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Abstract Maximum mortality of micropropagated plants occur during acclimatization phase because plantlets undergo rapid and 
extreme changes in physiological functioning, histological and biochemical changes. In order to investigate the actual reason of this 
limitation, test samples were collected at different stages of micropropagation of Aegle marmelos Corr. (In vitro stage, acclimation 
stage, and field established plants). The biochemical result showed that micropropagated plantlets produced significantly low total 
chlorophyll (0.042 mg/g fresh weight), reducing sugar (3.227%), NR activity (1.353 NO2/h/g fresh weight) and but higher protein 
(0.048 µg/g) during in vitro phase. The in vitro raised plants showed abnormal histological features like altered leaf mesophyll, 
absence of thick cuticle, sunken stomata, poorly developed stem and root histology. These results revealed that the photoautrophic 
mode of nutrition during in vitro phase increased the survival rate during acclimatization compared to photoheterotrophic mode of 
nutrition. This suggests that photoautotrophism phenemoneon has substantial influence on the physiology and development of in 
vitro regenerated Aegle marmelos Corr. plantlets. 
Keywords Histology, Parenchymous cells, Chlorophyll, Micropropagation and stomata 

Introduction 
Aegle marmelos Corr., belongs to family Rutaceae, is 
more prized for its pharmacological virtues than its 
edible quality. Because of pharmacological importance, 
it’s become potential candidate for developing 
transgenics to enhance its medicinal properties by 
researchers community (Pati and Muthukumar, 2013). 
But, commercial orcharding of Aegle marmelos Corr. 
despite its potential medicinal value, has not been 
taken up on large scale due to shortage of genuine 
planting materials for initial establishment of the 
orchard. Conventionally Aegle marmelos Corr., is pro- 
pagated through grafting which is season dependent 
with lower multiplication rate. Micropropagation 
technique has been developed in Aegle mormelos Corr. 
from mature tree through enhanced axillary branching 
for mass multiplication (Pati et al., 2008; Pati et al., 
2008a; Pati et al., 2008b; Raj and Basavaraju, 2012). 
However, high mortality of micropropagated plants 
during acclimatization and subsequently poor field 

establishment remains a major bottleneck in comme- 
rcealizing the micropropagation protocol to industry. 
During in vitro condition plants grow in an atmosphere 
with high relative humidity, low light intensity, reduce 
gaseous exchange and low transpiration rates.  

Plantlets often desiccate or wilt rapidly and finally die 
due to anatomical disturbances that affect the physiol- 
ogical process which includes, low photosynthetic rate, 
low transpiration rate, low uptake of water and 
minerals and high water loss during acclimatization. 
These anatomical and physiological disorders eventually 
affect the morphology of plantlets which lead to poor 
growth and low survival percentage of micropropagated 
plantlets (Kumar and Rao, 2012). Brainerd and 
Fuchigami (1982) reported that the characteristic 
inability of raised stomata to close upon removal 
could be corrected by acclimatization. Maren et al. 
(1970) observed that the reversion of stomata to 
functional state was achieved after removal from 
culture. Generally, in vitro conditions which promote 
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rapid growth shoot proliferation and plantlet developed, 
resulted certain abnormal characteristics such as 
altered leaf morphology and mesophyll structure, poor 
photosynthesis, sunken and malfunctioning stomata 
(Ziv, et al., 1986; Hazarika, 1996). In order to devise 
an efficient acclimatization procedure, it was imperative 
to investigate some of the crucial biochemical (total 
chlorophyll, reducing sugar, NR activity and protein) 
and histological changes during various micropropagation 
stages, which contribute towards growth and develop- 
ment of plants.  

1 Result and Analysis 
1.1 Biochemical analysis of regenerated plants 
The results revealed that a significant variation in 
biochemical parameters which were observed among 
the various culture stages. The chlorophyll (a, b and 
total) synthesis was recorded lower (0.022, 0.020 and 
0.042 mg/g) during in vitro phase, while higher 
chlorophyll levels (0.093 mg/g) was recorded during 
acclimatization. The in vitro plants showed lower level 
(3.22 mg/g) of reducing sugars than ex vitro grown 
plants. Highest NR activity (1.35×10-2 NO2/h/g fresh 
weight) was observed during in vitro phase, which 
decreased significantly during acclimatization. The 
protein levels remain low during acclimatization 
(0.048 µg/g) as compared to control plant (Table 1). 

1.2 Histological study of leaf 
Histology of acclimatized plant leaf (Figure 1B; 
Figure 1D) showed single layered epidermis with thick 

cuticle and well developed double layered palisade 
mesophyll. The lower side had spongy parenchyma 
with air spaces. Stomata were present in lower epidermis. 
The in vitro leaf histology showed single layered 
epidermis with almost no cuticle (Figure 1A; Figure 1C) 
on both adaxial and abaxial sides. The palisade 
parenchyma was single layered and poorly developed 
but the spongy parenchyma was prominent and well 
developed and the vascular tissue was observed to be 
poorly developed. It also showed few and open 
stomatal apparatus with fully turgid guard cells.  

1.3 Histological study of stem 
Both the in vitro stem (Figure 1E) and acclimatized 
stem (Figure 1F) had a polystelic structures. Vascular 
bundles were arranged in a ring and they were 
conjoint collateral and open. In the acclimatized stem 
cork cambium was well developed which was lacking 
in the in vitro stem. Both the in vitro and acclimatized 
stems had well developed parenchymatous pith but the 
pith was mucilaginous in the case of acclimatized stem. 
The acclimatized stem showed distinct secondary growth 
with well-developed wood and large woody vessels, 
while the in vitro stem showed primary medullary rays. 
The epidermis was uniseriate in both the cases, but it 
was covered with cuticle in the acclimatized stem, 
while no cuticle was present in the in vitro stem. The 
acclimatized stem showed distinct endoderm which 
was absent in the in vitro stem. The cortex was 
parenchymatous in the in vitro stem while it was 
collenchymatous in case of acclimatized Stem. 

Table 1 Biochemical analysis of nodal stem segment-regenerated plants of Aegle marmelos. Different letters within column indicate 
statistically different values according to Tukey’ test (p=0.05) 

Treatment 
 

Biochemical attributes 

Chlororophyll Reducing sugar (mg/g) Nitrate reductase  
assay (NO2/h/g FW) 

Protein 
(µg/g) 'a' 'b' 'a+b' (mg/g) 

In vitro 0.021d 0.019c 0.040b      3.117c        1.323a 0.046c 

Acclimatized 0.047c 0.044b 0.090b      4.727c        1.090b 0.027d 

Field grown 0.060b 0.055b 0.078b      7.210b        0.670c 0.061b 

Mother/control 0.125a 0.097a 0.222a      9.267a        0.320d 0.069a 

SE(m) ± 0.004 0.005 0.017      0.344        0.063 0.002 

CD (0.05) 0.013 0.016 0.056      1.138        0.209 0.007 

Note: Source: Pati et al., 2008b 
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Figure 1 Histological change during various cultural stages  
Note: A: Whole mount of in vitro leaf (8-weeks-old) showed open type stomata with fully turgid guard cell sl; B: Whole mount of 
acclimatized leaf (16-weeks-old) showed partially closed stomata; C: TS of acclimatized leaf; D: TS of in vitro leaf; E: TS of in vitro 
stem; F: TS of acclimatized stem; G: TS of in vitro root; H: TS of acclimatized Root; EC: Epidermal cell; GC: Guard cells; ST: 
Stomata; UE: Upper epidermis; CU: Cuticle; PP: Palisade parenchyma; SP: Spongey parenchyma; LE: Lower epidermis; EP: 
Epidermis; PC: Parenchymatus cell; PI: Pith; CC: Cortex cambium; VC: Vertical cell; CO: Cortex parenchyma; Scale bars=100 µm 
in panels C, D and H and Scale bars=400 µm in panels E, F and G respectively; T.S.: Transverse section  

1.4 Histological study of root 
The acclimatized plants root (Figure 1H) had a well- 
developed parenchymatous cortex which had tannin 
cells. Pericycle is made of stone cells and there was a 
prominent casparian strip. The vascular cylinder consisted 
of secondary xylem towards inner side and secondary 
phloem towards outer side. The secondary xylem showed 
wide vessels scattered among trachieds. Medullary 
rays were present while pith was negligible. 

While the in vitro root (Figure 1G) showed poorly 
developed and undifferentiated cortex with very less 
amount of storage tissue and no secondary growth at 
all, the pith was very poorly developed.  

Lowest sample area was observed in in vitro stem 
(10.32 mm2) while highest (19.81 mm2) in acclimatized 
root. Total thickness of the sample was ranged from 
(40.4~4.56 µm) with total thickness of the cell v/s par- 
enchymatus cells is also ranges from 1.56~1.97 (Table 2).

Table 2 Anatomical features of leaf, stem and root of in vitro and acclimatized plantlets 

Parameters In vitro 
leaf 

Acclimatized 
leaf 

In vitro 
stem 

Acclimatized 
stem 

In vitro 
root 

Acclimatized 
root 

Sample area (mm)2 10.34 10.98 10.32 18.82 11.43 19.81 
Total thickness (µm)   40.4 41.66 43.43 72.64 46.44 84.56 
Size of parenchymatus cells (µm) 20.84    24.4 21.42 46.52 23.52 51.2 
Width of palisade cells (µm) 3.2 5.6 - - - - 
Length of palisade cells (µm) 6.5    13.4 - - - - 
Length of spongy cell (µm) 3.7 5.8 - - - - 
Width of spongy cell (µm) 6.9 10.11 - - - - 
Thickness/P. cells (µm)  1.93  1.70  1.88   1.56   1.97   1.65 
 p0.05  0.92  0.68  0.98   0.66   0.93   0.54 

Note: (-) = Absent
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2. Discussion 
2.1 Biochemical analysis 
During in vitro phase, it is generally seen that the 
protein production is low because regenerated plants 
were photosynthetically inactive therefore protein 
biosynthesis requirement remains high (Preece and 
Sutter, 1991; Seon et al., 2000). Lower chlorophyll 
levels of in vitro plants clearly suggest lower or 
negligible rate of photosynthesis due to heterotrophic 
mode of nutrition that ultimately limits the biosyn- 
thesis of protein.  

During acclimatization in vitro plantlets encounters 
severe stress condition. The stress response is exhibited 
in the form of culture reduction and production of heat 
shock proteins or stress proteins. A decrease in soluble 
protein content with increasing temperature has been 
observed in other species (Zhou et al., 1995). Therefore 
it may be concluded that supplementation of essential 
nutrients during acclimatization and photoautotrophic 
development of micropropagated plant has increased 
survival rate. In vitro plants also showed higher levels 
of reducing sugars because during micropropagation 
carbohydrate reserves are built up in leaves by 
manipulating sucrose in shoot multiplication stage prior 
to acclimatization. NR is one of the most important 
metalloflavoprotein regulatory enzyme associated 
with the process of nitrate assimilation and plant 
growth which was observed with highest activity in 
vitro phase, which significantly decreased during 
acclimatization. Since, NR is substrate inducible 
enzyme (Haynes, 1964); the presence of high amount 
nitrate substrate in tissue culture medium probably 
augments the NR activity during in vitro phase.  

2.2 Histological studies  
Histological studies of in vitro grown plantlets showed 
that leaves had more frequent, smaller elongated 
stomata, more irregular shaped epidermal cells and 
thin as well as poor developed spongy and palisade 
parenchyma then the ex vitro plantlets (Yand and Yeh, 
2008). Moreover, the leaf surfaces of micropropagated 
plants were more wettable, suggesting less epicuticular 
wax deposition on them. These findings suggest that 
the possible factors those influencing the hardening of 
plants during the last phases of micropropagation 
(Gribaudo et al., 2003; Hazel and Harry, 1982). Generally 

in vitro conditions cause rapid growth and shoot 
proliferation, thus the plantlet developed shows 
certain abnormal histological features like altered leaf 
mesophyll, absence of thick cuticle, sunken or functi- 
oning stomata and poor water transport (Majada et al., 
1998). Lack of prominent cuticle is a regular feature 
of in vitro plants and this was proved by the 
investigation. This cuticle and epicuticle are primary 
centers for containing water permeability (Pospisilova 
et al., 2000); this is therefore a major feature leading 
to excessive water loss and poor survival rate upon 
transpiration. Our findings are in accordance to earlier 
reports of Kortemios and Artemios (1997) where in 
they have reported that Mg2+ and sucrose in the 
medium influenced the relative size of mesophyll cells, 
number of chlorophyll and presence of starch grains. 
The addition of sucrose to the substrate media 
negatively affected the size of the mesophyll cells 
under normal Mg2+ concentration (35 mg/L), and 
positively under high Mg2+ concentration (105 mg/L). 
Sucrose further resulted in an increase in the numbers 
of chloroplasts and contained starch grains.  

Earlier, Rotondi and Predieri (1996) reported that 
highest chlorophyll ‘a’ and ‘b’ contents were recorded 
in leaves of pear cultivars viz. Abbe Fetel and Passe 
Crassane compact types which also exhibited higher 
photosynthetic efficiency. During acclimatization tran- 
sitional forms of leaves, petioles, stems and roots 
develop that ranged histologically from culture-to 
control-type. This trend is analogous to the normal 
developmental sequence of organ formation as it 
affects the potential for development of successively 
formed organs (Danielle et al., 1985). Notable changes 
in leaf histology of bael was observed during different 
in vitro stages as well as after transferring plantlets to 
soil. The leaf size increased gradually during microp- 
ropagation stages. Similar observations were reported 
by Brutti et al. (2002) and Apostolo et al. (2005) in 
Cynara scolymus L. leaves. The in vitro raised plantlets 
shows poorly developed root histology with no cork 
cambium, but a single layered epidermis with cortex 
around the vascular cylinder and vascular bundles 
were very poorly developed (Petrus-vancea, and Sipos, 
2010). Non-mucilaginous pith was more prominent, 
but the xylem parenchyma and fibers were less, making 

https://www.researchgate.net/publication/286435160_Uptake_and_Assimilation_of_Mineral_Nitrogen_by_Plants?el=1_x_8&enrichId=rgreq-0a8fdf85e2c14de79fb5494d81b647ae-XXX&enrichSource=Y292ZXJQYWdlOzIzNjg2MzA0NDtBUzoxMDIzNTIxNjE4Njk4MzdAMTQwMTQxNDA2NTkwNw==
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the in vitro raised plantlets more fragile than the 
acclimatized plantlets. These histological and bioche- 
mical observations in in vitro plantlets on comparison 
with ex vitro plantlets suggest that some procedural 
changes are necessary for acclimatization of these 
plants. The successful acclimatization of plantlets may 
require the full development of leaves, which may 
largely depend on the rooting stage. This means that in 
vitro hardening is important and in the present study, 
we had attempted to select better-suited plants for 
micropropagation. The supplementation of essential 
nutrients (½ strength MS plant salt mixture) during 
acclimatization resulted in increases survival rate 
proving that photoautotrophic phenomenon has 
substantial influence on the physiology and develop- 
ment in in vitro regenerated bael plantlets. 

3 Materials and methods 
3.1 Explant and growth conditions 
Three centimeter long nodal stem segments excised 
from mature tree having at least one axillary bud was 
used for in vitro regeneration of Aegle marmelos Corr. 
The nodal explants were washed thoroughly with 2~3 
drops of Tween-20 (a liquid detergent) and were 
rinsed in running tap water for 30 minutes. Explants 
were treated with 5.24 µM carbendazime + 303.5 µM 
rifampicin in 100 mL of distilled water and 2~3 drop 
of Tween-20 for 1 hour in order to disinfect. To over- 
come the problem of in vitro oxidative browning, the 
explants were given a pre-treatment with an antioxidant 
solution comprising ascorbic acid (566 µM), Polyviny 
lpyrollidine (250×10-2 µM) and citric acid (474.8 µM) 
for 1 hour. Micropropagation protocol of Pati et al. 
(2008a; 2008b) was followed to regenerate plantlets of 
Aegle marmelos Corr. 

Eight-week-old rooted plantlets were removed from 
agar and thoroughly washed using distilled water and 
transferred to culture bottles (450 mL volume) containing 
coconut husk. supplemented with ½ strength MS plant 
salt mixture (Hi-Media, India). Initially the culture 
bottles were incubated in the culture room under at 
4000 lux photo intensity maintained at 25 2℃ tempe- 
rature for about 15 days, and then shifted to plant 
growth chamber where, illumination was increased to 
10 000 lux with high humidity (70%~80%). The 
plantlets were then shifted to shade net house (50% 

shade) provided with misting. The caps of the bottles 
were loosened gradually and the plants were shifted to 
pots. Once the plants developed 4~6 leaves, they were 
shifted to field during the month of July and August.  

3.2 Biochemical Studies 
The regenerated plantlets of Aegle marmelos Corr 
were analyzed for different biochemical parameters viz. 
chlorophyll, reducing sugar, nitrate reductase activity 
and protein at various regeneration stages (in vitro, 
acclimatized, field established and control). 500 mg 
leaf samples were collected from each regeneration 
stages and used for the biochemical study. The 
chlorophyll (a, b and total) was estimated as per the 
method described by Arnon (1949). The reducing sugar 
was estimated by the method suggested by Ranganna 
(1986). Nitrate reductase (NR) activity was measured 
by the method of Srivastava (1975). The total soluble 
protein was estimated as per the method suggested by 
Lowery et al. (1951). For all biochemical studis observ- 
ence were measured by DyNA Quant 200 UV-visible 
spectrophotometer (Chemito UV-2010, Pvt. Ltd.). 

3.3 Histological examination 
For histological studies, 0.5 cm2 leaf, stem and root 
samples of were collected from various cultural stages 
(8 weeks old in vitro and 16 weeks old acclimatized 
plants) and fixed into FAA [Formaldehyde (5 mL): 
Acetic Acid (5 mL): ethanol (90 mL)].  The fixed 
samples were washed thrice with sterile double 
distilled water followed by blotted dry on sterile tissue 
paper. Then fixed samples were dehydrated through 
the series of t-butyl alcohol in ascending order (30% 
to 100%). The samples was passed through the 
gradated ethanol:xylene mixtures (100% t-butyl 
alcohol, 3:1, 1:1, 1:3 and 100% xylene) using automatic 
tissue processor electra (Yarco-YSI 104) and embedded 
in molten paraffin wax ( melting point 56℃) for 8 hrs 
in order to completely replace the xylene with paraffin 
wax. 15 m thin sections were cut using microtome 
(Microm, HM 350S) and stained in 0.1% aqueous 
toluedine blue O as described by Jensen (1962). The 
slides were observed under stereoscopic microscope 
(Leica DFC 320, Japan). 
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