron, different codon-based 
maximum-likelihood algorithms within the 
HYPHY software package as implemented in 
Datamonkey server (www.datamonkey.org) were 
used to estimate the value of ω at each codon site. 
All of the codons were under negative selection or 
neutral evolution, which revealed that strong 
purifying evolutionary constraint is driving CI gene 
evolution in ZYMV. 
 
Differentiation of phylogroups and geographical 
populations 
     As mentioned, genetic distinction of ZYMV 
populations was defined in two categories: 
phylogenetic populations and geographical 
populations. With exception of insignificant Snn 
value for group II vs. III, the independent statistical 
tests of population differentiation (Ks*, Kst*, Z* 
and Snn) were significant (Table 4), supporting the 
genetic differentiation between lineage groups of 
ZYMV isolates. Strong genetic differentiation 
confirmed by high FST (>0.549). Additionally, gene 
flow and genetic differentiation between the Asian, 
American, European, Oceanian and African 
populations of the ZYMV isolates were determined 
using the Ks*, Kst*, Z*, Snn and FST statistical tests. 
Among the ZYMV geographical populations, 
American and Oceanian populations with 
significant Kst*, high Snn (mostly near 1.000) and 
FST (0.352) values are statistically distinct. 
However, nonsignificant Ks*, Kst*, Z* and Snn 
values were indicated no significant differentiation 
between European population with the Asian and 
the African populations. Such a nonsignificant 
differentiation was also associated with low FST 
value (<0.104). Genetic differentiation between 
Asia vs. America, Asia vs. Oceania, and Europe vs. 
America confirmed by Kst*, Z*, Snn, and relatively 
high FST value (0.223-0.232), suggesting significant 
genetic differentiation. Also, no genetic 
differentiation was observed between Asia vs. 
Europe and Oceania vs. Africa, due to negative FST 
values or nonsignificant Ks*, Kst*, Z* and Snn 
values (Table 4). Genetic isolation was less 
pronounced between the African population with 
the Asian and the European populations, indicating 
frequent gene flow. There was frequent gene flow 
between the European ZYMV with Oceanian and 
American with African populations, because the 
related FST values were <0.33. In addition, 

nonsignificant Z, Z* or Snn values indicated these 
population pairs were not well differentiated (Table 
4). Taken together, there is some significant 
correlation between geographical position and 
genetic distances among the geographical 
populations, showing that observed genetic 
differentiation could be explained by distance 
isolation. 
 
Discussion 
 
     Analysis of genetic variation in ZYMV 
populations from different geographical 
locations can provide relevant information for 
understanding its emergence, epidemiology, 
and gene flow. Phylogenetic analysis and 
genetic differentiation of 104 ZYMV isolates, 
revealed that the population structure of the 
three ZYMV phylogroups somewhat correlated 
with their geographical locations; which was 
supported by the subsequent genetic distance 
analyses. Previous ZYMV studies used 
complete or partial CP sequences to distinguish 
phylogenetic groups. Desbiez et al. (2002) 
classified ZYMV isolates into two main groups 
based on the analyses of 47 partial nt sequences 
of CP gene. After analyzing the complete CP nt 
sequences of 39 ZYMV isolates, Zhao et al. 
(2003) designated three groups (I-III): I, 
worldwide; II, containing isolates only from 
Asia; and III, containing isolates only from 
China. Subsequently, Ha et al. (2008a) 
analyzed the complete CP nt sequences of 61 
ZYMV isolates into three main clusters: I, 
distributed worldwide; II, comprising Reunion 
Island, Singapore and Vietnam isolates; and III, 
consisting of Vietnam and China isolates. By 
comparison of 208 partial CP sequences (231 
nt), Bananej et al. (2008) suggested two main 
groups. Group A was a worldwide group that 
included three subgroups, and B comprised 
isolates from China, Reunion Island, Singapore 
and Vietnam. By analyzing the 143 complete 
CP sequences, Coutts et al. (2011) classified 
ZYMV isolates into three main groups as 
proposed by Ha et al. (2008a). Similarly, 
Massumi et al. (2011) got the same results in 
analyses based on the nucleotide sequences of 
the whole CP gene and the NIb-CP gene 
fragment. Finally, Maina et al. (2017) analyzed 
ZYMV populations from East Timorese and 
northern Australia and found connectivity  
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Table 4. Results of genetic differentiation analysis between subpopulations from pairwise comparison of Zucchini yellow 
mosaic virus sequences based on phylogroups identified in Figure 1 and geographical populations 

 
Comparisons Ks* 

 (P-value) 

Kst* (P-value) Z (P-value) Z* (P-value) Snn (P-value) FST 

Phylogroup       

Group I vs. II 3.217 

(0.000) 

0.015 (0.000) 2233.150 (0.000) 7.411 (0.000) 1.000 (0.003) 0.809   

Group I vs. III 3.242 

(0.000) 

0.054 (0.000) 2307.149 (0.000) 7.418 (0.000) 1.000 (0.000) 0.549  

Group II vs. III 3.700 

(0.0450) 

0.087 (0.045) 10.904 (0.033) 2.293 (0.026) 1.000 (0.056 ns) 0.700  

Geography       

Asia vs. Europe 3.295 

(0.559 ns) 

-0.001 (0.559 ns) 1559.699 (1.000 ns) 7.041 (0.525 ns) 0.875 (0.875 ns) -0.041 

Asia vs.  America 3.054 

(0.000) 

0.067 (0.000) 1765.184 (0.001) 6.938 (0.000) 0.942 (0.000) 0.223    

Asia vs. Oceania 3.398 

(0.000) 

0.039 (0.000) 1698.290 (0.000) 7.061 (0.000) 0.994 (0.000) 0.232    

Asia vs. Africa 3.331 

(0.015) 

0.016 (0.015) 1414.834 (0.020) 6.949 (0.017) 0.961 (0.253 ns) 0.085   

Europe vs. America 1.192 

(0.000) 

0.355 (0.000) 47.472 (0.002) 3.656 (0.00) 0.875 (0.002) 0.226   

Europe vs. Oceania 3.582 

(0.035) 

0.078 (0.035) 50.564 (0.292 ns) 3.567 (0.066 ns) 1.000 (0.001) 0.263    

Europe vs. Africa 1.994 

(0.138 ns) 

0.419 (0.138 ns) 4.500 (0.138 ns) 1.445 (0.138 ns) 0.500 (0.584 ns) 0.104 

America vs. Oceania 2.407 

(0.000) 

0.246 (0.000) 102.046 (0.000) 4.275 (0.000) 0.956 (0.000) 0.352   

America vs. Africa 1.032 

(0.025) 

0.470 (0.014) 34.500 (0.025) 3.447 (0.019) 0.786 (0.138 ns) 0.208   

Oceania vs. Africa 3.935 

(0.019)   

0.047 (0.019) 36.809 (0.093 ns) 3.308 (0.061ns) 0.846 (0.097 ns) -0.058  

Note: Probability (P-value) obtained by the permutation test (PM test) with 1000 replicates. ns, not significant. The 
analysis was done using DnaSP v. 6.10.04. 
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between them either in the genome-based tree 
or the CP-based tree. In this study, pairwise 
comparisons and phylogenetic analysis based 
on partial CI gene nt sequences clearly showed 
the existence of three groups, in which 
phylogroups I (worldwide) and III (East Timor, 
Reunion Island and Australia-Kununurra) were 
consistent with the genomic nt sequence 
phylogroup classification of Maina et al. 
(2017) but phylogroup II (containing only two 
Singapore isolates) was an additional one. 
Group I was the largest and widespread group 
including most of the ZYMV isolates from 
Asia, Europe, North and South America, Africa 
and Australia, in accordance with previous 
reports by Desbiez et al. (2002), Bananej et al. 
(2008), Coutts et al. (2011) (they denoted 
group I as group A), Ha et al. (2008a), 
Massumi et al. (2011) and Maina et al. (2017). 
This study also suggested four minor groups 
within group I, in which subgroups A, B, C, 
and D corresponded to the reported subgroups 
II, I, IV+V, and III, respectively (Maina et al., 
2017). However, subgroup IV along with the 
previously reported WG and 10itSDE isolates 
in subgroup V were integrated into subgroup 
IC. As mentioned above, the geographical 
origins of the isolates in group I were the most 
diverse and the overall nt and aa identity within 
CI sequences in this group was >87.0% and 
>92.0%, respectively, which suggest the 
common origin of distantly distributed isolates. 
International trading of infected seeds, plants or 
fruits can be a possible explanation for such 
sequence similarities observed between the 
intercontinental isolates of ZYMV (Desbiez et 
al., 2002; Lecoq et al., 2003; Simmons et al., 
2008; Simmons et al., 2011, 2013). In some 
cases, the CI gene data was more 
phylogenetically classified by geographical 
situation than anticipated by chance alone, as 
depicted in subgroups IC (expect Argentinian 
isolate) and ID. Analysis of ZYMV population 
differentiation indicated that three phylogroups 
were completely distinct with significant Ks*, 
Kst*, Z*, Snn and very high FST values 
(>0.500). The ω estimates for group I and 
group III were respectively 0.022 and 0.013 
(Figure 1, Table 3), and in concordance with 
the result of genetic differentiation analysis 
(Table 4). The result showed that group I was 

subjected to more intense purifying selection 
than group III. Recombination is one of the 
principal forces driving plant virus evolution 
(Garcia-Arenal et al., 2003), however no 
recombination event was detected in CI gene of 
studied isolates, suggesting that this potent 
evolutionary force has not shaped the 
emergence of ZYMV CI gene variants. 
Meanwhile, the partial genome fragment could 
not provide accurate results. A previous study 
provided evidence for the presence of 
recombination cold spots within the full-length 
polyprotein of 14 ZYMV isolates from 
northern Australia (n=10, Broome, Kununurra), 
East Asia (n=2, Japan, China) and Southeast 
Asia (n=2, Singapore, East Timor) (Maina et 
al., 2017). Among them, Z5-1 from Japan was 
lone isolate identified as a recombinant in the 
CI coding region plus 6k2, NIa-Vpg and NIa-
Pro coding regions and the lower frequency of 
recombination occurred in these regions than 
elsewhere in genomic RNA. Overall, there 
were a low frequency of recombination in most 
of ZYMV isolates (Maina et al., 2017); one 
possible explanation is strong selective 
pressure against survival of new ZYMV 
recombinants. In genetic diversity analyses 
(Table 3), the African population showed the 
most nucleotide diversity (π), followed by the 
Oceanian population. However, American and 
European populations exhibited low haplotype 
diversity (0.318, 0.500) and nucleotide 
diversity (0.015, 0.041). Low level of genetic 
diversity among American isolates as well as 
European ZYMV isolates was in contrast to the 
diversity reported from other parts of the 
world. Geographical population cluster levels 
of genetic differentiation ranged from -0.041–
0.352 in the FST values. The highest and lowest 
FST values were found for Oceania versus 
America and Africa populations, respectively 
(Table 4). Except African population, all the 
populations were differentiated from the 
American and Oceanian ZYMV populations 
because the Kst* values were well above zero 
and supported by high significant P-value 
(0.000). The extent of genetic differentiation 
between most of the geographical population 
pairs was moderate (0.085<FST<0.104) to great 
(0.223<FST<0.263), indicating moderate to 
high gene flow between these geographical 
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ZYMV populations. The exception was 
Oceanian and American ZYMV populations, 
which had complete genetic difference 
(infrequent gene flow) (FST =0.352). Genetic 
differentiation between American and 
Oceanian ZYMV populations also confirmed 
by all statistical tests. This could be due to long 
distances between these geographic regions, 
indicative of a correlation between genetic and 
geographical distances. Based on these test 
statistics, geographical isolation may have 
played a role in ZYMV population structure 
especially in Oceanian and American isolates. 
The dN/dS ratio for Asian isolates was the 
highest, indicating that CI is under tighter 
functional constraints for these isolates. There 
were no codons identified as being under 
positive selection for all lineages. Strong 
negative selection on the CI of the ZYMV 
suggests the crucial role of this protein in 
helicase activities, RNA replication, cell-to-cell 
and systemic movement or other vital yet 
unknown functions (Carrington et al., 1998; 
Klein et al., 1994). In the phylogenetic analysis 
all ZYMV populations were polyphyletic and 
distributed in more than one phylogenetic 
groups (Figure 1). This indicates that ZYMV 
isolates were dispersed to other geographical 
areas with unknowingly infected seed (despite 
low levels of seed transmission) (Tobias and 
Palkovics, 2003; Desbiez and Lecoq, 1997; 
Schrijnwerkers et al., 1991; Simmons et al., 
2011) or vegetative propagules and evolved via 
genetic drift (founder effect). As mentioned, 
the sequence variation along the CI gene of 
ZYMV isolates is controlled by purifying 
selection pressure (<1). Alternatively, in situ 
evolution within several countries, with human 
activity in widespread seed transmission 
playing a main role in ZYMV dispersal, as 
suggested by Simmons et al. (2008) in analysis 
of ZYMV CP gene. Therefore, when an isolate 
becomes settled down in a place, without 
positive selection within the population, little 
change could occur unless a new variant is 
introduced, as the case for Australian isolates 
(Kununurra in northern Australia which are 
highly different from other Australian isolates) 
(Coutts et al., 2011). Moreover, the Kununurra 
sequences grouped together with the three East 
Timorese sequences within major phylogroup 

III (previously called the Southeast 
Asian/Reunion Island phylogroup), which 
seems adapted to tropical conditions (Maina et 
al., 2017). The close relationship between the 
CI sequences (as well as complete genomic 
sequences) from Kununurra and East Timor 
suggest recent ZYMV introduction across the 
sea from Southeast Asia to Kununurra. Such 
grouping could be attributed to monsoonal 
winds (from East Timor toward northern 
Australia) which could bring viruliferous insect 
vectors or migrating birds with infected seed in 
their guts, thus introducing viruses (Eagles et 
al., 2013). The Iranian ZYMV isolates in the 
subgroup IA shared 93.5–99.1% CI nucleotide 
sequence identity with each other and 87.7-
99.7% with other isolates of this subgroup. 
Iranian isolates were more resembling to 
isolates from Middle East (Israel, Turkey and 
India,), Far East (China, Japan and South 
Korea), Europe (Spain, Czech Republic, and 
Slovakia), Australia and USA in partial CI 
nucleotide sequence. So, how ZYMV first 
entered Iran is difficult to determine, but there 
are several possible pathways. During 
commercial exchanges, infected cucurbit 
material such as plants, fruits or seeds may 
have entered from elsewhere, providing the 
initial virus source. In the present study, tomato 
was found to be a new natural host of ZYMV, 
broadening the understanding of the genetic 
diversity of the pathogen in pathogenicity to 
plants. The analyses done in this study provide 
evidence for important evolutionary forces 
driving ZYMV evolution such as selection, 
genetic drift and founder effects by exchange 
infected plant products between different 
geographical regions. These findings provide 
an insight into the ZYMV population structure 
and are helpful for designing proper strategies 
to the management of this virus. 
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Figure S1. Maximum likelihood phylogenetic tree 
illustrating the phylogenetic relationships between 
Iranian and other ZYMV isolates. Tree was drawn by 
MEGA7 using the CI amino acid sequence. WMV 
(Watermelon mosaic virus) included as out-group. The 
GenBank accession number, the name of each isolate 
and its country of origin are listed. Numbers at each 
node indicate bootstrap percentages based on 1000 
replications. Values are shown only when the values are 
equal or greater than 50%. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S1. Genetic distances within and between subgroups in group I 
 

 Subgroups 
 IA IB  IC ID 
Subgroup IA  0.022 ± 0.002   
Subgroup IB  0.038 ± 0.005  0.019 ± 0.004   
Subgroup IC  0.079 ± 0.009  0.080 ± 0.010  0.034 ± 0.004   
Subgroup ID  0.099 ± 0.011  0.102 ± 0.011  0.090 ± 0.009  0.057 ± 0.006  
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Abstract 

 
Aspergillus fumigatus is one of the pathogenic filamentous fungi that could cause opportunistic infection, 

allergy and poisoning. Since, genetic sequencing of some of these fungi has been completed, identifying the protein 
profile of these fungus cells is necessary. One of these genes is the Annexin family. Annexin C4 is a new member 
of fungal annexins. This study investigates the effect of ANXC4 mutant gene in proteome profile of Aspergillus 
Fumigatus. Moreover, in order to enhance the power of protein complex separation, we used an optimized 
prefractionation method. Using reverse phase-high performance liquid chromatography eight fractions were 
separated. Then to confirm the protein concentration, each fraction was tested by SDS-PAGE. Protein profile of 
these fractions was analyzed using 2-DE, and Image Master software. Among the proteins identified statistically, 
two emerging proteins were observed. The results show that the expression of ANXC4 could affect the expression 
of some proteins in A.Fumigatus. To accurately identify these proteins, further experiments are needed including 
Mass spectrometry analysis. 
 
Keywords: Aspergillus Fumigatus, RP-HPLC, 2-DE, Prefractionation, Proteome profile 
 
Introduction1� 

 
The genus Aspergillus contains nearly 200 

species, only approximately 2 dozen of which are 
known to cause human disease; primarily A. 
fumigatus, A. flavus, A. niger, A. terreus, and A. 
nidulans, with each species at times causing unique 
clinical infections (W.J. Steinbach 2018). A. 
Fumigatusis an opportunistic filamentous fungus 
that causes prevalent infections in diseases such as 
tuberculosis, asthma and cystic fibrosis 
colonization of this fungus leads to respiratory tract 
destruction (Dagenais and Keller, 2009). 
Immunosuppression is the primary factor for the 
opportunistic infections that are generally called 
aspergillosis (Debeaupuis et al., 1997)(Latgé, 
2001). Secretion of extracellular proteins such as 
toxins and enzyme play a significant role in 
pathogenesis of this fungus. The need to study A. 
fumigatus’ pathogenesis side mechanisms and its 
similar strains, and the necessity to develop disease 
prevention and treatment methods, have been the 
causes of getting more attention to genetic studies 
of these strains (Ronning et al., 2005). Given the 
fact that, genetic sequencing of some fungi has 
been completed, identifying the protein profile of 
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these fungus cells is necessary. One in particular 
that is at the center of our study is the Annexin 
family that is made up of more than a thousand 
members (KamandKhalaj et al. 2015). 
Annexins are multifunctional proteins that bind to 
phospholipid membranes in a calcium-dependent 
manner (Maria Maryam 2019). They are expressed 
in most strains and branches of eukaryotes. These 
proteins have different functions in the cell, for 
example, participation in organization of exocytosis 
and endocytosis performance of the cell membrane, 
membrane integration and regulation of calcium 
channels. Annexins have been divided into five 
major families (A, B, C, D and E). Fungal annexins 
belong to group C. This gene is structurally 
different from other annexins (Gerke and Moss, 
2002)(Moss and Morgan, 2004). In the past, 
ANXC3.1 and ANXC3.2 have been surveyed. 
Khalajet al. (2004) identified and introduced 
ANXC4, as a new member of this family. At first 
these genes were identified by bioinformatics and 
sequencing, and then they were ascertained in the 
lab (Khalaj et al., 2004). Disruption of ANXC4 gene 
didn’t show any particular phonotypical changes 
under different growth conditions, but in Khalajet 
al. (2011) study, many considerable changes of 
protein expression were observed in ANXC4 mutant 
and then with proteomics studies it was determined 
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that these proteins were often involved in 
responding to oxidative stress (Khalaj et al., 2011).  
Understanding the genome and its polymorphisms 
is a way to comprehend gene function in cellular 
processes. Despite the importance of the genomics 
studies, cellular mechanism of cell function in 
different situations cannot be predicted based on its 
gene sequence. To apprehend the dynamic and 
varied processes of cells, including those actions 
that interfere with the development of disease, we 
must study the proteins that contribute to these 
advancements by proteomics method (Anderson, et 
al., 2000)(Van Eyk, 2001). If these changes are 
exclusive to a particular condition of a disease, it is 
possible that they would be used as a biomarker for 
diseases (Srinivas et al., 2002)(Govorun and 
Archakov, 2002).The three main parts of 
proteomics include, the analysis of complex protein 
compounds, quantification of analyzed compounds 
and identification of analyzed compounds. There 
are different methods to reach these aims. Today, 
the most successful technology is the combination 
of 2-DE1 and mass spectrometry (Karpievitch et al., 
2010). 
2-DE is used to analyze complex proteins before 
mass spectrometry, but analysis with this method 
alone has its limitations, including the fact that 
most of the proteins involved in diseases or drug 
targets, are of low-abundant proteins. To observe 
these proteins, it is necessary to increase their 
amount in the sample (Neverova and Van Eyk, 
2005)(Karpievitch et al., 2010). Prefractionation of 
the protein complex is an efficient way to increase 
the power of separation. There has been a 
considerable amount of effort for the creation and 
development of prefractionation methods as tools, 
to enrich the level of low abundant proteins in the 
sample. Included in these methods are 
chromatography, electrophoretic and fractionation 
by centrifuge (Srinivas et al., 2002)(Badock et al., 
2001)(Righetti et al., 2003).  
RP-HPLC2 is a technique that along with other 
methods of purification of macromolecules, is used 
for the analysis and purification of biomolecules 
(Righetti et al., 2005). In Vaziriet al. (2006) the 
efficiency of RP-HPLC prefractionation on baby 
hamster kidney cells infected by rabies virus was 
assessed. It was then determined that 
prefractionation of cell extract successfully 
increases the power of protein separation (Vaziri et 
al., 2006).  

                                                 
1 Two dimensional electrophoresis 
2Reverse phase high-performance liquid chromatography 

In the present research, a combination of two 
methods including 2-DE and RP-HPLC were used, 
to compare the expression profiles of ANXC4 gene 
in two mutant and wild samples. Through a 
comparative study the efficiency of prefractionation 
in the separation of protein complex was 
investigated.  
 
Materials and Methods 
 
Culture of microorganisms 
     Aspergillus fumigatus fungus strain AF293 was 
cultivated in the biotechnology department of 
Pasteur Institute of Iran, and annexin gene ANXC4 
was knocked out in it. Creation of this mutant 
strain, called ‘treat 18’, was repeated three times. 
The wild strain, as the control group, was called 27 
I, II, III. Samples were taken from these two strains 
and they were lysed. 
 
RP-HPLC 
     The mutant and wild lysed samples were 
prepared for fractionation. A microtube containing 
300 μl of sample was centrifuged at 14,000 g for 15 
min. To analyze the proteins based on 
hydrophobicity properties, 70 μl of centrifuged 
sample was injected onto NucleosilC8 HPLC 4.6 
mm column (Knaver, Germany) that was 
equilibrated with 100% buffer A (Ultra pure water 
and 0.1 TFA%). The UV-visible detector 
(Pharmacia LKB, Sweden) was set at 220 and 280 
nm. From minute 5 to 90, fractions were collected 
on 10 min intervals. Fractions were then dried in a 
vacuum refrigerated concentrator (Krist, Germany), 
and stored in a freezer at -20°C. At the end, 8 
fractions were collected from each sample. 
The optimized method used, is based on step 
gradient concentration of buffer B (5% acetonitrile 
containing 0.1% TFA) and buffer A, which is 
shown in Table 1. The method used in HPLC step 
is as follows: first detection wavelength λ1 220 nm, 
second detection wavelength λ2 280 nm, flow rate 
0.5 ml/min. In each run approximately 70 μg was 
injected onto the column. (Knaver, Germany). 
 
SDS-PAGE 
     Dried fractions from the RP-HPLC step were 
dissolved in 30 μl of loading buffer and were boiled 
for 10 min in 90°Cin heater block. After cooling 
down, the samples, and the molecular weight 
marker were injected into gel wells. The gel 
electrophoresis was run at 100 V, and gels were 
stained using Coomassie brilliant blue R-250 (Bio 
Rad, USA). 
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Table 1. Optimized method used for protein 
prefractionation 

 

Buffer B (%)  Buffer A (%)    

0  100  Step 1  

25 75  Step 2  

27  73  Step 3  

30  70  Step 4  

35  65  Step 5  

50  50  Step 6  

60  40  Step 7  

90  10  Step 8  

0  100  Step 9  
 
2-DE 
     First dimension: A non-linear immobilized pH 
gradient 4-7 IPG 7 cm ReadyStrip, was used. Each 
strip was placed into a tray channel. Samples were 
loaded on the strips, which were soaked in 
hydrating buffer, and after an hour were covered 
with mineral oil and kept at room temperature for 
16 hours. Based on concentration, 35 μg of each 
sample was collected, then with the aid of hydrating 
buffer, containing 0.0072 g DTT, each sample’s 
volume was increased to 125 ml. All solutions were 
centrifuged for 15 min with 14000×g at 4˚c. 
Supernatant of each solution was separately poured 
into trays. Then 16 IPG strips were discharged and 
placed on an IEF cell based on a time schedule 
shown in Table 2. 
 

Table 2. Time schedule for the first dimension of 
electrophoresis (IEF) 

Volt – 
Hour  

Time  
(min) 

Maximum 
Voltage(V) 

Ramping 
Mode  

Step 

-  20  250  Linear  1  

10000 – 
14000  

120  4000  Linear  2  

10000 – 
14000  

300  4000  Rapid  3  

 
IPG strip preparation for the second dimension: 
Strips were placed in equilibration buffer in two 
steps, so that the SDS contained in the buffer would 
get loaded on sample proteins. On first step, to 
revive protein disulfide bonds, for each 7 cm strip, 
0.06 mg of 2% DTT was added to 3 ml of 
equilibration buffer. On second step, 70 ml 
iodoacetamide was added (the same ratios). This 
step was done for the alkylation of the thiol group 

contained in the sample. 2-DE and SDS-PAGE 
tests were repeated three times for each fraction 4, 
5 and 6 of the control and treat samples. 
Electrophoresis of reduced and alkylated samples 
was carried out using 7cm 12% SDS-PAGE gels 
(Mini-PROTEAN 3, Bio Rad) and finally was 
stained by silver nitrate EBT (Bio Rad, USA). 

Image Analysis 
     For the analysis and enumeration of present 
protein stains ImageMaster software was used. First 
the gels were scanned using GS_800 Calibrated 
Densitometer (Bio Rad, USA). With the use of the 
obtained images and ImageMaster 2D software, 
spot detection matching and editing steps took 
place, and finally the gels were analyzed. Then, we 
made a report about all the spots that had changed 
expression. 
 
 

Results 
 
Fractionation of proteins using RP-HPLC 
     The obtained chromatogram from repeated 
analytical tests, using RP-HPLC, could be 
observed in figures 1 and 2.In Figure 1 the 
increased amount of acetonitrile buffer, of RP-
HPLC of lysed A. fumigatus proteins is 
analyzed. This analysis was based on 
hydrophobicity. Fractions that were more 
hydrophobic were used for SDS-PAGE. In 
Figure 2, the graphs from RP-HPLC of the 
control and treat samples, at 220 nm 
wavelengths were compared. Proteomes of A. 
fumigatus’ cells were analyzed in eight 
fractions. F: Fraction, A: Absorption at unit 
 

 
 
Figure 1.RP-HPLC chromatogram control 
 
Results from SDS-PAGE method 
     After the RP-HPLC operation, each of the 
obtained fractions were analyzed using SDS-PAGE 
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method. The results are shown in Figure 3. The 
expression profile of the 8 fractions after 
chromatography was compared (A: Treat, B: 
Control). Analysis was done using 12% SDS-
PAGE gels that confirm the RP-HPLC results. 
 

 
 
Figure 2. RP-HPLC chromatogram control and treat 
 
 

 
 

 
Figure 3. SDS-PAGE gel 

 
2-DE Gel 
     After the fractionation and assessment of the 
sample concentration with the use of SDS-PAGE, 
fractions 4, 5, and 6 from control and mutant 
samples were selected and for each of them a two 

dimensional gel were used. The protein stains from 
2-DE analysis are shown in Figure 4. 2-DE gels for 
the treat fractions 4, 5 and 6 are compared to the 
control samples using 12% large 2-DE gels. 
 
 
Image analysis 
     With respect to the considered confidence level 
of this study (95%), based on the calculated degrees 
of freedom, the minimum t value was considered to 
be 2.77. Therefore, changes in which the t value 
was higher than 2.77 were considered statistically 
significant. The data from Image Master software 
was obtained with 5% confidence level 
consideration.  In these settings, changed proteins 
in fractions 4 to 6 were assessed for increase or 
decrease. Table 3 contains the data that compare the 
changed protein stains in control and treat groups. 
CV: Coefficient variation, Fold: change of 
expression level, t: Average of three treatments, c: 
Average of three controls, F: Fraction 
 
 
Discussion 
 
     Proteomics is an efficient technique for 
detection and identification of existing proteins in 
Aspergillus fumigatus. It is one of the pertinent 
methods to identify significant features of this 
fungus and classify its protein profile. In this study, 
to assess the expression profile of annexin gene 
ANXC4, and its changes as a result of a knockout, 
we used a prefractionation based RP-HPLC 
method. In order to compare the chromatograms, 
they were superimposed onto each other. The 
results of this comparison have been shown in 
Figure 3.2. Therefore, it was determined that this 
method has a satisfactory performance and it is 
replicable.  

For the general analysis of the quality of 
fractionation for each fraction, SDS-PAGE was 
performed. In light of the SDS-PAGE results 
shown in Figure 3.3, it was determined that 
fractions 4 to 6 contain protein samples. 
Comparison of the peaks obtained from RP-HPLC 
with gels from SDS-PAGE shows that, firstly initial 
fractions, especially fractions 1, 2 and 3 that were 
from minute 5 to 35, contain very high amount of 
salt, so much that it has impaired the SDS-PAGE 
gel. Secondly, taking into account the protein 
content and the existing protein bands in each 
fraction, it was determined that, with respect to 
quality and quantity, SDS-PAGE gel is consistent 
with the acquired peaks from RP-HPLC. With the 
satisfactory results from the power of RP-HPLC in  
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Figure 4. 2-DE gels for control and treat fractions 4, 5, 6 
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protein analysis, the two-dimensional 
electrophoresis was performed afterward. As SDS-
PAGE gel compared with fraction 5 has several 
protein bands, while the gels obtained from 2-DE 
compared with SDS-Page have much higher 
analytical power. For analysis and enumeration of 
protein stains, ImageMaster software was used. 
With the attained results from the software, the 
number of changed proteins in fractions 4 to 6 was 
assessed for increase or decrease of expression. 
Among the 1654 identified proteins in these 
fractions, and in view of the considered t-test, 11 
proteins in treat group had decreased expression, 
and two emerged proteins were encountered.  

Although 2-DE is a powerful system to analyze 
proteins, it is unable to analyze low abundant, very 
small and very large proteins. In prefraction RP-
HPLC proteins were separated based on 
hydrophobicity. In light of the other added protein 
characteristics in this analysis before 2-DE, this 
technique could be an efficient method used to 
increase the power of analysis and separation of 
complex protein mixtures in Aspergillus Fumigatus 
proteome. Therefore, the analysis and fractionation 
prior to doing 2-DE caused increased accuracy in 
identifying changes in protein profile expression of 
ANXC4 gene. In fact, with this method, another 
dimension is added to the analysis of proteins. In 

order to accurately identify proteins with changed 
expression, the use of mass spectroscopy methods 
is necessary. With the results of the present study, 
we can identify the proteins involved in genomes of 
Aspergillus Fumigatus more precisely, and benefit 
from it in future research projects. 
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Abstract 

 
Erythritol as a non-caloric and non-cariogenic sweetener is safe for diabetics. Both microbial fermentation 

and chemical methods can be used to produce erythritol, but chemical methods failed to be industrialized due to 
their low efficiency. Moniliella tomentosa, Aureobasidium sp. and Yarrowia lipolytica are industrial producers of 
erythritol. Erythrose reductase (ER) is a key enzyme in the biosynthesis of erythritol and catalyzes the final step in 
this pathway. Enzyme extract was obtained from Y. lipolytica by grinding cells with 0.5mm glass beads and ER 
activity was performed using 10 µl enzyme extract, 7.5 mM NADPH and 12 mM D-erythrose in potassium 
phosphate buffer (pH 7.5). Reaction was monitored with decreasing of NADPH absorbance in OD340 at 37 ˚C for 8 
min by a microplate analyzer. In order to determine the activation energy (Ea), activity of enzyme was measured in 
4-45 ˚C and results were analyzed with Kinetic software according to Arrhenius equation. The best enzyme activity 
of ER was 6.268 mU. One unit of ER activity was defined as the amount of enzyme that catalyzes the oxidation of 
1μmol of NADPH per minute. Specific activity of enzyme was equal to 3.24U/mg and finally the Ea was 
determined to be 29.6208 KJ.ER specific activity in this study was lower than the only similar study that used Y. 
lipolytica. Purification, overexpression and optimizing the reaction can help to increase enzyme performance. 
 
Keywords: Erythrose reductase, Yarrowia lipolytica, Enzyme kinetics 
 

 

Introduction1∗ 

 
Polyols are compatible solutes and effective in 

osmotic adjustment. Among polyols, glycerol and 
erythritol are more effective in osmotic adjustment 
because of their lower molecular weights 
(Ghezelbash et al., 2012). 
Erythritol (MW 122.12) as a non-caloric four-
carbon sugar alcohol or polyol is safe for diabetics, 
cause no gastric side effects and its use in foods and 
drugs is approved (Ghezelbash et al., 2014; Moon 
et al., 2010; Tomaszewska et al., 2012) erythritol 
has 60-70 percent of the sucrose sweetness and 
both are similar in taste profile (Tomaszewska et 
al., 2014b) without changing blood glucose and 
insulin levels, erythritol is excreted in the human 
urine or by renal processes. Because the bacteria 
causing dental caries cannot utilize erythritol as a 
carbon source, it might be safe for human teeth 
health(Park et al., 2011). Microbial fermentation 
and chemical methods can be used to produce 
erythritol. A high-temperature chemical reaction 
is necessary to synthesis erythritol from 
dialdehyde starch and this reaction needs a metal 
as it's catalyzer and therefor the costs of chemical 
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reactions are high(Lee et al., 2010).Nowadays, 
fermentative methods reach to industrialization due 
to their high efficiency (Ghezelbash et al., 2014). 
Producers of erythritol can be osmophilic yeasts 
belonging to genus Aureobasidium, Candida, 
Moniliella, Pichia, Pseudozyma, Trigonopsis, 
Trichosporon, Trichosporonoides and Yarrowia 
(Moon et al., 2010). A mutant of Aureobzidium sp. 
is being used industrially to produce erythritol at a 
high yield of 44% in a medium with 40% 
glucose(Ishizuka et al., 1989). Erythritol can also 
be produced by the yeast Yarrowialipolytica 
(Rymowicz et al., 2009) which is known as a safe 
producer of polyols, proteins, lipids and organic 
acids (Janek et al., 2017). In yeasts, the final step of 
the pentose phosphate pathway (PPP) is catalyzed 
by erythrose reductase (ER), a key enzyme to 
produce erythritol by reducing erythrose. In this 
reaction, NAD(P)H is used by ER as co-
enzyme(Lee et al., 2003b). Finally, yeast uses 
erythritol as an osmo protectant (Janek et al., 2017). 
The aim of this study was to determine kinetic 
parameters of ER and optimizing the enzyme 
activity. 
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Materials and Methods 
 
Microorganism and culture media 

Yarrowia lipolytica DSM70562 (Leibniz 
Institute DSMZ, Germany) was used in this study 
as an industrial producer of erythritol. The growth 
medium for activation contained 10% glucose, 
0.5% yeast extract, 0.5% KH2PO4, 0.2% 
(NH4)2SO4 and 0.04% MgSO4(Merck, Darmstadt, 
Germany). We kept yeast cultures at 4°C and sub-
cultured them every 4 weeks. The production 
medium used for this study contained 1% yeast 
extract, 0.5% KH2PO4, 0.025% MgSO4, and 20% 
glucose (Merck, Darmstadt, Germany). The initial 
pH of both mediums was adjusted to 5.5 
(Ghezelbash et al., 2012; Ghezelbash et al., 2014). 
 
Culture conditions 

We inoculated a single colony of Y. lipolytica 
into 10 ml of production medium in 100ml 
Erlenmeyer flask and it was incubated at 30 ˚C and 
120 rpm for 48 h. In the next step, we aseptically 
transferred 2.5 ml of the seed culture into 250ml 
Erlenmeyer flask containing 50ml of production 
medium and incubated it at 30 ˚C and 120 rpm for 
168 h (Ghezelbash et al., 2012; Ghezelbash et al., 
2014). 
 
Preparation of cell extract 

Yeast cells from the culture were harvested by 
centrifugation at 6,000 rpm for 10 min. After 
washing twice with 50mM potassium phosphate 
buffer (pH 7.5) containing 5 mM mercaptoethanol, 
cells were re-suspended in homogenization buffer 
containing 50 mM potassium phosphate buffer(pH 
7.5), 10mMMgCl2, 1mMdithiothreitol (DTT) 
(Merck, Darmstadt, Germany), and 1 mM 
phenylmethylsulfonyl fluoride (PMSF) (Sigma, 
Northbrook, USA).In the next step, cell suspension 
was incubated at room temperature for 1h and then 
disrupted by grinding with glass beads (0.5 mm in 
diameter; Sigma, Northbrook, USA) and 
immediately kept on ice. The ruptured cells were 
removed by centrifugation at 12,000 rpm for 30 
min at 4˚C. The supernatant was used for kinetic 
assays and further analysis. 
 
Enzyme activity 

Erythrose reductase enzyme activity was 
determined as reported previously (Ghezelbash et 
al., 2014),with some modifications given below. 
We determined ER activity using 12mM D-
erythrose and 0.75mM NADPH (Sigma Aldrich, 
Germany) in 50 mM phosphate buffer (pH=7.5) 
and 10 µl enzyme extract in a microplate chamber 

(total volume 200 µl). Before reaction, the mixture 
was kept for 1 min at room temperature to eliminate 
the endogenous oxidation of NADPH. Then, 
reaction was monitored for NADPH absorbance in 
OD340 at 37˚C for 15 min using Microplate 
Analyzer (Bio-Rad, America). One unit of ER 
activity is the amount of enzyme that catalyzes the 
oxidation of 1 µmol of NADPH per min at 37 ˚C 
(Ghezelbash et al., 2014). Enzyme activities were 
estimated with micro plate analyzer (MPA) 
software. 
 
Optimization of enzyme activity 

Before starting the enzyme kinetic assays, we 
decided to optimize the reaction by finding the best 
concentration of NADPH and D-erythrose for 
determination of optimum enzymatic activity. For 
this purpose, erythrose reductase activity was 
investigated at different concentrations of NADPH 
(0.5 to 2 mM) and D-erythrose (1 to 15 mM).Then 
the lowest volume of enzyme extract giving highest 
activity was determined. As the 4thand 5th steps, we 
estimated the effect of different temperatures (4-
40˚C) and the effect of pH (2-9) on enzyme activity 
respectively. After any step, we used the optimized 
variable of the previous step. 
 
Enzyme kinetic assay 

The kinetic assay was performed using D-
erythrose as substrate with concentrations between 
0 to 15mM in optimized reaction. Activities of each 
concentration were measured with MPA software 
and the Michaelis-Mentenplot, Lineweaver-Burk 
plot, Km and Vmax was obtained with Graph-Pad 
Prism7 software (Fig.3). 
 
Results 
 
Optimizing the reaction conditions 

The best concentration of NADPH with a 
higher amount in enzyme activity was 1.5mM 
(Fig.1). Then it was observed that the amounts 
beyond 10 µl of enzyme extract could not increase 
the activity of ER. There was no need to determine 
the optimized concentration of D-erythrose as the 
substrate of the reaction, because it is used in 
different concentrations in order to make the 
Michaelis-Menten plot. (In this study no NADPH 
to NADP+interconversion activity or vice versa was 
observed in the crude extract of ER). 
 
Effect of temperature and pH 

Optimum assay condition was used to 
determine the effect of temperature and pH. As 
showed in Fig. 2, the best activities of ER were in 
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pH=3 and 28˚C 
The lowest dose that was able to induce the 
significant increase in MnBi frequency in this 
experiment was 1.5 ng.ml-1. To minimize the 
probability of cell damage, we used this dose 
throughout the rest of the experiment. 

 

 
Figure1. Optimization of NADPH concentraion 

 

 
Figure 2. Optimization of pH (a) and temperature (b) 

 

 
Enzyme kinetic parameters 

Enzyme kinetic assay was performed using 
concentrations between 0 to 15mM of D-eryhtrose 
in optimum conditions of the reaction. An activity 
was calculated with MPA software and results were 
analyzed with Kinetic software. Michaelis-Menten 
plot and Lineweaver-Burk plot are given in Fig.3. 
Kinetic parameters were determined using 
nonlinear regression (Table 1). 
 

Table 1. Results obtained from enzyme 
optimization 

 
Variable Range Best activity 
NADPH 

concentration(mM)  
0.5 to 4 1.5 

D-erythrose 
concentration(mM) 

1 to 15 12 

Enzyme extract 
valume(µl) 

5 to 100 10 

Effect of 
Temprature (˚C) 

4 to 40 28 

Effect of pH 2-9 3 
a: Statistical difference with control (P<0.05) 

 
Discussion 
 

Temperature and pH optimization: the effect 
of temperature and pH on ER activity revealed that 
28 ̊C and pH=3 are the best conditions for optimum 
enzyme activity. The best temperature for Y. 
lipolytica's growth is 28-32 ̊C(Groenewald et al., 
2014),but it seems that the best activity of ER 
should be around 28 ̊C. However, other studies on 
ER revealed different results. The optimum 
reported temperature for ER activity in Candida 
magnolia is 40 or 42 ̊C in different studies(Lee et 
al., 2010)(Lee et al., 2003a). Recently in a study 
which used a wild-type of Y. lipolytica (A101), 
results shows the best activity in37 ̊C, but 
differences between 28 ̊C and 37 ̊C was low (only 
0.5 U/mg-protein in specific activity) (Janek et al., 
2017). As seen in Fig. 2a, the best activity of ER 
was in pH=3. Higher and lower amounts of pH can 
significantly decrease the enzymatic activity. As 
reported before, the optimum activity in low pH can 
be caused by the phenomenon of high titer of 
erythritol in acidic pH (Janek et al., 2017). 
However, producing erythritol by Y. lipolytica at 
low pH has been shown previously (Dobrowolski et 
al., 2016; Kamzolova et al., 2015; Morgunov et al., 
2013; Rymowicz et al., 2009).In another study it 
has been revealed that the increasing of pH can help 
decrease amounts of erythritol (Tomaszewska et al., 
2014a) and it can be considered as a consequence 
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of ER inactivation (Janek et al., 2017). 

 
Figure 3. michaelis-menten and Lineweaver-Burk plot 
 

 
Table 2. Kinetic parameters of erythrose reductase 

from yarrowia lipolytica 
 

Kinetic 
parameter 

Value 
(±SEM) 

Unit 

Km 3.254±0.654 mM 
Vmax 4.362±0.2963 U/mg 
Kinetic 

parameter 
Value 

(±SEM) 
Unit 

The assays were conducted at 28 ̊C and data are 
presented as the mean ±standard error of the mean, 

(n=3). Km,  Michaelis‑ Menten constant; Vmax ,
maximum velocity 

 
Table 3. Kinetic parameters of erythrose reductase 

from yarrowia lipolytica 
 

Microorganism Km 
(mM) 

Reference  

Yarrowia 
lipolyticaDSM7056

2  

3.254 
± 0.654 

- 

Candida 
magnoliaeJH110 

8.5 
 ± 0.4 

(7) 

Torula corallina 7.12 (11) 
Aureobasidiumsp. 

mutant. 
8.0 - 

Schizophyllum 
commune 

5.0 - 

Candida magnoliae 7.9 (13) 

 
Enzyme activity and kinetics :among all 

substrates which can be used to be oxidized with 
ER, D-erythrose showed much better 
activities(Ishizuka et al., 1992; Jovanović et al., 
2013; Lee et al., 2010; Lee et al., 2003a; Lee et al., 
2003b). In our study, the best initial velocity 
occurred in 12mM concentration of D-erytrose in 
the optimum condition. Specific activity of ER 

isolated from Y. lipolytica in our study was about 
60% compare to ER isolated from a wild-type Y. 
lipolytica in a study which used purified enzyme 
for the reaction (Janek et al., 2017). But in current 
study we used crude enzyme to promote the 
reaction and it may be the reason that enzyme 
activity was lower than the other measurement. In 
the optimum condition, kinetic parameters (KM= 
3.254 mM and Vmax=4.362 U/mg protein) were 
obtained from Prism 7software. Compare to the 
other studies using different microorganisms 
containing ER, affinity of the ER isolated from Y. 
lipolytica seems to be more and desirable (Table 3). 
These properties may be important for using of Y. 
lipolytica in industrial purposes. 
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