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In order to determine the role of polyamines in the formation and development of the somatic embryos 
of Capsicum chinense, the effect of different concentrations (0, 0.01, 0.1, and 1.0 mM) of Putrescine, 
Spermidine and Spermine on the efficiency and morphology of the embryos was evaluated. The results 
show that none of the three polyamines evaluated had a significant effect on the number of embryos 
formed, except Spermidine (1 mM), which caused a significant reduction in their numbers, in 
comparison with the control treatment. However, the most noteworthy result was observed in the 
treatment containing 0.1 mM of Spermine. The embryos developed in this treatment showed harmonic 
apex-radicle development, pale-green coloration and the formation of two tiny cotyledonary leaves. 
Real-time PCR was used to analyze the differential expression of the WUS, WOX1 and WOX3 genes in 
somatic embryos treated with Spermine and untreated, including the zygotic embryo. The transcript 
levels of the genes analyzed were found to differ significantly between both types of embryos (somatic 
and zygotic), with the zygotic embryos presenting a higher level of transcripts; however, compared to 
the untreated somatic embryos, the somatic embryos treated with Spermine showed an increase in the 
transcript levels of the three genes analyzed (WUS, WOX1 and WOX3); the WOX1 gene in particular 
presented an accumulation pattern similar to that of the zygotic embryo of the species.   
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INTRODUCTION 
 
Somatic embryogenesis (SE) is defined as a process in 
which a bipolar structure develops from a non-zygotic cell 
without vascular connection with the origin tissue (Merkle 
et al., 1995). As somatic embryos (SEs) are formed 

without any fertilization event they are genetically 
identical to the parent tissue and are therefore clones. 
Irrespective of the mode of production, the anatomical 
and  physiological features of SEs are highly  comparable  
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to zygotic embryos (ZEs) (Bandyopadhyay and Hamill, 
2000; Deo et al., 2011; Karami et al., 2009; Karami and 
Saidi, 2010; Kumar-Sharma and Millam, 2004; Kumar-
Sharma et al., 2008). The morphogenetic potential of 
Capsicum sp. has been reported earlier, but the process 
of regeneration is slow and generally produces low 
frequencies of shoot regeneration, thus it has been found 
to be highly recalcitrant (Heidmann et al., 2011; Kothari et 
al., 2010; Us-Camas et al., 2014). Development of a 
specific body plan during embryogenesis requires the 
coordination of cell fates according to their positions 
along the embryo axes (Breuninger et al., 2008). The 
shoot apical meristem (SAM) and cotyledons of higher 
plants are established during embryogenesis in the apex 
(Jurgens et al., 1995). The SAM is formed in the apex 
between cotyledons in dicotyledonous plants and 
generates stems, leaves, and floral organs in a set 
pattern (Angenent et al., 2005; Ueda and Laux, 2012). 
Thus, SAM formation during embryogenesis is a critical 
step to start subsequent vegetative and reproductive 
development (Aida et al., 1999; Mayer et al., 1998; Taiz 
and Zeiger, 2002; Takeda and Aida, 2010). However, 
fully functioning apical shoot meristems and dicotyledo-
nous somatic embryos are rarely produced in the 
Capsicum sp. (Steinitz et al., 2003).  

Defective somatic embryos have been reported in 
embryogenic cultures of different species (Halperin, 
1966; Merkle et al., 1995; Schiavone and Cooke, 1987). 
Three categories of malformations have been described 
for somatic embryos of different species: fused embryos 
(Carraway and Merkle, 1997; Rodriguez and Wetzstein, 
1994; Stipp et al., 2001); altered cotyledon morphology 
(Carraway and Merkle, 1997; Jayasankar et al., 2002); 
and lack of a shoot (abnormal apical meristem histo-
differentiation) (Chengalrayan et al., 2001; Jayasankar et 
al., 2002; Stipp et al., 2001). High frequencies of these 
abnormalities and the most critical defect, the absence of 
a shoot in the regenerants have been reported in the 
Capsicum sp. (Lopez-Puc et al., 2006; Steinitz et al., 
2003). The absence of a functional shoot and the embryo 
incapacity to convert into plants is how the recalcitrance 
in Capsisum sp. manifests (Aboshama, 2011; Heidmann 
et al., 2011; Kothari et al., 2010; Us-Camas et al., 2014).  

Polyamines (PAs) are natural occurring compounds in 
eukaryotic cells and are essential for several processes 
such as growth and differentiation (Kevers et al., 2000; 
Kumar et al., 2007; Silveira et al., 2006; Steiner et al., 
2007; Takeda et al., 2002; Yadav and Rajam, 1998). In 
plants, polyamines have been implicated in stress response 

 
 
 
 
response, fertilization, senescence, organogenesis and 
somatic embryogenesis (Kakkar et al., 2000; Slocum, 
1991; Takahashi and Kakehi, 2010). The continual 
synthesis of PAs is an essential process during the SE 
for the differentiation and development of the embryos 
(Kakkar et al., 2000). Previous studies have shown that 
high concentrations of PAs are found in embryos after 
auxin removal, also the use of PAs biosynthesis inhibitors 
inhibits the SE process and the addition of PAs precur-
sors increases the number of somatic embryos (Bais and 
Ravishankar, 2002). Other studies have stated that the 
differential distribution of PAs in cell lines are related to 
the embryogenic capacity, where lines with high levels of 
PAs showed an increase in the embryo formation (Kakkar 
et al., 2000; Takahashi and Kakehi, 2010; Yadav and 
Rajam, 1998). It has been suggested that the role of the 
PAs in SE is due to its polycationic nature, these 
compounds associates to molecules such as membranes 
and nucleic acids, exerting a protective role against free 
radicals and regulating the gene transcription (Ahmadi et 
al., 2014; Bais and Ravishankar, 2002; Kakkar et al., 
2000; Karami and Saidi, 2010; Takahashi and Kakehi, 
2010).    

Extensive reprogramming of gene expression accom-
panies the transition from somatic cells into embryogenic 
competent cells in response to inductive signals. 
Extensive effort has been focused on the identification of 
“master” genes required for this, although it is now 
apparent that the induction of the embryogenic pathway 
is not governed by a single gene, but is under the control 
of an intrincated genetic network. Recent studies have 
revealed that the transcript accumulation of WUSCHEL-
Homeobox (WOX) genes determines apical and basal 
dominions in different species (Gambino et al., 2011; 
Haecker et al., 2004; Lin et al., 2013; Palovaara et al., 
2010 a,b; Vandenbussche et al., 2009; Van der Graaff et 
al., 2009; Zhang et al., 2011). One of the early expressed 
genes is WUSCHEL (WUS) which maintains a reservoir 
of undifferentiated cells in the SAM and its abnormal 
expression produces plants with discontinual growth and 
a compromised SAM identity (Gambino et al., 2011; 
Haecker et al., 2004; Ji et al., 2010; Stuurman et al., 
2002; Su et al., 2009). Other genes of this family such as 
WOX1 and WOX3 are involved in the cotyledon 
determination; WOX1 is expressed in the central part of 
the cotyledon primordia meanwhile WOX3 is expressed 
earlier in the peripheral area of the cotyledon (Hacker et 
al., 2004; Vandenbussche et al., 2009). Mutants of 
WOX1 and WOX3 shows similar phenotypes like: dwarf 
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plants, reduced apical meristems and abnormal leaf 
morphology (Lin et al., 2013; Nakata et al., 2012; 
Vandenbussche et al., 2009; Zhang et al., 2011)   

The aim of this study was to evaluate the effect of 
polyamines on the efficiency and morphology of the 
somatic embryogenesis in Capsicum chinense, and 
characterize the most frequent deformations in the 
somatic embryos of this species. The differential 
expression of WUS, WOX1 and WOX3 genes was 
analyzed through real-time PCR in zygotic embryos and 
in somatic embryos (with and without PAs) in the early 
and advanced stages of their development. 
 
 

MATERIALS AND METHODS 
 

Plant material  
 

Orange Habanero pepper seeds (C. chinense) var. Mayan Ba´alche 
(2367-CHL-021-080110/C) were surface sterilized following the 
protocol reported by Santana-Buzzy et al. (2005). To induce seed 
germination, MS (Murashige and Skoog, 1962) medium 
supplemented with sucrose (3% w/v), Gelrite (0.22% w/v) and 1.14 
µM GA3 was used. The pH of the medium was adjusted to 5.8 prior 
to sterilization, which was performed in an autoclave at 121°C and 
1.5 atm for 15 min. Once the seeds were placed on the germination 
medium, the plates were incubated in constant darkness for 14 
days at 25 ± 2°C. The plantlets were then transferred to a growth 
chamber under a 16 h photoperiod with light intensity of 40 to 50 
mol m-2 s-1 at 25 ± 2°C, for 7 days.  
 
 

Induction of somatic embryogenesis 
 

The protocol reported by Avilés-Viñas et al. (2013) was used to 
induce and obtain somatic embryos. Hypocotyl segments (0.5 cm) 
measuring in length from aseptic plantlets were transferred onto MS 
medium containing 9.05 µM 2,4-D and then incubated at 25 ± 2°C, 
under constant light for 28 days. A total of 10 hypocotyls were 
transferred to flasks containing 50 ml MS medium supplemented 
with 4.5 µM 2,4-D and also various levels of  putrescine (Put, 0, 
0.01, 0.1 and 1 mM),  spermidine (Spd, 0, 0.01, 0.1 and 1 mM) or 
spermine (Spm, 0, 0.01, 0.1 and 1 mM) for 15 days. The embryos 
formed were then subcultured in the same differentiation medium, 
without PAs, where they remained for 30 days, until completing 
their development. All the liquid cultures were kept in constant 
agitation (100 rpm), under continuous light at 25 ± 2°C. Only the 
treatments that showed SEs with a morphological improvement or 
increased efficiency were used for further analysis. Three flasks 
were used for each treatment and the efficiency was evaluated by 
taking three samples of 10 ml from each flask containing the 
embryo culture. The embryos were counted with the aid of a 
stereoscopic microscope (Nikon SMZ800). The data were 
submitted to variance analysis (ANOVA) and for the comparison of 
means; the Tukey test (P ≤ 0.05) was used with the SPSS 16.0.0 
software. 
 
 

Histological analysis 
  
Samples of embryos were fixed in FAA (37% formaldehyde: acetic 
acid: 96% ethanol, v/v/v) taken to a final volume of 100 ml with 
distilled water, from 24 to 48 h at 10°C. The procedures of 
dehydration, embedment and section were performed according to 
the method of Berlin and Miksche (1976). The sections were 
transferred on glass slides, deparaffinated with Ultraclear (Baker) 
and stained with tholuidine blue (0.05%) for 5 min. 
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Scanning electron microscopy 
 
For the preparation of samples, somatic embryos in cotyledonary 
stages and mature zygotic embryos were selected. Samples of both 
types were submerged in a solution of glutaraldehyde (25%) and a 
buffer of cacodylate (3%, 0.1 M, pH = 7.2), followed by three rinses 
with same buffer, for 30 min each one. Dehydration was achieved 
by gradual exposure of the samples to different solutions of ethanol 
(50, 70 and 90% v/v), 1 h for each solution. The dehydrated 
explants were then submerged in absolute alcohol for 1 h and dried 
in a Sandri-795 Tousimis drier, substituting the ethanol with liquid 
CO2 and finally with  gaseous CO2. Finally, the samples were 
metalized with a gold layer 21 nm thick using a Denton Vacuum 
Desk II metalizer. The metalized samples were observed using a 
JSM-6360LV JEOL scanning electron microscope.  
 
 
RNA extraction and cDNA synthesis 
 
Samples (1 g) were taken from: immature zygotic embryos (IZE), 
mature zygotic embryos (MZE), induced hypocotyls (IH), somatic 
embryos in early stages of development:  globular-heart stages 
(GH), and somatic embryos in advanced stages: torpedo-
cotyledonary stages (TC), in both cases, treated and untreated with 
1 mM Spm. Extraction of total RNA was performed following the 
protocol reported by Chomczinsky and Sacchi (1987). The samples 
were treated with DNAse (Ambion) and the concentration was 
quantified in Nanodrop (Thermo Scientific). The cDNA synthesis 
was carried out using the Oligo-dT primer (Invitrogen) with the 
SuperScriptIII enzyme (Invitrogen), following the manufacturer’s 
instructions. RNA integrity was observed in agarose gel (1.5%) 
stained with ethidium bromide.  
 
 
Primer design and PCR conditions  
 
WUS (NM_001247086.2), WOX1 (XM_0042235751.1) and WOX3 
(XM_004251238.1) primers were designed from homolog 
sequences of Solanum lycopersicum, available at the NCBI. The 
sequences were aligned using the MEGA v 6.0. program and the 
primers were designed with the Primer3plus program 
(http://primer3plus.com/cgi-bin/dev/primer3plus.cgi). The 
constitutive genes previously reported in C. annuum (Wan et al., 
2011): Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 
Ubiquitin 3 (UBI-3) and beta-Tubulin (β-Tub) were considered to be 
used as normalization genes after the analysis of gene stability in 
the geNorm (http://medgen.ugent.be/;jvdesomp/genorm/) software. 

Relative expression was processed with the method of Ct (2-Ct) 
(Livak and Schmitgen, 2001), in a StepOne thermal cycler (Applied 
Biosystems). The real-time PCR reaction mixture comprised the 
following components at a final volume of 20 µl containing: 10 µl of 
SYBR-GREEN Master Mix (Applied Biosystems), 0.12 µM of each 
primer and 4 µl of cDNA. Reaction conditions were 94°C (3 min); 40 
cycles of 94°C (15 s), 55 to 65°C (30 s) varying the alignment 
temperature for each primer (Table 1). The PCR was performed in 
six replicates per sample using three biological samples. The 
results were submitted to ANOVA and the means were compared 
with the Tukey test (P ≤ 0.05) using the SPSS 16.0.0 software.  

 
 

RESULTS AND DISCUSSION 
 

Effect of polyamines on the efficiency and 
developmental morphology of embryogeny 
 

The addition of Put and Spm to the culture media had no 
significative effect on the number of embryos formed in
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Table 1. List of primers used for real time PCR. 
 

Gene Primer sequence Tm Fragment 

WUS 
F:5´-AGGTCTCCAACTGCTGAACA- 3´ 

R:5´-CACGAGCTTTATGGTTCTGAAA- 3´ 
60°C 110 bp 

    

WOX1 
F:5´-TGCAACAAAGAAGGAGCCTACTAG- 3´ 

R:5´-TTCCATAGTTCTTGGTGTTGATGGAC- 3´ 
65°C 195 bp 

    

WOX3 
F:5´-AACAAGGTGGAGTCCAACCC-3´ 

R:5´- CCCTCAATTTTCCCCCTATCC-3´ 
60°C 192 bp 

    

GAPDH 
F: 5´- ATGATGATGTGAAAGCAGCG- 3´  

R: 5´-TTTCAACTGGTGGCTGCTAC-3´ 
55°C 276 bp 

    

UBI-3 
F: 5´- GAGGGTGAGTGAGCAGTTC- 3´  

R: 5´-CTTCATCGTCATCTGCTGTC- 3´ 
55°C 167 bp 

    

β-TUB 
F: 5´-TGTCCATCTGCTCTCTGTTG-3´ 

R: 5´-CACCCCAAGCACAATAAGAC-3´ 
55°C 204 bp 

 
 
 

the treatments evaluated (Figure 1A to C), while the 
addition of Spd causes a marked decrease in the 
efficiency (somatic embryos per litre) along with the 
increase of the Spd concentration, with significant dif-
ferences when compared to the control treatment (Figure 
1B). However, the addition of 0.1 mM Spm improved the 
embryo morphology. In the Figure 2A we observe germi-
nated somatic embryos treated with 0.1 mM Spm; 
different stages of development were observed before 
germination (Figure 2B and C). Under these culture 
conditions (0.1 mM Spm) it was observed, for the first 
time, a harmonic apical-radical development and the emis-
sion of two tiny pale green cotyledonary leaves (Figure 
2C and D), although these embryos did not subsequently 
evolve into plants due to a deformed shoot apex. It is 
likely that this change in coloration of the embryo could 
be attributed to the fact that PAs have been detected in 
vacuoles, mitochondria and chloroplasts (Slocum, 1991). 
Borrell et al. (1995) also detected these compounds in 
spinach thylakoid membranes, associated with light-
reception complexes of the photosystem II. They 
concluded that the PAs maintain photosynthetic activity, 
thus preventing senescence due to osmotic stress.   

Independently of the applied treatment, the embryos 
always emerged through the epidermis of the explant 
(Figure 3A, B and C) originating in the perivascular zone 
of the hypocotyl. The first embryos (globular-stage) were 
visible approximately 12-15 days after induction culture 
(Figure 3C and D), followed by heart,  torpedo and cotyle-
donary embryo stages (Figure 3E, F and G) through an 
elongated shape and showing both poles clearly: shoot 
and root, with no apparent morphological differences 
observed among the treatments during the first stages of 
development (Figure 3D and E). Shoot meristem differen-
tiation usually begins at the late globular stage and 
structurally organized meristems are visible at the heart 
or cotyledonary stage of somatic embryo development 
(Taiz and Zeiger, 2002). However, the evolution from 

torpedo stage to cotyledonary stage failed in the majority 
of the embryos developed (Figure 3F and G), indicating a 
deformed shoot apex, incapacitated for subsequent 
germination.  

The most frequent deformations in the shoot meristem 
were manifested either by the absence of cotyledons 
(Figure 4A and B) and deformed cotyledons (Figure 4D 
and 4E). Embryos with exposed shoot apical area were 
also observed (Figure 4C and F). All of these abnorma-
lities incapacitated the somatic embryos to germinate and 
subsequently convert into plants. Our results corroborate 
those reported by Steinitz et al. (2003), who attributed 
this incapacity of C. annum embryos for plant conversion 
due to the absence of a shoot, resulting in failure for the 
establishment of a normal functioning shoot meristem. 
The radical apex of the SEs always formed normally 
(Figure 4A, 4B, 4D and 4E) and radicle emission 
occurred spontaneously in most of the embryos formed. 
In contrast with the SEs, it was possible to observe the 
formation of well-defined cotyledons in the ZEs (Figure 
5A and 5D), showing both meristems, apical and radical 
(Figure 5B, C and E) and the formation of provascular 
bundles along the apical-basal axis (Figure 5B).  

The addition of PAs favored embryogenic responses in 
different species (Ahmadi et al., 2014; Kevers et al., 
2000; Paul et al., 2009; Steiner et al., 2007; Yadav and 
Rajam, 1998). In Hevea brasiliensis, the addition of PAs 
increased the amount of embryogenic callus and the 
number of embryos per gram of callus using 50 µM Spd 
(El-Hadrami et al., 1989a, b) and also in Brassica napus 
the addition of 2.5 µM Put for 48 h increased three-fold 
the embryo formation and 5.56 µM Put increased four-
fold the embryo conversion (Ahmadi et al., 2014). PAs 
have also been found to reduce the responses of 
embryogenic cultures. Silveira et al. (2006) observed a 
reduction in the growth of Araucaria angustifolia suspen-
sion cultures when Spd and Spm (1.0 mM) were added to 
the culture media. Working on Coffea canephora and
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Figure 1. Effect of polyamines on somatic embryogenesis efficiency of 
Capsicum chinense. A) Effect of Put. B) Effect of Spd. C) Effect of Spm. 
Control: Liquid MS + 4.5 µM 2,4-D. Samples taken after 30 days of culture 
differentiation. Mean ± E.S. (n = 3, p < 0.05). Different letters reveals mean 
differences.  

 
 
 

Coffea arabica, Calheiros et al. (1994) noted that among 
exogenously applied PAs, Spd significantly reduced the 
number of SEs in both species.  

Similar results were also reported in Solanum 
melongena where concentrations of 0.5 mM Spd and 
Spm caused a decrease in the number of embryos 
formed (Yadav and Rajam, 1998). In B. napus micro-
spores increased concentrations up to 23 to 56 µM; Put 
reduced the embryo formation and increased the callus 
formation (Ahmadi et al., 2014). Spm is capable of 

capturing free radicals and interacting with DNA to 
protect it from the action of these compounds. It has also 
been reported that, in Arabidopsis thaliana, high concen-
trations of Spd and Spm are able to regulate the S-
adenosylmethyonine decarboxylase (SAMDC) (Kakkar et 
al., 2000; Takashi and Kakehi, 2010).   

In Picea glauca, increased levels of PAs during the 
initial developmental stages of somatic embryogenesis 
resulted in an increase in SAM synthetase, coinciding 
with high levels of stress related proteins (Lippert et al.,
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Figure 2. Effect of Spm on the morphology of Capsicum 
chinense somatic embryos. A) Somatic embryos with 0.1 
mM Spm. B) Somatic embryo at torpedo stage. C) Somatic 
embryo at cotyledonary stage. D) Germinated somatic 
embryo.  

 
 
 

 
 
Figure 3. Microphotography of somatic embryos in Capsicum chinense. A) Hypocotyls with 
somatic embryos in liquid medium after 14 days of culture (MS + 4.5 µM 2,4-D). B) Somatic 
embryos clusters formed in liquid medium after 28 days of culture (MS + 4.5 M 2,4-D), C) 
Hypocotyls after with 14 days of culture initiation  (MS + 9.0 µM 2,4-D). D) Globular somatic 
embryos. E) Heart-shaped somatic embryo. F) Torpedo somatic embryos and G) 
Cotyledonary somatic embryos. 
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Figure 4. Characterization of deformed somatic embryos in Capsicum chinense. 
Microphotography (A, D). Scanning electron micrographs (B, C, E, F). A) Somatic 
embryo with absence of cotyledons. B) Somatic embryo without cotyledons. C) 
Close-up of the apical shoot from embryos without cotyledons with an exposed 
shoot area. D) Somatic embryos with deformed cotyledons. E) Somatic embryo 
with deformed cotyledons. F) Close-up to the deformed cotyledons and exposed 
shoot apex. SA, Shoot Apex; RP, Root Pole; CO, cotyledons. 

 
 
 
2005). This allow us to infer that these compounds play a 
protective role during the embryogenesis due to the 
stress produced during this process (Karami and Saidi, 
2010; Takahashi and Kakehi, 2010). This concurs with 
observations made by Regla-Márques (2011; 
Unpublished data), who detected significantly higher 
contents of PAs in SEs, in comparison with ZEs of C. 
chinense. 
 
 
WUS transcript levels in somatic and zygotic 
embryos of C. chinense 
 
WUS transcripts were detected in the IH, increasing 
significantly in the GH and diminishing drastically (up to 
seven-fold) in the TC (Figure 6A). A similar pattern was 
observed in the ZEs, showing a higher level of WUS 
transcripts in the IZE which also diminished significantly 

in the MZE; however, this decrease was considerably 
lower than that observed in embryos at the TC. When 
SEs were treated with 0.1 mM Spm, the WUS transcript 
levels in GH+Spm were significantly lower to those 
observed in TC+Spm (Figure 6B). This behavior differed 
when compared to ZEs and  untreated SEs, where the 
WUS transcript levels were significantly lower in 
GH+Spm compared to GH with a significant increase in 
TC+Spm when compared to TC. The presence of WUS 
has been detected in the early stages of embryogenesis, 
and is seen to diminish as the embryo develops 
(Gambino et al., 2011; Su et al., 2009), this behavior was 
observed in the ZEs and SEs of C. chinense. When the 
SEs were treated with Spm the WUS transcript levels 
showed an opposite behavior to previous reports. 
Alterations in the genes responsible for maintaining the 
shoot meristem have been observed in Arabidopsis 
mutants with defective SAM, deformed cotyledons and
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Figure 5. Ultrastructural and histological analysis of zygotic embryos in Capsicum 
chinense. A) Microphotography of a mature zygotic embryo. B) Histology of a complete 
mature zygotic embryo. C) Histology of a shoot apical meristem from a mature zygotic 
embryo. Scanning electron microscopy in zygotic embryos. D) Mature zygotic embryo. E) 
Close-up of the shoot apex in mature zygotic embryo. 

 
 
 
lack of shoot development (Budziszewski et al., 2001; 
Mayer et al., 1998). Other authors have reported wus 
mutants in which interrupted growth and lack of apical 
dominance have been observed (Kieffer et al., 2006; 
Laux et al., 1996; Stuurmann et al., 2002). In ham (Hairy 
Apical Meristem) mutants of Petunia hybrid, a similar 
behavior in the expression patterns of WUS was 
observed in early developmental stages when compared 
to wild-type. However, when the plant development 
advances, the WUS expression reduced sharply and a 
disorganized shoot meristem became more evident 
(Stuurmann et al., 2002). This behavior of WUS was also 
observed in our study in which the absence of the shoot 
meristem or the presence of a deformed shoot meristem 
is also observed. A number of reports have associated 
these deformations in the shoot meristem with alterations 
in auxin transport during embryonic development 
(Palovaara et al., 2010a; 2010b; Vanneste and Friml, 
2009), WUS can interact with auxin responsive genes 
(Busch et al., 2010; Kieffer et al., 2006) and is found to 
be involved in the establishment in the auxin transport by 
its association with PIN1 (Su et al., 2009). The 
morphological improvement with 0.1 mM Spm in the SEs 
could be associated with a four-fold increase in the WUS 
transcript levels in TC+Spm, maybe due to an improved 
auxin transport in these stages of development.  

WOX1 transcript accumulation in somatic and 
zygotic embryos of C. chínense 
 
During somatic embryogenesis, WOX1 transcript levels 
were detected in every stage of the embryos formed, 
including the IH phase, with a significant increase in GH 
decreasing significantly in TC (Figure 7A). The WOX1 
transcript levels in ZEs were significantly higher in MZE 
when compared to IZE (Figure 7A); the behavior of the 
SEs was different to those observed in ZEs showing an 
opposite behavior between these embryos. When the 
SEs were treated with 0.1 mM Spm, mean differences 
were detected when compared with the untreated SEs, 
where a significant decrease was observed in GH+Spm 
when compared to GH (Figure 7B). The TC+Spm showed 
a significant increase in the WOX1 transcripts when 
compared to TC (Figure 7B). In general, the Spm treated 
SEs showed a different behavior from the SEs without 
Spm, in this aspect the 0.1 mM Spm treated SEs 
behaved similar to the ZEs, where the WOX1 transcript 
levels IZE were significantly lower when compared to 
MZE (Figure 7A); this same pattern were observed in 
Spm treated embryos were the WOX1 transcript levels 
were lower in GH+Spm when compared to TC+Spm 
(Figure 7B). 

According to reports on other species, WOX1 transcript 

 
 
 



 
 
 
 

 
 

Figure 6. Quantification of WUS transcripts levels in Capsicum 
chinense. A) WUS transcript levels in zygotic and somatic embryos. 
B) Effect of Spm on WUS transcripts levels in somatic embryos of 
C. chinense. The PCR signals were normalized to β-TUB. Values 
are mean ± S.E. (n =6, p < 0.05). Different letters indicate 
significant statistical differences. IH, hypocotyls in induction; GH, 
SEs at globular and heart stages; TC, SEs at torpedo and 
cotyledonary stages; IZE, immature zygotic embryos; MZE, mature 
zygotic embryos GH+Spm, SEs at globular and heart stages 
treated with Spermine and TC+Spm, SEs at torpedo and 
cotyledonary stages treated with Spermine. 

 
 
 
patterns show greater presence of transcripts in the more 
advanced stages of embryonic development (Gambino et 
al., 2011; Haecker et al., 2004; Lin et al., 2013). Previous 
reports have demonstrated that over-expression and 
under-expression of WOX1 can cause alterations in plant 
phenotype due to the fact that this gene is associated 
with the organization of cellular division in leaves, organs 
and carpels (Lin et al., 2013; Vandenbussche et al., 
2009; Zhang et al., 2011). In Nicotiana tabacum wox1, a 
significant reduction in the WOX1 transcripts levels was 
observed, fully complemented plants showed a major 
increase in WOX1 transcripts similar to the wild-type (Lin 
et al., 2013). Moreover, the addition of PAs, particularly 
Spm, is capable of reverting the mutant phenotype, most 
likely because WOX1 is associated with the modulation 
of SAMDC1, a key enzyme in the biosynthesis of PAs 
(Ge et al., 2006; Zhang et al., 2011). The addition of Spm  
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Figure 7. Quantification of WOX1 transcripts levels in C. 
chinense. A) WOX1 transcripts levels in zygotic and somatic 
embryos. B) Effect of Spm on WOX1 transcripts levels in 
somatic embryos of C. chinense. The PCR signals were 
normalized to β-TUB transcripts. Mean ± S.E. (n =6, p < 0.05). 
Different letters indicate significant statistical differences. IH, 
hypocotyls in induction; GH, SEs at globular and heart stages; 
TC, SEs at torpedo and cotyledonary stages; IZE, immature 
zygotic embryos; MZE, mature zygotic embryos GH+Spm, SEs 
at globular and heart stages treated with Spermine and 
TC+Spm, SEs at torpedo and cotyledonary stages treated with 
Spermine. 

 
 
 

increased the WOX1 transcript levels in TC+Spm in C. 
chinense; this suggests that the morphological 
improvement in the SEs of this species could be 
attributed to the role of WOX1 in the PAs biosynthetic 
pathway and its possible interactions with WUS and other 
member of the WOX family like WOX3.  
 
 

Accumulation of WOX3 transcripts in somatic and 
zygotic embryos of C. chinense 
 

The quantification of WOX3 transcripts showed no 
significant differences in the different developmental 
stages of the SEs (Figure 8A), whereas, with the ZEs, 
transcript levels of this gene (WOX3) was significantly 
higher in the MZE (Figure 8A). With the addition of 0.1 
mM Spm, the quantity of transcripts increased significantly, 
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Figure 8. Quantification of WOX3 transcripts levels in C. chinense. 
A) WOX3 transcripts levels in zygotic and somatic embryos. B) 
Effect of Spm on WOX3 transcripts levels in somatic embryos of C. 
chinense. The PCR signals were normalized to β-TUB transcripts. 
Mean ± S.E. (n =6, p < 0.05). Different letters indicate significant 
statistical differences. IH, hypocotyls in induction; GH, SEs at 
globular and heart stages; TC, SEs at torpedo and cotyledonary 
stages; IZE, immature zygotic embryos; MZE, mature zygotic 
embryos GH+Spm, SEs at globular and heart stages treated with 
Spermine and TC+Spm, SEs at torpedo and cotyledonary stages 
treated with Spermine. 
 
 
 

in comparison with the untreated SEs (Figure 8B), but 
with a different accumulation pattern to those observed in 
the ZEs where the GH+Spm showed greater transcript 
levels than the TC+Spm (Figure 8B).  

Our results differ from reports on the behavior of WOX3 
transcript accumulation for other species, in which the 
transcripts have been observed to accumulate in 
advanced stages of embryonic development and to 
diminish significantly in the phases prior to germination 
(Haecker et al., 2004; Gambino et al., 2011). There is 
evidence to support the argument that WOX3 malfunction 
can be related to malformations of the aerial part, as this 
gene is associated with early leaf formation (Nakata et 
al., 2012; Lin et al., 2013; Shimizu et al., 2009; 
Vandenbussche et al., 2009). It is likely that, with the 
addition of Spm, WOX3 could be acting as a marker prior 
to organ formation. The significant increase in WOX3 
transcripts in the GH+Spm could be attributed to the high  

 
 
 
 
similarity existing between the proteins, WOX1 and 
WOX3, and thus WOX3 could be substituted by WOX1 
under these culture conditions. A number of reports to 
this effect indicate that, due to the fact that the mutant 
phenotypes wox1 and wox3 are similar, these genes can 
act redundantly in embryonic development (Lin et al., 
2013; Vandenbussche et al., 2009). 

Shoot architecture in higher plants is highly dependent 
on the activity of the SAM, which maintains pluripotent 
stem cells at its tip (Steeves and Sussex, 1989). During 
the development of postembryonic shoots, the SAMs 
continuously produce organs in a regular pattern, for 
example, stems, leaves and flowers. Therefore, the 
subtle variations in primordia initiated by the SAM 
account for all of the remarkable differences and diversity 
in shoot architecture that we observe in nature. Recent 
analyses of A. thaliana mutants have identified several 
key genes that play essential roles in the specific function 
of SAMs (Geier et al., 2008; Kinoshita et al., 2010; Laux 
et al., 1996; Lohmann et al., 2001; Lenhard et al., 2002; 
Lenhard and Laux, 2003). 

Studies on the biological function of plant 
Homeodomain proteins, designated WOX proteins, have 
revealed that they are transcription factors and are 
involved in the regulation of various developmental 
processes (Haecker et al., 2004; Lohmann et al., 2001; 
Qu and Zhu, 2006; Van der Graaff et al., 2009; Zhang et 
al., 2011). The WOX genes were all involved in 
maintaining a balance between cell division and 
differentiation (Gallois et al., 2004). WUS is an early gene 
expressed in the apical embryo region, while WOX1 is 
expressed in the central zone of the cotyledon and 
WOX3 in the peripheral zone (Haecker et al., 2004).  

It has been observed that altered patterns of these 
genes have shown deformations in the apical region and 
can affect the function of other genes (Laux et al., 1996; 
Lin et al., 2013; Shimizu et al., 2009; Stuurman et al., 
2002; Su et al., 2009; Zhang et al., 2011). This could 
suggest that the deformations observed could be the 
result of an anomalous accumulation of WUS, WOX1 and 
WOX3 transcripts during somatic embryogenesis.  

In our study, the alterations detected in the levels of 
WUS, WOX1 and WOX3 transcripts in SEs of C. 
chinense, which are affected by the apical meristem 
syndrome (Steinitz et al., 2003), suggests that their 
incapacity to germinate and convert to plants is of a 
genetic nature. However, the addition of 0.1 mM Spm to 
the culture medium improved the embryo morphology of 
these deformed embryos, facilitating embryos with an 
adequately harmonious development of both radical and 
apical zones, a change in coloration from creamy white to 
pale green and the emission of two tiny, albeit very 
rudimentary, cotyledonary leaves. From the analysis of 
transcript levels in these embryos after Spm treatments, it 
was possible to observe a significant increase in WOX1 
in TC+Spm (Figure 7B). The effect of polyamines has 
been documented previously (Galston and Shawney, 1990; 

 
 
 



 
 
 
 
Ge et al., 2006; El-Hadrani et al., 1989a 1989b; Kevers et 
al., 2000; Slocum, 1991; Walden et al., 1997; Yadav and 
Rajam, 1998) and in the case of Spm, it has been found 
to be capable of modulating the activity of SAMDC1 
(Zhang et al., 2011) and transcription through its 
association with nucleic acids (Galston and Shawney, 
1990; Lippert et al., 1995; Walden et al., 1997), which 
would be reflected in a higher level of WUS, WOX1 and 
WOX3 transcripts. Even though the phenotype of the 
somatic embryos was improved with the addition of Spm, 
their inability to convert to plants persisted. SAMDC is 
involved in the final steps of the plant polyamine 
biosynthetic pathway and is essential for plant shoot 
architecture (Ge et al., 2006; Friedman et al., 1982; 1985; 
Smith et al., 1985; Rastogi and Sawhney, 1990; Thu-
Hang et al., 2002).  

Our results coincide with those proposed by Zhang et 
al. (2011) who have suggested that WOX1 plays an 
important role in meristem development, possibly via 
modulation of SAMDC1 activity and polyamine 
homeostasis. However, the inability of Capsicum 
embryos to convert to plants is clear evidence of the 
complexity of this phenomenon in which numerous genes 
and/or other factors do not allow the germination to follow 
a normal pattern during its development, perhaps 
because the shoot meristem is not functionally 
capacitated for this physiological process. 
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