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An effective in vitro regeneration protocol is essential 
to improve the natural population of conservation-
prioritized plants species. The micropropagation tech-
niques are considered cost-effective if the survival 
chance of tissue-cultured plants is excellent in field 
conditions. Comparative foliar micromorphometric 
characteristics were analysed in this study, to deter-
mine the sequential developmental adaptations of  
foliages of Oldenlandia herbacea plantlets under in  
vitro and field conditions. The leaf constants showed 
considerable variations in stomatal morphology, type 
and density (decreased from 60.0 to 40.75), vein islet 
density (increased from 8.3 to 13.5) and raphides den-
sity (increased from 20.9 to 36.0) in the foliage of  
tissue-cultured and field-transferred plantlets. The 
micromorphometric changes reflect the developmental 
improvements taking place in the greenhouse and 
field transplantation of O. herbacea plants, which are  
essential for the survival of plantlets under natural 
conditions.  
 
Keywords: Foliar micromorphology, in vitro regenera-
tion, medicinal herb, micropropagation, Oldenlandia her-
bacea. 
 
OLDENLANDIA herbacea (L.) Roxb. (family Rubiaceae), 
commonly known as chayaparpatika, is considered as the 
most important medicinal plant for its febrifuge, anthel-
mintic, expectorant, stomachic and anti-inflammatory 
properties1. It is a seasonal plant which completes its life 
cycle in 3–4 months. Conventionally, this plant is propa-
gated only by seeds. The plants are being uprooted by the 
traditional drug practitioners before seed-setting; there-
fore, the population of Oldenlandia species has depleted 
sharply in recent years2.  
 In vitro regeneration techniques offer valuable pros-
pects in large-scale production of medicinal plants using 
bare minimum starting materials from the donor plant3. 
This also reduces the impact of over-exploitation on the 
native population of medicinal plants. However, the  
extensive use of in vitro technology is constrained due to 
difficulties in the survivorship of micropropagated plan-
tlets under natural conditions after transplantation4. 
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 The anatomical and physiological disorders induced by 
laboratory conditions hinder the growth and survival rate 
of plantlets in greenhouse and field conditions after 
transplantation5. The heterotrophic conditions of the in 
vitro environment enriched with sugar in the culture  
medium are known to induce morphological and physio-
logical changes in laboratory-grown plants6. The external 
supply of carbohydrates is responsible for reduced photo-
synthetic ability of in vitro-grown plants, which leads to 
reduction in survival rate during acclimatization7. 
 The leaf characteristics like stomatal type and density, 
veins and vein-islets density, trichomes, raphides, crys-
tals, etc. are directly responsible for the effective physio-
logical and anatomical developments taking place, while 
the in vitro regenerated plants are transferred to field  
environments. The variations in the intensity of light, 
temperature, relative humidity and carbon dioxide con-
centration from in vitro to in vivo environments affect the 
normal developmental processes of plants8. The ambient 
in vitro environments induce certain morpho-develop-
mental abnormalities in the foliar apparatus, which is  
involved in effective stomatal regulation and photosyn-
thetic efficiency of micropropagated plants9. These  
abnormalities must be corrected in the greenhouse before 
transplantation of in vitro-propagated plantlets to natural 
habitats. 
 The micromorphological and morphometric characte-
ristics of leaves are direct indications of environmental 
changes; therefore, the foliar micromorphometric analysis 
of micropropagated plants at subsequent stages may help 
understand the acclimation process4. This knowledge 
could further assist in proper handling of micropropa-
gated plantlets during field trials under stressful natural 
conditions. 
 This study is a comparative micromorphometric analy-
sis of leaves of tissue-cultured and naturally acclimatized 
plantlets of O. herbacea, to assess the range of similari-
ties and variations related to ecological adaptation of re-
generated plantlets. This could help increase the survival 
chances of tissue culture-raised plants during field trans-
fer.  
 Phenotypically healthy O. herbacea plants were col-
lected from undisturbed wild areas of the east coast of 
Puducherry (11.9416°N lat. and 79.8083°E long., altitude 
15 m amsl), India. In vitro shoots of O. herbacea were 
generated using nodal segments as explants. MS basal 
medium10 supplemented by 6-benzylaminopurine (BAP) 
was found optimum for induction of axillary buds and 
shoot proliferation from nodes. The rate of shoot prolife-
ration was accelerated by formulating MS medium with 
BAP, kinetin (6-furfurylaminopurine) and indole-3 acetic 
acid (IAA). Rhizogenesis of shoots was performed by in 
vitro and ex vitro methods using indole-3 butyric acid 
(IBA) and maintained in the greenhouse for four weeks. 
Acclimatization was achieved in the greenhouse and 
plantlets were successfully transferred to the field.  

 Foliar micromorphometric analysis was done at in vitro 
and field environments. Leaf constants such as stomatal 
pattern, frequency, density, index and type of stomata, 
and leaf architectural parameters, including venation pat-
tern and its density, density and type of trichomes, crys-
tals and raphides were studied. Leaves randomly selected 
from multiplication stage under laboratory conditions and 
from the field after six weeks of transplantation were sub-
jected to micromorphometric scrutiny11. The foliages 
from both environments were carefully collected from 
third to seventh leaves to compare the developmental 
adaptation to predict the possibility of survivability. Pa-
radermal sections were obtained manually using the stan-
dard method12 from the entire foliar apparatus to evaluate 
the developmental changes in leaf constants. Foliar archi-
tectural developments were studied by fixing the fresh 
leaves in formalin : acetic acid : ethanol fixative in the ra-
tio of 1 : 1 : 3 (v/v). The chlorophyll content was re-
moved by maintaining the leaves in 70% ethanol (v/v) for 
12–24 h and followed by 5% (w/v) NaOH for  
24–48 h. The treated leaves were washed thoroughly and 
used to study architectural parameters such as characte-
ristics of veins, trichomes, crystals and raphides. Finally, 
the leaf materials were stained with safranin for 5 min. 
Light-microscopic observations were used to describe the 
developmental adaptations of the leaves.  
 The significance of variance in each experiment was 
tested by one-way ANOVA. Data comparison was done 
by Duncan’s Multiple Range Test at P < 0.05 using SPSS 
software, version 16.0. The findings were expressed as 
mean ± standard error and the foliar micromorphometric 
parameters were calculated in micrometers (μm).  
 The foliar micromorphological studies of leaf constants 
such as stomatal type, frequency, stomatal density and its 
index, vein architectural pattern, vein density, trichomes, 
 
 

 
 
Figure 1. a, Frequency and density of stomatal apparatus on abaxial 
surface of leaves under in vitro conditions (US, underdeveloped stoma-
ta, CS, contiguous stomata). b, Frequency, orientation and density of 
stomatal apparatus on abaxial surface of leaves under field conditions. 
c, d, Enlarged view of stomatal apparatus under laboratory and field 
conditions showing anisocytic stomata (AS), paracytic stomata (PS) 
and paracytic with dicyclic subsidiary on one side (DS). (Scale bar = 
100 and 200 μm). 
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Table 1. Micromorphometric developments in the foliages of micropropagated Oldenlandia herbacea plants from in vitro to field conditions 

Quantitative micromorphometry (per mm2) Under laboratory conditions (mean ± SE) Under field conditions (mean ± SE) 

Stomatal density 60.0 ± 0.38 40.75 ± 0.20 
Stomatal index 30.76 ± 0.32 25.0 ± 0.29 
Number of vein-islets  8.3 ± 0.25 13.5 ± 0.33 
Number of veinlets terminations 7.99 ± 0.18 11.65 ± 0.14 
Raphide density 20.9 ± 0.19 36.0 ± 0.27 
Note: Values in each category are the quantitative mean ± standard error of 60 experiments. 
 
 

 
 
Figure 2. a, Photomicrograph representing poorly developed vein  
architecture in in vitro regenerated leaves under laboratory conditions. 
b, Enhanced leaf-vein density after field transplantation (VI, Vein-islet, 
VT, veinlet termination) (scale bar = 100 μm). c, Structure and density 
of raphides observed under in vitro environment (URP, underdeveloped 
raphides). d, Development of raphides (RP) under field conditions. 
 
 

 
 
Figure 3. a, Calcium oxalate crystals observed in leaves at the mul-
tiplication stage (UCR, underdeveloped crystals). b, Structurally ideal 
calcium oxalate crystals (CR) observed after field transplantation (scale 
bar = 200 μm). c, Simple and underdeveloped trichome with in vitro 
raised leaf. d, Well-developed multiple trichomes on the leaf surface of 
field-transferred plantlets.  
 
 
calcium oxalate crystals and raphide densities of O. her-
bacea under in vitro and field environment could contri-
bute significantly to understand the changes taking place 
in the leaves when the tissue culture-raised plantlets are 
shifted to natural habitats. 
 The light-microscopic studies of paradermal sections of 
leaves developed in the field environment showed the 
presence of compact, amoeboidal-shaped epidermal cells 

with wavy walls, whereas the epidermal cells of tissue-
cultured leaves were less wavy and unorganized. The 
leaves were hypostomatic with squarish and rectangular 
adaxial epidermal cells. In vitro leaves possessed irregu-
larly oriented stomata facing all the directions, but well-
developed stomata with regular distribution and facing 
almost the same direction were observed in the field-
transferred plants (Figure 1 a and b). Three types of sto-
mata, namely paracytic, paracytic with dicyclic subsidi-
ary on one side and anisocytic stomata were recognized 
in this species pertaining to the arrangement of the sub-
sidiary cells. Paracytic and anomocytic types of stomata 
were prevalent with the tissue-cultured foliages, but para-
cytic stomata were observed predominantly in field-
established plants (Figure 1 c and d). Stomatal abnormali-
ties like contiguous stomata and disorganized guard cells 
were detected under laboratory conditions (Figure 1 a), 
which were completely absent in the foliages of acclima-
tized plantlets under natural conditions. The stomatal 
density and stomatal index under in vitro environment 
were recorded as 60.0 and 30.76, which gradually de-
creased to 40.75 and 25.0 respectively, in field environ-
ment (Table 1). The presence of paracytic type of stomata 
in O. herbacea has also been reported by Bahadur et al.13. 
The stomatal density and their functions are directly  
influenced by external factors like intensity of light, con-
centration of CO2, etc.14. 
 Reticulate venation was observed in the foliage of O. 
herbacea. The vein-islets were open, polygonal-shaped 
and less dense (8.3) in the in vitro-grown leaves, but 
these were distinct and rhomboidal with higher density 
(13.5) in field-grown plants. The number of veinlet ter-
minations was fewer (7.99) and underdeveloped for in  
vitro leaves, but branched, fully developed and higher 
veinlet terminations (11.65) were exhibited in field-
transferred plants (Figure 2 a and b and Table 1). This  
indicates the development of distinct venation pattern 
during the hardening process by plants, which helps them 
survive under harsh environmental conditions. The for-
mation of veinlet terminations and closed venation  
pattern enhance the rate of photosynthesis and transport 
of minerals to the entire foliar apparatus, which help in  
acclimation of plantlets2.  
 The raphides and crystals in the foliages were made up 
of calcium oxalate (genus-specific). This feature of O. 
herbacea is common with other members of the family 
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Rubiaceae. The raphides in in vitro-regenerated leaves 
were small, underdeveloped and less frequent (20.9), but 
were well organized and increased in numbers (36.0) in 
the field (Figure 2 c and d, and Table 1). The crystal sand 
particles were large in size, more in number and distri-
buted equally in the leaves under field environment, but 
lesser number of sand crystals was observed in the in  
vitro-grown leaves (Figure 3 a and b). Calcium oxalate 
crystals were predominantly distributed in axial paren-
chyma. The biological activities of calcium oxalate cry-
stals in plants have been discussed in several studies15. 
The functions of these structures are related to calcium 
regulation and defence mechanism of the plants16. 
 The leaves of O. herbacea were glabrous with serrate 
papillate margins. Unicellular and uniseriate hairs were 
observed on the major veins (midrib) of abaxial surface 
of the leaves. These were totally absent on the secondary 
veins. Trichomes were well developed and more on the 
surface of the foliages developed after transplantation to 
natural conditions, but few underdeveloped trichomes 
were detected in the in vitro-raised leaves (Figure 3 c and 
d). The presence of hairs on the leaves provides a stable 
microclimate to reduce water loss from the leaf surface 
due to excessive solar radiation17. Therefore, the occur-
rence of well-developed trichomes on major veins may 
help control water loss directly from the vascular tissues 
of the leaves, and this may help in acclimatization of the 
plantlets.  
 The microstructural developments with the foliages of 
tissue-cultured and nature-acclimatized plants of O. her-
bacea have been described here. After acclimatization, 
the leaves developed abundant hairs, highly organized 
stomata and dense raphides, which confirmed the foliar 
micromorphological adaptation of plantlets of O. herba-
cea towards natural conditions. Thus, this study could 
help in estimating the survival percentage of micropropa-
gated plantlets under natural environments. 
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