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Abstract 

 

The silicon can induce beneficial changes in plants, such as the further development of tissues and increased photosynthetic rate. 

Thus, studies on the anatomical changes resulting from in vitro culture are key to better understanding the development of 

micropropagated plants. Therefore, this study was undertaken to evaluate the morphological and physiological differences in plants 

with the use of silicon added to the medium for the in vitro culture of Anthurium adreaenum cv. Rubi. Nodal segments of seedlings 

were established in vitro and inoculated in Pierik medium supplemented with 30 g L-1 sucrose and solidified with 1.8 g L- 1 

PhytagelTM. Different concentrations of sodium silicate (Na2SiO3) (0.0, 0.5, 1.0 and 2.0 mg L-1) were added to the medium. The 

experimental design was completely randomized with 30 repetitions. The segments were maintained for 100 days in a growth 

chamber under controlled conditions and evaluated anatomically and scanning electron microscopy (ultrastructurally) and for their 

photosynthetic capacities. Medium containing 1.0 mg L-1 sodium silicate promoted the development of higher stomatal densities on 

the sheets. For the polar (31.38 µm) and equatorial (31.33 µm) diameter of the stomata of the abaxial leaf, the highest averages 

occurred in the treatment with 2.0 mg L-1. Greater relative polar and equatorial diameters were estimated with a peak concentration of 

1.2 mg L-1. The increase in the sodium silicate concentration led to thinning of the abaxial and adaxial epidermis. The thickness of 

the central rib had a sharp decrease up to 1.3 mg L-1. For the mesophyll, the control displayed a higher thickness, whereas the 

addition of sodium silicate to the culture medium promoted a decrease. Seedlings grown in sodium silicate displayed significant 

differences, with increased photosynthetic and transpiration rates, stomatal conductance and internal CO2 concentrations. As for the 

ratio between the internal and external concentrations of CO2, no significant differences were observed. The addition of sodium 

silicate resulted in increased epicuticular wax deposition and the formation of structures reserved for depositing calcium. Therefore, 

under in vitro conditions, the addition of sodium silicate to the culture medium affected the photosynthesis and leaf anatomy of A. 

andraeanum cv. Rubi, developing anatomical and physiological characteristics that contributed to the survival ex vitro. 

 

Keywords: Anthurium andraeanum cv. Rubi; Ornamental; Silicate; Structural changes; Stomata. 

Abbreviations: FAA_formaldehyde - glacial acetic acid - 70% ethanol; DE_equatorial diameter; DP_polar diameter; 

DE/DP_equatorial diameter ratio; Ep ada_adaxial epidermis; Msf_mesophyll; Ep aba_abaxial epidermis; Na2SiO3_ sodium silicate; 

CRD_ completely randomized design. 

 

Introduction 

 

In Brazil, the commercial production of Anthurium species 

previously originated from seedlings produced by sexual 

propagation. Plants grown in this manner produce flowers 

with a great variability of colors, shapes and sizes of sheaths, 

making it difficult to harvest flowers of the same type. The 

production of domestic cultivars resulting from research 

undertaken by the IAC (Agronomic Institute of Campinas), 

combined with in vitro propagation techniques, is reflected in 

the improvement of production quality, developing flowers 

within the desired standards for consumers (Dias et al., 

2012). Currently, most varieties of Anthurium available for 

sale as potted plants in the international market, are produced 

by tissue culture (Maira et al., 2010). The use of this 

technique has been suggested as an alternative to increase the 

production of Anthurium (Jahan et al., 2009). During the last 

years, the micropropagation of Anthurium has evolved from a 

purely scientific technique to an applied tool for plant 

production. Despite the high quality reached for plant 

production, there are important points to be enhanced on the 

efficiency of micropropagation techniques. There is also a 

significant amount of genotypes in which this technique is 

not succeeded on inducing the plant regeneration, and in 

some materials, the in vitro development is too slow and 

inconsistent so that it can be used in large-scale propagation 

(Castro et al. 2012). Thus, tissue culture techniques have 

been employed for the rapid clonal propagation of new 

genotypes of Anthurium species. In this context, the 

production of large amounts of these plants has been 

enhanced by in vitro culture because spreading by traditional 

methods, such as cutting clump division, leads to only a few 

units obtained annually (Tombolato et al., 2004). Various 

changes in the leaf structures of plants grown in vitro have 

been reported, such as an increased leaf size, stomatal 

density, stomata reduction control, the amount of wax 
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deposited and the mesophyll thickness by increasing the 

proportion of intercellular spaces (Khan et al., 2003; 

Hazarika, 2006). According to Santana et al. (2008), the 

intensities of these anatomical changes are quite variable 

depending on the characteristics of each species, and its 

quantification may help to improve the growing conditions 

for each plant group. Leaf anatomy may contribute to our 

understanding of the physiological conditions and structural 

changes of micropropagated plants, providing information 

applicable to the plants in adapting to the new environment 

ex vitro (Marin, 2003). It has been shown that silicon (Si) is 

related to increased chlorophyll content and may lead to 

improvement on plant metabolism. This element also 

promoted increased tolerance to environmental stress like 

heat, cold, and drought, reducing the imbalance of nutrients 

and toxic metals in the plant, strengthening the cell walls of 

plants and increasing the resistance to pathogens and pests 

(Epstein, 2001; Ahmed et al., 2013). The addition of silicon 

to the culture medium for plants can be beneficial because of 

the increased production of hemicellulose and lignin, 

providing greater resistance to the cell wall. Such 

modifications increase the survival rate of plants during 

acclimatization (Asmar et al., 2011). The direct effects of 

silicon are accompanied by various indirect effects, including 

increases in the photosynthetic capacity, reduced rates of 

transpiratory, plant growth and increased cellular mechanical 

resistance (Asmar et al., 2013). Given the lack of 

comparative studies on different species of Anthurium, work 

in this area is of utmost importance, in order to distinguish 

these species and contributing to future research. For a more 

efficient micropropagation technique of Anthurium, the 

addition of Si to the culture medium may lead to more 

vigorous plantlets. Si may contribute to the higher plant 

quality, because its accumulation in the leaves allows 

protection to plants, increased photosynthetic capacity, 

reduction of water loss and also promotes faster growth, these 

desirable characteristics in the acclimatization of 

micropropagated plants process. Thus, this study aimed to 

measure the possible changes in the leaf tissues of Anthurium 

andraeanum cv. Rubi to identify anatomical and 

ultrastructural changes of photosynthetic seedlings grown in 

vitro in the presence of sodium silicate at different 

concentrations. 

 

Results and discussion 

 

Anatomical Analysis and Scanning electron microscopy 

 

The leaves have stomata flanked on each side by two 

subsidiary cells parallel to larger stomatal axis (Fig 1A and 

B). Stomata showing two subsidiary cells displayed parallel 

to the larger stomatal axis are often classified as  type 

brachyparacytic type (Castro et al., 2009). So, A. andraeanum 

stomata may be classified as paracytic type. Stomatal types in 

Araceae are very diverse and some species may show 

anomocytic, actinocytic, paracytic, and cyclocytic stomata 

(Wang and Zhao, 2002). Therefore, the brachypracytic 

stomata described by A. andraeanum may be an important 

characteristic for correct identification and was also reported 

by Mantovani et al. (2010) for some Anthurium species.  

Stomata guard cells showed a large number of chloroplasts 

and the usual bean-like shape (Fig. 1A).  Despite the 

chloroplasts in stomatal guard cells is a very common 

anatomical characteristic (Castro et al., 2009) it was not 

highlighted by previous works in Anthurium anatomy (Wang 

and Zhao, 2002; Mantovani et al., 2010). Anticlinal cell walls 

are deeply sinuous in epidermal cells (Fig. 1A-D). Araceae 

leaves may show straight to very sinuous anticlinal cell walls 

in epidermal cells but a given species often show just one 

type (Keating, 2003). In nine Brazilian Anthurium species, 

Matovani et al. (2010) described from straight to undulated 

anticlinal cell walls. Therefore, the very sinuous anticlinal 

cell walls from A. andraeanum may be an important 

anatomical trait.   The stomata are distributed only on the 

abaxial surface of leaves, classifying the se organs as 

hypostomatous (Fig 1). Hypostomatous leaves were also 

described in another Anthurium species by Mantovani et al. 

(2010) and Saito and Lima (2009). A more significant 

deposition of epicuticular wax on the adaxial epidermal 

surface of A. andraeanum subjected to treatment with sodium 

silicate (Fig 2B, C, D) was observed compared to the control 

(Fig 2A). Wax deposition has also been observed during the 

cultivation of strawberries using sodium silicate by Braga et 

al. (2009). Second, Mohammadian et al. (2007) suggest that 

waxes may decrease the temperature of the leaves, reducing 

transpiration, which is closely linked to photosynthesis. 

Increased cuticle deposition is a common response to water 

deficiency and is important to water-limited conditions 

(Kosma et al., 2009). Therefore, reduced transpiration and 

tolerance to water deficit are both important to A. 

andraeanum adaptation to ex vitro conditions and desirable 

characteristics to its micropropagation. Stomata with larger 

polar and equatorial diameters occurred in the treatment with 

2.0 mg L-1 sodium silicate. However, larger polar and 

equatorial ratio were estimated with a peak concentration of 

1.2 mg L-1 sodium silicate. As for the stomatal density, the 

medium containing 1.0 mg L-1 sodium silicate showed the 

highest value for this trait compared to other treatments; 

however, there was actually a decrease with a concentration 

of 2.0 mg L-1 (Fig 3). Khan et al. (2002) reported that the 

polar and equatorial diameter ratio (DP/DE) is associated 

with guard cells and that it constitutes an important 

characteristic feature of the stomata, which is due to the fact 

that an elliptical shape (higher DP/DE) is characteristic of 

more functional stomata, whereas a rounded shape (smaller 

DP/DE) is associated with stomata that do not have 

appropriate function. However, the type and condition of 

cultivation may modify these results. Elliptical stomata may 

lead to a higher CO2 uptake, leading to more photosynthetic 

potential whereas, this stomatal shape shows reduced 

transpiration rate (Castro et al., 2009). Thus, in this work, the 

stomata may be more functional in the presence of sodium 

silicate and this is important to plant tolerance to water 

deficiency conditions as on the ex vitro environment. The 

mesophyll of A. andraeanum is homogeneous, showing no 

differentiation between palisade and spongy parenchyma, 

which was observed in all treatments in this study (Fig 4). 

Mantovani et al. (2010) when working with nine  Anthurium 

species reported dorsiventral leaves to all species. Keating et 

al. (2003) also described dorsiventral leaves to several 

Araceae species. However, as A. andraeanum showed 

homogenous mesophyll structure, it may be an important 

characteristic of this species differing to other genera and 

species among Araceae. For the mesophyll, the control 

showed increased thickness (Fig 4A and 5), indicating that 

the addition of sodium silicate to the culture medium 

promoted a decrease in the thickness (Fig 4B, C, D). Plant 

cell expansion is related to the cell turgor pressure and cell 

wall strength (Dupy et al., 2010). Plant cells can accumulate 

silicon on cell walls (Currie and Perry, 2007) increasing its 

strength. Therefore, the lower thickness of the leaf mesophyll 

of the silicon treated plants may be related to a higher 

deposition of this element in the cell walls of mesophyll cells, 

reducing the coefficient of extensibility and producing shorter  
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Table 1. Leaf gas exchanges of Anthurium andraeanum cv. Rubi plantlets cultured in the presence of different concentrations of 

sodium silicate. 

Sodium silicate 

(mg L- 1) 

A 

 

Ci E 

 

gs 

 

Ci/Ca 

 

Control 1.37a 263.59b 0.35b 0.02b 1.29a 

0,5 0.86b 266.01a 0.41a 0.03a 1.29a 

1,0 1.47a 99.06d 0.10c 0.01b 1.04a 

2,0 0.84b 202.09c 0.24c 0.01b 1.56a 
A= net photosynthesis (µmol CO2 m

-2 s-1), Ci = internal carbon (µmol CO2), E = transpiration rate (mmol H2O m- 2 s-1), gs = stomatal conductance (mmol H2O m- 2 s-1), and 

Ci/Ca ratio = internal and atmospheric carbon ratio. Means followed by the same letter in columns do not differ by the Scott - Knott test at 5% probability. 

 

 
Fig 1. Paradermic sections displaying stomata on the abaxial surface of Anthurium andraeanum cv. Rubi leaves grown in vitro in 

culture medium containing various concentrations of sodium silicate. a) Control, b) 0.5 mg L-1, c) 1.0 mg L-1, d) 2.0 mg L-1. 

 

cells. Alves et al. (2001) working with hybrid Trandescantia, 

reported lower thickness of the mesophyll on silicon-exposed 

plants, possibly due to a reduction in intercellular spaces. 

However, this reduction of leaf mesophyll has not been 

observed in any work performed with silicon-exposed plant 

grown in vitro (Braga et al., 2009; Asmar et al., 2011; Soares 

et al., 2012; Asmar et al., 2013). As noted in Figure 5, 

increased concentration of sodium silicate lead to reduced 

thickness of both abaxial and adaxial epidermis. The 

thickness of the midrib also displayed a marked decrease with 

increasing concentrations of  sodium silicate. This decrease 

may be due to the addition of sodium silicate to the culture 

medium, which is in agreement with Nwugo and Huerta 

(2008), who stated that the accumulation of silicon makes the 

leaf more rigid and straighter with a higher capacity for the 

interception of light, thereby increasing the efficiency of 

photosynthesis. In addition, as discussed for the leaf 

mesophyll, shorter cells may be produced due to stronger cell 

walls, reducing cell expansion (Currie and Perry, 2007; Dupy 

et al., 2010). The midrib of A. andraeanum shows one-

seriated epidermis on both adaxial and abaxial sides of 

leaves. The adaxial side of the midrib is concave and the 

abaxial side shows a convex structure. There is only one 

collateral vascular bundle showing phloem to the abaxial side 

and xylem to adaxial side. The vascular bundle is surrounded 

by ground parenchyma and some idioblasts containing 

crystals may be found (Fig 6). Brazilian Anthurium species 

have variable structure of the midrib, some species may show 

palisade parenchyma on the midrib and collenchyma on both 

adaxial and abaxial sides (Mantovani et al., 2010). The 

midrib in the leaves of Araceae plants is variable in structure 

and may be symmetrically shaped with a rounded, flattened, 

concave, or convex surface or both adaxial and abaxial sides 

(Keating, 2003).  The general structure of A. andraeanum 

midrib have some differences compared to previous 

described Brazilian species and this may be important to 

correct identification of this species. Anthurium andraeanum 

shows a more prominent midrib on the abaxial surface in the 

control treatment (Fig 6A). With the addition of sodium 

silicate to the culture medium, a noticeable change in the 

midrib size and thickness was evident, making the midrib 

more symmetrical on both surfaces (Fig 6B, C, D). The 

silicon-treated plants also reduced the curve angle in the 

adaxial side, producing  more flattened adaxial surfaces in 

these treatments (Fig 6B, C, D). Therefore, beside the midrib 

of A. andraeanum is slightly different from some Brazilian 

Anthurium species, the environment may change its structure 

and silicon promotes flattened and thinner midribs in this 

species. The presence of sodium silicate during the in vitro 

cultivation of the species studied in this work provided 

structural benefits that led to the plant developing without 

affecting its ornamental structure or its commercial value. 

Calcium oxalate crystals were found in leaves from plants 

grown under all treatments, crystals were represented by 

druses (star-shaped crystals) and raphides (needle-shaped 

crystals) (Fig 7). Those crystals were present in the cells from 

mesophyll and epidermis. This feature has been reported by 

Mantovani et al. (2010) and Mantovani and Pereira (2005). 

The occurrence of different types of calcium oxalate crystals 

has been described for members of the Araceae (Keating, 

2003). Keating (2002) has demonstrated that two or more 

types of crystals, can occur simultaneously in the same organ 

of plants in family Araceae, the author also emphasize that 

druses occur in Anthurium species. Because the presence of 

crystals in plants is listed as a defense mechanism against 

herbivores (Lucas et al., 2000; Xiang and Chen, 2004) and 

the crystals regulate the level of calcium in tissues (Volk et 

al., 2002), calcium oxalate crystals are recognized for their 

ecological importance. These structures also assist in the 

distribution of light to the chloroplast with the dissipation of 

excess light during periods of high radiation intensity 

(Franceschi, 2001). Additionally, some studies have 

demonstrated that excess calcium can be stored in the form of  
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Fig 2. Electron micrographs showing the wax deposition on the adaxial surface of leaves of Anthurium andraeanum cv. Rubi grown 

in vitro in culture medium containing following concentrations of sodium silicate: a) Control, b) 0.5 mg L-1, c) 1.0 mg L-1, d) 2.0 mg 

L-1. 

 

 
 

Fig 3. Leaf stomatal characteristics of Anthurium andraeanum cv. Rubi plantlets after 100 days of culture with different 

concentrations of sodium silicate. 

 

 

calcium oxalate and that this calcium can be remobilized 

under certain conditions (Volk et al., 2002). 

 

Characteristics of gas exchange 

 

Plantlet grown with different concentrations of sodium 

silicate showed significant differences in their photosynthetic 

and transpiration rates, stomatal conductance and internal 

CO2 concentrations. However, the ratio between internal and 

atmospheric concentrations of CO2 showed no significant 

differences. The internal CO2 concentration, transpiration rate 

and stomatal conductance were increased by the 

concentration of 0.5 mg L-1 sodium silicate, followed by a 

reduction in the higher silicon concentrations. However, the 

net photosynthesis data showed variations, were lower means 

were observed in the 0.5 and 2.0 mg L-1 sodium silicate but 

the 1.0 mg L-1 concentration showed data very similar to the 

control group (Table 1). Photosynthesis corresponds to the 

basic input energy to plants and is essential for growth, being 

directly connected to the leaf morphology (Castro et al., 

2009). Photosynthesis can vary by the environment of the 

plant, and the two main environmental limitations to the 

photosynthetic rate are the availability of CO2 and radiation 

(Zhou and Han, 2005). However, in vitro grown plants often 

show little photosynthetic capacity due to the heterotrophic 

medium providing external carbon sources such as sucrose 

(Capellades et al., 1991). The poor photosynthesis showed by 

in vitro plants may also be due to lack of functionality of 

stomata and photosynthetic tissues (Hazarika, 2006). 

Therefore, modifications in the net photosynthesis of A. 

andraeanum plants have showed variable results because of  
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Fig 4. Photomicrographs (a, b, c and e) of transversal sections of Anthurium andraeanum cv. Rubi leaves exposed to the following 

concentrations of sodium silicate. a) Control, b) 0.5 mg L-1, c) 1.0 mg L-1, d) 2.0 mg L-1. Electron micrograph (e) of a transversal 

section of the leaf from treatment of 0.5 mg L-1 of sodium silicate. Ep ada = adaxial epidermis; Msf= mesophyll; Ep aba= abaxial 

epidermis. Bars = 100 μm (a, b, c and d). 

 

 
 

Fig 5. Leaf anatomical characteristics of Anthurium andraeanum cv. Rubi plantlets after 100 days of culture with different 

concentrations of sodium silicate. 

 

 

 

the poor developed tissues as well as the heterotrophic culture 

medium. One of the most important environmental condition 

that in vitro plants face when are further transported to ex 

vitro environment is the lower water availability (Hazarika, 

2006). In that condition, must be able to control transpiration 

and reduce water loss. The reduction of transpiration and 

stomatal conductance showed by silicon-treated plants may 

be an important enhancement promoted by higher silicon 

concentrations because it may lead to more tolerant plants to 

ex vitro environment. Additionally, the changes occurring in 

the internal structure of the leaves are the determining factors 

in the acclimatization ability of species (Hanba et al., 

2002).These modifications promoted reduced water loss 

maintaining plant water status; this may be related to the 

higher epicuticular wax deposition observed in silicon treated 

plants.  

 

Materials and Methods 

 

Sources of explants 

 

Nodal segments of Anthurium andraeanum seedlings 

established in vitro were inoculated in Pierik medium (Pierik, 

1976) supplemented with 30 g L-1 sucrose and solidified with 

1.8 g L-1 PhytagelTM. Sodium silicate (Na2SiO3) was added to 

the culture medium at concentrations of 0.0, 0.5, 1.0 or 2.0 

mg L-1. The pH of the culture medium was adjusted to 5.8, 

and the medium was then autoclaved at 121°C and 1.2 atm 

for 20 minutes. Subsequently, the yolk contained in the nodal  
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Fig 6. Photomicrographs of transversal sections of Anthurium andraeanum cv. Rubi leaves showing the midrib at following sodium 

silicate concentrations: a) control, b) 0.5 mg L-1 c) 1.0 mg L-1 d) 2.0 mg L- 1. Bars= 100 µm. 

 

 
Fig 7. Electron micrographs (a and b) and photomicrographs (c and d) showing calcium oxalate crystals in Anthurium andraeanum 

cv. Rubi in vitro. Druses are shown in a and c figures in the treatment supplemented with 2.0 mg L-1 sodium silicate. Raphides are 

shown in b and d figures in the treatment supplemented with 1.0 mg L-1 sodium silicate. 

 

segments was inoculated into 400 ml flasks containing 50 ml 

of culture medium with the respective treatments in a laminar 

flow hood. 

 

Culture conditions 

 

The vials were maintained in a growth chamber with a 

photoperiod of 16 hours at 25 ± 2°C and a radiation rate of 

52.5 W m-2. After 100 days, we evaluated the parameters 

described below: 

 

Anatomical features 

 

The middle third of the second fully expanded leaves 

collected from 4 different plants per treatment were fixed in 

advance with F.A.A (formaldehyde - glacial acetic acid - 

70% ethanol at a ratio of 0.5: 0.5: 9 v-1) (Johansen, 1940) for 

72 hours and subsequently stored in 70% ethanol (v / v). The 

cross sections were obtained using a microtome table-type 

LPC and sectioned paradermic freehand using a steel blade. 

The sections were subjected to clarification with sodium 

hypochlorite (1%-1.25% active chlorine) and triple-rinsed in 

distilled water for 10 minutes. A safra-blue staining solution 

(0.1% astra blue and safranin 1% in 7:3 v-1) was used for 

cross sections, whereas 1% aqueous safranin was used for the 

paradermic sections (Kraus and Arduin, 1997). Subsequently, 

the sections were mounted on slides semipermanently. Slides 

were observed and photographed under an optical microscope 

(model Olympus BX 60, Olympus, Tokyo, Japan) attached to 

a Canon A630 digital camera (Canon Inc., Tokyo, Japan). 

The images were analyzed using the image analysis software 

UTHSCSA - ImageTool, and five fields per repetition for 

each variable were evaluated. We evaluated the following 

characteristics: the epidermal thickness of the abaxial surface, 

the thickness of the adaxial epidermis and the mesophyll 

thickness. To characterize the stomata, the stomatal density 

(number of stomata per mm2) and polar and equatorial 

diameters of the stomata were analyzed. 

 

Scanning electron microscopy  

 

Samples from the middle third of four leaves were fixed 

using the method of Karnovsky (Karnovsky, 1965), post-

fixed in osmium tetroxide (OsO4), dehydrated in increasing 

acetone solutions (30%, 50%, 70%, 90% and 100%) and then 

subjected to critical point drying using liquid CO2 as a 
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transition (Robards, 1978). Later, they were coated with gold 

(20 nm) and analyzed by scanning electron microscopy (LEO 

– EVO) following the protocol of Alves (2004). We analyzed 

the stomata and wax deposition in the leaf epidermis. 

 

Characteristics of gas exchange 

 

The photosynthetic and transpiration rates of the plants were 

evaluated using an infrared gas analyzer [(IRGA) model LI - 

6400 (Li-COR Biosciences, Lincoln, USA)]. To evaluate 

these variables, fully expanded leaves on four plants per 

treatment were selected and evaluated at 10:00 am. Flux 

density photosynthetic photons were fixed in an appliance 

chamber to 100 µmol m-2 s-1. 

 

Experimental design and statistical analysis  

 

A completely randomized design (CRD) with four 

treatments, four replications and 5 fields for anatomical 

analyzes the cross sections and paradermic sections was 

utilized. For gas exchange analysis four treatments and four 

replications was  performed. Data was submitted to one-way 

ANOVA and means compared to Scott-Knott test at 5% 

probability or regression analysis depending on data 

adjustment. The data were analyzed using the statistical 

program SISVAR (Ferreira, 2011) along with analysis of 

variance and data regression.  

 

Conclusions 

 

The addition of sodium silicate to appropriate medium led to 

the development of leaf tissues, and also the increase in the 

number of functional stomata of Anthurium andraeanum cv. 

Rubi. The addition of up to 1.0 mg L-1 sodium silicate 

promotes increased rate of photosynthesis rate of seedlings 

Anthurium andraeanum cv. Rubi. 
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