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The cellular membrane constitutes an effective barrier that protects the complex, yet highly ordered, 
intracellular compartment of the cell. Passage of molecules across this barrier is highly regulated and 
highly restricted. Cell penetrating peptides (CPPs) are a class of small cationic peptides that are able to 
defy the rules of membrane passage and gain access to the intracellular environment. MPG is one 
member of this class of cell penetrating peptides. In this study, MPG was used to deliver double-
stranded siRNA into human multipotent stem (hMADS) cells. Confluent and differentiated hMADS cells 
were transfected for 4 h with 30 nM siRNA-MPG-complex (SMC) and the controls were overlaid with free 
siRNA (SO) and analysed after 24, 48 and 72 h incubation post-transfection for internalization of the 
siRNA complex using Zeiss Axioimager. There was no noticeable adverse morphological variation 
between the siRNA-MPG complex transfected groups and the ‘free siRNA’ and the ‘cell only’ control 
groups. There was also no observed cytotoxicity associated with transfection. The differentiation of the 
cells into adipocyte phenotype was observed normally in all the groups. Bright fluorescence speckles 
were detected in the SMC transfected cells at all the 3 time points in the cytoplasm as well as in the 
nucleus 24 and 48 h post-transfection. The efficiency of delivery 24 h after transfection in the confluent 
cells was about 90%, in cells differentiating three days toward adipocytes about 80, and 50 to 60% of the 
cells showed internalised siRNA-MPG complex even 48 and 72 h post- transfection. This study shows 
that MPG efficiently mediated cytoplasmic and nuclear delivery of double-stranded siRNA into human 
mesenchymal stem cells under mild conditions in proliferating and in differentiation stages. These 
results demonstrate that MPG is a very effective and robust non-viral based transfection agent, easy to 
apply to non-dividing adherent cells in situ.  Thus, MPG is a valuable tool for transient gene and 
microRNA silencing in vitro. 
 
Key words: Cell-penetrating peptides, microRNA, MPG, siRNA, stem cells, transfection, delivery, nanoparticles.  

 
 
INTRODUCTION 
 
Delivery of biomolecules holds tremendous promise in 
the treatment of many genetic and acquired diseases. 
This became more imperative with the availability of 
human genome sequence data as well as other 
organismal platforms that are continually added into 

databases fuelling the demands for validation of target 
prediction. However, identification of protein function and 
target validation require analytical tools to introduce or 
down-regulate genes. The main techniques used to 
“transiently  silence” the expression of genes or  proteins  
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include the classical antisense oligonucleotides (ONs) 
and small interfering RNAs (siRNAs) as well as miRNAs. 
Another approach is introducing full-length proteins or 
genes of interest. Expressing those constructs would 
provide a direct way to analyze protein function. 
However, the inability of those hydrophilic molecules to 
enter cells is a major obstacle (El Andaloussi et al., 
2005). Gary and colleagues suggested that the future of 
gene therapy in humans is dependent upon the discovery 
of safe and efficient vector system for transport of bio 
active molecules (Gary et al., 2007). A lot of efforts have 
been made to address the permeability of the membrane 
to hydrophilic molecules. Methods like electroporation, 
viral and other non-viral based delivery systems like 
lipofection, calcium sulphate, had been used to deliver 
different cargos across membrane with various degrees 
of success. Several delivery vectors, viral and nonviral, 
have been developed to facilitate translocation of 
bioactive agents into cells. The viral vectors are by far the 
most effective delivery system but suffer from limited 
cargo carrying capacity, production problems, as well as 
possible viral recombination and immunogenicity in vivo 
(Gary et al., 2007)  

The efficient protection against enzymatic or non-
enzymatic degradation is particularly important for RNA 
molecules including siRNAs. In fact, while the therapeutic 
potential of siRNAs for the treatment of various diseases 
is in principle very promising, limitations of transfer 
vectors may turn out to be rate-limiting in the develop-
ment of RNAi-based therapeutic strategies (Aigner, 
2006). Attempts to improve RNA delivery have led to 
development of a number of delivery systems to 
circumvent observed limitations of current delivery tools. 
There has been an upsurge of interest in nanoparticle-
mediated delivery by a number of groups in recent times 
(Chen et al., 2011; Kimura et al., 2009; Zhou et al., 2013; 
Wong et al., 2012; Rahim et al., 2009; Kolli et al., 2013; 
Yamanaka and Leong, 2008; Water et al., 2015). For 
instance, Kim and colleagues reported that nanoparticle-
mediated RNA interference drugs represent a potential 
new approach in targeting lung cancer due to selective 
silencing effect of oncogenes and multidrug resistance 
related genes (Kim et al., 2015). 

Peptides represent a class of vectors that can be 
extensively modified to meet the needs of a particular 
gene delivery system. Critical to successful delivery of 
biomolecules like RNA is the ability to traverse the cell 
membrane and to release the cargo molecule safe from 
degradation while maintaining the integrity of the cell. Cell 

 
 
 
 
penetrating peptides (CPPs) seem to be answers to 
efficient deliveries of biomolecules without the worries of 
degradation by endosomes. Cell-penetrating peptides 
(CPPs) equally referred to as protein transduction 
domains (PTDs), Trojan peptides or membrane translo-
cating sequences (MTS), have shown significant potential 
in the field of drug delivery. CPPs can deliver a wide 
range of bioactive molecules such as proteins, peptides, 
oligonucleotides (ON), and nano-particles to several cell 
types and to different cellular compartments, both in vivo 
and in vitro. These peptides vary in size, amino acid 
sequence, and charge, but share the common feature 
that they have the ability to rapidly translocate the plasma 
membrane and enable delivery to the cytoplasm or 
nucleus (Lindgren et al., 2000).  

According to Deshayes et al. (2005) CPPs are 
classified as follows with reference to peptides derived 
from protein transduction domains or their family for 
classification. Many CPPs were designed from 
sequences of membrane interacting proteins, such as 
fusion proteins, signal peptides, transmembrane domains 
and antimicrobial peptides. Within these sequences, 
short sequences called protein transduction domains or 
PTDs proved to efficiently cross biological membranes 
without the need of a carrier or of a receptor and to 
deliver peptides. The major obstacle for using small 
RNAs as drugs is to deliver them into the cytoplasm of 
cells. An exception may be mucosal tissues. In the lung 
and vagina, siRNA uptake is extremely efficient and 
occurs even in the absence of transfection reagents 
(Dykxhoorn et al., 2006). Early investigation of 
mechanism of action of CPPs supported non-endosomal 
pathway however recently studies led to the complete 
revision of the cellular uptake mechanism of CPPs, 
incorporating the involvement of the endosomal pathway 
(Richard et al., 2003). However, as for most CPPs, 
evidence for several cell-entry routes have been 
reported, some of which are independent of the 
endosomal pathway (Deshayes et al., 2005), so it is 
essential to identify the one leading to a biological 
response.  

MPG is a bipartite amphipathic peptide derived from 
both the fusion peptide domain of HIV-1 gp41 protein and 
the NLS of SV40 large T antigen. It forms stable non-
covalent complexes with nucleic acids and promotes their 
delivery into a large number of cell lines (Simeoni et al., 
2003). The positively charged NLS most likely interacts 
electrostatically with DNA and condenses the cargo while 
the hydrophobic gp41 domain mediates membrane 
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fusion. Inside the cell, the NLS confers nuclear 
localization of cargo MPG, which stands for May, Pierre 
and Gilles, the names of the people that discovered the 
peptide. It is a 27-residue-long primary amphipathic 
peptide with the following sequences: 
GALFLGFLGAAGSTMGAWSQPKKKRKV. MPG consists 
of three domains: a variable N-terminal hydrophobic 
motif; a hydrophilic lysine-rich domain, which, is derived 
from the NLS (nuclear localization sequence) of SV40 
(Simian virus 40) large T-antigen (KKKRKV), required for 
the actual interactions with nucleic acids and intracellular 
trafficking of the cargo (Crombez et al., 2007). The 
peptide contains three distinct domains: a N-terminal 
hydrophobic motif (GALFLGFLGAAGSTMGA) derived 
from the fusion sequence of the HIV-1 gp41 (glycoprotein 
41), required for interaction with the lipid moiety of the 
cell membrane and cellular uptake, a hydrophilic domain 
derived from the nuclear localization sequence (NLS) of 
SV40 (Simian virus 40) large T-antigen (KKKRKV) 
involved in the interactions with nucleic acids and 
intracellular trafficking of the cargo, and a linker domain 
(WSQP), which improves the flexibility and integrity of the 
hydrophobic and the hydrophilic domains (Crombez et 
al., 2007). MPG carries a cysteamide group at its C 
terminus, which is essential for both cell entry and 
stabilization of the complexes with siRNA (Simeoni et al., 
2003). MPG, originally designed to improve the cellular 
uptake of oligonucleotide and plasmid, was then 
optimized for the delivery of siRNA. A single mutation on 
the second lysine residue of the NLS to serine (MPG 
∆
NLS- GALFLGFLGAA-GSTMGAWSQPKSKRKV), was 

shown to abolish the nuclear translocation and facilitate a 
rapid release of the siRNA in the cytoplasm (Simeoni et 
al., 2003). MPG is important in targeting genes to the 
nucleus making this peptide an interesting vector for 
clinical trials.   

The MPG peptide associates rapidly in solution with 
siRNA, initial contact occurs through electrostatic 
interactions involving the hydrophilic lysine-rich domain 
independently of specific sequences, followed by 
peptide–peptide interactions involving the gp41 
hydrophobic domain, thus generating stable MPG–siRNA 
nanoparticles with size of approximately 200 nm diameter 
(Simeoni et al., 2003). Studies by Simeoni and 
colleagues suggest MPG exhibits high affinity in the 
nanomolar range for siRNA and that approximately 10 to 
20 peptide molecules are required to form a highly stable 
nanoparticle (Simeoni et al., 2003). The presence of a 
peptide-based nanostructure associated to the siRNA 
dramatically improved its stability inside the cell and 
significantly protected it from degradation (Crombez et 
al., 2007). The internalization process of MPG according 
to Deshayes et al. (2004) is achieved through formation 
of a carrier/cargo complex and occurs through a non-
endosomal pathway leading to a mainly nuclear final 
localization of the cargo. Divita‟s group showed in greater 
details that the outer part of the „carrier-based nanoparticle‟ 
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with the siRNA plays a key role in the interactions of 
MPG with the membrane. MPG strongly interacts with 
phospholipids, through their hydrophobic fusion 
sequence, which then adopted a β-structure required for 
insertion of the peptide into the membrane (Deshayes et 
al., 2004). 

In another instance, Veldhoen and colleagues exploited 
the flexibility of a non-covalent strategy; by focusing on 
the characterisation of a novel carrier peptide termed 
MPGα, which spontaneously forms complexes with 
nucleic acids (Veldhoen et al., 2006). They used a 
luciferase-targeted siRNA cargo; to address the cellular 
uptake mechanism of MPGα/siRNA complexes in HeLa 
cells. They equally showed a significant reduction of the 
RNA interference with MPGα/siRNA complexes in the 
presence of several inhibitors of endocytosis. Using 
confocal laser microscopy they observed a punctual 
intracellular pattern rather than a diffuse distribution of 
fluorescently labelled RNA-cargo. Their data suggested 
strong evidence of an endocytotic pathway contributing 
significantly to the uptake of MPGα/siRNA complexes 
(Veldhoen et al., 2006).  

Human multipotent adipose-derived stem (hMADS) 
cells provide a good model for studying cell fate decisions 
like adipogenesis (Rodriguez et al., 2004). The hMADS 
cells are mesenchymal stem cell derived from the 
stroma-vascular fraction of human adipose tissue. 
hMADS cell have shown great promise as model for 
studying adipogenesis, osteogenesis and chondrogenesis 
(Rodriguez et al., 2004; Zaragosi et al., 2007). However, 
hMADS cells are very difficult to transfect using most 
traditional non-viral methods like lipid based agents 
(Zaragosi et al., 2007). Hence, this study will investigate 
MPG for the internalization of FAM-labeled double-
stranded siRNA into hMADS cells. 
 
 
MATERIALS AND METHODS 
 

Proliferation and differentiation of hMADS Cells 
 

The hMADS cells were thawed, resuspended, and maintained in 
Dulbecco‟s modified Eagle‟s medium (DMEM) pre-warmed to 37°C 
containing 10% FBS, Penicillin and Streptomycin, Pen/Strep, 100 
U+ug/mL, and 0.1 mg/mL Normocin (InvivoGen), 10 mM HEPES 
and L-Glutamine which was enriched every 4 weeks. hFGF-2 was 
added freshly to the medium for proliferation. The medium was 
changed every two days until cells reached confluence. After two 
days of confluence (designated Day 0), cells were then induced to 
differentiation using Medium II prepared with the reagents- 
DMEM/Ham‟s F12 medium supplemented with 10 ug/ml transferrin, 
0.86 uM insulin, 0.2 nM of triiodothyronine, 1 uM dexamethasone, 
100 uM isobutyl- methylxanthine, and 20 nM rosiglitazone. Three 
days later, the medium was changed to medium III (lacking DEX 
and IBMX). Only freshly prepared differentiation media were used. 
The cells were incubated in standard cell culture conditions, at a 
temperature of 37°C with air containing 20% oxygen, 5% carbon 
dioxide and nitrogen. The medium was sterile filtered to avoid 
contamination. The cells were grown in 10 mm cell culture dishes 
and sub-cultured into 35 mm dish (6-well plate) and 24 well plates 
during transfection. 
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Preparation of transfection complex and internalization 
 
MPG peptide (N-ter Nanoparticle siRNA Transfection system, 
Sigma) was thawed at room temperature for 10 min and sonicated 
for 5 min in sonicating water bath (Elma, Transonic) at maximum 
output and continuous power. This step decreases aggregation 
tendency of the peptide and can reduce the variability of 
transfection efficiency. The peptide was then diluted with RNase-
free water (DEPC water). To make a stock solution, 2 OD (10.52 
nmole) 5´-6-FAM-labeled siRNA (Sigma) was solved in DEPC- 
water to form 50 µM stock solution, which was further diluted to 5 
µM working solution. The 5 µM siRNA working solution was further 
diluted in MPG buffer. The tubes containing the peptide and the 
siRNA were mixed together, vortexed gently, pulse spurned and   
incubated at 37°C, for 40 min to form the siRNA-MPG complex 
(SMC), which from now will be referred to as SMC. This yielded a 
concentration of 650 nM SMC. The solution was further diluted to 
appropriate concentration of 30 nM with 0.5 × MPG. siRNA-only 
(SO) control was prepared by diluting 14 µl  of 5 µM siRNA working 
solution with 436 µl of 0.5x MPG Buffer, while cell-only (CO) control 
was formed by mixing 75 µl of MPG buffer and 75 µl RNase free 
water and diluting with 300 µl  of 0.5 × MPG Buffer. 
 
 
Transfection  
 
Human multipotent adipose derived stem cells (hMADS) grown to 
80%, 100% confluence, as well as cells in day 3 of differentiation 
into adipocytes (D 3), and cell in Day 10 after adipocytes 
differentiation (confirmed by Oil-Red-O staining) D10 on a glass 
coverslip (Corning) which was sterilized by dipping in 70% ethanol 
and in turn drying in bunsen burner flame, in a 6 well plate or 24 
well plate were washed with PBS and then transfected with the 
diluted SMC, SO and CO to the respective wells, and allowed to 
incubate for 3 to 5 min at room temperature and thereafter equal 
amount of serum and antibiotic free DMEM medium was added and 
allowed to incubate for 4 h at standard cell culture condition at 
37°C, 5% CO2. After this incubation, complete medium was added 
and allowed to incubate for 24, 48, and 72 h. The cells were 
processed for fluorescence microscopy by fixing them in 3.7% 
formaldehyde for 10 min, counter-stained with DAPI and mounted 
on a slide as described below. 
 
 
Slide preparation for fluorescence microscopy 
 
The coverslip containing the transfected cells were carefully 
detached from the wells and rinsed in 2 changes of PBS, avoiding 
keeping the cells long in the PBS to prevent detaching of the 
adherent cells from the coverslip. The cells were fixed in 3.7% 
formaldehyde (prepared by diluting 10 x stock in PBS) for 10 min in 
a shaker at room temperature. The cells were washed in 2 changes 
of PBS for 5 min and counter stained with 0.05 ng/ uL 4‟,6-
diamidino-2-phenylindole (DAPI) for 5 min. DAPI stains the nucleus 
blue. They were washed in PBS for 5 min, after which the 
coverslips were mounted on clean slides in PBS or vector-shield 
and sealed with sealant. PBS was mostly used since, mounting in 
vector-shield leads to the fading of the blue staining of DAPI after 
long exposure. The slides were then observed using Axioimager, 
Epifluorescence microscope (Zeiss), using FAM and DAPI and 
phase contrast channels. 
 
 
Oil -Red-O staining 
 
Oil-Red-O is a lipophilic diazo red dye that stains intracellular lipid 
droplets red. It was prepared as previously described (Massiera et 
al., 2003). 0.5 g Oil-Red-O was dissolved in 100 ml Isopropanol and  

 
 
 
 
stored at 4°C to make a stock solution. 18 ml stock solution was 
diluted in 12 ml milliq water (MQ) or deionized water giving a 30 ml 
final working solution. The resulting solution was filtered using 
Whatman filter paper. Cells were washed in PBS twice and fixed in 
10% formaldehyde (in PBS) for 15 min at room temperature. The 
fixative was removed and replaced with filtered Oil-Red-O solution 
and incubated for 1 h at room temperature. After staining, the cells 
were washed thoroughly with PBS until excess stains were 
removed.  Mature adipocytes containing lipid droplets stained red. 
 
 
Fluorescent microscopy 
 
Two fluorescent microscopes were used in this study. The Zeiss 
Axioimager and Olympus CKX 41 inverted microscopes with 
reflected fluorescence system. The later was used for routine cell 
culture microscopy. The Zeiss Axioimager is a wide-field 
epifluoresence microscope. Images were captured on a sensitive 
CCD camera. It was used for visualizing fluorescent probes in celIs; 
images were taken in 4',6-diamidino-2-phenylindole (DAPI) channel 
which excites at 359 nm and emits at 461 nm. DAPI was used to 
detect the nuclei in blue channel. 6-carboxy fluorescein (FAM) 
excitation is at 494 nm and fluorescence emission is at 518 nm. 
FAM was used to detect the siRNA in green channel. 
 
 
RESULTS 
 

hMADS cells were successfully induced to adipocyte 
differentiation 
 

The hMADS cells were grown to confluence and induced 
to adipocyte differentiation on day 0. The fibroblast-like 
morphology was visible before day 0, which was the day 
of induction (Figure 1A) and day 1 (B), but from Day 3 (C) 
there was remarkable change in morphology of the cells. 
The cell morphology gradually became oval with 
numerous globular shaped fat droplets. By day 8 (D), day 
10 (E), and day 15 (F) differentiated fat cells were 
apparent with clusters of fat droplets. Oil-Red-O staining 
also confirmed the presence of fats cells as indicated by 
the red staining of the cells that developed fat droplets 
(G, H and I). The intensity of red staining which is a 
measure of degree of differentiation into fat cells 
increased from Day 8 through Day 10 and became much 
more intense by the fifteenth day (Day 15) as shown by 
Figure 1 (G, H, I, J).  
 
 

Does the transfection of pre-confluent cells with SMC 
affect cell viability? 
 

In order to investigate the above, hMADS cells were 
transfected with 15 nM of SMC for 4 h and examined with 
Axioimager after 48 h of incubation (Figure 1 upper 
panel: A,B,C). No cell mortality was observed in the SMC 
transfected cell. No evidence of cytotoxity was observed 
in the SMC SO, and CO. The cells overlaid with the free 
siRNA, SO (B) and the cells overlaid with cell only (CO) 
containing the MPG buffer alone (C, F, I) showed virtually 
similar cell morphology and structure with the cells 
transfected with SMC. There was no evidence to suggest
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Figure 1. Differentiation of hMADS cells. hMADS cells were grown to confluence and induced to adipocyte differentiation 
on Day 0. The fibroblast-like morphology seen day 0 (A) and day 1 (B), from day 3 (C) cell morphology gradually became 
oval with numerous globular shaped fat droplets that increased in size and in number as differentiation progressed from 
day 3, day 8 (D) through day 10 (E) and to become fully matured adipocytes in day 15 (F). Oil-Red-O staining of the cells at 
time points day 8 (G),  day 10 (H) and day 15 (I) with pictures of dishes showing increasing staining intensity from day  8 to 
day 15 (J). 

 
 
 
that there was any morphological variation in cells 
attributable to the complex. These results suggest that 
the MPG was not toxic to hMADS cells within the 
investigated concentration. 
 
 
Transfection of confluent and differentiating hMADS 
cells with siRNA-MPG complex (SMC) does not affect 
cell viability 
 
Confluent (Figure 2 middle panel: D, E, F) and adipocyte 
differentiating hMADS cells (Figure 2 lower panel, G, H, I) 
were transfected with 30 nM of SMC for 4 h and 
examined with Axioimager after 48 h of incubation. There 
was no evidence to suggest. There was no morphological 
variation in cells attributable to the complex. There was 
no mortality of the cells. The cells overlaid with the free 

siRNA (E, H) and the cells overlaid with cell only (CO) 
(right panel, F, I) showed virtually similar cell morphology 
and structure with SMC transfected cells (D, G). The cell 
morphology of the SMC and SO and CO were virtually 
similar in cell content. There was no distortion or 
detachment of the adherent cells that could be directly 
linked to SMC. There was no evidence of cell mortality 
associated to the MPG transfection. There was com-
parable morphology and cell architecture in the SMC, SO 
and CO as indicated by Phase contrast images of the 
confluent and the differentiated cells. There was also no 
indication that the MPG interfered with the differentiation 
process. MPG showed no adverse effect on hMADS cells 
viability. This result suggests that MPG was mild to the 
hMADS cell, and as such does not adversely affect the 
viability of hMADS cells within the investigated 
concentration.  



2708         Afr. J. Biotechnol. 
 
 
 

 
 

Figure 2. Cell viability test. Phase contrast images of hMADS cells transfected with SMC and overlaid with free siRNA, SO and cell 
only, CO at concentration of 15 nM for the pre-confluent time point (A,B,C), 30 nM for the confluent (D,E,F) and differentiated stages 
(G,F,I), 48 h post-transfection. There was no visible adverse morphological variation between the peptide treated cells (left panel: A, 
D, G), free siRNA, SO (middle Pane, B, E, H) and the cell only (CO) (right panel: C, F, I), in both the differentiated and undifferentiated 
stages. 

 
 
 
Transfection of pre-confluent cells 
 
Since hMADS cells are hard to transfect (Zaragosi et al., 
2007), transfection of  hMADS cells were undertaken to 
find out whether SMC could penetrate hMADS cells to 
deliver labeled double stranded siRNA cargo. Figures 
 3, 4, and 5 illustrate the results obtained. To investigate 
whether MPG could deliver labeled double-stranded 
siRNA into hMADS cells,  50% confluent hMADS cells 
were transfected for 4 h with 15 nM of SMC and overlying 
the controls with free FAM labeled-siRNA and cell only 
control consisting of MPG buffer (which served as control 
for cell viability and toxicity evaluation) after 24 and 48 h 
showed that MPG efficiently delivered the FAM-labeled 
siRNA across the membrane into the cytoplasm and in 
some cases into the nucleus or at the nuclear membrane 
of the treated hMADs cells. But MPG here showed dotted 
or punctuated fluorescent speckle within the cells 
transfected with SMC (Figure 3A, B and C). The control 
group overlaid with free siRNA did not show these green 

fluorescent speckles. The same observation was true for 
the cell only (CO) control group which did not have the 
speckle. However, there was background green 
fluorescence in the control sometimes highlighting the 
cell inside, which was instructive in determining whether 
the fluorescence was inside or outside the cell. In Figure 
3, pre-confluent hMADS cells were transfected for 4 h 
with 15 nM, 5‟-6-FAM labeled siRNA-MPG complex (C, 
D). Control cells were overlaid for 4 h with cell only 
control composed of MPG buffer (A, B). In (A) blue 
staining nuclei were apparent but with no fluorescent 
speckles as seen in C and D. Image B in FAM channel, 
contrary to C did not show the bright speckles but 
highlighted the background outlines of the cells. 
Therefore in C and D the bright green speckles showed 
the labeled siRNA construct. In D the MIP showed the 
speckle at the nuclear membrane as well as within the 
cytoplasm. The punctuate speckles were exclusively 
detected in the SMC cells indicating internalization of the 
siRNA by MPG. The image A shows bright green
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Figure 3. Fluorescence microscopy analysis 48 h after transfection of pre-confluent hMADS cells. 
 
 
 

punctuate speckles or spots in 90% of the cells in the 
shown field of view. B) Maximum intensity projection MIP, 
of the fluorescent speckles (red arrow) lie at the plane of 
the nucleus within the cytoplasm. 
 
 

Transfection of confluent cells (24 h post-
transfection) 
 
The hMADs cells are known to be hard-to–transfect 
(Zaragosi et al., 2006). This prompted the evaluation of 
transfection of confluent hMADS cells using MPG. The 
transfection of confluent hMADS was performed for 4 h 
and examined with Axioimager 24, 48 and 72 h post-
transfection using concentration of 30 nM SMC, while the 
control groups were overlaid with free FAM-labeled 
siRNA (SO) and cell only (CO). Figure 4 shows 
transfection after 24 h. There were strong punctuated 
fluorescent speckles detected in SMC transfected cells in 
about 80 and 95% of the cells (Figure 4 A, B). The 

pattern of distribution of fluorescence was similar to the 
pattern observed in the pre-confluent cell stag which 
presented spotted or punctuate, non- homogenously 
distributed fluorescent appearance.  
 
 

Intra-nuclear delivery 
 

To show that the fluorescence speckles were localized in 
the nucleus of the cell, the maximum intensity projection 
image at the plane of the nucleus showed localization of 
the fluorescence within the nucleus (yellow arrow). The 
speckles were high-lighted by the yellow arrow in the 
nucleus, indicating that the speckles lie within the nucleus 
which might suggest nuclear delivery of the labeled 
siRNA (Figure 4, right panel).  
 
 

Transfection of differentiating cells at day 3 
 

Having observed punctuate fluorescent speckles of
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Figure 4. Fluorescence microscopy analysis 24 h after transfection of confluent hMADS cells. Cells were transfected for 4 h with 30 nM 
siRNA-MPG complex (SMC) (A and B). There were numerous punctuate fluorescent speckles seen in A (FAM channel) and B (Merged 
DAPI and FAM channels) in more than 95% of the cells. Control experiment: cells were overlaid for 4 h with free siRNA only (C, D). The 
control showed no fluorescent speckle. FAM channel (C) and merged DAPI and FAM channels (D). The nucleus was counter-stained with 
DAPI (blue). SMC, siRNA-MPG complex; SO, siRNA only; FAM, 6- carboxy fluorescein; DAPI, 4',6-diamidino-2-phenylindole. 

 
 
 
siRNA-MPG complex in the cytoplasm and the nucleus in 
confluent cells, hMADs cells were differentiated and 
transfected on day 3 after induction to see whether a 
reproducible result will be obtained in the differentiating 
cells. Transfection was done with 30 nM SMC, and 
overlaid with SO and CO, for 4 h. The result was 
consistent with that observed in the pre-confluent and 
confluent stages, as indicated below. After 24 h post-
transfection of differentiating hMADS cells at Day 3, there 
was evidence of punctuate speckles of the 5´-labeled 
siRNA by the MPG complex at the concentration of 30 
nM SMC.  

The maximum intensity projection MIP (Figure 5), of the 
fluorescent speckle of the labeled SMC were seen 
localized in the cytoplasm (red arrow) indicating  that the 
speckles localized in the cytoplasm and the yellow arrows 
point at the speckle in the nucleus. This demonstrated 
that MPG was able to deliver siRNA into the cytoplasm 
and nucleus of differentiating hMADS after 24 h Post 
transfection.  
 
 
siRNA-MPG complex is able to deliver double-
stranded siRNA into differentiating hMADS cells (48 h 
post-transfection analysis) 
 
To assess the ability of MPG to deliver siRNA into day 3 

adipocyte differentiating cells, the cells were transfected 
for 4 h with 30 nM SMC and control overlaid with SO for 4 
h. They were examined 48 h post-transfection using 
Axioimager. Figure 5A depicts the SMC in FAM channel 
(A) and the merged image of FAM, DAPI and Phase 
contrast (B).  

Punctuated fluorescence speckles were observed in 
the SMC within the cytoplasm. In the control (Figure 5C 
and D), no fluorescence was observed in the control SO. 
Maximum intensity projection MIP in Figure 5 (left and 
down panels) demonstrated the presence of fluorescent 
speckles within the nucleus. In summary, there was both 
cytoplasmic and nuclear localization of the fluorescent 
speckles within the plane of the nucleus shown by the 
MIP image (Figure 5). The results show that MPG could 
deliver labeled siRNA into the cytoplasm and nucleus of 
Day 3 adipocyte differentiating cells. 
 
 
Transfection of differentiating cells at Day 10  
 
To investigate whether SMC was delivered into Day 10 
adipocyte differentiating cells, the cells were transfected 
for 4 h with 30 nM SMC and control overlaid with SO for 4 
h. They were examined 48 h post-transfection using 
Axioimager. Figure 6A and B depict the SMC in FAM 
channel (A) and the merged image of FAM, DAPI, and
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Figure 5. Fluorescence microscopy analysis 24 h after transfection of differentiating hMADS cells at day 3. 

 
 
 

Phase contrast (B). Stronger fluorescence speckles were 
observed in the SMC within the cytoplasm that showed a 
more condensed pattern. The speckles were also 
detected within some fat droplets. Although, some 
background fluorescence was observed in SO, there was 
clear difference between the control and the SMC 
transfected cells. Maximum intensity projection (MIP) 
equally demonstrated the presence of the fluorescent 
speckle within the nucleus which suggests nuclear 
localization of the siRNA construct. In summary, there 
was both cytoplasmic and nuclear localization of the 
fluorescent speckle within the plane of the nucleus shown 
by the MIP image (Figure 6).  
 
 
DISCUSSION 
 
Divita and co-workers reported that MPG delivers active 
macromolecules permitting the control of the release of 
the cargo in the appropriate target subcellular compart-
ment. Therefore, by tampering with the NLS sequence of 

MPG, delivery between the nucleus and the cytoplasm 
can be discriminated and MPG containing the NLS 
efficiently was reported to deliver promoter-directed 
siRNA into the nucleus to inhibit transcription. MPG has 
also been successfully applied for delivery of siRNA in 
vivo into mouse blastocytes (Crombez et al., 2007). The 
results presented here are in agreement with the earlier 
report by Simeoni et al. (2003) showing that MPG 
mediates cytoplasmic and nuclear delivery of siRNA in 
many cell types. 
 
 
Viability 
 
Effect of MPG on the viability of hMADS cells transfected 
with 15 and 30 nM of SMC and during proliferation and in 
adipocyte differentiation show that there was no observed 
cytotoxicity associated with the complex. There was no 
cell mortality or distortion of cell morphology due to the 
MPG complex. These results demonstrate that MPG 
while efficiently delivering siRNA into hMADS cells; it
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Figure 6. Fluorescence microscopy analysis 48 h post-transfection of adipocyte differentiating hMADS cells at day 10. Cells were 
transfected for 4 h with 30 nM siRNA-MPG complex (SMC). A (FAM) B (DAPI, FAM, Phase contrast); stronger fluorescence speckles 
were observed in the SMC that showed more condensed pattern in FAM channel. Control experiment (C, D): cells were overlaid for 4 h 
with free siRNA only. C: FAM. D: (merged image of DAPI, FAM, Phase contrast). The observed fluorescence was due to back-ground 
which were weaker than those of the SMC. 

 
 
 

preserves the cell structural integrity. The complex had a 
mild effect on the cells. Most lipid based transfection 
agents according to Zaragosi lead to low cell viability or 
induce cell toxicity in the course of transfection. 
Unpublished report on hMADS also showed that 
electroporation of hMADS cell also led to high cell 
mortality. In view of these, MPG presents a mild 
transfection possibility in hMADS cells.   
 
 

Differentiation 
 

Data from this study also showed that differentiation of 
cells into adipocyte was not hindered by the transfection 
of hMADS cells with MPG-siRNA complex. There was no 
evidence to suggest that MPG adversely affected 
differentiation of hMADS cells to adipocytes as there 
were differentiated cells with oval shaped lipid droplets in 
both SMC treated and the cell only control (Figure 2 
lower panel). The siRNA used in the study was a 
scrambled control not targeting any specific messenger 
RNA, so it was not meant to affect differentiation process. 
 
 

siRNA delivery in proliferation and in adipocyte 
differentiation 
 

This study was designed to evaluate the MPG mediated 

delivery of Double stranded siRNA into hMADS cells. 
hMADS cells have been shown to be difficult to transfect 
with plethora of conventional lipid based transfection 
system (Crombez et al., 2007). Zaragosi and colleagues 
reported very low transfection efficiency coupled with 
high cell mortality in respect of transfection with lipid 
based reagents but they reported high efficiency of 
delivery with nucleofection for both stable and transient 
integration of transgenes into hMADS cells. The results of 
this study show that MPG successfully delivered double- 
stranded 5‟ 6-FAM labeled siRNA into hMADS cells in 
pre-confluent, confluent and adipocyte differentiated 
hMADS cells. Delivery efficiency as monitored by 
detection of fluorescence in the MPG transfected cells 
was significantly higher than in the control groups. The 
transfection efficiency of the delivered siRNA was above 
90 to 95%  in the confluent hMADS cells 24 h post-
transfection, the retention of fluorescence 48 and 72 h 
were however weak and was between 50 to 60% 
efficiency. Using Olympus CKX41 microscope, evidence 
of siRNA delivery was apparent as indicated by 
punctuate fluorescence speckles after 4 h post-
transfection and this indicates that the internalization was 
rapid. Fluorescence was detectable up to 6 days post-
transfection in confluent stage. However, the exact 
localization of the observed fluorescence in this case 
could not be  resolved, as  such  could not  be  said to be  



 
 
 
 
inside or outside the cell due to the limitation of the 
microscope used. Fluorescence in the pre-confluent 
stage was detected 24 and 48 h post-transfection, at a 
concentration of 15 nM of SMC. In the confluent and 
differentiated stages, detection was after 24 to 72 h at a 
concentration of 30 nM of SMC. 

In the Day 10 adipocyte differentiated cells, stronger 
fluorescence speckles were detected in the SMC within 
the cytoplasm that showed a more condensed pattern. 
The speckles were also observed within some fat 
droplets. However, some background fluorescence was 
present in SO that could not be readily explained. This 
background fluorescence might be due to auto-
fluorescence of the lipid droplets that were well 
developed in the day 10. However, there was clear 
difference between the control and the SMC transfected 
cells. Maximum intensity projection MIP (Figure 6) 
equally demonstrated the presence of the fluorescent 
speckle within the nucleus which suggests nuclear 
localization of the siRNA construct. In summary, there 
was both cytoplasmic and nuclear localization of the 
fluorescent speckle within the plane of the nucleus shown 
by the MIP image. The results show that MPG could 
deliver labeled siRNA into the cytoplasm and nucleus of 
Day 10 adipocyte differentiated cells. The MIP images 
showed the fluorescence speckles within the nucleus as 
well as within the cytoplasm at the plane of the nucleus, 
demonstrating internalization of double-stranded siRNA 
mediated by MPG. 
 
 

Pattern of delivery  
 
The delivered siRNA was detected as brilliant punctuated 
fluorescent speckles in the green channel that was not 
homogenously distributed in the cells. This observation 
was in line with the observation of Veldhoen et al. (2006) 
who worked on similar peptide but with a mutation at the 
nuclear localization sequence, called MPGα. The bright 
speckles are thought to mark points of entry of the 
labelled probes into the cells. But contrary to their 
observation, MPG efficiently delivered siRNA into the 
cytoplasm as well as nucleus of hMADS cells. Gregory et 
al. (2007) also observed punctuate and non-homoge-
nously distributed pattern of delivery of cargo with TAT 
peptide. It then follows that the punctuate spotted 
fluorescent speckle observed in the SMC transfected 
cells were indicative of successful internalization of 
siRNA in the cytoplasm, nuclear membrane and in the 
nucleus as observed in the results presented in this 
study. The pattern of internalization was contrary to most 
convectional transfection reagents which usually follow 
homogenous distribution pattern in most cell types but 
MPG here showed dotted or punctuated fluorescent 
speckles within the cells transfected with SMC. The 
control group overlaid with free siRNA did not show these 
green fluorescent speckles. The same observation was 
true for the cell only (CO) control group which did not have 
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the speckle. However, there was background green 
fluorescence in the control sometimes highlighting the 
cell inside, which was instructive in determining whether 
the fluorescence was inside or outside the cell. 

The result of this work demonstrated that Nucleofection 
is not the only non-viral based vector that has the ability 
of efficiently transfecting hMADS cells as observed by 
Zaragosi and colleagues (Zaragosi et al., 2007). The 
benefit of nucleofection was the achievement of stable 
expression of a transgene in hMADS cells. However, the 
internalization of siRNA observed with MPG is transient 
as fluorescence intensity weakened with time but was 
detectable at 6 days post-transfection.  

In summary, this study could demonstrate that MPG 
efficiently internalized labeled double-stranded siRNA 
cargo into the difficult transfect hMADS cells in 
proliferation, confluency and adipocyte differentiating 
hMADS cells. That MPG mediated nuclear localization of 
siRNA constructs supports previous observation 
(Crombez et al., 2007; Simeoni et al., 2005). More 
interesting is that transduction of non-dividing cell has 
been the preserve of the lentiviral system which is limited 
by their high bio safety requirement and as such are kept 
out of routine use of many laboratory. However, lentiviral 
systems are used for stable integration into the genome 
of cells while CPPs can only be used for transient 
internalization. MPG did not lead to cell mortality as 
indicated by the normal cell morphology exhibited by the 
SMC transfected cells, which was comparable to the 
morphology of the siRNA only (SO) and cell only (CO) 
overlaid control groups. This observation makes MPG an 
interesting vector system for translocation of small 
peptides and nucleic acids into the cell combining robust 
efficiency of delivery with mildness to the cell structure 
integrity.  
 
 
Conclusion 
 

In conclusion, this study shows that MPG efficiently 
delivered double-stranded siRNA into the nucleus and 
cytoplasm of hMADS cells. The efficiency of delivery was 
between 90 to 95% in the pre-confluent and confluent 
stages 24 h post-transfection, 84% in Day 3 
differentiating cells 24 h post-transfection. The efficiency 
of the delivery 48 and 72 h post-transfection was 
between 50 to 60%. The cell viability was not adversely 
affected while differentiation of hMADS cells proceeded 
normally. These results show that MPG is a very effective 
and robust non-viral based transfection agent that 
efficiently translocates hMADS cells to transiently deliver 
siRNA. The integration was transient as it lasted for about 
six days.  
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Although microalgae have valuable resources with great necessity in many biotechnological 
applications, no tools have been developed yet for a stable genetic transformation without antibiotic 
marker genes in these organisms. Chlorella is one of the most useful genus for biotechnological 
applications. The transfer of foreign DNA (vector or linear DNA cassette) into Chlorella by 
electroporation has very low stability and it is hard to screen the transformants without antibiotic 
marker genes. However, the marker genes have some disadvantages to host cells. To avoid the negative 
effects caused by the marker genes, we tried to develop a stable marker-free nuclear transformation 
system in Chlorella. For this, linear gene expression cassettes (LGEC) were constructed with functional 
domains, which are responsible for transformation, of SV40 large T antigen. The LGECs were 
transferred into Chlorella via electroporation and durability of the LGECs were confirmed in transgenic 
Chlorella. Transcription levels of the LGECs were also determined at different cell cycle sates. The 
LGECs integrated into the chromosomal DNA of Chlorella were stably replicated and were expressed 
successfully at G0-, G1-, and G2-phases. This study presents a stable marker-free nuclear 
transformation system with potential for biotechnological applications. 
 
Key words: Chlorella vulgaris, marker-free nuclear transformation, SV40 large T antigen, microalga. 

 
 

INTRODUCTION 
 
In recent years, microalgae have become valuable 
resources with its great necessity in many of 

biotechnological applications (Chu, 2012). Currently, to 
improve microalgae for industrial application, various 
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Fig. 1 
 

 
 

 
 

Figure 1. Schematic diagram of functional domains of SV40 large T antigen. 

 
 
 

genetic engineering approaches have been tried 
(Hlavová et al., 2015). Generally, generating transgenic 
microalgae via genetic transformation requires antibiotic 
marker genes to increase stability of a foreign gene 
expression cassette (Niu et al., 2011). However, most 
antibiotic marker genes have some disadvantages on the 
host cell. Many algae have natural resistance to most 
antibiotics or herbicides commonly used for genetic 
transformation and the stress caused by antibiotics and 
expression of antibiotic marker genes might negatively 
affect growth and metabolism of host cell (Apt et al., 
1996; Niu et al., 2011). So, it is very necessary to 
develop a stable marker-free nuclear transformation 
system in microalgae. 

Simian virus 40 (SV40) is a member of Polyomaviridae 
and its genome encodes three proteins that are structural 
components of the virion (VP1, VP2, VP3), and two 
nonstructural proteins namely large T antigen (T antigen) 
and small T antigen (t antigen) (Ahuja et al., 2005). The 
SV40 large T antigen is a viral initiator protein for DNA 
replication. It is a sequence specific DNA binding protein 
that also possesses intrinsic DNA helicase and ATPase 
activities, besides nuclear localization signal (Figure 1). 
These activities of large T antigen are required for its 
ability to influence viral DNA replication (Ahuja et al., 
2005). The previous studies reported the functions of 
SV40 T antigen on the transformation of mammalian and 
yeast cell (Ali and DeCaprio, 2001; Sáenz-Robles et al., 
2001; Sullivan and Pipas, 2002). The SV40 large T 
antigen contains three different domains, which 
contribute to cellular transformation. These domains 
include the J domain for interaction with the heat shock 
chaperone, Hsc70; the LXCXE motif responsible for 
binding the retinoblastoma (Rb) family of tumor 
repressors, such as p107 and p130; the bipartite domain 
to interact with the cellular tumor suppressor protein, p53 
(Sullivan et al., 2000; 2001; Sáenz-Robles et al., 2001; 
Ahuja et al., 2005). The interaction of SV40 small T 
antigen with the cellular phosphatase pp2A is also 
required for the transforming function of SV40 T antigen 
(Pallas et al., 1990; Hahn et al., 2002). 

The Rb-E2F pathway is a major mechanism connecting 

the activity of the cell-cycle machinery to transcription 
(Verma and Hong, 2001). Recently, Rb-E2F cell-cycle 
signaling pathway has been recognized in plants like in 
animals, and it is conserved in plants (De Veylder et al., 
2007; Gutierrez, 2009), and several studies revealed that 
microalgae also have the retinoblastoma (Rb) protein 
holmologue (Cross and Roberts, 2001; Umen and 
Goodenough, 2001; Kianianmomeni et al., 2008; 
Moulager et al., 2010). Moreover, the previous reports 
demonstrated that the SV40 genomic DNA was able to 
easily integrate into the host chromosomal DNA via non-
homologous recombination with nulear localization signal 
(NLS) (Campo et al., 1978; Hwang and Kucherlapati, 
1983; Dorsett et al., 1985; Neuhaus et al., 1986; Ahuja et 
al., 2005). Based on these reports, we supposed that the 
SV40 T antigen might be applicable to develop the stable 
marker-free nuclear transformation system without 
antibiotic marker genes in microalgae. 

In the present study, we constructed several linear 
gene expression cassettes (LGECs) for nuclear 
transformation in Chlorella vulgaris with specific parts of 
SV40 T antigen, such as NLS and DNA binding domain 
(DNA-BD), and then identified the durability of 
transformed LGECs in the genome of C. vulgaris. 
 
 
MATERIALS AND METHODS 
 
Microalgae materials and culture conditions 
 

Freshwater sample was collected from a small pool next to 
Deokgok-Je reservoir, Josan-ri, Soramyeon, Yeosu, South Korea 
(latitude 34° 46´ 47.9˝ N, longitude 127° 37´ 29.0˝ E). The algal 
strain was isolated from the fresh water sample, and was cultivated 
in Beijerinck medium. The isolated algal strain was identified as C. 
vulgaris by morphological identification and 18S rDNA sequencing. 
The purified C. vulgaris was grown in 30 ml Euglena gracilis: 
Jaworski 1:1 medium (EG:JM medium) for two weeks at 24°C and 
80 rpm under continuous illumination (light intensity: 8,000 Lm). 
 
 
Construction of linear gene expression cassette 

 
The PCR primers used for linear gene expression cassette 
construction are listed in Table 1. SV40 genomic DNA (ATCC
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Table 1. Primers used in this study. 
 

Name Sequence (5’ to 3’) 

PCR  

35Sf TCCCCAGATTAGCCTTTTCA 

35Sr TCTTTTTTGGCCCGTGTTCT 

NLSf AGAACACGGGCCAAAAAAGA 

NLSr CACAAGTGGATACCTTTCTC 

BDf GAGAAAGGTATCCACTTGTG 

BDr TAAAGATAAGTTAGCAATTC 

HSPf GAATTGCTAACTTATCTTTA 

HSPr CCTATGGAAATATGAAGATG 

Orif CATCTTCATAATCCCGCCCC 

Orir GGCCTCTGCATAAATAAAAA 

18Sf CTAGAGGAAGGAGAAGTCGT 

18Sr ACGACTTCTCCTTCCTCTAG 

35S2r TCATTTGGAGAGAACACGGG 

  

RT-PCR  

BD2f TTTAGAATGTGGTTTGGACT 

BD2r AGATGGCATTTCTTCTGAGC 

 
 
  

 
 

 
 

Figure 2. Structures of linear gene expression cassettes. 

 
 
 
accession: 45019D) was used as a template source for the NLS, 
DNA binding domain, and replication origin (ori). CaMV 35S 
promoter and HSP-terminator were isolated from pRI 201 vector 
(Takara, Dalian, China). To construct LGECs, CaMV 35S promoter, 
NLS, DNA-BD, HSP-terminator, and 18S rRNA gene fragments 
were amplified by PCR with specific primer pairs: 35Sf/35Sr, 
NLSf/NLSr, BDf/BDr, HSPf/HSPr, and Orif/Orir. The structures of 
each construct are shown in Figure 2. All fragments for the LGECs 

were connected by the overlap extension PCR, and the detailed 
procedure is shown in Figure 3. For phosphorylation of the LGEC-A 
and -C, the primers 35Sf, 35Sr, 18Sf, and 18Sr were 
phosphorylated at 5’ end with T4 polynucleotide kinase (NEB, 
Hitchin, UK) and PCR amplifications were carried out with these 
primer pairs using LGEC-A or -B as a template. The overlapping 
PCR products were examined by electrophoresis on 1.5% agarose 
gels, and DNA bands of the correct size were extracted using the
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Figure 3. Schematic flow diagram for the construction of naked marker-free DNA cassettes. 

 
 
 
QIAquick Gel Extraction Kit (Qiagen, CA, USA). All PCR reactions 
were carried out using the high fidelity DNA polymerase (TLA 
polymerase) (Bioneer, Daejeon, Republic of Korea). 
 
 
Generation of transgenic C. vulgaris by electroporation 
 
The LGECs described above were used to transform C. vulgaris by 

electroporation. Chlorella cells in the exponential phase were 
collected by centrifuge at 1,300 × g for 10 min. Chlorella cells were 
washed out with 20 ml of HEPES-glucose buffer (7 mM HEPES and 
252 mM glucose, pH 7.0) two times. The equivalent of 1 × 105 
Chlorella cells was resuspended in 2 ml of sterilized distilled water 
and was kept on ice for 2 h. Suspension aliquots of 80 μl were 
mixed with 33.6 ng of each LGEC then transferred into an 
electroporation  cuvette.  Electroporation   was   carried  out  with  a  



 
 
 
 
GenePulser Xcell apparatus (Bio-Rad, CA, USA) according to the 
following conditions: electric field 1,800 V cm-1 and shunt 200 Ω. 
After electroporation, cells were kept on ice for 5 min and 
resuspended in 5 ml EG:JM medium containing 1 M mannitol and 1 
M sorbitol, and then incubated in the dark for 24 h. After incubation, 
1 ml of suspension was transferred into 30 ml EG:JM medium and 
cultivated for 24 h under continuous illumination. Afterwards, cells 
were collected by centrifugation at 1300 × g for 5 min and 
resuspended in 1 ml EG:JM medium. Finally, the cells were spread 
on Petri dishes in EG:JM agar medium. 
 
 
Isolation of transgenic C. vulgaris 
 
After five days of incubation of the plates under illumination (16:8 
LD), two colonies were randomly picked from each transgenic line 
and each colony was suspended in 20 μl distilled water in PCR 
tube, and then the tubes were placed in a boiling water for 10 min. 
Afterwards, PCR was carried out with CaMV 35S promoter specific 
primer pair (35Sf and 35S2r) using the boiled lysates as a template. 
The correct transgenic C. vulgaris was regenerated in 30 ml EG:JM 
medium for 14 days under continuous illumination with shaking. To 
calculate the transformation frequency for each LGEC, each LGEC 
was transferred into C. vulgaris by electroporation according to the 
method mentioned above. Then, 100 μl of sample was taken from 
the 1 ml of cell suspension and was spread on Petri dishes in 
EG:JM agar medium. After incubation, the transformation frequency 
was calculated with the following formula: 
  

Transformation frequency (%) =  
Number of PCR positive colonies

Total number of colonies
 × 100 

 
 

 
 
Analysis of the durability and the transcriptional level of the 
naked DNA cassette in transgenic C. vulgaris 
 
To determine the durability of the LGECs in transgenic C. vulgaris, 
the transformants were serially subcultured three times with six 
days intervals at 24°C and 80 rpm in 30 ml EG:JM medium under 
continuous illumination, and the presence of LGEC was determined 
at each subculture cycle by PCR. Genomic DNA was extracted 
from transgenic C. vulgaris according to previously described 
procedures (Dawson et al., 1997). PCR analysis was performed 
using Ex-taq (Takara, Dalian, China) with specific primer pair (35Sf 
and 35S2r), which is designed to amplify 843-bp of CaMV 35S 
promoter in the LGECs. The transcription levels of LGECs in 
transgenic C. vulgaris was also analyzed by reverse-transcriptase 
PCR (RT-PCR). For RT-PCR analysis, transgenic C. vularis were 
grown in 30 ml of EG:JM medium and Chlorella cells were collected 
from 4 ml culture at each growth stage, G0-, G1-, and G2-phase. 
Total RNA was extracted using Isol-RNA Lysis reagent (Takara, 
Shiga, Japan). The first strand cDNA synthesized using Maxima 
First Strand cDNA synthesis Kit for RT-PCR (Thermo Scientific 
Fermentas, MD, USA) with 1 μg of total RNA as a template. PCR 
was performed with DNA binding domain specific primer pair: 
BD2f/BD2r, which was designed to amplify 21-bp of DNA fragment. 
To assess the genomic DNA contamination of the total RNA 
sample, PCR was carried out with the specific primers pair. 
 
 
Analysis of cell growth 
 
To determine cell growth of transgenic C. vulgaris, each transgenic 
line was cultivated in EG:JM medium for 8 days and the optical 
density was measured at 680 nm on days 1, 2, 3, 4, 6 and 8. All 
measurements were repeated three times and their mean values 
were used to determine the growth rate. 
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RESULTS 
 
Construction of LGEC 
 
The 843-bp CaMV 35S promoter, 21-bp NLS, 384-bp 
DNA binding, 78-bp replication origin, 249-bp Hsp-
terminator regions were amplified by PCR, and confirmed 
by sequencing analysis. All components were connected 
by overlap extension PCR to produce the LGEC-A. To 
add the 18S rDNA flank fragments at both ends of the 
cassette, PCR was carried out with the primer pair 
18Sf/18Sr using the LGEC-A as a template. The resultant 
LGEC-A and -C were 1,575-bp and 1,615-bp, 
respectively. For the phosphorylation of the LGEC-A and 
-C, the primer pairs 35Sf/35Sr and 18Sf/18Sr were 
phosphorylated at 5’ end, and then PCR was performed 
with these primer pairs using the LGEC-A or -C as a 
template. A schematic flow diagram of LGEC con-
struction is shown in Figure 3. 
 
 
Selection of transgenic C. vulgaris 
 
Each LGEC was introduced into cells of C. vulgaris by 
electroporation. C. vulgaris transformants were 
regenerated in EG:JM medium for 24 h, and then cells 
were spread on agar medium. After 5 days, 2 colonies 
were randomly picked from each transgenic line and the 
presence of LGEC was determined by colony PCR with 
CaMV 35S specific primer pair. Figure 4 shows the result 
of PCR analysis. The DNA bands with exact size (843 
bp) were amplified from eight colonies of transgenic C. 
vulgaris cells with LGEC-A, -B, -C, or -D and these 
results demonstrated that the LGEC were successfully 
transformed into C. vulgaris cells. The transformation 
frequency of each LGEC was also determined and shown 
in Table 2. 
 
 

Analysis of durability of LGEC in transgenic C. 
vulgaris 
 
To analyze durability of LGECs in transgenic C. vulgaris, 
each transgenic line was subcultured 3 times and 
presence of CaMV 35S promoter was verified by PCR 
(Figure 5). Samples of each subculture cycle were 
subjected to PCR analysis with CaMV 35S promoter 
specific primer pair, and the results demonstrate that 
843-bp DNA fragments were amplified from all subculture 
cycle samples of transformed C. vulgaris cells. 
 
 

Expression analysis of transgenic C. vulgaris 
 

To verify the expression of each LGEC in transgenic C. 
vulgaris, transcription level of the gene encoding DNA 
binding domain of SV40 large T antigen was analyzed by 
RT-PCR. For the analysis of gene transcription, each
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Figure 4. Colony PCR results of transformed C. vulgaris. Lanes: M, 100-bp DNA ladder; 1, PCR of colony number 1 of transgenic C. 
vulgaris with cassette A; 2, PCR of colony number 2 of transgenic C. vulgaris with cassette A; 3, PCR of colony number 1 of transgenic 
C. vulgaris with cassette B; 4, PCR of colony number 2 of transgenic C. vulgaris with cassette B; 5, PCR of colony number 1 of 
transgenic C. vulgaris with cassette C; 6, PCR of colony number 2 of transgenic C. vulgaris with cassette C; 7, PCR of colony number 1 
of transgenic C. vulgaris with cassette D; 8, PCR of colony number 2 of transgenic C. vulgaris with cassette D; 843-bp bands in lane 1-8 
indicate the expected CaMV 35S promoter PCR product. 

 
 
 

Table 2. Transformation frequencies for the linear gene 
expression cassettes. 
 

Cassette Frequency (% mean
a
 ± SD

b
) 

A 63.2 ± 3.1 

B 62.3 ± 4.8 

C 62.7 ± 2.4 

D 61.6 ± 4.9 
 
a
Values are means of three replicate determination; 

b
SD, standard 

deviation. 
 
 
  

 
 

 
 

Figure 5. PCR analysis of transgenic C. vulgaris in three generations. 
Each C. vulgaris line was subcultured 3 times with 6 days intervals and 
the presence of CaMV 35S promoter was determined by PCR. The 
DNA bands indicate the PCR product of 843-bp sized CaMV 35S 
promoter. 
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Figure 6. RT-PCR analysis of transgenic C. vulgaris at G0-, G1-, and G2-phases. A. 
Gel electrophoresis result of RT-PCR. Lanes: 1, PCR of transgenic C. vulgaris with 
cassette A; 2, PCR of transgenic C. vulgaris with cassette B; 3, PCR of transgenic C. 
vulgaris with cassette C; 4, PCR of transgenic C. vulgaris with cassette D; 5, PCR of 
wild-type C. vulgaris; bands in lane 1-4 indicate the expected DNA binding domain 
PCR product. B. Raw intensity value graph from gel electrophoresis result. Results 
represent the average of three replicates (n = 3). Error bars represent standard 
deviations. 

 
 
 

transgenic line of C. vulgaris was cultivated in EG:JM 
medium, and aliquots of algal culture were collected at 
G0-, G1-, and G2-phases. Total RNA was isolated from 
each sample and subjected to RT-PCR. Figure 6 shows 
that each LGEC was successfully expressed in 
transgenic C. vulgaris at G0-, G1- and G2-phases. The 
density of PCR band was calculated using Image J 
software (http://rsb.info.nih.gov/ij). 
 
 

Analysis of cell growth 
 

The wild-type and the transgenic lines of C. vulgaris were 
cultivated in EG:JM medium for 8 days and the optical 
density was measured at 680 nm. No significant 
differences in cell growth were observed among the wild-
type and the transgenic C. vulgaris lines (Figure 7). 
 
 

DISCUSSION 
 

In  genetic  engineering  of microalgae,  antibiotic  maker 

genes have been widely used for the selection of 
transformed cells and for the maintenance of foreign 
vector or DNA cassette. However, antibiotic marker 
genes might cause negative effects on host cells, such as 
a decline in growth rate and a decrease in production of 
secondary metabolite (Apt et al., 1996; Niu et al., 2011). 
To avoid disadvantages of antibiotic marker genes, 
several methods, such as co-transformation, trans-
position, and site-specific recombination, have been 
developed to exclude marker genes from transgenic 
plants (Nishizawa-Yokoi et al., 2014). Moreover, maker-
free chloroplast transformation system has successfully 
been developed in the green microalga Chlamydomonas 
reinhardtii (Chen and Melis, 2013). However, to our 
knowledge, there were no report about the nuclear 
transformation method without using antibiotic marker 
genes in microalga C. vulgaris. 

In order to develop the stable marker-free nuclear 
transformation system in C. vulgaris, we tried to enhance 
the durability of gene expression cassette via increasing 
the concentration of gene expression cassette in nulear.
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Figure 7. Cell growth analysis of the wild-type and the transgenic C. vulgaris. A. The wild-type C. vulgaris. 
B. Transgenic C. vulgaris with cassette A. C. Transgenic C. vulgaris with cassette B. D. Transgenic C. 
vulgaris with cassette C. E. Transgenic C. vulgaris with cassette D. Results represent the average of three 
replicates (n = 3). Error bars represent standard deviations. 

 
 
 

To achieve this, the LGECs including the responsible 
part for cell transformation in the SV40 large T antigen 
were constructed (Zalvide et al., 2001; Ahuja et al., 2005; 
White and Khalili, 2006). Additionally, to enhance the 
durability and the integration rate of LGEC, the modified 
LGECs were produced by 5’ end phosphorylation or 
addition of 18S rDNA flank fragments. Each LGEC was 
transferred into the C. vulgaris, and integration of the 
cassette in transgenic C. vulgaris was confirmed by 
colony PCR. Then, the PCR analysis displayed that all 
LGECs were successfully integrated into the genomic 
DNA of C. vulgaris. Additionally, the transformation 
frequency of each LGEC was also calculated, and there 
were no significant differences in the transformation 
frequency observed among the LGECs. 

The durability of LGECs in transgenic C. vulgaris was 
also confirmed in three generations, and the PCR 

analysis results showed that the LGECs were stably 
maintained after three times of subculture. Additionally, 
no significant differences in durability were observed 
among four LGECs, and these results demonstrated that 
the addition of 18S rDNA flank fragments and phosphate 
groups at both ends of the LGEC did not affect the 
durability of the cassettes. 

The functionality of the SV40 large T antigen based 
marker-free expression system was also confirmed via 
analysis of LGEC expression levels. For transcription 
analysis, transgenic C. vulgaris cells were collected at 
G0-, G1- and G2-phases, and transcription level of DNA 
binding domain was analyzed by RT-PCR. Transcription 
analysis demonstrated that all LGECs were expressed at 
three cell cycle states. Expression level of LGECs was 
highest at G0-phase, and then they were decreased 
gradually  from the  G1 to  the  G2-phase. There were  no  



 
 
 
 
differences in the expression levels among four LGECs at 
G0- and G2-phases, however, significant differences 
were observed at G1-phase. The LGEC-D showed 
highest expression level at G1-phase and 2.8-, 1.7- and 
3.3-fold was higher compared to LGEC-A, -B, and -C, 
respectively. However, we could not predict the reason 
for this phenomenon and it was supposed that the 
combination of 18S rDNA flank fragments and 5’ 
phosphorylation might affect the expression of foreign 
DNA cassette. Additionally, to determine the effect of 
LGECs on cell growth, the cell growth of the wild-type 
and the transgenic C. vulgaris was observed, and no 
significant differences in cell growth were observed 
among the wild-type and the transgenic C. vulgaris lines. 
This result demonstrate that the linear gene expression 
cassette using SV40 large T antigen components have 
no negative effect on the growth of C. vulgaris. 
 
 
Conclusion 
 
This study shows that the functional domains for host cell 
infection derived from SV40 large T antigen are working 
in the microalga Chlorella. The linear gene expression 
cassettes include SV40 large T antigen components 
which can be stably expressed in the Chlorella cells 
without using antibiotic marker genes. To our knowledge, 
this is the first report of the marker-free nuclear 
transformation in microalgae and may contribute to the 
development of genetically engineered microalgae. 
Further studies are needed to rapidly isolate the 
transgenic microalgae. 
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Pentadesma butyracea Sabine (Clusiaceae) is a ligneous forest species of multipurpose uses. It is 
widely distributed in Africa from Guinea-Bissau to the West of the Democratic Republic of Congo. This 
study screened the kernel of P. butyracea on the basis of their physico-chemical properties. Six types of 
kernels were distinguished. The plant producing type 1 kernels (with medium length, low width and high 
thickness) and type 5 kernels (with high length, high width and high thickness) predominate within 
accessions representing 63% of the collections. Significant differences were found in the structural 
composition of the kernels. The average level of oil concentration in the kernels was 46.77%. The 1000 
kernel weight averaged to 6.46 kg. The kernel hardness averaged to 550.81 N and is similar for all 
accessions but revealed that P. butyracea kernel is harder than shea kernel. The total phenolics and the 
total anthocyanins contents of the kernels varied significantly among accessions with a mean value of 
164.03 and 152.78 mg/100 g, respectively. The antioxidant activity in the extract from P. butyracea kernel 
ranged from 30.22 to 58.57% of the remaining 2,2-diphenyl-1-picrylhydrazyl (DPPH) and is comparable to 
many traditional sources of antioxidants. 
  
Key words: Pentadesma butyracea, kernel, butter, antioxidant, cosmetic.  

 
 
INTRODUCTION 
 
Forests Galleries play a significant role in the socio-
economic and cultural life of the populations in the 
Sudanese area of West Africa (Natta, 2007; Ceperley et 

al., 2010). These forests shelter a wide diversity of plant 
species. Forests Galleries of Benin contain approximately 
1000  species of  plants,  which  represent  approximately 
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the third of the total flora of the country (Natta, 2003). 
This phytodiversity includes a wide range of multipurpose 
tree species among which Pentadesma butyracea Sabine 
is of prime importance (Natta et al., 2011). The 
multipurpose character of P. butyracea derived from the 
various usages of its different organs, that is, seeds, 
leaves, flowers, bark and roots. These organs are used in 
food, cosmetic and therapeutic applications (Abbiw, 
1990). In Gabon and Côte d’Ivoire, the marcerated bark 
is utilized in lotions for treatment of the skin parasitic 
diseases and as antidiarrhoeatic (Raponda-Walker and 
Sillans, 1961). In Ghana, the decoction of the roots is 
used to fight intestinal worms (Abbiw, 1990). Recent 
works on the biological activities of P. butyracea showed 
that the xanthone isolated from their roots and stem bark 
present some antiproliferative, cytotoxic and anti-
plasmodial activities (Zelefack et al., 2009; Wabo et al., 
2010). Many authors even reported about the economic, 
nutritional, social and cultural significance of P. butyracea 
(Dencausse et al., 1995; Sinsin and Sinadouwirou 2003; 
Tchobo et al., 2007; Avocevou-Ayisso et al., 2009, Natta 
et al., 2010). The fruits of P. butyracea are ellipsoid, 
pointed, and are about 15 cm long and 10 cm large 
(Hutchinson and Dalziel, 1954). They contained 
oleaginous seeds which are consumed like kola (Sinsin 
and Sinadouwirou, 2003) and from which an edible butter 
is extracted (Mabberley et al., 1987). As much as 25% of 
oil can be extracted from the kernel of P. butyracea using 
the traditional extraction procedure.  

Fundamentally, the butter of P. butyracea resembles 
the sheanut (Vitellaria paradoxa) butter in many aspects, 
but it possesses superior quality which confers to the 
butter a wide range of functional attributes (Ayegnon et 
al., 2015). Thus, the butter of P. butyracea is extensively 
used in traditional medicine as massage oil, in skin and 
hair care, and in the soap manufacturing because it 
possesses softening, lubricating and healing qualities 
(Dencausse et al., 1995). Interestingly, the butter of P. 
butyracea was used to retard the ageing of skin in 
patented cosmetic preparation (Courtin, 1986). So far, 
the processing of the P. butyracea kernels into butter is 
artisanal and rather a tedious activity done by rural 
women (Sinsin and Sinadouwirou, 2003).  

Basically, the butter extraction from the P. butyracea 
kernel involves the seeds boiling, drying, roasting, 
crushing in mortar with pestle, grinding in a disc mill or 
millstone, churning to generate a cream which is cooked 
to obtain the oil. Crushing is the most difficult unit 
operation in the process due to the kernel hardness. In 
view of mechanizing this unit operation, important prelim-
nary data should be generated on the physicochemical 
properties of the kernel. Indeed, many seed characteristics 
such as structure, sharp, weight, hardness and colour are 
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useful in the designing and choice of the processing 
equipments of plant seeds. In the present study, we 
collected seeds from 30 accessions of P. butyracea in 
different agroecological zones of Benin and characterized 
them for their physical properties including 1000 kernel 
weight, dimension, sharp and colour characteristics of the 
kernel. As important by-products such as oilcake are 
generated during the kernel processing, their valorisation 
can increase the economic value of the kernel of P. 
butyracea. Thus, we extracted and quantified the 
phenolic pigments as well as their antioxidant capacity in 
the whole kernel and its various compartments using 
hydrophilic extraction procedure. The antioxidant 
pigments have great potential in health promoting 
applications. Also, they are used in food products to 
delay or inhibit the oxidation process and to increase the 
product shelf life and quality. In many cases, antioxidants 
are primarily added to foods in combination with 
synergists like ascorbic, tartaric and phosphoric acids to 
increase efficiency (Pietta, 2000). Currently, cheap 
sources of these components are searched for. 
 
 

MATERIALS AND METHODS 
 

Seed collection 
 

The seeds of P. butyracea were collected from May to June 2013 in 
the forests galleries of four communities in northern Benin that is 
Tchaourou (8°45'-9°20' N and 2°10'-3°40' E), Kandi (11° 7'- 11°43' 
N and 2° 56'-2°13' E), Toucountouna (10°20′ - 10°45′ N and 1°10′ - 
1°40′ E) and Bassila (8°30′ - 9°30′ N and 1°00′ - 2°30′ E). These 
collection sites belong to various agroecological zones of Benin. 
Thus, Tchaourou and Bassila are localised in the Sudano-Guinean 
transitional climatic zone with an average rainfall varying from 850 
to 1850 mm and 1000 to 1300, respectively. Kandi and 
Toucountouna are located in the Sudanian climatic zones with an 
average rainfall of 1200 and 1000 mm, respectively (Assogbadjo et 
al., 2005). Riparian forests with abundant P. butyracea are common 
along rivers in these different sites. We adopted the transect 
method during the seed collection, maintaining a distance of 30 to 
50 m between two consecutive trees to prevent gene flow 
engendered by pollinator agents. Fruits were collected from 30 
accessions of P. butyracea and depulped on the field. The 
extracted seeds were packed in jute bags and transported to the 
laboratory. Kernels were washed and dried at 45°C for 72 h before 
analysis. For chemical analysis, samples were ground into powder 
using an ultra-centrifugal mill (Retsch GmbH, Haan, Germany) with 
a 1 mm sieve and subsequently stored at -20°C until use. 
 
 

Determination of the structural composition of the seed 
 
The structural composition of the kernel was determined by 
separating the different compartments of the kernel, that is, the 
germ, albumen and tegument. Subsequently, the percentage of 
each part was calculated on the basis of the kernel total weight on 
dry matter basis. Measurements were performed in duplicate on 10 
kernels chosen at random per accession. 
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Determination of seed shape 
 
The kernel dimensions that is length, width and thickness were 
measured with a precision caliper (0.01 mm). Measurements were 
performed on 100 kernels chosen at random per accession. The 
generated values allow calculating the various shape 
characteristics of the kernels such as elongation and degree of 
flattening using the following formulas (Zavrajnov and Nikolow, 
1990): 
  
Elongation of the kernels = L/l; Degree of flattening = l/e; where L= 
length, l= width and e= thickness 
 
 

Determination of 1000 kernel weight 
 
The 1000 kernel weight was determined by weighing 100 grains of 
each sample on a 1/10.000 precision balance and multiplying the 
obtained value by 10. The weight was expressed on dry matter 
basis. Measurements were performed in duplicate. 
 
 

Measurement of the kernel hardness 
 
The kernel hardness was determined by measuring its minimal 
strength of resistance to the bruising using a texturometer LF Plus 
(LLYOD Instruments, USA) fit with a 0.42 cm thick blade with a 
triangular cover of Warner Bratzler type. Measurements were 
replicated 5 times and average values were reported. 
 
 

Colour measurement 
 
Colour measurements were performed using Konica Minolta 
chromameter (INS CR410, Japan). Results were expressed as L* 
(brightness) and a* (redness). The colour coordinates of the white 
ceramic standard are:  
 
Y = 86.10, x = 0.3194, y = 0.3369. 
 
 

Determination of fat and ash contents 
 

Fat was extracted from 40 g of ground kernels with hexane using a 
Soxhlet extractor (AOAC, 2002). The fat content was gravimetrically 
measured after removal of the solvent by rotary evaporation under 
vacuum. Extraction was run in triplicate on germ, albumen and 
whole kernels. Total minerals content was determined following the 
standard AOAC methods (AOAC, 2002) and calculated in 
percentage of dry matter. 
 
 

Preparation of extracts for the determination of phenolics, 
anthocyanins and antioxidant capacity 
 

Samples were extracted in methanol/HCl (85:15 (v/v) following the 
method described by Kayodé et al. (2007). Fifty milligrammes (50 
mg) of each sample were extracted at room temperature with 1.5 
mL of solvent under agitation using a magnetic stirrer for 30 min. 
The mixtures were centrifuged at 2500 g for 10 min and the 
supernatants were collected. The residues were re-extracted twice 
under the same conditions, resulting in 3 mL crude extract. All 
extracts were used as they were after centrifugation for various 
analyses. 
 
 

Total anthocyanins determination 
  
Total  anthocyanins content was calculated as described by  Abdel- 

 
 
 
 
Aal and Hucl (1999) using cyanidin 3-glucoside as standard 
pigment. The absorbance of the pooled extracts was measured 
after centrifugation at 525 nm against a blank reagent. Total 
anthocyanins content was expressed as mg cyanidin 3-glucoside 
equivalent per 1 g powder based on DM. 
 
  
Total phenolics determination 
 
Total phenolics were measured following the method of Singleton 
and Rossi (1965) modified by Kayodé et al. (2007) as follows: to 
300 µL of extract, 4.2 mL of distilled water, 0.75 mL of Folin-
Ciocalteu’s reagent (Merck, Germany) and 0.75 mL of sodium 
carbonate solution (200 g L-1) were added. After incubation for 30 
min, the optical density was measured at 760 nm against a blank. 
Gallic acid was used as standard and the results were expressed 
as gallic acid equivalent (GAE) per g of sample DM.  
 
 
Determination of antioxidant capacity 
 
Extracts obtained with aqueous methanol were analyzed for their 
total antioxidant capacity by evaluating the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical-scavenging ability of sample extracts. 
DPPH radical-scavenging activity of sample extracts was 
determined according to the method reported by Brand-Williams et 
al. (1995). The reaction mixture consisting of 1.5 mL of DPPH 
working solution (4.73 mg of DPPH in 100 mL of HPLC-grade 
ethanol) and 300 μL sample extract was shaken and incubated for 
40 min in the dark at room temperature. The absorbance was 
measured at 515 nm against a blank, using a UV-vis 
spectrophotometer (6715UV/Vis. JENWAY). DPPH free radical-
scavenging ability was calculated using the following formula: 
 
Scavenging ability (%) = [Absorbance 515 nm of control – Absorbance 515 

of sample/Absorbance of control] x 100 
 
 
Data analysis 
 
The seed dimension characteristics were subjected to a hierarchical 
ascending classification using the SAS 9.1 program. This allows to 
group similar length, width and thickness. A discriminate canonical 
analysis was also performed on the identified groups to test and 
validate the differences. The ANOVA model was used to compare 
means between groups with the Duncan post-hoc test and 
significance level set at p < 0.05. Principal component analysis 
(PCA) was performed for cluster analysis.  
 
 
RESULTS AND DISCUSSION 
 
Typology of the P. butyracea kernels  
 
Three thousands (3000) of kernels from 30 accessions of 
P. butyracea (100 kernels per accession) collected in four 
communities of Benin were characterized for their length, 
width and thickness (Table 1). The length of the kernels 
ranged from 3.13 to 4.14 cm, with a mean of 3.58 cm and 
their width ranged from 2.24 to 3.01 cm, with an average 
of 2.73 cm. The thickness of the kernels averaged was 
2.26 cm. The mean values of the elongation and 
flattening of the P. butyracea kernels are 1.34 and 1.22, 
respectively. The kernel of P. butyracea is bigger than 
shea kernel. Indeed, various dimension related data
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Table 1. Typology of the kernels of P. butyracea based on kernel sharp. 

  

Kernel characteristic Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 
 

 Length (cm) 3.33 3.42 3.54 3.09 4.33 3.95  

 

 

 

 

 

 

 

 

Width (cm) 2.38 3.11 2.96 2.44 3.17 2.64 

Thickness (cm ) 2.44 2.60 2.22 1.91 2.47 2.06 

 

 

 

Kernel type 

   
 

  

Accession codes             Proportion of each type in a total of 100 seeds from each assertion Total 

P1 33 20 22 5 8 12 100 

P2 47 15 15 7 16 0 100 

P3 36 9 18 27 0 10 100 

P4 0 0 0 11 34 55 100 

P5 20 0 3 51 2 24 100 

P6 31 2 13 26 6 22 100 

P7 5 0 11 40 0 44 100 

P8 6 0 0 85 0 9 100 

P9 18 11 25 14 19 13 100 

P10 15 14 11 10 36 14 100 

P11 27 7 20 8 28 10 100 

P12 33 24 17 12 9 5 100 

P13 42 22 13 15 3 5 100 

P14 16 13 26 10 16 19 100 

P15 38 3 7 36 2 14 100 

P16 7 14 8 24 31 16 100 

P17 10 21 10 30 19 10 100 

P18 0 20 29 0 20 31 100 

P19 17 13 13 14 32 11 100 

P20 11 7 14 1 49 18 100 

P21 41 5 14 25 4 11 100 

P22 22 0 18 42 0 18 100 

P23 30 5 11 27 2 25 100 

P24 32 20 17 13 10 8 100 

P25 28 3 19 30 6 14 100 

P26 10 10 20 10 35 15 100 

P27 21 4 19 25 4 27 100 

P28 13 4 23 21 31 8 100 

P29 15 10 24 14 25 12 100 

P30 24 16 26 13 11 10 100 

 
 
 
reported for sheanut (Vitellaria paradoxa) samples 
collected in Benin and Burkina-Faso are lower than 
values found for P. butyracea kernels in this study 
(Ahouansou et al., 2008; Yé and Destain, 2004). Based 
on their length, width and thickness, the three thousands 
(3000) kernels from 30 accessions were classified into six 
distinct types of seeds using SAS software. The related 
coefficient of determination was significant (R

2 
= 0.54) 

and is enough to obtain distinct classes of seeds. Thus, 
the type 1 seeds are represented by seeds with a 
medium length, low width and high thickness (Table 1). 
These seeds are thicker than larger. The accessions P1, 
P2, P3, P11, P12, P13, P15, P21, P23, P24 and P25 are 
type 1 seed producing plants. The Type 2 seeds are 
characterized by a medium length, high width and a high 
thickness.  Accessions producing  this  type  of  seed  are  
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rare within the collection studied and none of the 
accessions could be classified as type 2 seed producing 
plant. The type 3 seeds include seeds with medium 
length, medium width and thickness. The accessions P9, 
P14 and P30 yield this type of seeds. The type 4 seeds 
are the smallest seeds with low length, low width and low 
thickness. The type 5 seeds represent the biggest seed 
category characterized by a high length, a high width and 
a high thickness. Finally, the type 6 seeds are distin-
guished by a high length, a medium width and a low 
thickness. The accessions P6, P7, P8, P17, P22 and P27 
are assigned to type 4 seeds producing plants and the 
accessions P4, P10, P16, P19, P20, P26, P28 and P29 
fall within the type 5 seeds. The accessions P5 and P18 
produce type 6 seeds. Clearly, there is a big variation 
within the kernels of P. butyracea in terms of their 
morphological characteristics. The major factors that 
could affect these characteristics are the plant age, its 
genotype and its growing environment (Salazar et al., 
1987). From the above classification, it appears that the 
plant producing type 1 and type 5 seeds predominate 
within the accessions representing 63% of the collections 
studied. The plant producing types 4 seeds account for 
17% of the accessions and those producing type 3 and 6 
seeds represent 10% each. The present classification 
offers quantitative data on the morphology of the P. 
butyracea seeds which can be helpful in the design of 
seed processing equipments. 
 
 
Structural composition and physical properties of the 
P. butyracea kernels  
 
The kernel structural analysis revealed that P. butyracea 
kernel is composed of a tegument (3.14% w/w), an 
albumen (56.32%) and a germ (38.45%) (Table 2). The 
growing site did not affect the structural composition of 
seed but significant differences were found between 
accessions for this parameter (p≤ 0.0001). More 
specifically, kernels from the accessions P17, P18, P22, 
P23 and P25 collected in Bassila contain relatively high 
proportion of albumen while the accessions P2 and P9 
originated from Tchaourou and Toucountouna, respec-
tively concentrate the lowest fraction of albumen in their 
kernels. The differences observed in the albumen fraction 
of kernel could be assigned to the genetic makeup as 
well as to the growing environment of the plant (Mathur et 
al., 2009). Mean values for the colour parameters of the 
kernels of P. butyracea by regions are presented in Table 
2. All samples exhibited relatively high values for the 
redness index (a*) indicating that the P. butyracea kernel 
is a redish almond as previously reported (Aïssi et al., 
2011).  

There is a significant difference between the 
accessions studied for their kernel colour (p < 0.001). 
Thus, the accessions P5 and P10 sampled in Kandi and 
Toucountouna,   respectively   have  a  very  red   kernels  

 
 
 
 
(highest value of a*), while the lowest value of a* was 
recorded for kernels from accessions P1, P7, P18, P25, 
P26 and P29 from various localities. Low values of L* 
were observed in the accession P2, P3, P7,P17, P18 and 
P26 from Tchaourou, Kandi, Toucountouna, Bassila and 
the highest value was from the accession P4, P5 and 
P20 originated from Tchaourou, Kandi, Toucountouna 
and Bassila. Negative correlation were obtained between 
the albumen and the tegument fractions (r = -0.268; p≤ 
0.0001) and between the germ and the albumen fractions 
(r = -0.963; p≤ 0.001). Likewise, the tegument fraction 
negatively correlated with the kernel L* and a* values (r = 
-0.263; and r = -0.242 at p≤ 0.01 respectively). A positive 
correlation coefficient was obtained between germ 
fraction and L* value (r = 0.233; p≤ 0.01). The 1000 
kernels weight for the P. butyracea kernels ranged from 
3.76 to 9.06 kg, with an average value of 6.46 kg (Table 
2). The growing site did not affect the 1000 kernels 
weight but there is a significant difference between 
accessions for this parameter (p ≤ 0.0001). Thus, the 
heaviest seeds were recorded in the accessions P6, P9, 
P10, P16 and P19 collected in Kandi, Toucountouna and 
Bassila, while the kernels with the lowest weight were 
found in accessions P7 and P8 that originated from 
Kandi. The kernels of P. butyracea are heavier than the 
shea kernels for which the mean value of 1000 kernels 
weight amount to 4 kg for samples collected in various 
areas of Benin (Ahouansou et al., 2008); and to 2.5 kg for 
samples collected in Burkina Faso (Yé and Destain, 
2004).  

Nevertheless, sheanut samples collected in Nigeria 
presented a mean value of 8 kg for their 1000 kernels 
weight (Aviara et al., 2000). Likewise the P. butyracea 
kernel is 1.5 times harder than the sheanut kernel (Table 
2). However, there is no significant difference between 
accessions for their kernel hardness. Our data resemble 
the findings by Ahouansou et al. (2012) who reported 
values ranging from 582 to 611.84 N for the hardness of 
P. butyracea kernel collected in Benin. An important 
implication of this result is that the kernels of P. butyracea 
would possess high resistance to attacks by insects, 
mould and rodents; and would have a good storage 
behaviour. However, the design of seed processing 
equipments (crusher or grinder mills) may necessitate 
stronger materials.  
 
 
Oil content of the kernels from different accessions 
 
The oil and ash contents of the whole kernel of P. 
butyracea, its albumen content and germ fraction are 
presented in Table 3. The kernels oil content varies 
significantly between accessions and ranged from 43.90 
to 49.55% with a mean value of 46.77%. These data 
resemble findings by Tchobo et al. (2013) and Aïssi et al. 
(2011) who reported values of 41.9 and 48.66%, 
respectively, for the oil content of the P. butyracea kernel.  
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Table 2. Structural composition and physico-chemical characteristics of the kernels of P. butyracea. 
  

Collection 
sites 

Structural composition (% of whole kernel) 
  

 
  

Kernel colour 

Tegument Albumen Germ 
1000 kw 

(kg) 

Kernel hardness 

(N) 

Oil content 

(%) 
Elongation Flattening 

Redness 

(a*) 

Lightness 

(L*) 

Tchaourou  2.89±1.13a1 52.76±5.36a 37.05±4.68a 6.19±0.57a 549.57±20.49 a 45.29±0.76a 1.33±0.04a 1.16±0.04 a 5.36±0.48 a 43.20±0.87 a 

(n= 3) [2.19-4.20] [46.99-57.60] [31.84-40.91] [5.55-6.63] [552.42-568.49] [44.82-46.28] [1.30-1.37] [1.11-1.19] [4.80-5.64] [42.67-44.91] 

Kandi  3.72±0.39a 53.51±3.52a 41.43±3.74a 5.87±1.81a 566.90±20.83a 45.32±1.08a 1.48±0.05 b 1.25±0.06a 6.46±1.37a 44.67±1.68a 

(n= 5) [3.46-4.37] [49.56-58.60] [36.83-45.45] [3.76-8.45] [543.83-596.43] [43.93-46.28] [1.40-1.54] [1.20-1.34] [4.12-7.74] [42.31-46.79] 

Toucountou  3.17±0.58a 57.31±4.09a 38.06±4.35a 7.11±1.26a 548.40±18.53a 46.84±1.91a 1.29±0.06a 1.24±0.07a 5.78±0.68a 43.49±0.99a 

(n= 10) [2.56-3.99] [50.00-64.82] [29.38-45.37] [5.52-8.61] [521.20-576.43] [43.94-48.93] [1.21-1.37] [1.12-1.33] [4.84-7.05] [41.59-44.68] 

Bassila  2.92±0.56a 57.57±5.83a 37.88±5.96a 6.86±0.82a 546.44±20.62a 47.67±1.62a 1.33±0.05a 1.22±0.04a 5.84±0.76a 44.25±0.93a 

(n= 12) [2.32-4.19] [48.10-68.44] [26.57-47.51] [5.52-8.11] [512.80-568.54] [43.90-49.55] [1.24-1.35] [1.20-1.29] [4.49-6.92] [42.75-45.55] 

Average 3.83±0.65 57.01±5.05 39.14±4.97 6.46±14 550.81±20.28 46.77±7.83 1.34±0.08 1.22±0.06 5.88±0.85 43.96±1.15 

CV 2 13.31 4.13 4.36 12.46 1.49 2.53 5.18 2.45 6.65 1.32 
 
1
Mean ± Standard deviation; n = number of accessions included; values with the same letter in the same column, are not significantly different at p˂ 

0.05. 
 2
CV= Coefficient of variation. 

 
 
 

Table 3. Oil and ash contents and antioxidant pigments concentration in the different 
compartments of the P. butyracea kernels. 
 

Kernel part 
Oil content 

(%) 

Ash content 

(%) 

TPC 

(mg/100 g dw) 

TAC 

(mg/100 g dw) 

DPPH 

(%) 

Albumen 37.49±7.73
a1

 2.19±0.35
a
 114.62±33.64

c
 119.28±26.10

a
 44.49±5.8

b
 

(n= 30) [26.90-38.68] [1.67-3.03] [70.71-181.97] [73.25-192.53] [32.39-57.13] 

Germ 53.15±7.20
c
 2.82±0.40

b
 87.17±27.35

a
 123.78±30.34

a
 41.71±6.16

a
 

(n= 30) [41.78-65.77] [1.80-3.49] [52.12-175.55] [71.02-190.65] [30.22-53.87] 

Whole kernel 

(n= 30) 

46.77±7.83
b
 

[43.9-49.55] 

2.13±0.32
b
 

[1.53-2.72] 

164.03±31.54
b
 

[108.49-251.95] 

152.78±30.17
a
 

[64.64-198.24] 

48.21±7.11
b
 

[36.52-60.00] 

CV 
2
 17.19 16.06 31.95 13.78 7.27 

 
1
Mean ± Standard deviation; n = number of accessions included; values with the same letter in the same 

column, are not significantly different at p˂ 0.05. 
2 
CV= Coefficient of variation. 

 
 
 

As reported elsewhere for Vitellaria paradoxa (Maranz 
and Wiesman, 2003; Di Vincenzo et al., 2005), the oil 
concentration in the P. butyracea kernel may be 
dependent of the genetic makeup of the crop as well as 
its growing environment. Also, immature fruits collected 
within sample may contribute to the kernel-oil variation 
(Harlan, 1975). The oil content of the albumen and germ 
fractions of the P. butyracea kernel averaged to 37.49 
and 53.15%, respectively. As could be expected, the 
germ oil concentration is greater than that of the 
albumen. The P. butyracea kernel-oil content is com-
parable to that of sheanut kernel (V. paradoxa). Crude oil 
content of shea kernel varies greatly according to 
authors. Value of 59.1% was reported by Tano-Debrah 
and Ohta (1994) while Nkouam et al. (2007) reported 
values ranging from 17.4 to 39.6 g/100 g dw using 
supercritical CO2. According to Bup et al. (2012) the fat 
content of the kernel of V. paradoxa varies from 40 to 
57% on the wet weight basis. The variation in the 
sheanut oil content was attributed to environmental 
influences as well as to the genetic diversity of the plant 
(Bup et al., 2012; Maranz and Wiesman, 2003; Di 

Vincenzo et al., 2005). The fatty acid profile of the P. 
butyracea oil is similar to that of sheanut and is mainly 
constituted of stearic (38 to 47%) and oleic (48 to 58%) 
acids which represented nearly 96% of the total fatty 
acids (Ayegnon et al., 2015, Tchobo et al., 2009). 
However, the P. butyracea butter possesses some 
superior qualities; being harder and having a much more 
pleasant aroma. Additionally, its natural bright yellow 
colour could represent an attractive characteristic on the 
butter market (Ayegnon et al., 2015). These differences 
can be used as comparative advantages in the design 
and formulation of new products. The ash content of the 
P. butyracea kernels (Table 3) is comparable to that of 
shea kernels (Duke and Atchley, 1986; Greenwood, 
1929). The ash content of tegument is higher than that 
found in the albumen and germ. 
 
 
Antioxidant pigments in the kernels of P. butyracea 
 
Plant phenolics constitute one of the major groups of 
compounds acting as primary antioxidant or free radical
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Table 4. Comparison of kernel of P. butyracea to other commodities for their antioxidant pigments contents 
 

Commodity 
Total phenolic 

(mg/g) 

Total anthocyanin 

(mg/g) 

DPPH 

(%) 
Source 

Kernel of P. butyracea 1.08 - 2.52
a
 0.65-1.98

d
 36.52 - 60.00% rem

i
 This work 

Black rice 3.4 - 6.7
b
 1.1 - 2.6

d
 16.0 - 30.3% rem

i
 Sompong et al. (2011) 

Red rice 0.8 - 6.9
b
 0.0 - 0.01

d
 13.0 - 62.8% rem

i
 Sompong et al. (2011)

 

Blueberry 2.2
c
 1.7

e
 16 µmol TE

j
/g FW Dragović-Uzelac et al. (2009), Garzón et al. (2010) 

Sour cherry 2.6
c
 1.9

e
 17 µmol TE/g FW

j
 Dragović-Uzelac et al. (2009)

 

Blackberry - 6.6 - 9.2
d
 - Cuevas-Rodríguez et al. (2010) 

Black currant  - 0.28 
d
 - Denev  et al. (2010) 

Red raspberry 1.49 - 3.48
c
 0.20

f
 - Çekiç and Özgen (2008) 

Strawberry 1.7 - 3.1
c
 0.10 - 0.30

g
 - Tulipani et al. (2008) 

Elderberry - 0.63
d
 - Denev  et al. (2010) 

Red cabbage 0.13 - 0.17
c
 0.60 - 0.85

e
 - Podsędek et al. (2008) 

Red onion 15.56
a
 0.45

d
 41.32 µMTE/g DM Gorinstein et al. (2009) 

 
a
mg GAE/g of DM; 

b
mg ferulic acid equivalent/g of DM; 

c
mg GAE/g of FW;  

d
mg C-3-glc/g of DM; 

e
mg C-3-glc/g of FW; 

f
mg C-3-soph/g of FW; 

g
ACY 

based on HPLC data, mg/g of FW. 

 
 
 
terminators. Many studies have related the phenolic 
contents of food products to their antioxidant activities, 
which are probably due to their redox properties (Chang 
et al., 2001b). Total phenolic content (TPC) of extracts 
from the different accessions was expressed as gallic 
acid equivalent (GAE) per g of DM. The TPC of the whole 
kernels of P. butyracea ranged from 108.49 to 251.95 
mg/100 g dw, with an average value of 164.03 mg/100 g 
dw (Table 3). The TPC varied significantly between 
accessions (p ≤ 0.0001). The highest values of TPC were 
found in samples P8, P17 and P20 from Kandi, 
Toucountouna and Bassila, while the lowest values were 
found in samples P6, P7, P9, P25 and P29 collected in 
Kandi and Bassila. The total anthocyanins content (TAC) 
of the P. butyracea kernels ranged from 64.64 mg/100 g 
to 198.24 mg/100 g dw with an average value of 152.78 
(Table 3). The level of TPC in the albumen (114.62 
mg/100 g dw) is higher than in the germ (87.17 mg/100 g 
dw) while no significant differences were observed 
between the albumen and germ for their TAC (p ≤ 0.05). 
Positive correlation was observed between the TPC and 
the TAC of the kernels (r = 0.267; p≤ 0.01). Many authors 
investigated the phenolics content of shea kernel. Maranz 
and Wiesman (2003) reported that the gallic acid was the 
major phenolic compound of shea kernel and accounted 
for 27 to 70% of the measured total phenolics. The 
comparison of the P. butyracea kernel to other sources of 
antioxidants is presented in Table 4. The total phenolics 
content of the P. butyracea kernels is comparable to 
levels found in red raspberry, strawberry, blueberry and 
sour cherry but lower than values obtained in black rice 
(Sompong et al., 2011).  

The total anthocyanins concen-tration in the kernel of 
P. butyracea is higher than values found in red rice, black 
currant, red raspherry, strawberry, elderberry, red 
cabbage and red onion, but lower than data reported by 

Cuevas-Rodríguez et al. (2010) for blackberry. The TAC 
in P. butyracea kernel is similar to levels found in 
blueberry, black rice and sour cherry. The total 
antioxidant capacity describes the cumulative capacity of 
food components to scavenge free radicals, and high 
intakes of dietary TAC have been related to several 
health benefits in both cross-sectional and randomized 
intervention studies. In this context, methanolic extracts 
were evaluated for their DPPH radical-scavenging 
activity. The remaining DPPH in the extract from P. 
butyracea kernel ranged from 30.22 to 58.57%. These 
values are higher than DPPH levels in black and red rice. 
Clearly, the P. butyracea kernel is a valuable source of 
antioxidant pigments that can be valorised to increase the 
economic value of this plant. 
 
 

Cluster analysis 
 

In order to better understand the relationship between the 
different accessions studied on the basis of the various 
physicochemical characteristics of the kernel, data were 
analyzed by principal component analysis (PCA). The 
physicochemical characteristics considered are: 1000 
kernel, L*, b*, a* ∆E, germ, pericarp and albumen 
fractions, ash, total phenolics, anthocyanins and oil 
contents. On this basis, the first two main axes account 
for 83.50% of the total variation. The first principal 
component accounted for 46.9% of the total system 
variability and is positively correlated with the albumen 
fraction of the kernel, but negatively correlated with the 
seed colour characteristics notably with L*, a* and b* 
values, the seed germ, and anthocyanins contents. The 
second axe is positively correlated with 1000 kernel 
weight, the seed oil content and its albumen mass 
fraction; but inversely correlated with the kernel-germ and 
pericarp contents as well as its mineral concentration.  
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Figure 1. Clustering the different accessions of P. butyracea based on the physicochemical contents of their kernel. 

 
 
 

The PCA allowed grouping the different accessions in 
five clusters (Figure 1). The first cluster is represented by 
the accessions P1, P9, P11, P13, P16, P23, P25, P27, 
P28, P29 which contain relatively low quantity of oil and 
germ in their kernel. But their anthocyanins content, 
mineral concentration and 1000 kernel weight are slightly 
high. These accessions come from Toucountouna and 
Bassila communities. The second cluster is located in the 
positive angle of the axis 1 and in the negative part of the 
axis 2. Six accessions, that is, P2, P3, P7, P12, P14 and 
P26 are grouped in this class. These accessions come 
from four communities in northern of Benin: Tchaourou, 
Kandi, Toucountouna and Bassila. Their seeds are 
character-rized by high values of colour parameters and 
high proportion of pericarp and germ in their kernel. But 
their oil content is slightly high and their albumen and 
anthocyanins contents are low. The cluster 3 is 
represented by the accessions P10, P15, P19, P22, P24, 
P30 which are characterized by high level of oil, 
anthocyanins content and albumen in their kernels but 
with low proportion of germ and pericarp in the kernel 
structure. These accessions are from Bassila com-
munities. The accessions in cluster 4 (P4, P5, P6, P8, 
P20) contain low levels of oil and albumen fraction in their 
kernel with low values of colour parameters (L*, a* and 
b*). However, they possess relatively high proportion of 
germ, pericarp and mineral concentration. The majority of 

these accessions are originated from Kandi communities. 
Finally, the cluster 5 is constituted by the accessions 
P17, P18, P21 which are rich in oil, contain high 
proportion of albumen but possess low value for the ∆E 
and low proportion of germ and pericarp. Clearly, the 
accessions of P. butyracea from Toucountouna and 
Bassila municipalities are characterized by high level of 
1000 kernel weight and anthocyanins content in their 
kernels compared to other accessions. The seed 
characteristics are likely to be determined by the growing 
environmental conditions as well as the genetic makeup 
of the plant.  
 
 

Conclusions  
 

The P. butyracea kernels vary in their physicochemical 
characteristics. The growing environment as well as the 
genetic makeup of the plant seems to affect the seed 
characteristics. The P. butyracea kernels are rich in 
antioxidant pigments. Particularly, levels of phenolics in 
the kernel are comparable to other traditional sources of 
antioxidants. This study provided useful data for the 
conception and the optimization of processing 
equipments for P. butyracea kernels. Further studies are 
needed to assess the impact of genotype and 
environmental conditions on the kernels and butter 
qualities. 
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