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ABSTRACT  

Security investment is a complex task which requires a careful examination of all available financial 

instruments which gives the investors a better return. Investment in financial securities involves certain degree 

of risk depending on many crucial factors like the change in economic conditions, industry specific 

components and the corporate performance. An investor can directly make investment in a single security or 

can go for investment in a group of securities. When compared with investment in a group of securities, single 

security investment is riskier as the entire money will be lost in case of any loss occurring to the company. 

Here arises the relevance of portfolio construction. Portfolio gives the investor an opportunity to invest in a 

group of securities and will help to reduce the degree of risk through diversification strategy. Portfolio 

construction and management will allow the investor to accomplish the basic objective of investment more 

efficiently. Investment objectives can be stable return, liquidity of investment, tax exemptions, Capital 

appreciation etc. Choice of securities in a portfolio depends upon the risk tolerance of each investor.  The risk 

involved in each security is different and it can be reduced through creation of a portfolio.  

Keywords: Diversification, Markowitz model, Portfolio construction, Return, Risk. 

 

INTRODUCTION 

The main purpose behind construction of a portfolio is to reduce the risk proportion and increase the collective 

returns from each security. Some investors create a portfolio to take advantage of tax exemptions, marketability 

and to generate a good return. The first step in portfolio construction is to measure the risk appetite of 

investors. Certain category of investors is ready to take up risk but some are risk-averse. After measuring the 

level of risk, investor can move to the process of asset allocation. Asset allocation is the task of choosing 

securities by comparing the financial instruments available in the market. Investors has wide class of choice in 

financial assets. There are traditional and alternative assets. Traditional assets are stocks, bonds, cash and cash 

equivalents. On the other hand, alternative assets include commodities, insurance products, derivatives etc. 

While selecting securities proper analysis about the company, industry and economy should be made to avoid 

loss of money. There are different types of portfolios like patient portfolio, aggressive portfolio, conservative 

portfolio, efficient portfolio etc. These classifications are done to suit different types of investors based on their 

risk potential. Selection of portfolio can only be done by analyzing the equity market, type of diversification 

strategy, knowledge and skill of investor, market regulatory issues and the amount of fund that investor is 

willing to invest. Fundamental analysis or technical analysis can be adopted while constructing a portfolio. 

Fundamental analysis studies the various factors relating to the economy, industry and company from which 

investor choose the security and technical analysis deals with the price movements represented through charts 

and patterns. Investors can follow an active or passive investment strategy. In Active investment strategy, 

frequent changes will be made in the portfolio based on market fluctuations whereas in passive investment 

strategy only rare changes will be made if necessary otherwise investors hold it until maturity. There are two 
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methods that investor can use to construct a portfolio which is traditional method and modern method. Under 

traditional portfolio method investor must analyze the constraints, determine the investment objective, select 

asset for portfolio, assess risk and return and then diversify by purchasing securities from different sectors. 

Modern portfolio method also has the same pattern but it includes the use of various statistical measures for 

risk-return analysis and based on the result portfolio is constructed. This research paper is an attempt to find 

out the realization that investors have towards portfolio construction by drawing attention to Markowitz’s 

Modern Portfolio Theory. 

 

MARKOWITZ PORTFOLIO THEORY 

Dr. Harry M Markowitz propounded this theory in the year 1952.This theory emphasizes on creating an 

efficient portfolio which will help the investor to reduce risk up to a given level with high returns. Markowitz 

model is also known as Modern portfolio theory or Mean-variance analysis. This model portrays the measures 

that can be used effectively to know the risk-return characteristics of each security. Markowitz uses various 

statistical methods to select asset that will produce an efficient portfolio. This theory is applicable based on 

certain assumptions which is framed by Harry Markowitz. The core element of this model is diversification 

strategy that will balance the total risk in the portfolio. Through diversification investor get an opportunity to 

select different financial instruments from different industries. While diversifying portfolio investor should 

analyze the systematic risk and unsystematic risk of individual security. Systematic risk is the common market 

risk that affects all securities equally and it cannot be reduced through diversification but, unsystematic risk 

includes the factors that specifically affect a single asset and it can be reduced through diversification. 

Markowitz model is one of the important portfolio selection models where the term risk is used synonymously 

with volatility. Volatility represents the uncertainty in the value of a security. If a security has more volatility 

then it depicts that there is more risk involved. Modern method of portfolio construction uses statistical 

measures like standard deviation, variance, covariance and correlation to measure the exact risk of portfolio.  

These measures study the inter-relationship between each security that make up the portfolio. The key concept 

of Markowitz model is efficient frontier. Efficient frontier is the best combination of securities that will give 

higher return at a given level of risk or minimum risk for a given level of return. It is plotted on a risk return 

graph and a line is drawn to join all the corners of a portfolio. The line drawn by connecting all portfolios is the 

efficient frontier. 

Assumptions of Markowitz portfolio theory 

  Investors are rational. 

  Investors have free access to fair and correct information on the return and risk. 

  Market is efficient and absorb the information quickly and perfectly. 

  Investors are risk averse and try to minimize risk and maximize return. 

  Investors choose higher returns to lower returns for a given level of risk. 

  Investors base decision on expected returns and variance or standard deviation of these returns from the 

mean. 

Markowitz model uses the mean variance criterion for construction of portfolio and analysis the risk and return 

of individual security and then the risk-return characteristics of group of securities to find out whether it will 

reduce the overall risk of portfolio. This model includes the principle of risk, principle of diversification and 

principle of trade-off between risk and return. Risk is the change in security price that leads to decrease in 

expected return and the fluctuations in returns is properly explained in Markowitz model through use of 

standard deviation and variance. This model also uses correlation method to study the inter-relationship among 

securities in portfolio. If securities are negatively correlated then the portfolio help to reduce the risk 

considerably and if there is positive correlation then there is more risk. Thus, Harry Markowitz’s Modern 

portfolio theory specifies that portfolio construction will provide help in reducing risk if there is negative 

correlation between the securities.  
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OBJECTIVES 

1.  To study about the awareness level of investors towards portfolio construction. 

2.  To know the method followed in constructing portfolio. 

3.  To study the awareness about Markowitz Portfolio Theory. 

4.  To identify the problems faced during portfolio construction. 

 

SCOPE AND SIGNIFICANCE 

This study is done to understand whether investor follow traditional or modern portfolio construction method 

and do they have proper knowledge in creating a portfolio. This study aims to analyze the awareness that 

investors have while investing in a portfolio and the problem that they face in framing a portfolio. Portfolio 

construction and management is a complex task which requires adequate knowledge about the security market. 

This research attempts to bring forward one of the most acceptable portfolio selection models that will best suit 

a risk averse investor. So, the main focus of this research study is to determine the importance of constructing a 

portfolio by following Markowitz portfolio theory.  

RESEARCH METHODOLOGY 

This research study is descriptive in nature and the sample size of the study was 100. Convenient sampling is 

used for selecting the respondents from Calicut district, Kerala. Both primary and secondary sources were used 

for data collection. Primary data was collected through questionnaire to know the awareness about Markowitz 

model while making investment. Secondary data collection was done through internet, books and websites. 

Data is analyzed through percentage analysis and charts. 

DATA ANALYSIS AND INTERPRETATION 

 

Figure 1 showing the age wise classification of respondents 

 

 
 

Interpretation: Majority of respondents fall between the age of 30-40, 35% of respondents between the age 

40-50, 15% below 30 and 5% above the age 50. This shows that the majority of respondents under study are 

youth. 
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Figure 2 showing awareness towards portfolio construction 

 

 

Interpretation: More than 60% of respondents are aware about the procedure to create a portfolio while 

investing in security market and 40% of the respondents are not much aware about constructing portfolio. 

 

Figure 3 showing method used to construct portfolio 

 

Interpretation: Almost 75% of the respondents follow traditional method and 25% of respondents follow 

modern method which is also known as Markowitz model. 
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Figure 4 showing realization of investors about Markowitz model 

 

 

Interpretation: More than 65% of respondents are not aware about Markowitz portfolio model, 25% of the 

respondents are aware about Markowitz model and is following this method while constructing the portfolio 

and 10% has chosen neutral option. 

Figure 5 showing problem faced while constructing portfolio 

 

Interpretation: Majority of respondents are not aware about the correct method to be followed while 

constructing a portfolio, 25% of respondents feels that lack of knowledge is the problem, 20% selected the 

option fear of choice as a problem during construction of portfolio and 10% have less awareness about risk-

return characteristics of securities which is an obstacle in creating a portfolio. 
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Figure 6 showing the type of investment strategy adopted 

 

 

Interpretation: Almost 58% of respondents have adopted active investment strategy which means they are 

revising the portfolio alternatively based on fluctuations in price and 42% follow passive strategy which 

depicts that they hold their securities until maturity without considering the price changes in the security 

market.  

 

 

 

FINDINGS 

 Most of the respondents under study belongs to the age group of 30-40 

 Majority of the respondents are aware about construction of portfolio. They have conducted proper 

study about the factors to be considered during portfolio creation. 

 Active investment strategy is the pattern followed by many respondents. 

  Almost 75% of respondents are using the traditional method in constructing portfolio which shows the 

lack of knowledge they have about Markowitz model. 

 Almost 65% of the respondents does not have awareness about Markowitz portfolio theory, this clearly 

shows that majority of respondents are not using modern portfolio method in creating an efficient 

portfolio to minimize risk component. 

  Majority of respondents feels that less awareness about the correct approach to be followed is the 

major obstacle in constructing and managing a portfolio. 
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CONCLUSION 

 

Earlier portfolio construction was done on the bases of intuitions of investors but now there are wide 

usage of portfolio selection models like Markowitz model, Sharpe single index model, capital asset 

pricing model etc. which are used to analyze the risk-return characteristics of each security within a 

portfolio. Traditional method or Modern method can be used to create a portfolio. Traditional portfolio 

method measures the risk and return of securities and does not study the correlation between securities 

but modern portfolio theory studies the correlation between each security in a portfolio by applying 

diversification strategy.  This study is concerned with identify the acceptance and relevance that 

Markowitz portfolio theory has in portfolio construction. Markowitz model also known as Modern 

portfolio theory emphasize on the creation of an efficient portfolio which maximizes return at a given 

level of risk. By following this theory investor can optimize his portfolio by selecting the best portfolio 

out of the set of all portfolios.  Respondents under the study have good knowledge about constructing a 

portfolio. This research study reveals that majority of respondents under study does not have a proper 

knowledge and awareness about the Modern method of portfolio construction which is also called 

Markowitz portfolio theory.  
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ABSTRACT: This study reports the in vitro germination of self-pollinated pod of Vanilla siamensis, native to Thailand.
The aim of the present work is to determine the effect of culture media and plant growth regulators on seed germination
and plantlet regeneration. The vanilla seeds were asymbiotically germinated on different culture media under aseptic
conditions. The results showed that, New Dogashima medium (NDM) supplemented with 2% (w/v) sucrose, 15%
(v/v) coconut water (CW) and 0.7% (w/v) agar gave the highest levels of seed germination at 10.1%. The fastest and
highest percentage seed germination was achieved using NDM supplemented with 2 mg/l gibberellic acid (GA3). Seeds
on this culture medium germinated within 7–8 weeks in comparison with 10–11 weeks on culture medium without
plant growth regulators. Protocorms were transferred to different culture media with various concentrations of 6-
benzyladenine (BA) to assess the protocorm development. The results revealed that ½ Murashige and Skoog (½ MS)
medium gave the higher result in survival rate of protocorm than NDM. ½ MS medium with 0.5 mg/l BA was suitable
for shoot formation. Plantlet development was completed after subculturing on ½ MS medium supplemented with
0.5 mg/l α-naphthaleneacetic acid (NAA) for 8 weeks and successfully acclimatized at 91.7%. The protocol outline
here can be used for mass propagation of this endangered species and used as a guideline for improvement of V. siamensis
and its in vitro conservation.

KEYWORDS: Vanilla siamensis, seed germination, orchidaceae, protocorm, shoot induction

INTRODUCTION

The genus Vanilla is a cosmopolitan genus of orchid
found throughout tropical regions. Although the
genus is comprised of 110 species, the commer-
cial vanilla production is mostly made up from the
Vanilla planifolia which is originated from Mexico.
Vanilla is commercially cultivated for its pods and its
extract is used for flavouring [1]. While V. planifolia
is originated in Mexico, it is now widely cultivated
in many other countries including Madagascar, In-
donesia, the Philippines, Papua New Guinea, Fiji,
Jamaica, Costa Rica and Peninsular India, which
make up 90% of the world’s production [2]. The
product of vanilla, vanillin, is widely used in a va-
riety of industries including food, pharmaceuticals
and cosmetics [3]. It is the second most expensive

spice in the world after saffron. In addition, vanilla
is unique within the Orchidaceae as it is the member
of the family to produce edible fruits.

Within South East Asia, V. siamensis (Rolfe ex
Dawnie) is one of the many thick-leafed species
among five species found in Thailand (others are
Vanilla albida, Vanilla aphylla, Vanilla griffithii and
Vanilla pilifera) [4]. Flowers of V. siamensis can be
differentiated from other species by the presence
of finger-like hairs at the apex of the labellum.
Within Thailand, V. siamensis is locally abundant
in evergreen, dry evergreen and tropical forests,
at 500–1200 m above sea level [5]. V. siamensis
like other species of vanilla, it produces a climbing
vine that will climb up the trunk into the canopy
before cascade downward. However, anthropogenic
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pressures have resulted in the rapid decline in the
natural habitat and as a consequent a reduction in
the number of V. siamensis. According to the dec-
lination of this species it is worth for conservation
for further use as important biomedical products.
Recently, it has been shown that extracts from the
fruits of V. siamensis exhibit characteristic effects
of a natural bone promoting compounds such as
phytoestrogen [6].

Generally, vanilla is propagated by stem cutting
of mature vine. By this method, variation of vanilla
for further improvement is not feasible. Continuous
clonal propagation leads to monoculture making
vanilla susceptible to diseases and pests [7]. At
present, the application of biotechnological tools to
questions concerning vanilla has focused mainly on
the development of in vitro multiplication methods
as alternative propagation and germplasm storage
in vitro [8]. For breeding purposes, vanilla can
be grown from seeds [9–11]. Thus, in vitro seed
germination is necessary due to low seed produc-
tion, hard seed coat and low germination under
natural conditions. Standardization of tissue culture
technique can be used to solve those problems of
propagation [12, 13]. At present, the in vitro ger-
mination and plantlet regeneration of V. siamensis
are still limited, however a better understanding
of the technique can be used for the improvement
and in vitro conservation of vanilla. The aim of the
present work is to study the effect of culture media
and plant growth regulators (PGRs) on vanilla seed
germination and plantlet regeneration.

MATERIALS AND METHODS

Chemicals and materials

GA3, BA and NAA were purchased from Sigma-
Aldrich (St. Louis, MO, USA). AC was from DC Fine
Chemicals, Spain. CW and coconut husk were
obtained from coconut palms planted in Khlong Hoi
Khong Reserach Station, Prince of Songkla Univer-
sity. The compost mixture containing top soil and
green waste was obtained from Khlong Hoi Khong
Reserach Station, Prince of Songkla University.

Plant materials

Vanilla beans were collected from Chiang Mai Uni-
versity in Chiang Mai province, northern Thailand.
Green vanilla beans were harvested at 10 months
after hand pollination. They were cleaned by wash-
ing with running tap water for a few minutes, then
cut open vertically and the seeds were removed and
placed onto filter paper. The seeds were surface ster-

ilized by dipping in 15% (v/v) sodium hypochlorite
(NaOCl) solution containing 0.5% (v/v) Tween 20
for 10 min, after which the seeds were then rinsed
three times with sterile distilled water.

Effect of culture media on seed germination

To determine the influence of culture media on seed
germination subsequent to protocorm development,
sterilized seeds were placed onto New Dogashima
medium (NDM) [14] or ½ Murashige and Skoog
(½ MS) [15] or Vacin and Went (VW) [16] medium
supplemented with 2% (w/v) sucrose, 15% (v/v)
coconut water (CW) and 0.7% (w/v) agar, with or
without 0.2% (w/v) activated charcoal (AC). After
culture for 10 weeks, percentage of seed germina-
tion was calculated from the number of germinated
seeds divided by the total number of cultured seeds
and multiplied by 100. All experiments consisted of
three independent replicates with 10 culture bottles
per replicate, 60 seeds per bottle.

Effect of plant growth regulators (PGRs) on
seed germination

Based on the results of the previous experiments,
the most suitable medium was selected and used
for further investigation. To determine the influence
of PGRs on enhancement of seed germination fre-
quency, vanilla pod was clean by the same processes
as mentioned in the previous experiment. The
sterilized seeds were then placed onto NDM sup-
plemented with 2% (w/v) sucrose, 15% (v/v) CW,
0.7% (w/v) agar and various concentrations (0, 1,
2 mg/l) of gibberellic acid (GA3) or 6-benzyladenine
(BA). After culture, seed data was recorded every
week. Percentage of seed germination was calcu-
lated as above. All experiments consisted of three
independent replicates with 10 culture bottles per
replicate, 60 seeds per bottle.

Effect of culture media on survival rate of
protocorm

To determine the influence of culture media on
survival rate of protocorm, protocorms obtained
from NDM supplemented with 2 mg/l GA3 were
transferred to NDM or ½ MS medium supplemented
with 2 mg/l BA, 2% (w/v) sucrose, 15% (v/v) CW
and 0.7% (w/v) agar. After culture, percentage
of survival rate of protocorms was recorded every
week. All experiments consisted of three indepen-
dent replicates with 8 culture bottles per replicate
and 4 protocorms per bottle.
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Effect of concentrations of BA on shoot
induction

To determine the influence of concentration of BA
on shoot induction, the protocorms were trans-
ferred to ½ MS medium supplemented with various
concentrations of BA (0, 0.125, 0.25, 0.5, 1.0,
2.0 mg/l), 2% (w/v) sucrose, 15% (v/v) CW and
0.7% (w/v) agar. After 8 weeks of culture, percent-
age of protocorm forming shoots was calculated. All
experiments consisted of three independent repli-
cates with 8 culture bottles per replicate and 4
protocorms per bottle.

Effect of concentrations of naphthaleneacetic
acid (NAA) on root induction

To determine the influence of concentrations of NAA
on root formation, the shoots of 1.5–3 cm in height
were transferred to ½ MS medium supplemented
with various concentrations of NAA (0, 0.25, 0.5,
1.0, 2.0 mg/l), 2% (w/v) sucrose, 15% (v/v) CW
and 0.7% (w/v) agar. Percentage of shoot with roots
and number of roots per shoot were recorded after
8 weeks of culture. All experiments consisted of
three independent replicates with 8 culture bottles
per replicate and 4 shoots per bottle.

Culture conditions

All cultures were maintained at 25±1 °C under a
16 h photoperiod with light supplied by cool-white
fluorescent lamps at an intensity of 10 µmol m−2s−1

photosynthetic photon flux density (PPFD).

Acclimatization of plantlets

The in vitro plantlets with well-developed roots
were removed from culture vessel, washed thor-
oughly in running tap water to remove residual
agar medium before transfer to sand:compost mix-
ture:coconut husk (1:1:2) in 4-inch plastic pots.
The plants were grown in a shaded house under
80% shading with three replications (24 plants per
replication). Percentage of survival plantlets was
recorded after 8 weeks of transplanting.

Statistical analysis

The experiments were set up in completely random-
ized design (CRD). The test of significant differ-
ences among treatments were subjected to ANOVA
and determined using Duncan’s multiple range test
(DMRT). All statistical analyses were performed
using the R Software, version 2.14.0.

Fig. 1 Percentage of seed germination after culturing
on different culture media with and without activated
charcoal (AC) for 12 weeks. Bars correspond to standard
error (SE) of means. Values with different letters are
significantly different (p ¶ 0.01).

RESULTS

Effect of culture media on seed germination

After 12 weeks of culture, seed germinated from all
tested culture media was observed, but the percent-
age of germination significantly differed. The seeds
cultured on NDM supplemented with 2% (w/v)
sucrose, 15% (v/v) CW and 0.7% (w/v) agar gave
the highest level of seed germination (10.1%). In
the same culture medium, seed germination rate in
the medium without AC was higher compared to
medium containing 0.2% (w/v) AC (Fig. 1). The re-
sult indicates that, the germination process started
approximately about 9 weeks after culturing. After
this period the embryo continued growing larger,
seed coat would burst and embryo emerged from the
seed coat and rhizoids appeared (arrow) (Fig. 2a-
b). Twelve weeks after culturing, protocorm with
shoot apex and leaf primordial continued to grow.
When the protocorm reached about 2 mm in length,
it turned into green color (Fig. 2c-d).

Effect of plant growth regulators (PGRs) on
seed germination

The effect of PGRs on seed germination after cul-
turing on NDM supplemented with 2% (w/v) su-
crose, 15% (v/v) CW and 0.7% (w/v) agar were
shown in Fig. 3. The fastest and highest levels of
seed germination were obtained on this medium
supplemented with 2 mg/l GA3. Seeds on GA3
containing medium germinated within 7–8 weeks in
comparison with 10–11 weeks on the same medium
without plant growth regulators. After 10 weeks of
culture, the highest percentage of seed germination
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Fig. 2 Germination of vanilla seeds on NDM showing the enlargement of embryo and rhizoids (arrows) formed on the
surface of the protocorm after 10 weeks of culture (a), 11 weeks of culture (b), development of protocorm with shoot
apex (arrow) after 12 weeks of culture (c-d) (bar= 2 mm).

Fig. 3 Percentage of seed germination after culturing
on NDM supplemented with various PGRs at different
concentrations for 10 weeks. Bars correspond to SE
of means. Values with different letters are significantly
different (p ¶ 0.01).

was observed (18.2%). Both concentrations of GA3
were equally effective on seed germination but far
different from that obtained from BA and PGR-free
containing medium. The seed germination rate in
the medium without PGRs was the lowest (5.6%)

Fig. 4 Seed germination on NDM with 2 mg/l GA3 after
10 weeks of culture with some protocorm turning brown
and dying after culture for further 4 weeks (bar= 0.5 cm).

(Fig. 3). Although, the highest germination level
was observed on GA3 containing medium, however
protocorm remained yellow with some turned into
brown color and died after germination for 4 weeks
(Fig. 4).
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Fig. 5 Survival rate of protocorms after culturing on
½ MS and NDM for 6 weeks. Bars correspond to SE
of means. Values with different letters are significantly
different (p ¶ 0.01).

Effect of culture media on survival rate of
protocorm

The role of culture media on survival rate of pro-
tocorm was presented in Fig. 5. The component of
nutrient in culture media showed a significant effect
on the survival rate of protocorm. At 6 weeks after
culturing, protocorms cultured on ½ MS medium
had a survival rate of 79%, higher than those on
NDM (21%) (Fig. 5). In ½ MS medium, proto-
corms showed the development of the scale-like
leaf primordial and developed into shoot, whereas
protocorms on NDM had not change. The sizes of
protocorms were still the same as initial culture.
Thus, ½ MS medium was found to be the best choice
for promoting the development of protocorm into
shoot formation.

Effect of concentrations of BA on shoot
formation

After 8 weeks of culture, protocorm on a culture
medium with BA showed a higher survival rate than
culture medium without BA. Significant differences
were observed among concentrations of BA for sur-
vival rate, shoot formation and number of shoots
(Table 1). The highest survival rate (96.7%) was
observed when protocorms were cultured on ½ MS
medium supplemented with 0.5-1 mg/l BA. BA at
2 mg/l exhibited the highest multiplication of shoot
at 100%, followed by 0.5 and 1.0 mg/l BA (93.3
and 96.7%, respectively). The number of shoots per
explant was not significantly different. Thus, the
culture medium with 0.5 mg/l BA was suitable for
shoot formation.

Table 1 Effect of BA concentrations on survival rate and
shoot formation of V. siamensis after culturing on ½ MS
for 8 weeks.

BA Survival Shoot No. of shoots
(mg/l) rate (%) formation (%) /explant

0 73.33±5.77c 0.00±0.00d 1.33±0.5
0.125 76.67±15.27bc 23.33±11.54c 1.67±0.5
0.25 83.33±11.55abc 73.33±11.54b 2.00±1.0
0.5 96.67±5.77a 93.33±5.77a 2.00±1.0
1.0 96.67±5.77a 96.67±5.77a 2.67±0.5
2.0 93.33±11.54ab 100.00±0.00a 2.33±0.5

F-test ** ** ns
C.V. (%) 11.5 11.6 37.3

** = significantly different at p ¶ 0.01, ns = not
significantly different. Values are means± standard
deviation, those followed by the same letters within
a column are not significantly different.

Table 2 Effect of NAA concentrations containing ½ MS on
root formation and number of roots of V. siamensis after
culturing for 8 weeks.

NAA (mg/l) Root formation (%) No. of roots/shoot

0 58.33±14.44b 1.33±0.33
0.25 83.33±14.44a 1.45±0.38
0.5 100±0.00a 1.55±0.38
1.0 100±0.00a 1.67±1.15
2.0 100±0.00a 1.67±0.57

F-test ** ns
C.V. (%) 10.3 42.0

** = significantly different at p ¶ 0.01, ns = not
significantly different. Values are means± standard
deviation, those followed by the same letters within
a column are not significantly different.

Effect of concentrations of NAA on root
induction

After 8 weeks of culture, root induction on cul-
ture medium with NAA showed better results than
culture medium without NAA. Significant differ-
ences were observed among concentrations of NAA
for root formation. The highest root formation
(100%) was observed when shoots were cultured
on ½ MS medium supplemented with 0.5 mg/l
NAA significantly different with medium without
NAA (Table 2). Complete plantlets were obtained
after culturing on ½ MS medium supplemented
with 0.5 mg/l NAA for 8 weeks and successfully
acclimatized at 91.7% (Fig. 6).
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(a) (b) (c)

Fig. 6 Shoot formation on ½ MS medium containing 2 mg/l BA (a), complete plantlets after culturing on ½ MS with
0.5 mg/l NAA for 8 weeks (b) and survival plantlets after 4 months of acclimatization (c) (bar= 1 cm).

DISCUSSION

There are many different culture media use for
asymbiotic germination of orchid, including MS,
VW, Kundson (KC) and NDM. Like the seeds of
other orchid species, Vanilla species produce many
small seeds without endosperm, they have low
germination rate under natural conditions and as
such there is a nutrient requirement for initiation of
germination [17, 18]. The results from this study
showed that NDM medium provided a good ger-
mination rate of V. siamensis seed while prolonging
survival rate of the protocorm probably due to the
high contents of mineral in medium. MS medium
with a reduction of constituents to half its original
strength (½ MS) has been reported to give a good
response in protocorm development [19]. However,
full strength MS medium gave better results than KC
medium, for in vitro culture of vanilla, the minimum
germination (26%) was observed in ½ MS and
maximum (85%) was recorded in full strength MS
medium supplemented with 2 g/l tryptone [20].
Furthermore, addition of activated charcoal in all
culture media decreased the seed germination. Nor-
mally, activated charcoal can provide a dark en-
vironment and adsorb substances presumed to be
deleterious and/or inhibitory to in vitro culture, but
adsorption of growth regulators being supplied to
the tissue by activated charcoal could also occur at
the same time [21–23]. However, in some orchids,
activated charcoal plays also an important role in
seed germination. The addition of activated char-
coal had a positive influence on protocorm size and
development [24].

The plant growth regulators, BA and GA3 are
important in regulating numerous plant growth and
developmental processes [25]. Adding GA3 in cul-

ture medium increased the percentage of germi-
nation. Seeds on this medium germinated within
7–8 weeks compared to 10–11 weeks on medium
without plant growth regulators. GA3 plays a signif-
icant role in flower development, fruit development,
shoot elongation and is known to stimulate seed
germination in a wide range of plant species [26].
The result is similar to the findings in Comparettia
falcata in which seed germination showed a pos-
itive correlation with GA3 concentration. There
was an increase in percentage of germinated seeds
in the sixth weeks [27]. This might be due to
effectiveness of GA3, which at higher concentrations
overcome dormancy, causing rapid germination of
seed. Higher concentration of GA3 was proved to
be more effective than lower concentration. On
the other hand, the changes in the characteristics
of the cellular membrane and the cell wall can
regulate the materials required for growth during
their cultures [27]. However, the present study
indicated that percentage of germination was low,
which might be caused by the hard seed coat of
vanilla seeds. To activate a higher percentage of
seed germination, further research should focus on
pre-treatment of seed as a pre-culture method.

For shoot induction, the culture medium with
BA was significantly different from culture medium
without BA. BA is a cytokinin hormone, which af-
fects cell division and shoots multiplication. More-
over, this study also showed the same corresponding
result in shoot formation of V. planifolia, after 45
days of culture, 1 mg/l BA showed the highest shoot
multiplication at 6.06 shoots/explant [19]. A mean
number of 4.2 shoots per callus was produced on
medium containing 1.0 mg/l BA and 0.5 mg/l NAA
with a mean shoot length at 3.8 cm after 8 weeks
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of culture [28]. Shoots were only formed from
the callus of V. planifolia when the medium was
supplemented with BA in addition to NAA, and no
shoots were induced when either BA or NAA was
applied alone [29]. BA at 1 mg/l combined with
1.5 mg/l kinetin (KN) gave the best result in shoot
induction of V. planifolia [30].

In the case of root induction, culture medium
with NAA showed higher rooting response than
culture medium without NAA. This present study
was in concurrence with Tan et al [28] who re-
ported that, the highest rooting response (88.3%)
of V. planifolia was achieved on the medium sup-
plemented with 1.0 mg/l NAA alone with a mean
number of 3.3 roots per shoot and a mean length
of 4.4 cm. Moreover, this finding was similar
with the study carried out by Janarthanam and
Seshadri [29], where the rooting response in V. plan-
ifolia was suppressed with an increase in concentra-
tions of NAA. In this study, complete plantlets were
successfully acclimatized at the rate of 91.7%. High
percentage of acclimatization was also obtained in
V. planifolia [29–31]

In conclusion, NDM is suggested for seed germi-
nation. ½ MS medium supplemented with 0.5 mg/l
BA was suitable for shoot formation. For root induc-
tion, ½ MS medium supplemented with 0.5 mg/l
NAA gave the best result. This is the first report of
the successful in vitro germination of V. siamensis.
Results of this study may have future applications
for Vanilla plant breeding programs, opening the
opportunity to develop new hybrids for the vanilla
industry, as well as, for germplasm conservation of
this important resource.
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Abstract
CMPPC, 5-chloro-3-methyl-1-phenyl-1H-pyrazole-4-carbaldehyde was synthesised from 3-methyl-1-phenyl-5-pyrazolone, 
and its corrosion protection properties for mild steel in HCl were studied using mass loss studies, impedance spectroscopy, 
polarisation studies, adsorption studies and basic quantum chemical calculations. The protection efficiency decreases with 
an increase in temperature and acid concentration but increases with an increase in the concentration of the inhibitor. Elec-
troanalytical screening reveals that the molecule behaves like a mixed-type inhibitor. CMPPC adsorbs on the metal surface, 
and the phenomenon obeys Langmuir adsorption isotherm pattern. Various kinetic and thermodynamic parameters are 
calculated using Arrhenius and Van’t Hoff approaches. Molecular dynamics simulations are employed using computational 
chemistry protocols. The results indicate that the CMPPC offers maximum interaction on Fe(111) plane of the metal surface.

Keywords CMPPC · Corrosion inhibition · EIS · PDP · Adsorption · Molecular dynamics

Introduction

Corrosion is a spontaneous and complex electrochemical 
process of conversion of metal to its stable oxides, which is 
one of the major concerns of the modern industrial world. 
Mild steel is low-carbon steel, easy to shape and used for 
machining and for making components like nuts, bolts, etc. 
In the petroleum industry, mild steel and low-carbon alloy 
steels are used in the construction of the oil wells. In the 
acidizing stimulation process of the oil well, concentrated 
HCl, HF, acetic acid and formic acid are injected into the 
well and they cause serious corrosion issues (Finšgar and 
Jackson 2014). Though various methods have been used 
for controlling the damage of mild steel, one of the estab-
lished approaches is the use of inhibitors mainly due to its 

simplicity and low cost. The inhibitive properties of organic 
compounds mainly depend on its tendency to form a layer on 
the metal surface either through physisorption or chemisorp-
tion (Palou et al. 2014). Organic molecules with heteroatoms 
such as N, O, S, Se and systems with benzene rings and 
π electrons are considered as efficient inhibitors (Mengoli 
et al. 1991). The literature shows that compounds with azole 
units are efficient inhibitors in acid media (Antonijević et al. 
2009). Pyrazoles and its derivatives are environmentally 
benign compounds widely used in pharmaceutical-related 
areas. They are having interesting biological and medici-
nal and corrosion inhibition properties (Kumar and Jaya-
roopa 2013). Cao et al. (2012) have studied the inhibition 
property of 1-Phenyl-3-Methyl-5-Pyrazolone in 1 M HCl 
at 298 K for mild steel and obtained an efficiency of 97.2% 
for 1 mM (200 ppm). Corrosion inhibition behaviour of 
3-phenyl-1H-pyrazole-4-carboxaldehyde on corrosion of 
mild steel in 1.0 M HCl has been studied by Aoufir et al. 
(2016). It has remarkable inhibition efficiency of 96.33% for 
5 × 10−3 M concentration. 5-Chloro-1-phenyl-3-methylpyra-
zolo-4-methinethiosemicarbazide, synthesised by reaction 
between CMPPC and thiosemicarbazide, was investigated 
as corrosion inhibitor for carbon steel in HCl by the chemi-
cal and electrochemical methods by Hameed et al. (2012) 
who observed an inhibition efficiency of 95.5% for 200 ppm 
of the inhibitor. Verma et al. (2020) have synthesised four 
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pyrazole derivatives, and maximum inhibition efficiency 
of 94.03% is given by 4,4′-((2-hydroxy-4-methoxy phe-
nyl)methylene)bis(3-methyl-1-phenyl-1H-pyrazol-5-ol for 
4.58 M concentration by EIS analysis. Corrosion inhibition 
capacity of 4,4′-(1,4phenylene)bis(6-amino-3-methyl-2,4 
dihydropyrano[2,3-c]pyrazole-5-carbonitrile was deter-
mined by Singh et al. (2019), and an efficiency of 98% was 
obtained for 150 ppm in 0.5 M  H2SO4. The inhibitive action 
of organic molecules is mainly due to its adsorption on the 
interfaces either through electrostatic force or by coordi-
nation mode or pi interaction with the vacant d orbital of 
the metal or by combinations. Knowing the interaction of 
inhibitor with the metal surface and the bulk is essential 
in understanding the mechanism of the corrosion reaction. 
Since a large number of molecules are involved in corrosion 
inhibition processes, basic quantum mechanical calculations 
using DFT and molecular dynamics with proper force field 
help in better understanding the inhibition mechanism. In 
this study, the synthesis of 5-chloro-3-methyl-1-phenyl-
1H-pyrazole-4-carbaldehyde (CMPPC) and its corrosion 
inhibition capacity on mild steel in aggressive hydrochlo-
ric acid by electrochemical, physicochemical and quantum 
chemical calculations have been explained.

Experimental

Synthesis of 5 ‑ch lor o‑3 ‑me thy l‑1 ‑ph eny l‑1 H‑p yra zol 
e‑4 ‑carbaldehyde (CMPPC)

To an ice-cold solution of dimethylformamide (0.3 mol), 
phosphoryl chloride (0.7 mol) was added drop wisely. To 
this mixture, 3-methyl-1-phenyl-5-pyrazolone (0.1 mol) was 
added and the reaction mixture was heated under reflux for 
an hour. Then, it is poured into ice-cold water. The product 
formed was filtered and recrystallised from ethanol (Xu and 
Shi 2011). The synthesis scheme is shown in Fig. 1.

Materials used

The electrolyte HCl solutions of different concentrations 
were made by diluting reagent grade concentrated HCl (E. 
Merck) with distilled water. Mechanically cut mild steel 
specimens of composition Fe (98.75%), C (0.20%), Mn 
(1.0%), P (0.030%), S (0.020%) and 3.6 cm2 of area were 
used for weight loss studies. Mild steel discs of 1 cm2 were 
used for electrochemical tests.

Corrosion tests

Weight loss studies

Before the experiment, the mild steel specimens were pol-
ished with different grades of emery papers and washed 
with distilled water, degreased with acetone and ethanol 
and dried at room temperature as described in the ASTM 
procedure (Gopi et al. 2014). The mild steel coupons were 
suspended in 80 ml of HCl (0.5 M, 1 M, 1.5 M, 2 M and 
2.5 M) with and without the inhibitor at room temperature 
for 24 h. Mass loss in different concentrations of acid with 
25 ppm to 100 ppm of inhibitor concentrations and that of 
the blanks were determined. If W is the mass loss (mg), A is 
the area of the mild steel specimens  (cm2), and t is the dip-
ping time (hrs), the corrosion rate (CR in mg cm−2 h−1) was 
calculated by Eq. 1

and the inhibition efficiency (IE%) was determined by Eq. 2

W1 and W2 denote mass loss of mild steel specimens in the 
blank solution and in the inhibited solution, respectively.

(1)CR =
W

At

(2)IE(%) =
W

1 −W2

W1
× 100

Fig. 1  Synthesis scheme for 
CMPPC
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Electroanalytical studies

The impedance spectroscopic studies (EIS) and potentio-
dynamic polarisation studies (PDP) were done using ACM 
Gill AC computer-controlled electrochemical work station 
(Model No 1475). The electrochemical cell consisted of 
saturated calomel electrode (SCE) as the reference elec-
trode, platinum sheet of 1 cm2 as the auxiliary electrode 
and 1 cm2 discs of mild steel as the working electrode. The 
experiments were conducted in the acidic aerated medium 
under 1 atm pressure at 300 K, 308 K, 313 K and 318 K. 
The working electrodes were immersed in the test solution 
for an hour to attain steady-state potential known as open-
circuit potential (OCP), and OCP was recorded for 3 min 
at the beginning of each experiment. Impedance analysis 
was done using AC signals of 10 mV amplitude and a fre-
quency range of 0.1 Hz to 10,000 Hz. The potential excita-
tion yielded a current response, which was measured with 
respect to the auxiliary electrode. PDP studies were done 
by perturbing the working electrode to −250 mV cathodi-
cally and then anodically by +250 mV with respect to the 
corrosion potential at a scan rate of 1 mV/s. The linear 
portions of the cathodic and anodic curves were extrapo-
lated to corrosion potential to obtain corrosion current 
density, from which efficiency was calculated.

DFT and MD simulation studies

Computational calculation gives a glimpse into the mecha-
nism of corrosion. The geometry optimisation of CMPPC 
was carried out by the B3LYP-311G (d, p) level using 
Gaussian 09 package. The structural parameters of the 
inhibitor like EHOMO, ELUMO, ΔE, etc., were determined 
from quantum chemical calculations. Molecular dynam-
ics studies were carried using Materials studio 4.3 soft-
ware from Accelrys Inc. The most reactive fragment of 
the inhibitor that has a greater affinity towards the metal 
and its orientations on the metal surface is obtained from 
MD simulations. Computational calculations of CMPPC 
adsorption on Fe(100), Fe(110) and Fe(111) were done in 
a simulation box (11.43 × 2.86 × 2.86 A) which represents 
a portion of the interface.

Surface examination

The scanning electron microscopic images of the mild 
steel coupons were taken by SEM (JEOL JSM 6380 LA) 
after dipping them in the corrosive medium for 24 h in the 
absence and presence of inhibitor.

Results and discussion

Structural characterisation

The synthesised inhibitor, CMPPC, is characterised by IR and 
NMR. The important data corresponding to these are given 
below. Yield 80%, light yellow flakes, m.p. 140 °C, IR (KBr, 
ѵ  cm−1; 3059 (Ar C–H),2936 (Alkyl C–H), 2830 and 2759 
(aldehydic doublet C–H),1680(C=O), 1592(C=N cyclic), 
740(C–Cl); 1H NMR  (CDCl3, δ (ppm); 9.982 (1H, CHO), 
2.548(3H,  CH3) and 78–7.5(5H, aromatic protons). IR and 
NMR spectra of CMPPC are displayed in Fig. 2 and Fig. S1.

Weight loss studies

Effect of acid concentration

The results of the weight loss studies conducted in 0.5 M to 
2.5 M hydrochloric acid are given in Table 1. The rate of cor-
rosion is inversely proportional to inhibitor concentration and 
directly proportional to HCl concentration. The inverse rela-
tionship between corrosion rate and inhibitor concentration is 
due to the adsorption of a greater number of molecules on the 
active sites of the metal. A plot of log CR vs acid concentration 
that gives straight lines (Fig. 3) with unit correlation coefficient 
describes the linearity between them which agrees Mathur’s 
empirical equation (Eq. 3) (Mathur and Vasudevan 1982; Mu 
et al. 2004):

(3)logCR = log k + BC

Fig. 2  IR spectra of CMPPC and those of the film obtained from the 
metal surface
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where CR is the corrosion rate, k is the concentration pre-
exponential factor, B is the acid concentration constant, and 
C is the acid concentration. This is because of the excessive 
metal dissolution with an increase in the number of  H+ ions 
(McCafferty and Hackerman 1972; Mu et al. 2004).

Electroanalytical screening

EIS analysis

Impedance analysis was done in 1 M HCl with and without 
the inhibitor (concentration varying between 25 ppm and 
100 ppm) at different temperatures. Nyquist plots obtained 
(Fig. 4) by EIS studies for the blank solution and inhibited 
solution consist of single imperfect semicircles. Surface 
inhomogeneities, roughness, presence of impurities, etc., 
generally known as frequency dispersion contribute to the 
imperfectness of the semicircle (Ammal et al. 2017; Verma 
et al. 2016). EIS parameters were obtained with the help 
of the simplest electrical circuit known as Randle’s circuit 
shown in Fig. 4a inset consisting of solution resistance (Rs) 
in series with the paralleled double-layer capacitance (Cdl) 
and charge transfer resistance (Rct). The values obtained 
are given in Table 2.

Effect of inhibitor concentration

As the concentration of the inhibitor increases, the 
diameter of the Nyquist plot (charge transfer resistance) 
increases and %inhibition efficiency increases. The %IE is 
calculated using Eq. 4:
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Fig. 3  Variation of corrosion rate with acid concentration
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where charge transfer resistance of the inhibited and unin-
hibited solution is given as Rct and R*

ct. The increase in 
CMPPC concentration causes difficulty in charge transfer 
processes. It is observed that with the increase in the inhibi-
tor concentration, double-layer capacitance (Cdl) decreases. 
This is because with an increase in inhibitor concentration, 
the thickness of the double layer increases due to the adsorp-
tion of CMPPC on the metal surface. Increase in the thick-
ness of the double layer is determined by the equation:

where d is the thickness of the double layer, ε0 is the dielec-
tric constant of vacuum, and εs is the relative dielectric con-
stant of the inhibitor (Gholami et al. 2013; Gopi et al. 2014). 

(4)IE% =
Rct − R∗

ct

Rct

(5)Cdl =
�0�s

d

The formation of a differential capacitance at the metal solu-
tion interface is because of the larger volume occupied by 
ions on the solution side than the volume occupied by elec-
trons on the metal side (Anupama et al. 2015).

Potentiodynamic studies

The polarisation investigations of both blank and inhibited 
solutions were conducted, and the polarisation curves are 
depicted in Fig. 5. The parameters obtained are given in 
Table 3. The inhibition efficiency (IE%) is calculated using 
Eq. 6:

where icorr and i*corr represent the corrosion current density in 
the absence and the presence of the inhibitor. It is observed 

(6)IE% =
icorr − i∗

corr

icorr

× 100

Fig. 4  Nyquist plots for MS in 1 M HCl at a 300 K (inset EEC), b 308 K, c 313 K and d 318 K
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that the shift in corrosion potential of all the inhibited solu-
tion is around ± 30 mV with respect to that of the blank solu-
tion and CMPPC acts as a mixed inhibitor (Elshakre et al. 
2017), by acting on both metal dissolution and hydrogen 
evolution. The results show that the corrosion current and 
the corrosion rate are brought to a controlled level by the 
addition of CMPPC and hereafter the inhibition efficiency is 
increased with an increase in the concentration of CMPPC.

Effect of temperature

It is found that with the increase in temperature, the effi-
ciency decreases for a particular inhibitor concentration. 
This can be explained in three different ways:

(1) Increase in temperature increases the kinetic 
energy of the molecules, leading to lesser interaction of 
the inhibitor to metal surface (Prabhu et al. 2008; Verma 
et al. 2016), (2) as the temperature increases, the rate of 
desorption is greater than the rate of adsorption, lead-
ing to more corrosion (Srimathi et al. 2014), and (3) an 
increase in temperature can cause molecular rearrange-
ments or fragmentation of the inhibitor, and this causes 
the declining trend of efficiency (Mishra et al. 2018).

Adsorption isotherms

The corrosion inhibition of mild steel using CMPPC can 
be better explained by the adsorption of CMPPC molecules 
on the metal surface by replacing the water molecules and 
thus blocking the active sites of corrosion through barrier 
formation. Several factors do contribute to this process. It 
can be due to the electrostatic force of interaction between 
mild steel and the inhibitor or by bond formation activat-
ing chemisorption. The orientation of inhibitor molecules 
affects physisorption, while the orientation of the inhibitor 
and extent of bond formation affect chemisorptions (Revie 
2011). To evaluate the nature and strength of adsorption, the 
surface coverage, � , obtained from EIS as a function of the 
concentration of the inhibitor is fitted to various isotherms, 
and from the best fit, the thermodynamic parameters are 
calculated. In the case of CMPPC, Langmuir adsorption 
provides the best fitting isotherm which is evaluated using 
the equation:

(7)
Cinh

�
=

1

Kads

+ Cinh

Table 2  EIS data for the corrosion of mild steel with CMPPC at different temperatures

Temperature (K) Conc. of 
CMPPC (ppm)

Rct  (Ohmcm2) Cdl (μF/cm2) Icorr (mA/Cm2) CR (mm/yr) IE% �

Room temperature Blank 14.60 716.9 1.787 20.71 – –
25 76.65 302.9 0.3403 3.950 80.95 0.8095
50 119.6 272.0 0.2181 2.528 87.29 0.8729
75 124.2 265 0.2100 2.434 88.24 0.8824
100 213.8 104.7 0.1220 1.951 93.17 0.9317

308 Blank 12.93 1017 2.013 23.33 – –
25 53.30 255.7 0.5079 5.887 75.74 0.7574
50 63.47 156.6 0.4110 4.764 79.62 0.7962
75 69.12 359 0.3770 4.374 81.29 0.8129
100 75.84 172.4 0.3440 3.987 82.95 0.8295

313 Blank 11.90 977.4 2.192 25.22 – –
25 42.45 518.2 0.6174 7.156 71.96 0.7196
50 51.86 393.5 0.5030 5.830 77.05 0.7705
75 53.59 289.0 0.4868 5.642 77.79 0.7779
100 71.96 218.4 0.3625 4.202 83.46 0.8346

318 Blank 10.11 2298 2.580 29.91 – –
25 16.94 893 1.540 17.85 40.31 0.4031
50 35.00 745 0.7453 8.633 71.11 0.7111
75 40.41 658 0.6456 7.48 75.31 0.7531
100 45.73 605 0.5705 6.61 78.16 0.7816
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and is shown in Fig. 6. Here, Cinh is the concentration of the 
inhibitor and � is the surface coverage calculated from EIS 
measurements:

The equilibrium constant (Kads) for adsorption and desorp-
tion, calculated from the isotherm and free energy of adsorp-
tion, and G0

ads calculated using the equation

are given in Table 4. Here, R is the universal gas constant 
(kJ/mol), T is the temperature (K), and 55.5 is the concentra-
tion of the water (mol). The calculated values of the regres-
sion coefficient (R2) almost equal to 1 confirm the linear-
ity of the plot between Cinh∕� and � . The decrease in Kads 

(8)� =
Rct−R

∗
ct

Rct

(9)G
0
ads

= −RT ln
(

55.5Kads

)

with an increase in temperature shows the weakening of the 
adsorption process. The negative value of G0

ads
 infers spon-

taneity of adsorption process at all temperatures. Here, the 
G

0
ads

 values calculated are between −33 kJ/mol and −38 kJ/
mol and it proposes spontaneous adsorption of CMPPC on 
the mild steel surface involving physisorption and chem-
isorption (Döner et al. 2011). The decrease in efficiency with 
increase in temperature suggests preferable physisorption 
(Ebenso and Oguzie 2005).

Physicochemical parameters

The nature of adsorption by the inhibitor can be studied 
using the thermodynamic and kinetic parameters. Arrhe-
nius equation (10) is used to calculate activation energy 
(Ea):

Fig. 5  PDP plots for MS in 1 M HCl in the presence of CMPPC at a 300 K, b 308 K, c 313 K and d 318 K
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where R is the universal gas constant, A is the pre-exponen-
tial constant, and CR is the corrosion rate. The enthalpy and 
entropy of activation are calculated by Eq. 11 which is the 
transition state equation:

where CR is the corrosion rate, N is the Avogadro’s number, 
h is Planck’s constant, and ΔHa and ΔSa are enthalpy of acti-
vation and the entropy of activation. Figure 7 shows the plot 
of 1/T against ln(CR) and Fig. 8 shows graph of ln(CR/T) 
versus 1/T and the obtained values are given in Table 5. The 
Ea, Ha and Sa values in the presence of CMPPC are greater 
than for the blank solution. Adsorption of CMPPC prevents 
mass and charge transfer, and HCl molecules should over-
come the high energy barrier to cause corrosion to explain 
the higher value of Ea. The positive values of enthalpy of 
activation imply that metal dissolution is preferably an 

(10)ln CR =
−Ea

2.303RT
+ A

(11)CR =
RT

Nh
e
ΔSa

R
e
ΔHa

RT

Table 3  Polarisation data 
for mild steel in the presence 
of various concentrations 
of CMPPC at different 
temperatures

Temp. (K) Inh. Conc. ppm −Ecorr (mV) Ba (mV) −Bc (mV) Icorr (mA/cm2) CR (mm/yr) IE (%)

Room temp. Blank 461 117 186 1.2971 40 –
25 458 99 125 0.2194 3 83.08
50 467 95 136 0.2065 2.5 84.07
75 463 112 150 0.1625 2 87.47
100 473 86 112 0.1035 1 92.03

308 Blank 483 137 157 1.9754 49 –
25 450 88 191 0.4729 6 76.06
50 461 96 230 0.3746 5 81.03
75 457 102 161 0.3448 4 82.54
100 458 120 171 0.3420 4 82.68

313 Blank 476 201 195 1.4652 51 –
25 458 113 160 0.5156 6 64.81
50 451 81 163 0.3943 5 73.08
75 444 94 183 0.3717 5 74.31
100 464 89 109 0.2612 2 82.17

318 Blank 463 165 183 1.4871 57 –
25 442 94 149 0.5748 7 61.34
50 454 102 162 0.4966 6 66.60
75 456 87 154 0.3602 4 75.77
100 479 93 119 0.2703 3 81.82

Fig. 6  Langmuir isotherms of CMPPC obtained by plotting surface 
coverage values derived from Nyquist plots

Table 4  Data of adsorption of CMPPC (Kads and ΔG0 ) on MS in 1 M HCl at three different temperatures as obtained from Langmuir adsorption 
isotherm

Room temperature 308 K 313 K 318 K

Kads × 104  (M−1) ΔG0

ads
 (kJ/mol) Kads × 104  (M−1) ΔG0

ads
 (kJ/mol) Kads × 104  (M−1) ΔG0

ads
 (kJ/mol) Kads × 104  (M−1) ΔG0

ads
 (kJ/mol)

3.72 −36.30 5.37 −38.17 2.45 −36.15 0.664 −33.89
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endothermic process. The increase in ΔH the presence of 
CMPPC is caused by the slowing down of metal dissolu-
tion (Geethanjali and Subhashini 2015). With the addition 
of the inhibitor, the entropy of activation increases due to 

the replacement of water molecules on the electrode surface 
by organic molecule in the aqueous phase.

Van’t Hoff equation (12) is used to calculate the entropy of 
adsorption and enthalpy of adsorption:

where Kads is the equilibrium constant of adsorption, ΔH0
ads 

and ΔS0
ads are standard enthalpy and standard entropy of 

adsorption, R is the universal gas constant (kJ/mol), and T 
is the temperature (K). A plot of ln Kads against 1/T is shown 
in Fig. 9. The slope gives −ΔH0

ads/T and intercept gives 
ΔS0

ads

R
+ ln

1

55.5
 and the results obtained are given in Table 6. 

The negative values of ΔH0 indicate the exothermic nature 
of the adsorption process. Whenever a process is exothermic, 
there occur both chemisorption and physisorption, and when 
it is endothermic, the chance for physisorption is negligible 
(Kumari et al. 2017). The negative value of ΔS0 further vali-
dates the exothermic nature of adsorption.

(12)lnKads =
ΔH0

ads

RT
−

ΔS0
ads

R

Fig. 7  Plots of ln CR versus 1000/T for MS in 1 M HCl with different 
concentrations of CMPPC

Fig. 8  Transition state plots of ln CR/T versus 1000/T for MS in 1 M 
HCl with varying concentrations of CMPPC

Table 5  Energy, enthalpy and entropy of activation obtained from 
Arrhenius plot and transition state plot

Conc. of inhibitor Ea (kJ/mol) ΔH
a
 (kJ/mol) ΔS

a
 (J/mol K)

Blank 13.59 12.90 244.22
25 ppm 60.90 58.34 380.99
50 ppm 52.63 50.06 350.96
75 ppm 49.21 46.64 339.29
100 ppm 50.73 48.17 342.71

Fig. 9  Van’t Hoff plots of ln  Kads versus 1/T for MS in 1 M HCl under 
various concentrations of CMPPC

Table 6  Thermodynamic parameters obtained from Van’t Hoff equa-
tion

Conc. of the inhibitor ΔH
ads

 (kJ/mol) ΔS
ads

 (J/mol)

25 ppm −75.18 −194.51
50 ppm −46.62 −103.31
75 ppm −42.80 −93.41
100 ppm −58.61 −144.30
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Quantum chemical calculations

The optimised geometry and FMOs are shown in Fig. 10, 
and quantum mechanical parameters calculated are given 
in Table 7. The high value of EHOMO indicates the capacity 
of CMPPC to be adsorbed on the metal surface by donating 
lone pair of electrons of the nitrogen and oxygen atom or the 
delocalised � electrons of the phenyl group to the metal. The 
lower ΔE value shows its greater corrosion inhibition prop-
erty (Joseph and Mohan 2015). The number of electrons trans-
ferred (ΔN) between the inhibitor molecules and the metal is 
given by the equation:

where �Fe and �Fe are the electronegativity and hardness of 
iron, and �inh and �inh are the electronegativity and hardness 
of the inhibitor. The electrons will be transferred from inhib-
itor to the metal until their chemical potential will become 
equal (John and Joseph 2012). Ionisation enthalpy (IE) is 
related to the energy of frontier orbital as the negative value 

(13)ΔN =
�Fe − �inh

2
(

�Fe + �inh
)

of EHOMO, electron affinity (EA) is related to the energy of 
the frontier orbital as the negative value of ELUMO, and both 
are related to hardness ( � ) and electronegativity ( � ) as

and

The corrosion inhibition property of CMPPC can be 
related to these global parameters in a way that the chemi-
cal hardness describes the resistance towards polarisation of 
the electron cloud, and a harder molecule thus will have a 
larger ΔE value and less inhibition efficiency.

Molecular dynamics (MD) simulations

Various outputs obtained by molecular dynamics simula-
tions which include total energy of the metal inhibitor com-
plex, adsorption energy, rigid adsorption energy, deforma-
tion energy and dEads

dni
 are given in Table 8. Rigid adsorption 

and deformation energies are the energy released when the 
unrelaxed and relaxed inhibitor molecules are on the metal 
surface (Khaled and El-Maghraby 2014). The other param-
eters calculated are the interaction energy (Ei) and binding 
energy (Eb) between the inhibitor and the mild steel surface 
which are given by the following equations:

It is also noted that the total energy of the metal 
adsorbate complex is obtained by adding the energies of 
the inhibitor molecule and adsorption energy. Figure 11 

(14)� =
IE + EA

2

(15)� =
ELUMO − EHOMO

2

(16)Ei = ETotal −
(

Esurface + Einhibitior

)

(17)Eb = −Ei

Fig. 10  a Optimised geometry, b HOMO and c LUMO of CMPPC

Table 7  Quantum chemical 
descriptors for CMPPC

Total energy (a u) EHOMO (eV) ELUMO (eV) ΔE (eV) µ (D) I A � � ΔN

−1069.52 −6.53 −1.71 4.82 4.5114 6.53 1.71 4.12 2.41 1.19

Table 8  Energy parameters calculated by the MD simulation

Fe(100) Fe(110) Fe(111)

Total energy (kcal/mol) 2475 3738 337
Adsorption energy (kcal/mol) −96,789 −61,884 −98,927
Rigid adsorption energy (kcal/mol) 1716 24,249 217
Deformation energy (kcal/mol) −98,505 −86,133 −99,144

3D atomistic dEads

dNi

−96,789 −61,884 −98,927

Einteraction (kcal/mol) −96,756 −61,851 −98,970
Ebinding (kcal/mol) 96,756 61,851 98,970
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shows the mode of adsorption of CMPPC on different 
planes of iron. The maximum negative values of adsorp-
tion energy and the highest positive values of the bind-
ing energy of Fe(111) plane indicate that the inhibitor 
molecule has a preference for this plane for adsorption 
(Khaled et al. 2009).

Surface analysis

The SEM images show changes in the surface morphol-
ogy before and after exposure to the corrosive environ-
ment. Figure 12a shows the SEM image of mild steel 
immersed in 1 M HCl, which shows that the surface is 
completely damaged, whereas Fig. 12b shows the SEM 
image of mild steel samples immersed in an inhibited 
solution which, on the other hand, clearly shows that the 
damage is much reduced. This happens to the formation 
of a protective layer of CMPPC on the metal surface.

Proposed inhibition mechanism

Usually, the presence of polar groups or heteroatoms like 
nitrogen, oxygen and sulphur determines the corrosion inhi-
bition properties of organic molecules. The efficiency of 
adsorption depends on the electron density and polarisability 
of the group. They are generally adsorbed on the metal sur-
face through unshared pair of electrons of the heteroatoms 
(Karthik et al. 2015). The other factors affecting the inhibi-
tory action are molecular size, the heat of hydrogenation, 
charge density on the adsorption site, etc. (Talati and Joshi 
1978). CMPPC being an aldehyde, the anchoring group is 
–CHO and the other groups like phenyl, pyrazole ring and 
methyl group support the adsorption. The quantum mechani-
cal calculations and molecular dynamics simulation reveals 
that the CMPPC is adsorbed on the metal surface through 
nitrogen, oxygen, chlorine and benzene ring. The infrared 
spectrum of the film scrapped from the metal surface after 
immersing for 10 h in the inhibited solution is also shown in 
Fig. 2. A similar spectrum with lesser peak intensities proves 
the presence of CMPPC on the metal surface.

Fig. 11  Adsorption modes of 
CMPPC on Fe (100), (110) 
and (111) planes obtained from 
Materials Studio simulation

Fig. 12  SEM images of a mild 
steel immersed in 1 M HCl and 
b mild steel immersed in 1 M 
HCl + CMPPC
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Conclusions

• The maximum efficiency of 93.17% for 100 ppm shows 
that CMPPC act as a very good inhibitor for mild steel 
corrosion in HCl.

• As the temperature and acid concentration increase, the 
efficiency decreases. The potentiodynamic polarisation 
studies show CMPPC as a mixed-type inhibitor, influ-
encing both anodic and cathodic processes.

• Corrosion inhibition is through adsorption and it obeys 
Langmuir adsorption isotherm and the calculated ΔG 
suggests mixed adsorption that is physisorption and 
chemisorption.

• The higher EHOMO infers the greater electron donating 
capacity of CMPPC. The molecular dynamics simula-
tions show CMPPC is easily adsorbed on Fe(111) plane
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Abstract

The aim of this study was to evaluate the validity of some chlorophyll (Chl) a fluorescence parameters as early 
indicators of a particular abiotic stress and also to characterize the effect of different abiotic stresses [high light, NaCl, 
polyethylene glycol (PEG)-induced osmotic stress, and heavy metals] on the electron transport chain of rice (Oryza 
sativa L.) seedlings. The results clearly revealed that Chl a fluorescence parameters differ between abiotic stress types 
and also allowed us to select some parameters which were specifically and intensively affected under different abiotic 
stresses. We observed that the performance index is a common sensitive parameter to evaluate the effect of above four 
different abiotic stresses in rice seedlings. Certain Chl a fluorescence parameters were significant for a specific stress. 
The ratio between the rate constants of photochemical and nonphotochemical deactivation of excited Chl molecules  
(FV/F0) was prominently decreasing and the maximum quantum yield of nonphotochemical deexcitation was prominently 
increasing upon exposure to high light stress. The maximum quantum yield of electron transport and the electron transport 
from PSII donor side to PSII reaction center was highly reduced under NaCl stress in rice seedlings. Moreover, FV/F0 

and PSII structure function index were prominently decreasing and the dissipation per cross section was significantly 
enhancing under PEG stress. The pool size of reduced plastoquinone on the reducing side of PSII [total complementary 
area between the fluorescence induction curve and maximal chlorophyll fluorescence (FM)], FM, and the probability by 
which electrons move from PSII to PSI acceptor side were significantly decreasing under heavy metal stress. 

Additional key words: JIP-test; photosynthesis; plant efficiency analyzer.
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Introduction

Agricultural productivity is threatened by various biotic 
and abiotic stress factors which seriously impact the global 
food security. Abiotic stresses are major environmental 
problems which negatively influence the plant growth 
and development and ultimately cause reduction in agri-
cultural production worldwide (Rodziewicz et al. 2014, 
Dresselhaus and Hückelhoven 2018). Various abiotic 
factors, such as salinity, drought, heavy metals, high light, 
and extremes of temperature, result in a range of adverse 

effects in plants and lead to the overproduction of reactive 
oxygen species (ROS), which are highly reactive, resulting 
in oxidative stress. Salinity stress in plants leads to growth 
inhibition, leaf chlorosis, malfunction of the chloroplasts, 
and photoinhibition (Yamane et al. 2004, Dąbrowski 
et al. 2016, Acosta-Motos et al. 2017, Dąbrowski et al. 
2017). Osmotic stress reduces PSII activity, decreases the 
effective quantum yield of PSII, and causes degradation 
of D1 protein leading to the inactivation of PSII reaction 
center (Batra et al. 2014, Asrar et al. 2017). Cadmium (Cd) 
is a toxic heavy metal and it causes leaf chlorosis, growth 
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inhibition, and alters photosynthesis in plants (Nagajyoti 
et al. 2010, Paunov et al. 2018). Even though light has 
an important role in photosynthesis, high intensity light 
in plants can cause photoinhibition of PSII resulting 
in a decrease of quantum yield and photosynthetic rate 
(Kasajima et al. 2009, Fiorucci and Fankhauser 2017).

The effects of different environmental stresses on 
photosynthesis can be effectively studied using chloro-
phyll a (Chl a) fluorescence kinetics as it is a noninvasive 
tool for the detection and quantification of the changes 
in the photosynthetic apparatus. Analysis of Chl a fluo-
rescence parameters can be used as a precise tool to test 
direct response of adverse environmental factors, such 
as NaCl (Hniličková et al. 2017), high light (Faseela and 
Puthur 2017), drought (Krasteva et al. 2013), temperature 
(Martinazzo et al. 2013, Feng et al. 2014), nutrient 
deficiency (Živčák et al. 2014, Kalaji et al. 2017), 
heavy metals (Kalaji and Loboda 2007), herbicides or 
air pollutants toxicity (Hassan et al. 2013), ultraviolet 
radiation (Šprtová et al. 2000, Faseela and Puthur 2018), 
long-term exposure to shade (Dąbrowski et al. 2015), 
and the indirect assessment of their impact on plants. 
The measurement of photochemical processes by Chl a 
fluorescence gives us a clear idea of the intensity of the 
stress encountered by the plants (Murchie and Lawson 
2013). The relationship between light-phase reactions of 
photosynthesis and Chl fluorescence induction transient 
from PSII can be analyzed using JIP approach (OJIP). 
This approach allows obtaining extensive information 
about the PSII photochemical activity, electron transport 
events, and other regulatory processes of photosynthetic 
process (Strasser et al. 2004, Stirbet and Govindjee 2011). 
A part of the calculated parameters within the JIP-test 
is related to energy fluxes of absorption of light energy 
(ABS), trapping of excitation energy (TR), and conversion 
of excitation energy to electron transport (ET) per reaction 
center (RC) on measured area of samples (CS).

Rice, wheat, and maize are the three leading food crops 
for world human population and with increase in popula-
tion, the production of these crops also has to be increased. 
There are different abiotic stress factors that affect rice 
production, such as salinity, drought, temperature, etc. 
(Grover and Minhas 2000). In the present study, we 
determined changes in PSII performance as analyzed 
through Chl a fluorescence in response to different abiotic 
stresses in rice leaves. Measurement of Chl a fluorescence 
is widely used to measure photosynthetic performance in 
rice leaves and the function of the photosynthetic apparatus 
upon exposure to various environmental stresses (Yamane 
et al. 2008, Puteh et al. 2013, Kasajima 2017). In this study, 
we made an attempt to identify some Chl a fluorescence 
parameters as a specific indicator(s) to characterize and 
evaluate the effect of high light, NaCl, PEG, and heavy 
metal stresses on the responses of photosynthetic apparatus 
in rice seedlings.

Materials and methods

Plant material and growth conditions: Rice (Oryza 
sativa L.) seeds of Mangalamahsuri variety were obtained 

from regional agricultural research station, Pattambi, 
Kerala, India. Seeds were surface sterilized with 0.1% 
HgC12 solution for 4 min and the seedlings were grown 
in a plant growth chamber set at 14/10-h light/dark cycles 
at 300 µmol(photon) m−2 s−1, temperature of 24 ± 2°C, and 
relative humidity of RH 55 ± 5%.

Abiotic stress treatments: The seeds were germinated in 
plastic bottles (22 × 12 cm) containing absorbent cotton 
soaked with half strength Hoagland medium (control), 
stress-inducing concentrations of NaCl (100 mM), poly-
ethylene glycol (PEG)-6000 (20%) (the pressure exerted by 
PEG was –4.89 MPa), and Cd (2 mM) solutions prepared 
in half strength Hoagland medium. The concentrations of 
stress-inducing solutions of NaCl/PEG/Cd were selected 
from the different concentrations of NaCl (25, 50, 75, 100, 
125, and 150 mM), PEG (5, 10, 15, 20, 25, and 30%) and 
Cd (0.5, 1, 1.5, 2, 2.5, and 3 mM). The concentrations, 
which caused ~ 50% growth retardation in terms of shoot 
length, fresh and dry mass of seedlings, were selected as 
the stress-inducing concentration (data not shown). Chl a 
fluorescence parameters were analyzed after rice seedlings 
were exposed to salt, heavy metal, and PEG stress for 
10 d right from germination. For high-light intensity 
treatment, after 10 d of growth in half strength Hoagland 
medium, rice seedlings were exposed to high light  
[2,000 µmol(photon) m−2 s−1] for 2 h, provided by 1,000 W 
PAR64 (Philips) metal halide lamps, and Chl a fluorescence 
was measured. Light intensity at the surface of the leaves 
was measured by a solar radiation monitor (EMCON, 
Cochin, India). To avoid direct heating of the leaf surface, 
a 20-cm deep glass chamber filled with water was placed 
between the lamp and the plants.

Chl a fluorescence measurements: The polyphasic Chl a 
fluorescence rise was measured at 10 d after germination 
in the leaves of rice seedlings exposed to different abiotic 
stresses. Chl a fluorescence transients were measured with 
the plant efficiency analyzer (Handy PEA, Hansatech Ltd., 
Norfolk, UK). All measurements were performed on the 
upper surfaces (middle portion) of the first formed leaves, 
following a dark-adaptation period of 20 min, using 
the leaf clips. Maximal fluorescence was induced by a  
1-s pulse of white light [3,000 µmol(photon) m−2 s−1] with  
the gain adjusted to 0.7 to avoid scaling problems.  
Thereafter, Chl a fluorescence signals were analyzed with 
the Biolyzer HP3 software (Strasser et al. 2000). Various 
fluorescence parameters, such as the maximal fluorescence 
(FM), the ratio between the rate constants of photochemical 
and nonphotochemical deactivation of excited Chl 
molecules (FV/F0), the maximum quantum yield of non-
photochemical deexcitation (ΦD0), the electron transport 
quantum yield (ΦE0), PSII structure-function-index [SFI(abs)], 
performance index [PI(abs)], and the total complementary 
area between the fluorescence induction curve and FM 
(Area), minimal fluorescence (F0), variable fluorescence 
(FV), maximum quantum efficiency of PSII under dark 
adaptation (FV/FM), the relative variable fluorescence at 
I-step (VI), the probability by which electrons move from 
PSII to PSI acceptor side (1 – VI), the ratio of variable 
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fluorescence in time 0.3 ms to variable fluorescence in 
time 2 ms as an indicator of the PSII donor side limitation 
(VK/VJ), time to reach maximal fluorescence [Tf(max)] were 
determined and the phenomenological leaf model was 
constructed in response to different abiotic stresses in 
rice seedlings. Phenomenological leaf models are derived 
based on the calculation of parameters per excited leaf 
cross section. The thickness of each arrow represents the 
value of absorbance (ABS/CS0), trapping flux (TR/CS0), 
electron transport (ET/CS0) or heat dissipation of excess 
light (DI/CS0), expressed per leaf cross section. The black 
points represent the fraction of inactive reaction centers. 
(Fig. 2).

Statistical analysis: The average values from 30 measure-
ments, recorded on second leaves from top of the plant 
for each treatment, are shown. Statistical analysis was 
carried out according to Duncan's multiple range test at 
5% probability level using SPSS software (version 16.0, 
SPSS Inc., Chicago, USA).

Results

After exposure of rice seedlings to four different types of 
abiotic stress, the relative values (relative to the control) 
of Chl a fluorescence parameters were plotted as shown in 
spider plots and energy pipeline leaf models (Figs. 1, 2). 
We found that PI calculated on absorption basis was highly 
reduced when exposed to four different abiotic stresses. 
PI(abs) is an integrative parameter, which considers different 
phenomena related to PSII photochemical activity. The 
decrease of PI(abs) was 86, 78, 81, and 94% after exposing to 
high light, NaCl, PEG, and heavy metal stress, respectively. 
Maximal fluorescence and the Area also declined in rice 
seedlings and it was shown that heavy metal stress lead 
to an enhanced reduction in FM (59%) and Area (74%), 
whereas the other three abiotic stresses resulted in the 
reduction of these two parameters by less than 30% only, 
compared with the control plants. Likewise, FV and FV/FM 

decreased in all the stress treatments as compared with 
control seedlings. However, the rate of decrease in FV/FM 
was not significant in rice seedlings after exposing to high 
light, NaCl, PEG, and heavy metal stress (Fig. 1, Table 1).

It was observed that FV/F0 decreased with the appli-
cation of high light, NaCl, PEG, and heavy metal stress 
in rice seedlings. On exposure to high light and PEG-
induced osmotic stress, there was the enhanced reduction 
in FV/F0 (78 and 72%, respectively), but when treated with 
NaCl and heavy metal stress, the reduction was only 29% 
as compared with the control. VJ (the relative variable 
fluorescence at J-step) increased, when rice seedlings were 
treated with different abiotic stresses and the increase was 
up to 30–41% when exposed to high light, PEG, and NaCl 
stresses as compared with control. But the treatment with 
heavy metal did not bring about any change in relative 
value of VJ in rice seedlings. Even though the parameter VI  
(the relative variable fluorescence at I-step) did not show 
any significant variation among treatments (only < 20%), 
1 – VI (the probability by which electrons move from PSII 
to PSI acceptor side) exhibited an enhanced reduction 

(70%) on exposure to heavy metal stress in rice seedlings. 
However, when treated with other three abiotic stresses 
(NaCl, PEG, and high light stress), the reduction was 
only 10–30% as compared with the control plants. Even 
though, high light, NaCl, and PEG stress treatments in 
rice leaves resulted in an increase of the ratio of variable 
fluorescence in time 0.3 ms to variable fluorescence in 
time 2 ms (VK/VJ) and it was more pronounced upon 
exposure to NaCl stress, i.e., 41% increase as compared 
with control leaves. Moreover, the other parameters like F0 
(minimal fluorescence) and Tf(max) (time to reach maximal 
fluorescence) also did not change considerably in rice 
seedlings when treated with various abiotic stresses as 
compared with the control (Fig. 1, Table 1).

The quantum yield of electron transport (ΦE0) decreased 
in rice seedlings when exposed to various abiotic stress 
treatments; the decrease of ΦE0 in rice on exposure to 
NaCl was the highest (72%) than that of other three stress 
treatments (35, 31, and 11% during high light, PEG, and 
heavy metal, respectively), as compared with the control 

Fig. 1. Spider plot of selected Chl a fluorescence parameters 
characterizing PSII of rice seedlings when subjected to high light, 
NaCl, heavy metal, and PEG-induced osmotic stress. The data 
are shown as percentage of control. F0 – minimal fluorescence, 
FM – maximal fluorescence, Area – total complementary 
area between the fluorescence induction curve and FM, FV – 
variable fluorescence, FV/FM – maximum quantum efficiency of 
PSII under dark adaptation, FV/F0 – the ratio between the rate 
constants of photochemical and nonphotochemical deactivation 
of excited Chl molecules, PI(abs) – performance index, SFI(abs) – 
PSII structure-function-index, Tf(max) – time to reach maximal 
fluorescence, VI – the relative variable fluorescence at I-step,  
VJ – the relative variable fluorescence at J-step, VK/VJ – the ratio 
of variable fluorescence in time 0.3 ms to variable fluorescence 
in time 2 ms as an indicator of the PSII donor side limitation,  
1 – VI – the efficiency/probability with which a PSII trapped 
electron is transferred to PSI acceptor side, ΦD0 – maximum 
quantum yield of nonphotochemical deexcitation, ΦE0 –  
the electron transport quantum yield. 
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seedlings. Maximum quantum yield of nonphotochemical 
deexcitation (ΦD0) increased in stressed leaves, but this 
enhancement was highly pronounced during high-light 
exposure (125%). In the case of other three stress 
treatments, the increase of ΦD0 was very low. SFI(abs), 
‘structure-function-index’ refers to the structural and 
functional PSII events leading to electron transport within 
photosynthesis; it was highly reduced in rice seedlings 
when they were exposed to different abiotic stresses. 
However, the decrease was found to be more significant 
in plants treated with PEG (92%) as compared to other 
treatments (40–56%) (Fig. 1, Table 1).

The phenomenological energy fluxes per cross section 
could be visualized using the energy pipeline leaf model 
(Fig. 2). An increase in energy absorbed per excited cross 
section (ABS/CS0) was observed in rice seedlings under 
high light, PEG, and NaCl treatments (8, 19, and 27%, 
respectively). In contrast, it was showed that ABS/CS0 was 
lower during heavy metal treatment (11%) as compared 
with the control. The electron transport flux per cross section 
(ET0/CS0) decreased and this decrease was to the extent of 
20–39% in all stress treatments. The total dissipation to the 
cross section (DI0/CS0) increased in all treatments studied 
and it was more evident in plants treated with PEG (77%) 
as compared with the control. The percentage increase in 
DI0/CS0 in high light and NaCl-treated plants was about 
60% and it was only 15% in heavy metal-stressed leaves 
as compared with those recorded for the control. Likewise, 
trapping flux to the cross section (TR0/CS0) was found to be 
enhanced upon NaCl treatment, but it was in a decreasing 
manner in the other stress treatments. The density of the 
active reaction centers (RC/CS0) also decreased in plants 
exposed to different abiotic stresses than that recorded in 
control seedlings and it was about 21, 6, 19, and 43% in 
high light-, NaCl-, PEG-, and heavy metal-treated plants, 
respectively. RC/ABS, representing the fraction of active 
PSII reaction centers, decreased when rice seedlings were 
treated with different abiotic stresses and the decrease was 
up to 15–32% when exposed to high light, PEG, NaCl, 
and heavy metal stress as compared with control leaves 
(Fig. 2).

Discussion
Photosynthesis, the most important physiological process 
of plants, is highly susceptible to abiotic stresses and it 

can be studied to a great extent by measuring the PSII 
characteristics via analyzing the Chl a fluorescence 
parameters (Strasser et al. 2000). The effects of abiotic 
stress on target sites, such as components of photosynthetic 
electron transport, can be detected and analyzed through 
the JIP-test and its parameters (Stirbet and Govindjee 
2011). With regard to the effect of high light, NaCl, heavy 
metal, and PEG stress on the photosynthetic electron 
transport and photosynthetic efficiency, the variation in Chl 
a fluorescence parameters may be due to the inhibition of 
electron transport or damage to the donor side or acceptor 
side of PSII.

Our results showed that a significant decrease occurs 
in PI on absorption basis in rice leaves after exposure 
to all four abiotic stresses (high light, NaCl, PEG, 
and heavy metal). It is one of the most powerful and 
comprehensive parameters, which is related to the plant 
vitality, and it was drastically reduced when rice seedlings 
were subjected to these different abiotic stresses due to 
inactive reaction centers and reduction in the electron 
transfer from QA

–. PI is the product of three independent 
characteristics: concentration of active reaction centers per 
Chl, a parameter related to primary photochemistry, and 
a parameter related to electron transport (Strasser et al. 
2004, Stirbet et al. 2018). Many authors have reported that 
it is the best parameter to investigate the photosynthetic 
efficiency and the effects of abiotic stresses on PSII in 
different plants, e.g., NaCl stress in wheat (Mehta et al. 
2010) and barley (Kalaji et al. 2011a), heavy metals and 
nutrient deficiency in barley (Kalaji et al. 2018), drought 
stress in wheat, ryegrass (Živčák et al. 2008b, Dąbrowski 
et al. 2019), and maize leaves (Lepeduš et al. 2012), 
urban pollution (Swoczyna et al. 2010), and also to screen 
genotypes with better performance and grain production in 
Lathyrus under drought stress (Silvestre et al. 2014). 

During high-light treatment, very low FV/F0 value 
and very high value of ΦD0 were recorded in rice seed-
lings. The reduction in FV/F0 indicates the decrease in 
the ratio between the rate constants of photochemical 
and nonphotochemical deactivation of excited Chl 
molecules (Strasser et al. 2000, 2010; Kalaji et al. 2018). 
Moreover, the increase in ΦD0, maximum quantum 
yield of nonphotochemical deexcitation, suggested the 
enhancement in the dissipation of absorbed light as heat 
or fluorescence. It was shown that maximal fluorescence 

Fig. 2. Energy pipeline leaf model of phenomenological fluxes (per cross section, CS) in rice seedlings when subjected to high light, 
NaCl, heavy metal, and PEG-induced osmotic stress. The value of each parameter can be seen in relative changes in width of each 
arrow. Active reaction centers (RCs) are shown as open circles and inactive RCs are closed circles. ABS/CS0 – absorption flux per cross 
section at t = 0, TR0/CS0 – trapped energy flux per cross section at t = 0, ET0/CS0 – electron transport flux per cross section at t = 0,  
DI0/CS0 – dissipated energy flux per cross section at t = 0.
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and the Area were tremendously decreased under heavy 
metal stress. The total complementary Area between the 
fluorescence induction curve and FM is a tool to represent 
the pool size of reduced plastoquinone on the reducing 
side of PSII (Kalaji et al. 2017). The decrease in Area and 
FM was due to the inhibition of electron transfer rates from 
reaction center to quinone pool that produces an excess of 
excitation energy which gets dissipated as heat. Our results 
were supported by the work of Żurek et al. (2014) who 
reported that the elevated content of various heavy metals 
in perennial grasses growing in heavy metal contaminated 
soils decreased the Area and FM. Along with this, Mathur 
et al. (2016) reported that there was a gradual reduction 
in the Area in wheat plants when exposed to increasing 
concentrations of heavy metal; they suggested that this 
was due to blockage of electron transfer from the reaction 
center to quinone pool. Likewise, the decrease in FM was 
observed (Żurek et al. 2014). The parameter 1 – VI is 
interpreted as the efficiency/probability by which electrons 
move from PSII to PSI acceptor side, which was drastically 
retarded upon heavy metal treatment. The similar effect 
was observed by Rastogi et al. (2019), who suggested that 
the decrease of 1 – VI was associated with the significant 
decrease of PSI activity due to metal treatment. Moreover, 
Küpper et al. (2019) discussed that the decline in 1 – VI in 
leaves under heavy metal treatment related to the decrease 
in the efficiency or probability with which a PSII trapped 
electron is transferred to PSI. Therefore, we can conclude 
that these parameters can be considered as the sensitive 
parameters for evaluating the effect of heavy metals in rice 

seedlings. Also considering the drastic reduction in FV/F0 
and increase in ΦD0 at high light, these parameters can be 
taken as parameters for evaluating the effect of high light 
stress in rice seedlings.

The maximum quantum yield of electron transport 
(ΦE0) was strongly decreased under NaCl stress in rice 
seedlings as reported earlier in Brassica napus L. (Bacarin 
et al. 2011) and Spirulina platensis (Zhang et al. 2010). 
The increase in the ratio of variable fluorescence in time 
0.3 ms to variable fluorescence in time 2 ms (VK/VJ) 
upon exposure to NaCl stress in rice seedlings indicated 
that oxygen-evolving complex was affected and thus the 
electron transport from PSII donor side to PSII reaction 
center was inhibited as reported earlier by Yan et al. (2013) 
and Kalaji et al. (2016). Under PEG stress, the values 
of FV/F0 and SFI(abs) greatly decreased, while DI0/CS0 

significantly increased in rice seedlings. Reduction in 
SFI(abs), an indicator of PSII structure and function, and 
an increase in dissipated energy as heat and fluorescence 
may be due to the accumulation of inactive PSII reaction 
centers and a lower quantum yield of PSII photochemistry 
in plants (Stirbet et al. 2018). Chl a fluorescence 
analysis revealed that the drought stress caused the 
impaired electron transfer to PSII reaction center due to 
the variations in energy absorption, trapping, electron 
transport, and dissipation per cross section, which results 
in reduction of photosynthetic efficiency of PSII (Stirbet  
et al. 2018, Khatri and Rathore 2019). According to 
Živčák et al. (2013) drought stress gradually decreased 
PSII electron transport and nonphotochemical quenching 

Table 1. Chl a fluorescence parameters of Oryza sativa var. ‘Mangalamahsuri’ after exposure to different abiotic stress factors [high 
light (2 h), NaCl (100 mM), PEG (20%) and heavy metal (2 mM Cd)]. Different letters indicate statistically different means ± SE 
at p<0.05. Tf(max) – time to reach maximal fluorescence, Area – total complementary area between the fluorescence induction curve 
and FM, F0 – minimal fluorescence, FM – maximal fluorescence, FV/F0 – the ratio between the rate constants of photochemical and 
nonphotochemical deactivation of excited Chl molecules, VJ – the relative variable fluorescence at J-step, VI – the relative variable 
fluorescence at I-step, 1 – VI – the efficiency/probability with which a PSII trapped electron is transferred to PSI acceptor side,  
VK/VJ – the ratio of variable fluorescence in time 0.3 ms to variable fluorescence in time 2 ms as an indicator of the PSII donor side 
limitation, FV – variable fluorescence, FV/FM – maximum quantum efficiency of PSII under dark adaptation, ΦE0 – the electron transport 
quantum yield, ΦD0 – maximum quantum yield of nonphotochemical deexcitation, SFI(abs) – PSII structure-function-index, PI(abs) – 
performance index.

Parameter Control High light NaCl PEG Heavy metal

Tf(max) 176 ± 4ab 177 ± 4ab 180 ± 5a 188 ± 5a 166 ± 3b

Area 26,306 ± 752a 15,189 ± 302d 20,624 ± 351b 18,433 ± 466c 8,941 ± 163e

F0 398 ± 3b 454 ± 14a 478 ± 10a 482 ± 10a 347 ± 10c

FM 2,068 ± 60a 1,519 ± 34bc 2,060 ± 46a 1,656 ± 42b 1,439 ± 24c

FV/F0 2.89 ± 0.06a 1.64 ± 0.05c 2.06 ± 0.06b 1.62 ± 0.04c 2.02 ± 0.06b

VJ 0.53 ± 0.01c 0.68 ± 0.02b 0.75 ± 0.02a 0.71 ± 0.01b 0.54 ± 0.01c

VI 0.80 ± 0.06b 0.83 ± 0.06b 0.86 ± 0.06ab 0.82 ± 0.06b 0.94 ± 0.06a

1 – VI 0.20 ± 0.01a 0.17 ± 0.01b 0.14 ± 0.01c 0.18 ± 0.01b 0.06 ± 0.00d

VK/VJ 0.31 ± 0.01c 0.34 ± 0.01b 0.43 ± 0.02a 0.34 ± 0.02b 0.31 ± 0.01c

FV 1,670 ± 43a 1,065 ± 28d 1,582 ± 34b 1,174 ± 13c 1,092 ± 22d

FV/FM 0.81 ± 0.04a 0.71 ± 0.02b 0.77 ± 0.04a 0.71 ± 0.02b 0.76 ± 0.04a

ΦE0 0.35 ± 0.01a 0.20 ± 0.01c 0.17 ± 0.00d 0.18 ± 0.01cd 0.31 ± 0.01b

ΦD0 0.26 ± 0.00c 0.38 ± 0.00a 0.33 ± 0.01b 0.38 ± 0.01a 0.33 ± 0.01b

SFI(abs) 1.02 ± 0.04a 0.45 ± 0.01c 0.41 ± 0.01cd 0.38 ± 0.01d 0.61 ± 0.01b

PI(abs) 7.47 ± 0.14a 1.73 ± 0.05c 1.67 ± 0.03c 1.41 ± 0.03d 3.44 ± 0.06b
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increased in wheat leaves which supports the roles of 
alternative electron sinks (either from PSII or PSI) and 
cyclic electron flow for photoprotection of PSII and PSI, 
which also generates ATP needed for countering the drought 
stress conditions. Moreover, the drought stress moderately 
decreased absorption and electron transport rate as well as 
the number of functional reaction centers in crop plants 
(Brestič and Živčák 2013). Therefore, considering the 
decline in ΦE0 under NaCl stress and significant decrease 
in FV/F0 and SFI(abs) as well as the increase in DI0/CS0 under 
PEG stress, these parameters are found to be more reliable 
in assessing NaCl and PEG stresses, respectively. 

The data obtained from Chl a fluorescence analysis 
revealed that some fluorescence parameters can be 
selectively used for identifying and evaluating the effect 
of high light, NaCl, PEG, and heavy metal stress in rice 
seedlings. The results from the present investigation 
strongly indicate that these chosen Chl a fluorescence 
parameters could be used as a tool for the identification 
of a particular abiotic stress even in the earlier growth 
stages of rice seedlings. Similar findings were reported 
under cadmium and lead stress (Kalaji and Loboda 2007), 
salt stress (Kalaji et al. 2011a), low and high light stress 
(Kalaji et al. 2012), temperature stress (Kalaji et al. 2011b) 
in barley cultivars, and nutrient deficiency in tomato and 
maize (Kalaji et al. 2014). Moreover, Kalaji et al. (2014, 
2016) selected some Chl a fluorescence parameters as a 
species-specific approach to identify/predict the nutrient 
deficiency in tomato and maize plants and according 
to Živčák et al. (2014), some selected parameters are 
considered as more reliable and more useful to assess 
nitrogen deficiency in wheat. Under drought stress, 
different Chl a fluorescence parameters such as FV/FM vary 
according to the severity of drought and it was found that 
these reduced drastically after prolonged drought stress 
(Živčák et al. 2008a). 

Conclusively, we found that performance index is a 
common sensitive parameter to evaluate the effect of high 
light, heavy metal, NaCl, and PEG stress in rice seedlings. 
Certain Chl a fluorescence parameters were significant 
for a specific stress. FV/F0 was prominently decreasing 
and the maximum quantum yield of nonphotochemical 
deexcitation (ΦD0) was prominently increasing upon expo-
sure to high light stress. The maximum quantum yield of 
electron transport (ΦE0) and the electron transport from 
PSII donor side to PSII reaction center (VK/VJ) was highly 
reduced under NaCl stress in rice seedlings. Moreover, 
FV/F0, and PSII structure function index [SFI(abs)] were 
prominently decreasing and the dissipation per cross 
section (DI0/CS0) was significantly enhanced under PEG 
stress. The pool size of reduced plastoquinone on the 
reducing side of PSII, the maximal fluorescence (FM), 
and the probability by which electrons move from PSII 
to PSI acceptor side (1 – VI) were significantly decreasing 
under heavy metal stress. High light, heavy metal, NaCl, 
and PEG stresses reduced the photochemical efficiency of 
PSII; the most significantly changed Chl a fluorescence 
parameter(s) can be selectively used for evaluating and 
characterizing the consequence of a particular abiotic 
stress on the photochemistry in rice seedlings.
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a b s t r a c t

Cadmium doped Fe3O4 ferrofluids were synthesised by coprecipitation method. The synthesized ferroflu-
ids were characterized by various characterization techniques. The structural analysis was done using
X-ray diffraction (XRD). Fourier transform infrared spectroscopy was carried out for the prepared samples
and optical studies were done using Ultra violet-visible spectroscopy. The nonlinear optical properties
were studied using Z-Scan technique. The prepared sample exhibits visible magnetic properties. X-ray
diffraction technique confirms the spinal structure of the ferrites. The band gap of the samples was deter-
mined from Ultraviolet visible spectroscopy. Fourier transform infrared spectral analysis reveals that the
prepared samples are coated with the oleic acid and shows the peaks for OAH Stretching, CAN Stretching,
CAC Stretching, and N@C@O Stretching. The Z Scan reveals the cadmium concentration dependent non-
linear optical property of the prepared samples.
� 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International
Conference on the Science and Technology of Advanced Materials.

1. Introduction

Nanometre-based materials have a wide range of applicability.
In particular, there is much interest in using nanostructured mag-
netic materials for optical applications, as for instance in optical
switches, optical isolators, optical fibre sensors, and optical modu-
lators. Magnetic fluids which consist of magnetic nanoparticles
dressed with a surface molecular layer and dispersed in a liquid
carrier as stable colloids, represent a promising class of materials
for optical devices [1–3]. Ferrofluids (dispersions of magnetic col-
loids), which have been subject of research for a long time [4,5],
are widely used in industrial applications (e.g. in copying machines
and printers) [6] but are also important as a model system for dipo-
lar fluids [7–9]. In scientific research, magnetite (Fe3O4) particles
have been investigated extensively, because their synthesis is con-
venient and well-known [10]. However, their polydispersity is
large (around 25%) and the variation of particle size is limited. In
contrast, metallic magnetic particles can be made quite monodis-
perse and in various sizes, while having the additional advantage
of a larger magnetic moment compared to iron oxides [11]. Metal-
lic iron particles can be synthesized in different ways, for example
by chemical vapour deposition [12] or sonolysi [13].

Ferrofluids do not exist in nature and are artificially prepared.
The earliest method to produce ferrofluids was by grinding
micro-sized magnetic particles for several weeks in ball mills in
the presence of surfactants [14,15], producing a very broad particle
size distribution. A more convenient method, which also results in
better-defined particles with a much narrower size distribution is
the preparation by precipitation reactions. Important advantages
of these ferrofluids compared to magnetite are their narrower size
distribution and the better control of particle size by choosing the
amounts of surfactants. However, metallic particles are chemically
instable in air, which causes them to oxidize [16]. Later, a large
variety of magnetic colloids was developed, e.g. composite parti-
cles consisting of magnetic cores in a silica shell [17,18], magnetic
particles with attached functional groups like enzymes (mainly for
medical or biological applications) [19,20], colloidal alloys [21,22]
and magnetic rods [23].

Bakuzis et al reported the magneto-optical properties of a
highly stable ionic magnetic fluid sample containing CdFe2O4
nanoparticles using static magnetic birefringence, zero-field
optical transmissivity, and transmission electron microscopy
[24]. Suresh Sagadevan et al. reported a simple thermal decompo-
sition technique for the synthesis of cadmium ferrite (CdFe2O4)
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nanoparticles. With the help of X-ray diffraction, scanning electron
microscopy, energy-dispersive X-ray spectroscopy (EDS) and Four-
ier transform infrared spectroscopy the prepared nanoparticles
were identified. The ultraviolet–visible (UV) spectroscopic absorp-
tion illustrated the significant optical properties. Moreover, the
optical energy band gap (Eg) of CdFe2O4 nanoparticle was deter-
mined to be 1.74 eV. By studying the variation of dielectric con-
stant and dielectric loss with respect to frequency, the CdFe2O4
nanoparticles electrical properties were analysed [25]. Sutka
et al. reported synthesis of Cadmium ferrite by Sol gel combustion
method. They studied the effect of various reducing agents such as
citric acid, glycine and urea on phase purity of synthesized sample
[26]. Rucha Desai et al. synthesized Cadmium doped ferrite parti-
cles using co-precipitation technique followed by a low tempera-
ture (600 �C) annealing in a time scale much shorter than
reported in literature. Incorporation of sodium chloride during
annealing helps to form a single-phase spinel structure with a final
particle size of around 50 nm. Even at such a short length scale we
observe the overall magnetic properties to be similar to those of
the bulk. The observed magnetic properties can be explained on
the basis of an anti-ferromagnetic core with a shell containing
ferromagnetic-like, but canted spin structure.

Saravanan et al. reported the Enhanced nonlinear optical
absorption and optical limiting properties of superparamagnetic
spinel zinc ferrite decorated reduced graphene oxide nanostruc-
tures [27]. Saravanan et al. has reported the nonlinear optical
absorption and optical limiting properties of cadmium ferrite
[28]. In this work, the systematic investigations on the optical prop-
erties of Cadmium substituted Fe3O4 ferrofluids by coprecipitation
method is discussed. However, as per our best search, we have not
found any detailed report in the literature on the magnetic proper-
ties of Cadmium doped ferrite nanoparticles in fluid form prepared
by co-precipitation method. In the present work we have evaluated
its structural, optical and nonlinear optical property.

2. Materials and methods

All the chemicals used for synthesis were of analytical grade. The
chemicals used for this experiment were Ferric Chloride, Ferrous
sulphate, Ammonia Solution, Oleic Acid, and Cadmium Nitrate.

2.1. Synthesis

Ferrofluids do not exist in nature and are artificially prepared.
The earliest method to produce ferrofluids was by grinding
micro-sized magnetic particles for several weeks in ball mills in
the presence of surfactants, producing a very broad particle size
distribution. A more convenient method, which also results in bet-
ter defined particles with a much narrower size distribution is the
preparation by precipitation reactions, known as Co-precipitation
method. Cadmium doped Fe3O4 were synthesized by co precipita-
tion method. The procedure is as follows,

� Add 50 ml of 2 M FeCl3 solution and 50 ml of 1 M FeSO4 to a
1000 ml beaker. Add a magnetic stirring bar and begin stirring.
Use a 100 ml burette to add drop wise aqueous NH3 solution.
Magnetite, a black precipitate will form. Continue stirring
throughout the slow addition of the ammonia solution over a
period of 5 min.

� Turn off the stirrer and immediately use a strong magnet to
work the stir bar up the wall of the flask. Remove the stir bar
with glowed hands before it touches the magnet and Oelic acid
(5 ml) is added.

� Use a strong magnet to attract the ferrofluid to the bottom of
the weighing boat. The decant (pour off) and discard the rinse
as before. Repeat the rising a third time.

� Little amount of that precipitate is converted into a watch glass.
Dry the precipitate using hair dry then add one drop of kerosene
in watch glass then strong magnet is suspended at the bottom
of the watch glass. Then we can see ferrofluid shows spike
easily.

� The same procedure will be used in co-precipitation synthesis
of Cadmium Nitrate in different concentration. Here first por-
tion is same i.e., ferric chloride should be 2 M in 1000 ml. But
the second portion is mixture of Cadmium nitrate and ferrous
Sulphate, net amount is 1 M in 1000 ml.

The prepared samples are Fe3O4, Cd0.25Fe0.75Fe2O4,
Cd0.5Fe0.5Fe2O4, Cd0.75Fe0.25Fe2O4 and CdFe2O4.

The mass of a substance of equivalent mass (E) required to pre-
pare V ml of standard solution given by the equation,

Mass ¼ MEV
1000

g

3. Characterisations

The structural properties of synthesized samples were studied
by X-ray diffraction (XRD). The optical properties of the samples
were studied using UV Visible spectroscopy and FTIR. The nonlin-
ear optical absorption studies were done using Z Scan technique.

3.1. X-ray diffraction

The X-ray diffraction pattern of the synthesized compounds are
shown in Fig. 1.

The presence of different planes in the diffraction patterns con-
firms the spinel cubic structure for all the annealed samples. The
patterns are characteristic with one of the pure structures of
Fe3O4 and CdFe2O4 (JCPDS: 01-075-0033 and JCPDS: 01-079-
1155). In the Cd0.5Fe0.5Fe2O3, XRD pattern shows an anomalous
behaviour. This may be attributed to the inversion effect present
due to the strain induced. The peaks in the XRD pattern indicates
the fine particle nature of the CdxFe1-xFe2O4 particles.

3.2. UV visible absorption studies

Fig. 2(a) shows the UV Absorption spectra of prepared samples.
The optical band gaps of CdxFe1-xFe2O4 ferrofluids were deter-
mined with the help of absorption spectra.

Fig. 1. XRD Patterns of the series CdxFe1-xFe2O4 ferrofluid.
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The optical band gap values of the samples are determined
using Absorption Spectrum Fitting (ASF) method. In ASF Method
the ASF plot was drawn with (A/k)2 nm�2 Vs (1/k) nm�1. Extrapo-
lating the linear region of the graph gives the optical bandgap of
the samples. Fig. 2(b–f) shows the ASF plots of the samples.

The band gap values obtained for the samples synthesized by
co-precipitation method are 1.71, 1.66, 1.52, 1.64 and 1.80 eV
respectively.

3.3. FTIR studies

Fourier Transform Infrared Spectroscopy (FTIR) spectra was per-
formed to the prepared samples. Fig. 3 shows the FTIR Spectra of
samples. The spectra contain the peaks at 2494.70, 2446.70,
2264.20, 2153.92, and 2036.67 cm�1, which corresponds to OAH
stretching, CAN stretching, CAC stretching, and N@C@O stretching,
respectively. Table 1 shows the peaks and corresponding

Fig. 2. a. UV–Vis spectra of CdxFe1-xFe2O4 ferrofluids. b. ASF Plot of Fe3O4. c. ASF Plot of Cd0.25Fe0.75Fe2O4. d. ASF Plot of Cd0.5Fe0.5Fe2O4. e. ASF Plot of
Cd0.75Fe0.25Fe2O4. f. ASF Plot of CdFe2O4.
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functional group. FTIR spectra confirms oleic acid encapsulated
Cadmium doped Fe3O4 particles.

3.4. Non-linear absorption studies

The open aperture Z-scan technique was employed to evaluate
the nonlinear absorption and optical limiting capability of the sam-
ples. Firstly, the prepared samples were dispersed by ultrasonica-
tion in distilled water. The dispersed solution was kept in the
focused beam of the laser along Z-direction for excitation. The
recorded open aperture pattern is shown in Fig. 4(a)–(c) and
the presence of valley like pattern indicates the reverse saturable
absorption nature of the material. It is expected that the nonlinear-
ity arises due to nonlinear absorption with small contribution of
nonlinear scattering [29].

q0 z;0ð Þ ¼ bI0 tð ÞLeff

Fig. 3. FTIR Spectra of CdxFe1-xFe2O4 ferrofluids.

Table 1
FTIR Peaks and Corresponding functional groups.

Wave number (cm�1) Functional Group

2494.70 OAH Streching
2446.70 OAH Streching
2264.20 CAN Streching
2153.92 CAC Streching
2036.67 N@C@O Streching

Fig. 4. a. Open aperture Z Scan of Fe3O4 ferrofluid. b. Open aperture Z Scan of Cd0.5Fe0.5Fe2O4 ferrofluid. c. Open aperture Z Scan of CdFe2O4 ferrofluid.
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Leff ¼ 1��e�al� �
=a

Leff is the effective thickness with the linear absorption coeffi-
cient a, I0 is the irradiance at the focus. The experimental curve
is well fitted with theoretical curve. The obtained values of b at
three different concentration are presented in Table 2 [30].

The calculated <beta> (Third order NLO Activity) value for
Fe3O4, Cd0.5Fe0.5Fe2O4 and CdFe2O4 are as shown in the Table 2
Cadmium ferrite possess better NLO property than other com-
pounds in this category. Out of the samples prepared by co precip-
itation method and as per the <beta> value obtained CdFe2O4
possess better NLO Property than others. The effect of concentra-
tion of dopants is reflected in each sample.

4. Conclusion

Cadmium doped Fe3O4 ferrofluids were synthesised using
coprecipitation method. Structural properties have been studied
by X-ray diffraction. X-ray diffraction analysis confirmed the spinal
cubic structure of samples. Optical properties of the samples were
studied using UV Visible spectra, the nonlinear optical properties
of the samples were studied using Z Scan techniques. The optical
band gaps of CdxFe1-xFe2O4 ferrofluids were determined with
the help of absorption spectra. The optical band gap values of the
samples are determined using ASF plots. The band gap values
obtained for the samples synthesized by co-precipitation method
are 1.71, 1.66, 1.52, 1.64 and 1.80 eV respectively. Fourier trans-
form infrared spectral analysis reveals that the prepared samples
are coated with the oleic acid and shows the peaks for OAH
Stretching, CAN Stretching, CAC Stretching, and N@C@O Stretch-
ing. The nonlinear absorption studies of the samples reveal that
CdFe2O4 possess nonlinear optical activity than others. The study
on the prepared samples reveals its optical characteristics and its
non-linear optical activities.
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Abstract 
Celastrus paniculatus Willd. is an important threatened medicinal woody liana native to the 
Indian subcontinent. It is distributed chiefly in the deciduous forests, up to an altitude of 1800 m. 
This species is globally distributed from South Asia to Australia. The seed oil of C. paniculatus 
is used as a brain tonic for enhancing memory. Due to the over exploitation of the plant for its 
medicinal values, the plant is listed in the rare endangered and threatened (RET) category. 
Genetic diversity of C. paniculatus was studied at four different natural populations located at 
different elevations (48, 700, 1072 and 1793 m) of Southern Western Ghats. Random Amplified 
Polymorphic DNA (RAPD) markers were used to assess the genetic diversity among four 
populations. Variations in morphological characters were also observed among the 
populations. 20 RAPD primers were used to amplify the genomic DNA. A total of 385 bands 
were generated from 20 primers, 228 (59%) being polymorphic, indicating medium genetic 
diversity among the populations. 
 
Keywords: Celastrus, different populations, morphological variations, RAPD 
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INTRODUCTION  
Celastrus paniculatus Willd is a woody climber 

that belongs to the family Celastraceae. It is seen 

growing along the hilly tracts of India and 

commonly known as Bitter sweet, Jyothishmati 

or Staff tree. In Ayurveda, it is mentioned as 

‘Tree of life’ and its seed oil is used as an 

important ingredient of many Ayurvedic 

preparations. Celastrus seed oil has a beneficial 

effect on learning and memory process in 

mentally retarded children [1]. Jyothishmati oil 

extracted from the seeds of C. paniculatus 

contains the alkaloids celastrine and paniculatin 

in varying amounts [2]. The seed oil is used 

externally for rheumatism [3], joint pain [4], 

wound healing and internally for neurological 

diseases and to treat skin and urinary infections 

[5]. The natural population of C. paniculatus is 

severely depleting due to the over exploitation 

for its medicinal uses and poor seed germination. 

This results in its vulnerable status. 

 

The C. paniculatus plants located at four 

different elevations showed morphological and 

phenological variations among the populations. 

Morphological characteristics which showed 

variation includes leaf shape, size, flowering 

pattern, seed size, fruit shape, stem colour etc. 

(Table 1). Morphological variations could be 

observed in plants belonging to the same 

species due to various abiotic factors such as 

rainfall, temperature, altitude etc. Because of 

these variations, the plant may be identified as 

new or of different species. Genetic variation 

could be identified using molecular markers.  

 

Molecular markers provide a better 

understanding of genetic variation within and 

among populations and their phylogenetic 

relationships [6–9]. The advantages of 

molecular profiling include speed, cost 

effectiveness and the use of small quantity of 

plant material [10]. Random amplified 

polymorphic DNA (RAPD) markers allow us to 

obtain large amounts of data on genetic variation 

within and among populations without detailed 

prior knowledge of DNA sequences [11]. Random 

Amplified Polymorphic DNA (RAPD) markers 

provide a powerful tool for the investigation of 

genetic variation. 

Table 1: Variations in Phenology and Morphology of C. paniculatus Observed in Four Populations of 

mailto:saranyaharmesh08@gmail.com
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Southern Western Ghats. 
 Kozhikode Wayanad Gudalur Kotagiri 

Leaf fall Dec–Jan Dec–Jan Jan–Feb Nov 

Leaf size 15.7±2.8 cm 12.3±3.1 cm 8.8±1.9 cm 10.8±2.1 cm 

Leaf shape Elliptic leaf with 

acuminate tip 

Elliptic or ovate with 

acuminate tip 

Elliptic or ovate with 

acuminate tip 

Broadly ovate with 

obtuse tip 

Leaf flush May–June May–June May–June Dec 

No. of flowering seasons  1 1 1 2 

Inflorescence development May–June May–June May–June Jan and May 

Inflorescence length 
 
14.49±2.3 cm 13.86±2.9 cm 10.07±0.9 cm 13±1.28 cm 

 
6.39±1.31 cm 6.23±1.61 cm 4.14±1.5 cm - 

No. of 

flowers/inflorescence 
 

350.8±211.4 228.2±127.6 83.4±31.3 162.7±27.2 

 
47.8±9.76 40.2±6.43 27.3±14.5 - 

Flower size 

 

0.72 cm 0.7 cm 0.7 cm 1 cm 

 
0.82 cm 0.8 cm 0.7 cm - 

Stamen size 0.25 cm 0.25 cm 0.25 cm 0.2 cm 

Anther size 0.1 cm 0.1 cm 0.1 cm 0.15 cm 

Gynoecium size 

 

0.15 cm 0.15 cm 0.1 cm 0.1 cm 

 
0.25 cm 0.25 cm 0.25 cm - 

Fruit shape Slightly round/oblong slightly round/oblong slightly round slightly round 

Fruit maturation Oct Oct Dec May and Oct 

Fruit dispersal Nov Nov Jan–Feb Jun and Oct 

Seed size 0.8 cm 0.8 cm 0.4 cm 0.4 cm 

 

MATERIALS AND METHODS 
Study Area 

Morphological variations of Celastrus 
paniculatus located in four natural populations 
belonging to two states, Kerala and Tamilnadu 
were studied. In Tamilnadu, Kotagiri and 
Gudalur are the two places where this plant is 
seen in sufficient number and in Kerala, 
Wayanad and Kozhikode are the places 
selected for the study but where fewer numbers 
of plants are available. 46 trees at various 
locations of Gudalur (11.5030ºN and 
76.4917ºE and 1072 m elevation) and 22 trees 
in Kotagiri (11.4143ºN and 76.8663ºE and 
1793 m elevation) (Tamilnadu) and ten trees 
from Kozhikode (11.2588ºN and 75.7804ºE 
and 48 m elevation) and 10 trees from Wayanad 
(11.6854ºN and 76.1320ºE and 700 m 
elevation) (Kerala) were marked for 
phenological observations of C. paniculatus. 
 

Plant Material 

Fresh leaves of plants belonging to four 
different populations of Celastrus paniculatus 
were collected to do RAPD analysis for 
studying the genetic variability among these 
populations (due to morphological variation). 

The samples were stored at –20°C in a deep 
freezer until DNA extraction. 
 

Genomic DNA Extraction 

The genomic DNA extraction was done by 
column based kit method using the DNeasy 
plant mini kit (Qiagen, Germany). 100 mg of 
the leaf tissue was ground to a fine powder 
using liquid nitrogen and transferred to 
microfuge tubes. 400 µl AP1 buffer and 4 µl 
RNase A and mixed by vortex. The tubes were 
incubated at 65°C for 10 min in a water bath 
with intermittent mixing 2–3 times by inverting 
the tubes. Added 130 µl buffer P3 to the tube, 
mixed and incubated for 5 min on ice. The 
lysate was centrifuged for 5 min at 14,000 rpm. 
The samples were then loaded onto the QIA 
shredder spin columns and centrifuged at 
14,000 rpm for 2 min. The flow-through was 
transferred to a new tube without disturbing the 
pellet. Added 1.5 volume of buffer AW1 and 
mixed by pipetting. The contents were then 
loaded in 650 µl fractions onto the DNeasy 
mini spin column and centrifuged at 8000 rpm 
for 1 min. The flow-through was discarded. The 
spin column was placed into a new 2 ml 
collection tube and added 500 µl buffer AW2, 
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followed by centrifugation for 1 min at 8000 rpm. 
This last step with buffer AW2 step was repeated, 
with centrifugation at 14,000 rpm for 2 min. The 
spin columns were placed in fresh microfuge 
tubes and 100 µl AE buffer was added onto the 
membranes and incubated at room temperature 
for 5 min. The tubes were then centrifuged at 
8000 rpm for 1 min. This step was repeated with 
another 100 µl of AE buffer. The eluted samples 
were stored at –20oC. 
 

Quantification of DNA and Quality Check 

The quality of the DNA was checked in 0.8% 

agarose gel by visualizing the intactness of 

DNA bands and absence of any contaminating 

protein or RNA using gel-documentation 

system MultiImage II Alpha Imager-HP (Alpha 

Innotech, USA). The quantification of DNA 

was done by spectrophotometric method using 

the Biophotometer plus (Eppendorf, Germany). 

The preset program of Biophotometer was used 

for DNA quantification. The blank was set 

using TE buffer. 50 µl of DNA sample was 

taken in the micro cuvette and absorbance was 

measured at 260 nm. The amount of DNA 

present in 1 µl was calculated using the 

following formula: 

If the OD at 260 nm = A, 

DNA concentration (ng/µl) = 50×A. 

 

Random Amplified Polymorphic DNA 

(RAPD) Analysis for Studying Genetic 

Variability 

PCR amplification was performed in 20 μl 

reaction mixture consisting of ~10–15 ng 

genomic DNA; 1X PCR buffer (Merck-Genei, 

India) (Tris (pH 9.0), KCl, TritonX-100); 

200 μM each of dATP, dCTP, dGTP, and 

dTTP; 0.5 μM Operon random primer; 2.5 mM 

MgCl2, and 1 U of Taq DNA polymerase 

(Merck-Genei, India). DNA amplification was 

performed in a master cycler gradient 

(Eppendorf, Germany) thermal cycler. The 

cycling program was (i) 1 cycle of 94°C for 

4 min; (ii) 38 cycles of 94°C for 1 min for 

denaturation, 38°C for 1 min for annealing of 

primer, and 72°C for 2 min for extension; and 

(iii) a final extension at 72°C for 10 min. 
Primers Used for Amplification of Celastrus 

paniculatus Willd. 

DNA amplification was done for 20 RAPD 
primers (OPP01-20 series, Operon Technology, 
USA) using four different plant DNA samples. 
The PCR products were stored at 4°C till 
electrophoresis (Table 2). 
 

RESULTS 
Genomic DNA 
The genomic DNA was successfully purified 
from four leaf samples by kit method using the 
DNeasy plant mini kit (Qiagen, Germany). The 
quality of the DNA was checked in 1% agarose 
gel and it was observed that the quality of DNA 
extracted was good and of sufficient quantity 
and can be used for further RAPD analysis 
(Figure 1). The DNA concentration was 
estimated using UV-spectrophotometer 
(Biophotometer plus, Eppendorf, Germany) 
and was found to be in the range between 12 
and 25 ng/µl for different samples and the ratio 
of OD260/OD280 ranged between 1.68 and 
1.79 which is sufficiently good for downstream 
application like RAPD analysis. 
 
The four samples that were subjected to 
RAPD analysis gave good reproducible 
amplification for all the primers OPP01-20 
(Table 3). These primers were successfully 
used to generate DNA profiles for all the 
four samples (Figure 2).  
 
A broad analysis reveals that the primers gave 
an average of 59% polymorphism (Table 3). 
This indicates good variability among the four 
plants. Each primer on an average gave 19 loci 
per primer generating a total of 385 loci which 
was used for generating the similarity 
coefficients (Table 4) and subsequently their 
phylogenetic tree (Figure 3). 
 

Among the four plants analysed, the plant 

values of Kozhikode were very close to the 

plant values from Wayanad as indicated by 

their coefficient value of 0.94, followed by 

similarity between Gudalur and Kotagiri 

samples which had a coefficient value of 0.81. 

The maximum differentiating values was found 

to be between plant samples from Gudalur and 

the two samples from Kozhikode and Wayanad 

with a value of 0.5065. 
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Fig.1 Agarose gel (0.8%) showing separation of DNA samples isolated from 

Celastrus paniculatus Willd: -Leaf samples from 4 population of C. paniculatus Willd (4 samples) 

(Lanes: - 1=Kozhikode, 2=Wayanad, 3=Gudalur, 4= kotagiri, M= 100 bp=5 kb DNA ladder) 

 

Table 2: List of RAPD Primers and Their Sequences. 
S. No. Primer Name Sequence (5’-3’) S.No Primer Name Sequence (5’-3’) 

1 OPP-01 GTAGCACTCC 11 OPP-11 AACGCGTCGG 

2 OPP-02 TCGGCACGCA 12 OPP-12 AAGGGCGAGT 

3 OPP-03 CTGATACGCC 13 OPP-13 GGAGGTCCTC 

4 OPP-04 GTGTCTCAGG 14 OPP-14 CCAGCCGAAC 

5 OPP-05 CCCCGGTAAC 15 OPP-15 CGAAGCCAAC 

6 OPP-06 GTGGGCTGAC 16 OPP-16 CCAAGCTGCC 

7 OPP-07 GTCCATGCCA 17 OPP-17 TGACCCGCCT 

8 OPP-08 ACATCGCCCA 18 OPP-18 GGCTTGGCCT 

9 OPP-09 GTGGTCCGCA 19 OPP-19 GGGAAGGACA 

10 OPP-10 TCCCGCCTAC 20 OPP-20 GACCCTAGTC 

 

 
Fig.2. UPGMA Cluster analysis- based dendrogram showing genetic relatedness among the 4 

Celastrus paniculatus Willd plants belonging to 4 populations. 
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Fig.3 Agarose gel (1.8%) image showing PCR amplification of 4 plant DNA samples of C. 

paniculatus Willd using 20 RAPD primers OPP- 01-20. 
Lanes1= Kozhikode, 2= Wayanad, 3= Gudalur, 4= Kotagiri M= 100bp-5kb DNA ladder 
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Table 3: List of RAPD Primers with Corresponding Bands Scored along with Their  

Polymorphism Percentages. 
S. 

No. 

Primer 

Code 

Total 

Bands 

Monomorp

hic Bands 

Polymorphic 

Bands 

Percentage 

Polymorphism (%) 

1 OPP-01 19 4 15 79 

2 OPP-02 23 15 8 35 

3 OPP-03 12 6 6 50 

4 OPP-04 17 7 10 59 

5 OPP-05 10 6 4 40 

6 OPP-06 19 11 8 42 

7 OPP-07 20 9 11 55 

8 OPP-08 21 4 17 81 

9 OPP-09 22 8 14 64 

10 OPP-10 20 5 15 75 

11 OPP-11 19 6 13 68 

12 OPP-12 21 11 10 48 

13 OPP-13 26 9 17 65 

14 OPP-14 24 5 19 79 

15 OPP-15 20 10 10 50 

16 OPP-16 20 11 9 45 

17 OPP-17 20 6 14 70 

18 OPP-18 18 11 7 39 

19 OPP-19 23 6 17 74 

20 OPP-20 11 7 4 36  
Total 385 157 228 59  
Average 19.25 7.85 11.4 - 

 

Table 4: Similarity Coefficients of the Four 

Plants Based on 20 RAPD Primers. 
 Kozhikode Wayanad Gudalur Kotagiri 

Kozhikode 1.0000    

Wayanad 0.9429 1.0000   

Gudalur 0.5065 0.5065 1.0000  

Kotagiri 0.5584 0.5481 0.8078 1.0000 

 

DISCUSSION 

The genetic variability of the woody climber C. 

paniculatus among the populations of four 

different elevations was analyzed using RAPD 

markers. The plants from the populations of 

Kozhikode and Wayanad show a similarity 

coefficient value of 0.94. The plants from the 

population Kozhikode and Wayanad are almost 

similar and they showed variation with 

populations of Gudalur and Kotagiri. The 

genetic variations observed among the C. 

paniculatus are mainly due to its out-crossing 

behaviour. According to Hamrick and Godt, 

reproductive biology is the most important 

factor in determining the genetic structure of 

plant populations [12]. The breeding system of 

C. paniculatus supports both allogamy and 

autogamy. Seed set was observed mainly from 

open cross pollination through insects.  

 

C. paniculatus is a deciduous woody climber 

which supports both self and cross pollination. 

Long-lasting, woody plants typically harbour a 

greater percentage of their variation within 

populations [13, 14]. Ranker suggested that the 

large variations may be a consequence of an 

outcrossing mating system in combination with 

a perennial life cycle [15]. 

 

Morphological variations may also occur due to 

various abiotic factors such as rainfall, 

temperature elevation, altitude etc. Ayala and 

Kiger stated that only by possessing genetic 

variation, a species will be able to respond to 

environmental pressure, evolve, and survive 

over the long term [16]. 

 

The results of this study revealed considerable 

variation among the studied populations of C. 

paniculatus mainly due to its out-crossing 

nature and climatic conditions. Genetic 

variations permit flexibility and survival 

capability of a population in the face of 

changing environmental circumstances. 
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Consequently, genetic variation is often 

considered as an advantage, as it is a form of 

preparation for the expected conditions. The 

extent and distribution of genetic diversity in a 

plant species depends on its evolution and 

breeding system, ecological and geographical 

factors. Analysis of molecular variance 

revealed a good genetic variation among the 

populations. 
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Abstract 

BACKGROUND: Vanilla siamensis is listed in Appendix-II of Convention on International Trade in 
Endangered Species of Wild Fauna and Flora (CITES) as an endangered species in Thailand. 
OBJECTIVE: To develop an optimum cryopreservation protocol for V. siamensis. MATERIALS 
AND METHODS: Protocorms were precultured on solid ½ MS medium with 0.5 M sucrose for 0-7 
d. For encapsulation-dehydration, encapsulated protocorms (beads) were dehydrated for 0-6 h. In the 
case of encapsulation-vitrification, the beads were loaded with a plant vitrification solution 2 (PVS2) 
at 0 -90 min. RESULTS: Protocorms precultured for 3 d gave the highest post-
cryopreservation survival of 17%. Dehydration of the encapsulated protocorm beads for 4 h gave the 
highest survival of 33% and a regrowth of 25%. Protocorms subjected to the encapsulation-
vitrification method did not survive at all. CONCLUSION: Protocorms precultured with 0.5 M 
sucrose for 3 d, encapsulated with 3% sodium alginate and dehydrated to a moisture content c. 14% 
before plunging into LN was a suitable method for the successful cryopreservation of V. siamensis 
protocorms. 

Keywords: protocorm, liquid nitrogen, encapsulation, dehydration, vitrification. 

 

INTRODUCTION 

Vanilla siamensis (Rolfe ex Dawnie), is one 
of the five species of vanilla found in Thailand 
(the others being V. graffithii, V. pilifera, V.
aphylla and V. albida). V. siamensis is locally 
abundant in the hills of evergreen forests, in the 
dry evergreen forest and tropical forest at high 
elevations from 500 -1200 m a.s.l. The mature 
V. siamensis vine will climb to the top of the 
canopy and will cascade downward, which will 

eventually stimulate the stems to flower. Recent 
studies on the extract from the fruits exhibited 
the characteristic effects of a natural bone 
promoting compound such as phytoestrogen 
(28). V. siamensis is listed as endangered species 
in Thailand and in Appendix-II of Convention 
on International Trade in Endangered Species of 
Wild Fauna and Flora (CITES).  

Vanilla germplasm is conserved ex situ as 
whole plants in the field within both various 
institutes and private collections in Central 
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America, the Caribbean, Asia, the Pacific 
Islands and Oceania, and Madagascar (16). In 
vitro slow growth storage of vanilla plantlets is 
also employed in several institutes. For example, 
the Indian Institute of Spices Research maintains 
100 vanilla accessions and several self progenies 
of V. tahitensis under in vitro storage conditions 
(3). The slow growth procedure developed for V. 
planifolia (7) has been effectively applied to 
four other endangered Vanilla species, allowing 
their in vitro storage for more than 7 years with 
yearly subcultures (3). Cryopreservation is the 
most efficient and cost-effective strategy for 
long-term storage of genetic resources of 
vegetatively propagated plants such as vanilla 
and is also becoming an increasingly important 
tool for ex situ conservation of germplasm of 
endangered plant species (11, 25). 

 In vitro cryopreservation is currently 
widely experimented on members of the 
Orchidaceae. Many different cryopreservation 
methods have been proposed for successful 
conservation of Thai orchids, including 
vitrification (10, 14, 15, 22, 24), encapsulation-
dehydration (9, 13, 21, 32) and encapsulation-
vitrification (6, 23). The successful 
methodologies using different orchid explants, 
including seed, pollen, protocorms and 
meristematic tissues have been reported.  
Immature seed and mature seed are the preferred 
material for conservation due to small 
requirement for storage space. However, vanilla 
seeds are covered by a hard and dark coat that 
makes it difficult to determine the embryo 
viability. Thus, we selected the protocorm as 
plant material for cryopreservation. To date, 
there have been no reports on the 
cryopreservation of V. siamensis. Thus, the 
objective of this study was to develop an 
optimum cryopreservation protocol for V. 
siamensis. 

MATERIALS AND METHODS 

Plant materials 
Seeds were cultured on ½ MS medium 

supplemented with 3% sucrose and adjusted pH 
to 5.7 with 0.1 N HCl before adding agar and 
autoclaving at 1.05 kg cm-2, 121ºC for 15 min. 
The cultures were placed at 26 ± 2ºC under 14 h 
photoperiod at density of 40  m-2 s-1 
photosynthetic photon flux density (PPFD). 
After germination, protocorms were used for 
cryopreservation. (Figure 1) 

 

 

Effect of pre-conditioning periods on survival 
rate of protocorms  

Protocorms were precultured on solid ½ 
MS medium supplemented with 0.5 M sucrose 
in proliferation medium (MS supplemented with 
1.0 mg l-1 BA) for 0, 1, 3, 5 and 7 days.  After 
the pre-conditioning protocorms were directly 
plunged into liquid nitrogen (LN) for 24 hours.  
After rapid warming 
3 min, protocorms were transferred to solid ½ 
MS medium supplemented with 1.0 mg l-1 BA, 
3% (w/v) sucrose and 0.75% (w/v) agar. The 
survival rate was determined by counting the 
number of protocorms that remained green after 
8 weeks of culture. Regrowth was evaluated by 
counting the number of protocorms that 
developed new shoots after 16 months of 
culture.  
 
Encapsulation-dehydration 

The precultured protocorms were 
encapsulated in sodium alginate beads by 
suspending them in 3 sodium alginate solution 
followed by 0 1 M CaCl22H2O solution for 30 
min to allow polymerization of the beads 
approximately 4 mm in diameter The beads 
were put on sterilized Petri-dishes and 
dehydrated in laminar air flow for different 
durations ranging from 0, 2, 4 and 6 hours  For 
the determination of bead moisture content, the 
fresh weight of beads was measured after each 
dehydration period; then the beads were dried at 
70 ºC in an hot air oven for 12 hours and then 
reweighed. Moisture content (MC) was 
calculated using the following formula: 
 

 

Figure 1. Germinated protocorms after culturing 
on  ½ MS medium supplemented with 3% 
sucrose for 8 weeks (Bar = 1 cm) 
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MC % = [(bead fresh weight - bead dry weight) / 
bead fresh weight] ×  

After dehydration the beads were directly 
plunged into LN for 24 hours.  After rapid 

protocorms were transferred to solid ½ MS 
medium supplemented with 1.0 mg l-1 BA, 3% 
(w/v) sucrose and 0.75% (w/v) agar.  

The survival level was determined by 
counting the number of protocorms that 
remained green after 8 weeks of culture. 
Regrowth was evaluated by counting the number 
of protocorms that developed new shoots after 
16 months of culture. 
 
Encapsulation-vitrification 

Protocorms were encapsulated in 3% 
sodium alginate. Protocorms that were dispersed 
in 0 1 M CaCl22H2O solution and allowed to 
harden for 30 min to form beads approximately 
4 mm in diameter. The beads were dehydrated 
by modified plant vitrification solution 2 (PVS2) 
at 0 -90 min). The 
solution consisted of 30% (w/v) glycerol, 15% 
(w/v) ethylene glycol and 15 % (w/v) dimethyl 
sulfoxide without sucrose in liquid MS medium. 
The beads were transferred into 2 ml cryo-tubes 
containing 0.7 ml fresh PVS2 solution, plunged 
into LN and held for 24 hours.  About 10 
dehydrated beads were transferred to each 
cryotube. For rapid warming, cryotubes were 
immersed in a water bath at 40°C for 3 min. The 
beads were unloaded with basal culture medium 
supplemented with 1 2 M sucrose for 20 min, 
and then transferred to solidified ½ MS medium. 

The survival level was determined by 
counting the number of protocorms that 
remained green after 8 weeks of culture. 
Regrowth was evaluated by counting the number 
of protocorms that developed new shoots after 
16 months of culture. 
 
 

Statistical analysis 
The experiments were set up in completely 

randomized design (CRD) with eight 
replications.  The test of significant differences 

multiple range test (DMRT) at 5% confidence 
level. 

RESULTS 

Effect of pre-condition of on survival of 
protocorms 

Protocorms were precultured on ½ MS 
medium supplemented with 0.5 M sucrose for 
various times prior to freezing. After 8 weeks of 
culture, the results indicated that survival rate of 
protocorms without plunging into LN (-LN) 
gradually decreased with increasing duration of 
preconditioning. After plunging the protocorms 
into LN (+LN), the results revealed that 
protocorms precultured with 0.5 M sucrose for 3 
days gave the highest survival rate at 16.7% 
(Figure 2).   

 
 

 

Figure 2. Effect pre-conditioning period on 
survival of protocorms without plunging into LN 
(-LN) and plunging into LN (+LN) for 24 hours. 
Protocorms were cultured on regrowth medium 
for 8 weeks.  

Table 1. Effect of dehydration periods on survival and regrowth of PLBs without plunging into LN (-
LN) and plunging into LN (+LN) for 24 hours after culturing on regrowth medium for 8 and 16 weeks  

Dehydration (h) MC (%) **Survival rate (%)1 **Regrowth (%)2 

 -LN +LN -LN +LN 
0 40.6   100.0 a    8.3 cd     83.3 a      0.0 c 
 18.1     83.3 ab  16.7 cd     41.7 b      8.3 bc  
 14.1     66.7 b  33.3 c     33.3 bc    25.0 bc 

6   7.0       0.0 d    0.0 d       0.0 c      0.0 c 
1, 2 Data recorded after 8 and 16 weeks of culturing respectively. 
**=significantly different at P moisture content 
Mean values followed by the same letters within a column are not significantly different (P  
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Encapsulation-dehydration 
Encapsulated protocorms were dehydrated 

for 0 to 6 hours in a laminar air flow before 
immersion into LN Cryopreserved protocorms 
showed significant differences among the 
dehydration periods  The moisture content of 
encapsulated-protocorms decreased with 
dehydration periods. Protocorms in beads 
dehydrated for 4 hours and plunged into LN 
showed the best survival at 33.3%  When 
protocorms were dehydrated for more than 4 
hours, there was a decrease in viability. Table 
1 . After culturing for 16 weeks, the highest 
percentage of protocorm regrowth obtained was 
around 25% when encapsulated protocorms 
were dehydrated for 4 hours. Protocorms grew 
by developing a shoot and root (Figure 3). 
Protocorms that were either not dehydrated (i.e., 
40.6% MC) or subjected to long dehydration 
periods (i.e., < 7 % MC) did not survive. 
 
Effect of exposure time to plant vitrification 
solution 

Effect of PVS2 on survival of 
encapsulation, cryopreserved protocorms is 
presented in Table 2. Encapsulated protocorms 
were dehydrated with various times of PVS2 

before plunging into LN. Results obtained from  
encapsulation-vitrification experiments indicated 
that the immersion in PVS2 is damaging to the 
protocorms. Survival gradually decreased with  
increasing duration of immersion in PVS2. No 
growth was observed for cryopreserved 
protocorms that were subjected to the 
encapsulation-vitrification, even after a 16 week 
recovery period. Only non-cryopreserved 
protocorms showed developed a shoot and root 
(Figure 4). This indicated that the encapsulation-
vitrification method may need to be further 

Table 2.  Effect of exposure time to plant vitrification solution 2 (PVS2) at 0ºC on survival rate and 
regrowth of protocorms without plunging into LN (-LN) and plunging into LN (+LN) for 24 hours after 
culturing on regrowth medium for 8 and 16 weeks 

PVS2 (min) **Survival rate (%)1 **Regrowth (%)2 

 -LN +LN -LN +LN 
0  100.0 a     0.0 c   100.0 a   0.0 b 

    16.7 b     0.0 c       8.3 b   0.0 b 
      8.3 bc     0.0 c       0.0 b   0.0 b 

90      0.0 c     0.0 c       0.0 b   0.0 b 
1, 2 The data was recorded after 8 and 16 weeks of culturing respectively. 
**=significantly different at P  
Mean values followed by the same letters within a column are not significantly different (P  

 
Figure 3. Protocorm development after cryopreservation by the encapsulation-dehydration method.
(A) Non-cryopreserved protocorms. (B) Cryopreserved protocorms after dehydration for 2 hours. (C) 
Cryopreserved protocorms after dehydration for 4 hours. Scale bars = 1 cm. 

 

Figure 4. Encapsulated protocorms after 
dehydration with plant vitrification solution 2 
(PVS2) at 0ºC without plunging into LN (A) and 
after plunging into LN (B). Protocorms were
cultured on regrowth medium for 16 weeks.
Scale bar = 5 mm.  
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optimised for successful cryopreservation of this 
plant. 

DISCUSSION 

Effect of pre-condition of on survival of 
protocorms 

Cryopreservation of in vitro material has 
been widely explored for many species in the 
Orchidaceae (2, 6, 10, 17, 18, 19, 33, 35). 
Preconditioning of samples by culturing on 
sucrose-enriched medium has been shown to be 
very important to produce high levels of 
recovery growth after cryopreservation.  The 
results from this study showed that protocorms 
precultured with 0.5 M sucrose for 3 days 
significantly improved the recovery of 
protocorms, i.e., gave the highest survival rate at 
16.7%. Similarly, preculture of encapsulated 
beads with medium containing 0.5 M sucrose in 
the dark for one day and dehydrated for 8 hours 
before plunging into LN led to the successful 
cryopreservation of protocorms of 
Grammatophyllum specinocum BL. (31). The 
role of sucrose in the present study could be 
attributed to both nutritional and osmotic 
regulatory functions of this carbohydrate. A 
sugar treatment of plants with sucrose is known 
to be very important for the improved survival 
of cryopreserved PLBs from several orchids, 
such as Cymbidium finlaysonianum (32), Bletilla 
formosana (Hayata) Schltr (10) and Dendrobium 
Bobby Messina (35). The accumulation of 
sucrose inside tissues helps maintain cell 
viability during dehydration and 
cryopreservation by stabilization of membranes 
(7). In addition, the absorbed sugar stabilizes the 
membranes by replacing water and forming 
hydrogen bonds with the phospholipids (27). 
The balance between the loss of intracellular 
water, ice formation and cell solute 
concentration is important for successful 
cryopreservation (1). In agreement with the 
above, non-precultured protocorms did not 
survive at all in the present study. Moreover, a 
reduction in survival and regrowth after 
treatment at higher sucrose concentrations may 
be due to osmotic shock.  

Effect of dehydration periods on the survival  
of encapsulated protocorms 

Encapsulation-dehydration is widely 
applied to plant material, because it is a 
technique that is easily handled and the recovery 

after cryopreservation tends to be high due to the 
bead surrounding the explant reducing the shock 
of exposure to LN (20). The encapsulation step 
protects the explant while allowing exposure to 
extreme conditions that are usually deleterious 
to unencapsulated explants, for instance pre-
treatment on high sucrose concentrations and 
dehydration to low moisture contents. The 
dehydration process removes most or all 
freezable water from the encapsulated explants, 
allowing vitrification of the intercellular solutes 
as an explant is exposed to LN and avoiding 
lethal intracellular ice crystallization (4, 5, 16, 
32). The present study showed significant 
differences among the dehydration periods. 
Survival and regrowth of the non-cryopreserved 
encapsulated protocorms decreased with 
increasing dehydration period. Protocorms in 
beads dehydrated for 4 hours and plunged into 
LN showed the best survival; and the results 
demonstrated that no survival was achieved after 
dehydration for 6 hours. In contrast, dehydration 
for 12 hours yielded the highest viability and 
regrowth of cryopreserved Cymbidium 
finlaysonianum (32). In our study, the optimum 
MC of dehydrated beads for cryopreservation 
varied between 14.1-18.1%. 

 
Effect of exposure time to plant vitrification 
solution 

In case of encapsulation-vitrification, 
vitrification refers to the physical process by 
which a highly concentrated aqueous solution 
solidifies into a glassy solid at sufficiently low 
temperatures without crystallization (8). The 
keys of success with cryopreservation by 
vitrification are to carefully control the 
dehydration procedures and to prevent injury by 
chemical toxicity or excessive osmotic stress 
during treatment with the PVS2 solution (12, 
26). The most common approach involves the 
immersion time of samples with PVS2. Several 
reports have shown that dehydration at 0  can 
reduce the toxicity of vitrification solutions, 
usually yielding higher survival (29, 34). This 
was evident in the case of non-cryopreserved 
explants. High recovery rates were also obtained 
in many orchids (6, 10, 23, 30). However, in this 
study PLBs did not survive after plunging into 
LN by encapsulation-vitrification procedure at 
all, possibly due to the vitrification solution 
being toxic during extended incubation times.  
The result of encapsulation-vitrification from 
this study was related with Gonzalez-Arnao (9), 
who reported that vanilla tissues proved to be 
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very sensitive to PVS2 and were either killed 
apices derived from clusters of in vitro plantlets 

obtained from microcuttings or damaged before 
cooling apices derived from clusters of in vitro 
plantlets obtained from IFEs . Consequently, 
vanilla apices could not be cryopreserved using 
the vitrification method  

Among available cryopreservation 
techniques, encapsulation-dehydration has 
received much attention in recent years because 
of its simple, easy-to-handle and cost-effective 
procedure which allows for high genetic stability 
of cryopreserved explants. Moreover, this 
technique causes no toxicity and is even 
applicable to dehydration-sensitive explants (18, 
35).  

In conclusion, the results obtained from 
both the control encapsulation-dehydration and 
encapsulation-vitrification experiments indicated 
that the encapsulation-dehydration treatment is 
less damaging to the non-cryopreserved 
protocorms when compared to the 
encapsulation-vitrification treatment. Thus, 
protocorms precultured with 0.5 M sucrose for 3 
days, encapsulated with 3% sodium alginate and 
dehydrated in a laminar air flow for 4 hours 
before plunging into LN was the most suitable 
method for the cryopreservation of protocorms 
of V. siamensis. 
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