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IDis-20 (Intellectual Discourses)
IDis offers a platform for exchanging ideas, dismantling preconceived 
notions and constructing new pathways in the intellectual terrains. 
IDis offers you an opportunity to interact with the best talent in the 
educational arena of the nation. Over a period of one year, a series of 
seminars will be organized in Sir Syed College campus. Scholars and 
experts from different parts India and abroad will be invited. They 
will exchange their vision and innovation in their respective fields of 
knowledge to their peers in our campus. Teachers and academicians 
have a chance to present their own ideas and academic initiatives. The 
IDis platform will help our teachers to update their academic skills and 
also give them an opportunity to publish their papers in academic and 
research journals.

About the Conference
International Conference on ‘Plant Functional Biology’ encourages 
discourses on emerging concepts and findings in plant biology and 
studies on the functional areas encompassing work from the molecular 
field. ‘Plant Functional Biology’ as a discipline faces various issues such as 
lack of adequate exposure to the direct experience in research, effective 
sharing of knowledge, unawareness of practices and technologies in 
support of the implementation of the research programmes carried out 
in the field. This programme will be a means to connect the debates 
in ‘Functional Biology’ world over to the Indian scenario and to bring 
together a significant number of academics in India. It is also imperative 
that we open the possibilities of Plant Physiology studies with emphasis 
on ‘Photosynthesis’, thereby, seek to rejuvenate the subject in a rigorous 
manner. The conference also discusses new and significant informations 
about plant functions and their regulation, especially in relation to 
changing environments since plants are surprisingly able to adapt with 
extreme environmental conditions such as high and low temperatures, 
drought, flooding, salinity, pathogens, and other major abiotic and 
biotic stress factors.



I would like to congratulate   entire faculty of the Department of Botany 
for conducting three international Webinar entitled   “Plant Functional 

Biology”  in association with Kerala State Higher Education Council 
Erudite Programme under the auspicious of Doctrina.  We can use this 
occasion as an opportunity to acquire some important  knowledge and 
research skills to accelerate career growth as far as research is concerned. 
Information is the most valuable asset of the time. Knowledge is generated 
only when online learners comprehend the subject matter and are able to 
put the components together. Dear friends, every seminar, interactions 
and discussions provided valuable opportunities for students, researchers 
and teachers.

As a manager of Sir Syed College, I am grateful and very much happy 
for this novel endeavor, undertaken by the department of Botany and  
College IQAC. The programme is more relevant during this period of 
covid 19. I extend my warm welcome to all the representatives of teachers 
and scholars from various institutions and from various states. I wish you 
everything good for this webinar. I hereby express my warm regards and 
thanks to Prof. Govindjee Govindjee for inaugurating this three day 
International Webinar. Thank you once again.

Message 

adv. P. Mahamood 
Manager, Sir Syed College



Message 

Respected Professors, Research Scholars, Colleagues and Friends,

As COVID-19 is writing its tragic history I would like to start by wishing 
you and your family my personal best for your health and safety in this 
difficult time. I think these are exceptional times in which the nature is 
rending us a message once again that to care for ourselves means care 
for the nature. On this World Environment Day let us realise that it is 
time for the nature. I would like to congratulate my team for organizing 
such a relevant programme on this day. The Three - day international 
webinar ‘Doctrina - 11’ is packed with brain storming sessions on Plant 
Functional Biology organized by the Department of Post Graduate 
Studies and Research in Botany of the college. I would like to place on 
record our sincere gratitude to Kerala State Higher Education Council for 
their support and encouragement. We are fortunate to have, among all 
other dignitaries, Prof. Govindjee from University of Illinois, our former 
Principal Dr. Khaleel Chovva, a source of inspiration in our developmental 
programme is also joining. The Doctrina11 is enriched by the presence of 
7 eminent resource persons and around 400 participants from around the 
globe. Many of them will have a chance for paper presentation. Probably, 
a new experience for many of us. Hope you will enjoy and benefit it.

Thank you all. Good day.  

lt. Dr. Mohamed asraf Vazhapully
Principal, Sir Syed College, Taliparamba



Message 

Dr. t.P. nafeesa Baby
 IQAC Coordinator

Sir Syed College Internal Quality Assurance Cell (IQAC) has initiated to 
conduct a series of Three Day International Webinars named DOCTRINA 
during the Covid -19 lockdown period. In this series of webinars, eminent 
scholars and scientists from various parts of the world joined with us as 
resource persons. Thousands of researchers, teachers and students very 
actively participated through the online platform. The overwhelming 
support and response given by the participants really made very big 
encouragement and motivation to us. The webinar series has started in 
the third week of April 2020. The main highlight of the series was that, 
we could accommodate hundreds of participants together in a common 
platform. The three day International webinar conducted by department of 
Botany is the 14th one in the DOCTRINA series. Botany department is one 
of the old and prestigious departments of Sir Syed College in which so many 
academicians and scholars worked as faculty. It has a rich alumni which has 
provided notable contributions to the world of science and humanity. I am 
very much sure and confident that this three day International webinar will 
contribute very much to the areas concerned. Many renowned scientists 
are joining in this program as resource persons and obviously their lectures 
can influence the future generation by sharing ideas, thoughts and findings. 
As the coordinator of IQAC of Sir Syed College, I take this opportunity 
to express my gratitude to the resource persons and participants of the 
Webinar. I would like to appreciate Dr. Tajo Abraham and his team for 
organising such a great event Thank you.



FOREWORD 

 Dr. tajo abraham
Asst. Professor & Head, 

Dept. of Botany

The spectacle of the Nature is always new, for she is always renewing the spectators. Life is 
her most exquisite invention and death is her expert contrivance to get plenty of life. She 
wraps man in darkness and makes him forever long for ‘light’. She creates him dependent 
upon the earth. 

Why we explore the nature? Exploring human nature takes him deep into the experience 
of being in nature. The human desire for exploration leads to discovery. Human beings are 
handwired to explore, being more curious learn about different places because of historical 
events and facts. And typically, every human traveler from Earth wants knowledge, so 
knowledge leads up to exploration.

We do concur that the green plants assembled the nature. These are inexplicable group of life 
forms which remains as axis of nature. Everyday, we encounter plants whether it is in parks, 
the wild outbacks of nature, or in the simple pleasure of landscaping the inside and outside 
of our homes. But do we truly understand the vital role plants have in this world? The very 
thought should cause us to pay more attention to the beautiful botany that surrounds us.

The field of plant physiology includes the study of all the internal activities of plants-those 
chemical and physical processes associated with life as they occur in plants. This includes study 
at many levels of scale of size and time. Plant physiology is a sub discipline of botany concerned 
with the functioning of plants. Fundamental processes such as photosynthesis, respiration, 
plant nutrition, plant hormone functions, tropisms, nastic movements, photoperiodism, 
photomorphogenesis, circadian rhythms, environmental stress physiology, seed germination, 
dormancy and stomata function and transpiration, both parts of plant water relations, are 
studied by plant physiologists.

International Webinar on ‘Plant Functional Physiology’ was our unpretentious attempt to 
gather and share the realm of knowledge during the Covid-19 pandemic era.  The proceeding 
of International Webinar on ‘Plant Functional Biology’ organized by Department of P.G. 
Studies and Research in Botany, Sir Syed College, Taliparamba includes various lectures 
by eminent researchers from the field of plant functional physiology and allied areas. I 
acknowledge well the financial support from Department of Higher Education, Govt. of 
Kerala and I vehemently appreciate the faculty of the Department in organizing the seminar. 
I am indebted to Dr. Abdussalam AK (Convener) for his sincere effort to complete the 
proceedings.



PREFaCE

Dr. abdussalam, a.K.
Convener, Doctrina- 

International Webinar Series

The Department of Post graduate Studies and Research in Botany, Sir Syed College, Taliparamba, 
Kannur, Kerala, India  and Internal Quality Assurance Cell (IQAC)  jointly organizing  three 
day international conference on the topic  Plant Functional Biology under the auspicious of 
Doctrina and IDis in association with Erudite programme of Kerala State Higher Education  
Council (KSHEC). The Department of Botany organizing such a international webinar first 
time. Department has gloriously completed 50 years. More than 300 participants from different 
states of India will share their research findings and experiences in their presentations, feedback 
and also will identify the challenges and propose new approaches in the following webinar topics. 
Strategies for abiotic stress management, Molecular stress physiology, Climate Change and 
crop productivity, Anthropogenic induced stress, Ecophysiology of Plants, Biotechnology 
and crop improvement.

The conference will provide a platform for scientific deliberations and exchange of 
information in current areas of plant physiology research and will be attended by eminent 
scientists, teachers and research scholars from various institutions, universities and colleges 
in India. This webinar proceedings contains contributions from 37 researchers. The 
programme includes presidential address by Dr. Asraf Vazhapully, Principal Sir Syed College, 
Taliparamba, Inauguration by Prof. Govindjee Govindjee, environmental message by Dr. 
K.M. Khaleel, Executive Director, Scole Kerala, Message by Adv. P. Mahamood, Manager, 
Sir Syed College, Taliparamba, felicitation by Dr. Nafeesa Baby, IQAC coordinator, Sir Syed 
College. Welcome speech by Dr. Tajo Abraham, Assistant Professor and Head, Department 
of Botany, Sir Syed College, Taliparamba. Different session will moderated by Dr. Sreeja, Dr. 
Gayatri R. Nambiar,  Mr. Jazeel, K. and Dr. Shackira A.M. Vote of thanks will deliver Dr. 
Abdussalam, A.K. Convener, Three Day international webinar.

I would like to thank Kerala State Higher Education Council (KSHEC) Erudite programme 
for  grating financial assistance for the conductance of the webinar. I express my sincere 
gratitude to Janab K. Abdul Kadar, President, CDMEA, Janab, Mahamood Allamkulam, 
General Secretary, CDMEA for the encouragement and support to organize this webinar. I 
am grateful to the entire faculty members, scholars, students and other supporting staff  of 
the department for the help rendered for the execution of the event. I acknowledge IDis, 
funded by PTA and Golden Jubilee programme. I wish you all a rich academic and research 
experience, exciting webinar conference and memorable moments  at Sir Syed College, 
Taliparamba during this Covid-19 pandemic lock down period. 
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SiR SyeD college

Sir Syed College, was established in 1967 by a handful of educational visionaries of 
Kannur under CDMEA (Cannanore District Muslim Educational Association) with a 
vision to impart moral and liberal education to the public, especially socio politically 
backward minority communities of North Malabar region. The college, named after Sir 
Syed Ahmed Khan, the founder of Aligarh Muslim University, was started in 1967 as a 
junior college under the University of Kerala. It came under the University of Calicut 
in 1968 and under the Kannur University in 1996. The institution was reaccredited by 
NAAC with A grade in 2017. Today Sir Syed College is one of the biggest post graduate 
institutions under Kannur University. The college at present offers Under Graduate 
programmes in Botany, Chemistry, Forestry, Physics, Mathematics, Statistics, Zoology, 
Arabic, Economics, Functional English, History, Malayalam and Commerce; Post 
Graduate programmes in Arabic, Botany, Chemistry, Physics and Commerce. Apart 
from that the departments of Botany and Chemistry are research centres as well. 

The college has a strength of about 1680 students, 71 teaching staff and 35 non teaching 
staff. 15 of the teachers are Ph.D holders and 21 have M.Phil degree. There are 13 
research guides attached to the research departments of Chemistry and Botany and 33 
research scholars and one post doctoral fellow are working under them. 13 scholars 
have been awarded Ph.D from these research centres so far (11 Botany, 3 Chemistry). 
Many teachers are engaged in minor and major research projects funded by various 
agencies. The members of the faculty have contributed extensively to literatures in their 
respective fields. 9 books have been published by the teachers out of which one has 
attained national award. About 375 research papers of teachers and students have been 
published in various international and national journals. The Publication division of 
the college publishes the research journal, SEARCH. The college boasts of an extensive 
library with more than 41000 books, 25 research journals and INFLIBNET facility. The 
other facilities offered by the college include Sir Syed IT Centre, UGC aided Coaching 
Centre, Career Guidance and Counselling Cell, Photostat Centre, Gymnasium, Health 
Club, Sports Pavilion, Ladies Retreat room etc. There are separate hostels for men and 
women. An indoor stadium funded by UGC is in the final stages of construction. An 
ambitious project of the institution, the PG and Research block as GOLDEN JUBILEE 
BUILDING with four floors, is under construction. 
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The students are provided ample opportunities for co curricular and extra curricular 
activities through National Cadet Corps, National Service Scheme and different clubs 
like Language Club, Farm Club, Forestry Club, Hindi Club. E D Club, Film Club, Music 
Club, Tourism Club, Literary Club, Media Club Cultural Forum, Arts Forum, Science 
Forum etc. The Internal Quality Assurance Cell, Tutorial Scheme, Grievance Redressal 
Cell, Parent Teachers Association, College Co-Operative Society etc. ensure that the 
students get an ideal environment congenial to bring out the best in them. The college 
office ensures that maximum number of students get scholarships and endowments. 
Presently more than half the strength of students are enjoying the benefits of different 
scholarships and endowments. 

Hortus Sir Syedicus, the district medicinal plants demonstration garden developed by 
the Garden Club and NSS with the financial aid of State Medicinal Plants Board is one 
of a kind under the Kannur University. Sir Syed College is a front runner in academics 
with the maximum number of students becoming toppers year after year. The college 
has also left its mark on account of its envious success, excellent performance and 
participation in the arts festivals and many a time students from this institution have 
represented the University and state at sports meets across the country. 

The institution is extremely proud that in its 52 years of glorious existence it has stood 
true to its mission of changing the social fabric of North Malabar region. The role 
played by Sir Syed College is undeniable and pivotal in the cultural, political, economic 
and social uprising and development of the region.
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DePaRtMent oF  Botany

 The Department of Botany at Sir Syed College is one of the leading departments 
sponsored by Department of Science and Technology(DST) FIST Programme, 
dedicated to teaching and research with specialization in Angiosperm Taxonomy, 
Plant Physiology and Biochemistry, Plant Tissue culture and Molecular Biology, 
Fungal Taxonomy, Environmental Science, Ecophysiology, Microbiology, etc. The 
Department offers post graduate and undergraduate programmes in Botany. Two 
elective papers such as Techniques and Instrumentation and Crop Improvement 
are studying under M.Sc. programme. The department is well equipped with 
sophisticated research equipments funded by DST and UGC. The major instruments 
are GC-MS, UV-Visible Spectrophotometer, Oxygen Electrode etc. In addition to 
the Central library books (2543) we keep a Library with collections of 372 reference 
books and periodicals. The department also houses a herbarium with about 4000 
specimens. The botanical Garden - Hortus Sirsyedicus is well equipped with large 
collection of medicinal plants. Green Hose with Orchidarium, Aroid home, Herbal 
Garden, Nakshathrvanam, Bio Path, Aranyakam etc. are the major attractions of the 
garden. Aroid Home is established with conservation of Indian Aroids. Department 
has  published more than four hundred  research articles in different journals  having 
good impact factor. Department  has already completed different project work funded 
by DST, UGC, KSCSETE, BRNS, MoEF in different topic. The northern Kerala is 
blessed with mangrove forest, most of the major project was focused on the same. 

Faculty (Past)
1.  Mrs. Vani Devi C.K., MSc., MPhil. (1967-2000) 
2.  Mrs. Thankam P.V., MSc. (1969-2002) 
3.  Mrs. Fathima KS., MSc. (1976-2008) 
4.  Mr. Abdul Kareem N.P., M.Sc., M.Phil. (1976-2004) 
5.  Dr. Raveendran K., M.Sc., Ph.D. (1976-2007) 
6.  Dr. Beebi Razeena P.M., M.Sc., M.Phil., Ph.D (1982-2009) 
7.  Dr. Fathima PA, M.Sc., M.Phil., Ph.D (Relieved on 30-06-2008) 
8.  Dr. K.M. Khaleel, M.Sc., Ph.D. (1982-2015) 
9.  Mrs. Valsamma Thomas, M.Sc., B.Ed. (1985-2015) 
10.  Mrs. Abidal Beevi, M.Sc. M. Phil. (1985-2016)
11.  Dr. Abdul Jaleel V, M.Sc., M. Phil., M.Ed., Ph.D (2011-2019)
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Faculty (Present) 
1. Dr. Tajo Abraham, MSc, M.Phil., Ph.D.  Assistant Professor and Head
2. Dr. Sreeja P., M.Sc., B.Ed., Ph.D.  Assistant Professor 
3. Dr. Abdussalam A.K., M.Sc., M.Phil., Ph.D. Assistant Professor
4. Dr. Gayatri R. Nambiar, M.Sc., Ph.D.  Assistant Professor 
5. Mr. Jazeel, K., M.Sc., B.Ed.  Assistant Professor  
6. Dr. Shackira, A.M M.Sc., M.Phil., Ph.D Assistant Professor  

Laboratory 
 Angiosperm Taxonomy 
 Plant Physiology And Biochemistry 
 Molecular Biology And Tissue Culture 
 Mycology And Microbiology 
 Environmental Science 
 Instrumentation Room 

Equipments 
 Gas Chromatography Mass Spectrometry (GC-MS) 
 UV-Visible Spectrophotometer 
 Leica M 80 Stereo Microscope 
 PCR-Thermal Cycler 
 Electrophoresis Unit 
 Magcam Camera System 
 Cooling Centrifuge 
 Milli Pore And Milli-Q Water Purification System 
 Oxygraph- Oxygen Monitoring System 

UV-Visible Spectrophotometer GC-MS Oxygraph
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InAugurAl SeSSIon
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Three Day International Webinar on
Plant Functional Biology

When I was asked to inaugurate it I felt really honored. My basic desire has always 
been to give a lecture on the topic that is called “everything you wanted to know about 
photosynthesis but we’re afraid to ask.” But I will not give that topic now. So what I’m 
going to do is, first to tell you few things about photosynthesis, why it is important 
and why functional plant biology is in it. And also a few words about motivation, 
were did I get my motivation. So, when you get up in the morning as we all do look 
up and see the sun and many pray , considering sun as the sun god ; but it many a god 
to u or many people but for me it is really the most important thing . Because it allows 
the plant to take up water, of course water is already there and makes oxygen. And 
so the plants give off oxygen which is needed for our life. We need to respire , and 
late then plants make food for us , and flood give us energy , and plants allows us to 
go in a car because all the energy is ultimately is by photosynthesis , as in the past the 
fuel used in the cars was in the form of petroleum. Now our population is increasing 
like crazy and over food production is not there and we have many chemicals that are 
going to disappear. Therefore it is essential to work on photosynthesis.

Now the plant biologists or the botany people are providing basic information about 
plants. But without the chemist and without the physicist, the chemical engineer 
and the computer scientist, who are all from distinct and respective colleges there 
will be no solution. Why? Because plants are doing their best and we can improve 
them. And we have been trying to improve them through various ways. There are 
groups in India, China, everywhere, and even groups in Urbana Illinois, everybody is 
improving them. But it is also clear the plants also have a limit and therefore we need 
to do artificial photosynthesis. So it is very important.

I would like to tell you on motivation. I was born in Allahabad and it is very important 
for me to recognize how I was motivated. My school teacher I don’t even remember 
his name , would grow plants outside , small plants and we little kids would go there 
with him and it was fascinating to see the plants growing from small to big, making 
flowers. So that was my first excitement in the school when I was in 4th or 5th grade 

Prof. govindjee govindjee 
Professor Emeritus of Biophysics,  
Biochemistry  and Plant Biology,  

University of Illinois, US.

Inaugural Speech
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and there were science teachers who exited me to learn science.

And when I was in MSc one person who was really responsible was Sreerenjen. He 
had come from Cambridge and had done a work with Blackman, we know about 
black man reaction in photosynthesis. The photosynthesis is made of light nd dark 
reaction. So, Sreerenjen was one person who really brought life to the basic ideas 
in my MSC class .But when I reached there, there was Robert Emmerson who was 
really a wonderful person. He was quacker, a peaceful man but who worked very 
hard. I used to walk home with him because my room wa son way to his home and he 
would tell me stories. And these things motivated me constantly because learning the 
stories of the  past about who they worked with , what their problems were. So, once 
the story would tell about his fight with his own professor Otto Warburg the Nobel 
laureate. And it turned out that Emmerson would get 8 - 12 photons of light to make 
oxygen, while his own professor Otto Warburg would get 4 photons oxygen.

They would fight and Emmerson would not agree.  And then finally Warburg was 
invited to Urbana because he had trouble after the war. And when he came, they 
made experiments with the same algae sample; Emmerson got 12 and Warburg 4. 
This was amazing, when Warburg always had an assistant to help him. It is the story. 
Anyway Warburg was wrong and Emmerson was right. And the story said, challenge 
anybody. It is important to know. Challenge anybody whether it be your professor, 
a Nobel laureate, just believe in yourself. Believe in yourself is one of the important 
thing. Be consistent, be curious.

When Emmerson died in plane crash on 4th February 1959, when my wife and I were 
students, it was a shock. It shattered all experiments on the Emmerson enhancement 
of the effect of was mentioned proving existence through light reaction.

Anyway, so when he died had put his hand on my shoulder and said would you be 
my student and I said how come, you are a physicist. He was a physical chemist and I 
was a botanist. He said don’t worry do what you were doing. So these are the things 
that remember and how they helped me. But afterwards everybody helped me in 
my life, I was just a curious fellow working with hundreds of people and I can see 
them as I went to Canada, USA, Czech Republic, Russia, India, China, Italy and 
Iran. So I have been very fortunate. So my motivation has been my teachers and 
remembering the people who worked with me. I would like  to inaugurate this three 
day international entitled “Plant Functional Biology”  in association with  KSHEC, 
Erudite Programme under the auspicious of Doctrina and it is important because it 
is the covid 19 times and it is the first official thing that I’m doing after three and a 
half months being here room sitting and waiting to go away. Thank you very much…

Publication links of Prof. Govindjee is given below. 

http://www.life.illinois.edu/govindjee/
http://www.life.illinois.edu/govindjee/recent_papers.html
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World Environment Day June 5, 2020  
“BIODIVERSITY –A Concern That is Both Urgent and Existential”

World Environment Day is celebrated every year on June 5, to remind people to take 
care of nature, and to read the signs, understand them, and act accordingly. It is one of 
the biggest annual events in the world run by the United Nations to raise awareness 
among people. The day was designed by the UN General Assembly in the year 1972, 
on the first day of the United Nations earth Summit held at Stockholm. 

Why is that important? It is, because just like other things, the environment needs 
some downtime, too. And human beings anyway have a tendency to take everything 
to satisfy their greed, including the resources they get from nature. The air we breathe, 
the water we drink, the sun rays that reach us, and the food that we consume every 
day, are all gifts from the environment, and as such, it becomes important that they 
are respected, their values understood. 

With the world fighting a pandemic together and most countries in lockdown, 
the environment seems to have benefited slightly. Nature seems to have been busy 
reclaiming its spaces. Among other things, it is getting to breathe and clean itself 
a little, in the absence of the constant flurry of human activities. Yet, these are 
exceptional times in which nature is sending us a message: To care for ourselves we 
must care for nature. It’s time to wake up, to take notice. to raise our voices. It’s time 
to build back better for People and Planet. 

The World Environment Day 2020’s theme is ‘Celebrate Biodiversity‘, and it will be 
hosted in Colombia, in partnership with Germany. The theme is extremely relevant 
because human beings are part of the ecosystem and cannot continue to survive in 
isolation. Biodiversity is important for the survival of all living things big and small, 
on land, or in water. We need to understand that while there may be a food chain 
and ranking of species, every living thing is connected to another living thing, and 
together it forms a network of diverse life forms on the planet. You can do your bit on 
June 5, by educating other people and also bringing some lifestyle changes yourself, 
so as to put fewer burdens on the environment.

Dr. K.M. Khaleel
Executive Director, Scole Kerala;  Former Principal,  

Sir Syed College, Environmental Scientist
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SIR SYED COLLEGE
(Affiliated to Kannur University
Re-accredited by NAAC with A Grade)
Taliparamba, Kannur, Kerala, India

ThREE DaY InTERnaTIOnaL WEBInaR 

DOCTRINA-11
Plant Functional Biology

Organized by
Department of Post graduate Studies and Research in Botany  
in association with Kerala State Higher education council (KSHec)

PROGRAMME : DAY - 01 

Welcome Speech 

Environment Day Message Introducing  
Prof. Govindjee Govindjee 

Vote of  
Thanks

Principal Address Moderator

Dr. t.P. nafeesa Baby
 IQAC Coordinator

Dr. asraf Vazhapully  Dr. tajo abraham
Head, Dept. of Botany

05 June, 2020 - time: 10.00 am to 1.00 pm

Intellectual Discourses
IDis-20

ERUdITE LECTURE -1  
Topic: Photosynthesis 2020: Past, Present and the Future

Prof. Govindjee Govindjee 
Professor Emeritus of Biophysics, Biochemistry  

and Plant Biology, University of Illinois, US.

Dr. Shackira A.M. 
Assistant Professor, dept. of Botany

Dr. K.M. Khaleel
Executive director, Scole Kerala;  Former Principal,  

Sir Syed College, Environmental Scientist

Dr. Jos T Puthur
Professor, Plant Physiology and Biochemistry division, 

department of Botany, University of Calicut. 

“Biodiversity  a concern that is both urgent and existential”
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Paper Presentation  
(11.30 am to 1.00 pm)

ThREE DaY InTERnaTIOnaL WEBInaR 

DOCTRINA-11
Plant Functional Biology

Organized by
Department of Post graduate Studies and Research in Botany & iQac  

in association with Kerala State Higher education council (KSHec)
05, 06, 07 June, 2020  | time: 10.00 am to 1.00 pm

Resource Person

Moderator

Chair

 Dr. Tajo Abraham 
Head, dept. of Botany

PRogRaMMe: Day - 02 (06, June)

Dr.  Chandramohanan,  K. T.  
Assistant Professor and Head,  

department of Botany,
Government Brennen college,   

Thalasseri, Kannur 

Dr. Jos T Puthur
Professor, Plant Physiology and Biochemistry division, 

department of Botany, University of Calicut. 

Invited Talk-2 (10.00 am to 10.45 am)

Invited Talk 4  (5.00 pm to 5.45 pm)

Invited Talk 3  (10.45 am to 11.30 am)

Resource Person

Resource Person

Introducing the Resource Person

Introducing the Resource Person

Introducing the Resource Person

Dr. Sreeja P
Assistant Professor, Dept. of Botany

Dr. gayatri R. nambiar
Assistant Professor, Dept. of Botany

Topic: Photosynthesis Under Shade:  Genetic and Molecular Control Mechanisms

Topic: Abiotic Stress Influence on Photosynthesis

Topic: Topic: Seed Priming: a Means to Boost Innate Abiotic Stress Tolerance Mechanism in Crop Plants

Dr. S. Rajagopal
Professor, department of Plant Sciences,  

School of Life Science, University of Hyderabad

Dr. abdussalam, a.K.
Assistant Professor, Department of Botany

Dr. Sujith Puthiyaveetil
Assistant Professor of Biochemistry

College of Agriculture, Purdue University, Indiana

ERUdITE LECTURE -2
Topic: Recent Trends in Photosynthesis Research

Prof. Govindjee Govindjee 
Professor Emeritus of Biophysics, Biochemistry  

and Plant Biology, University of Illinois, US.
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Paper Presentation  
(12.15 pm to  1.30 pm)

ThREE DaY InTERnaTIOnaL WEBInaR 

DOCTRINA-11
Plant Functional Biology

Organized by
Department of Post graduate Studies and Research in Botany & iQac  

in association with Kerala State Higher education council (KSHec)
05, 06, 07 June, 2020 | time: 10.00 am to 1.30 pm 

Resource Person

Moderator

Chair

PRogRaMMe: Day - 03 (07, June)

Dr. J. Jameson  
Associate Professor &  

Head, department of Botany, 
St Alberts College,  Ernakulam, Kerala

Invited Talk 5

Invited Talk 7

Invited Talk 6

Resource Person

Resource Person

Introducing the Resource Person

Introducing the Resource Person

Introducing the Resource Person

Dr. Sreeja P
Assistant Professor,  

Dept. of Botany

Topic: Nutrient Starvation in Aquatic Monocots, duckweeds

Topic: Introduction to an Advanced Immunological Tool for In-depth Plant Biomass/ Cell Wall Analyses

Topic: Triploid Plants from Endosperm - An Overview

Dr. abdussalam, a.K.
Assistant Professor, Department of Botany

Jazeel K.
Assistant Professor, Department of Botany

Dr. Sivakumar Pattathil 
Senior Scientist, Mascoma, Lallemand Inc.  

New Hampshire, USA.  

Dr. Sowjanya Sree, K.
Assistant Professor, department of  

Environmental Science, Central University of Kerala.  

Dr. T Dennis Thomas  
Professor, department of Plant Science,  

School of Biological Science,  Central University of Kerala

Dr. Shackira A.M. 
Assistant Professor, dept. of Botany

ERUdITE LECTURE -3
Topic: Evolution of photosynthesis

Prof. Govindjee Govindjee 
Professor Emeritus of Biophysics, Biochemistry  

and Plant Biology, University of Illinois, US.
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I n t e r n a t i o n a l  C o n f e r e n c e  o n 
P l a n t  F u n c t i o n a l  B i o l o g y

F e b r u a r y  1 9 - 2 1 ,   2 0 2 0

ERUDITE Lecture
By 

Professor GOVINDJEE GOVINDJEE
Professor Emeritus of Biophysics, 
Biochemistry and Plant Biology

University of Illinois, US.
Topic:

“Recent Trends in Photosynthesis Research”

Organised By

Department of Botany
Sir Syed College

(Affiliated to Kannur University, Re-accredited by NAAC with A Grade)
Taliparamba, Kannur, Kerala, India - 670142

Tel: 0460 2205866, 2203217, 9947027618, 9847654285
www.sirsyedcollege.ac.in

In  assoc iat ion w ith

Kerala State Higher Education Council (KSHEC)

Govindjee was born in Allahabad, UP, India. He received his   
Ph. D in 1960 from the University of Illinois, Urbana-Champaign 
(UIUC), USA, under Prof. Eugene Robinowitch. He served for 40 
years as  faculty in Biophysics, Biochemistry and Plant Biology at 
the UIUC; currently he is Prof. Emeritus there. 

Govindjee has extensively studied the primary events of 
oxygenic photosynthesis, particularly in Photosystem II (PSII), the 
system that oxidizes water and reduces plastoquinone. He has 
provided a clear understanding of  light emission (fluorescence; 
thermoluminescence) in terms of PSII reactions, and of the unique 
role of bicarbonate in the electron transport and protonation 
in PSII.  Govindjee is the founding series editor of ‘Advances in 
Photosynthesis and Respiration’ (Springer). He was honored by 
several awards including the Lifetime Achievement Award of the 
University of Illinois at Urbana-Champaign, Illinois in 2008.

Professor GOVINDJEE GOVINDJEE

International Conference on ‘Plant Functional 
Biology’ encourages discourses on emerging concepts 
and findings in plant biology and studies on the 
functional areas encompassing work from the molecular 
field. ‘Plant Functional Biology’ as a discipline faces 
various issues such as lack of adequate exposure to 
the direct experience in research, effective sharing of 
knowledge, unawareness of practices and technologies 
in support of the implementation of the research 
programmes carried out in the field. This programme 
will be a means to connect the debates in ‘Functional 
Biology’ world over to the Indian scenario and to bring 
together a significant number of academics in India. It 
is also imperative that we open the possibilities of Plant 
Physiology studies with emphasis on ‘Photosynthesis’, 
thereby, seek to rejuvenate the subject in a rigorous 
manner. The conference also discusses new and 
significant informations about plant functions and 
their regulation, especially in relation to changing 
environments since plants are surprisingly able to adapt 
with extreme environmental conditions such as high and 
low temperatures, drought, flooding, salinity, pathogens, 
and other major abiotic and biotic stress factors.

IDis offers a platform for exchanging ideas, 
dismantling preconceived notions and constructing 
new pathways in the intellectual terrains. IDis offers 
you an opportunity to interact with the best talent in the 
educational arena of the nation. Over a period of one 
year, a series of seminars will be organized in Sir Syed 
College campus. Scholars and experts from different 
parts India and abroad will be invited. They will exchange 
their vision and innovation in their respective fields of 
knowledge to their peers in our campus. Teachers and 
academicians have a chance to present their own ideas 
and academic initiatives. The IDis platform will help our 
teachers to update their academic skills and also give 
them an opportunity to publish their papers in academic 
and research journals.

IDis 
Intelectual DiscoursesAbout the Conference:
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He has provided a clear understanding of  light 
emission (fluorescence; thermoluminescence) in 
terms of PSII reactions, and of the unique role 
of bicarbonate in the electron transport and 
protonation in PSII.  Govindjee is the founding 
series editor of ‘Advances in Photosynthesis 
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by several awards including the Lifetime 
Achievement Award of the University of Illinois 
at Urbana-Champaign, Illinois in 2008.
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Due to the overall low thermodynamic efficiency (1–4%) of photosynthesis (Ort at 

al. 2011, Subramanian et al. 2013) and its impact on crop productivity, substantial 
efforts are being made to engineer photosynthesis to improve its light use and 
carbon capture efficiency to increase crop yields (Polle et al. 2003, Mussgnug et al. 
2007, Beckman et al. 2009, Kirst et al. 2012, Mitra et al. 2012, Perrine et al. 2012, 
Cazznigga et al. 2014, Friedland el at. 2019). The greatest potential for increasing 
photosynthetic efficiency may still be realized, however, by improving its light use 
efficiency (Zhu et al. 2008, Ort et al., 2011, Perrine et al. 2012). In plants and algae, 
light saturates photosynthesis at approximately one fourth of full sunlight intensity. 
(For a background on all aspects of photosynthesis, see Blankenship 2014, and Shevela 
et al. 2019.) The excess light energy must then be dissipated through non-productive 
energy emission pathways often leading to substantial damage to the photosynthetic 
apparatus further reducing crop yields (Ohad et al. 1992, Niyogi 1999, Ruffle et al. 
2001, Polle et al. 2003, Subramanian et al. 2013, Berman et al. 2015, Demmig- Adams 
et al. 2016, Wu et al., 2020). Earlier studies have shown that by reducing the optical 
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provided a clear understanding of  light emission (fluorescence; 
thermoluminescence) in terms of PSII reactions, and of the unique 
role of bicarbonate in the electron transport and protonation 
in PSII.  Govindjee is the founding series editor of ‘Advances in 
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cross section of the light harvesting antenna complex, it is possible to increase 
photosynthetic efficiency and biomass yield in crops and algae by up to 40% when 
grown continuously in high light or in the field (Perrine et al. 2012, Friedland et al. 
2019). In nature, however, light intensity varies substantially over the course of the 
day, with depth in the plant architecture or algal pond, and even seasonally (Mircovic 
et al. 2016). Theoretically, a light harvesting apparatus that could be continuously 
adjusted in size for differing light regimes could lead to further improvements in 
photosynthetic efficiency (Negi et al. 2020).

Negi et al. (2020) have indeed described a strategy for the continuous light-mediated 
regulation of the light harvesting antenna size in a green alga Chlamydomonas 
reinhardtii. This system is based on the post transcriptional regulation of chlorophyllide 
a oxygenase (CAO) protein levels and activity that catalyzes the synthesis of chlorophyll 
b (Chl b). Chl b is found only in the peripheral, nuclear-encoded light harvesting 
complexes and its selective reduction was shown to result in a corresponding decrease 
in the antenna size. Using the light regulated nucleic acid binding protein 1(NAB1) 
translational repressor to control the expression of a gene fusion product between the 
5’ NAB1 - binding element (LRE) and the CAO gene (Mussgnug 2005), Negi et al. 
(2020) demonstrated that Chlamydomonas LRE-CAO transformants lacking the wild-
type CAO gene were able to continuously and reversibly alter the size of their light 
harvesting complexes throughout the algal life cycle (see Figure 1; see at the bottom). In 
collaboration with Dr. Jun Minagawa’s laboratory ( in Japan), they demonstrated that 
LRE-CAO transgenics having the highest photosynthetic efficiencies also had reduced 
levels of photoinhibition under high light and greater activity of non-photochemical 
quenching of the excited state of chlorophyll a . Further, they observed that the 
thylakoid membrane architecture was altered in structure such that the membrane 
thickness and lumen space were much more favorable for enhanced electron transport 
activity. These results demonstrate that reduction in Chl b and light harvesting antenna 
structure has pleiotropic effects on the photosynthetic apparatus. Significantly, when 
the LRE-CAO transgenics were grown as monocultures under conditions mimicking 
those of a commercial algal production pond, the transgenics had biomass yields that 
were more than two-fold higher than their wild-type parental strains. These are the 
greatest increases in biomass yield observed to date for algae engineered for improved 
photosynthetic efficiency.

An obvious concern is whether LRE-CAO transgenics would have an increased 
fitness advantage relative to wild-type algae in the wild. Early, studies indicate that 
this is not likely to be the case.

 Thus, we have not engineered a “monster” strain. Chlamydomonas strains engineered 
to have fixed but optimal light harvesting antenna sizes for biomass yield were less 
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competitive that wild-type algae in mixed cultures due to the shading effect of the wild-
type algae on transgenics with smaller but more efficient light harvesting antenna 
complexes (Henley et al. 2013). These results have clear implications for addressing 
global challenges for food and biomass production as well as carbon capture.

For other ideas on engineering plants to use far-red light, see Blankenship et al.(2011).

 
Figure 1. Light regulated translational control of chlorophyll b synthesis by the NAB1 

translational repressor (Negi et al. 2020). 
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Figure 1. Light regulated translational control of chlorophyll b synthesis by the NAB1 
translational repressor (Negi et al. 2020).
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SUMMARY

One of the major factors limiting biomass productivity in algae is the low thermodynamic efficiency of

photosynthesis. The greatest thermodynamic inefficiencies in photosynthesis occur during the conversion

of light into chemical energy. At full sunlight the light-harvesting antenna captures photons at a rate

nearly 10 times faster than the rate-limiting step in photosynthetic electron transport. Excess captured

energy is dissipated by non-productive pathways including the production of reactive oxygen species.

Substantial improvements in photosynthetic efficiency have been achieved by reducing the optical cross-

section of the light-harvesting antenna by selectively reducing chlorophyll b levels and peripheral light-

harvesting complex subunits. Smaller light-harvesting antenna, however, may not exhibit optimal photo-

synthetic performance in low or fluctuating light environments. We describe a translational control sys-

tem to dynamically adjust light-harvesting antenna sizes for enhanced photosynthetic performance. By

expressing a chlorophyllide a oxygenase (CAO) gene having a 50 mRNA extension encoding a Nab1 trans-

lational repressor binding site in a CAO knockout line it was possible to continuously alter chlorophyll b

levels and correspondingly light-harvesting antenna sizes by light-activated Nab1 repression of CAO

expression as a function of growth light intensity. Significantly, algae having light-regulated antenna

sizes had substantially higher photosynthetic rates and two-fold greater biomass productivity than the

parental wild-type strains as well as near wild-type ability to carry out state transitions and non-photo-

chemical quenching. These results have broad implications for enhanced algae and plant biomass pro-

ductivity.

Keywords: Chlamydomonas, algae, photosynthesis, light-harvesting antenna, chlorophyll, thylakoid, non-

photochemical quenching, biofuels.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd. 1
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INTRODUCTION

One of the major challenges facing future generations is

the sustainable production of food, fiber, and fuels on

increasingly limited and degrading arable lands (Lauk and

Lutz, 2016). By the end of this century, the human global

population is estimated to increase from 7.4 to 11 billion.

By 2050, virtually all non-protected arable land (20% of

total land mass) is expected to be under cultivation. Meet-

ing the challenge of increasing demand for food, fuel, and

fiber to sustain the growing population requires substan-

tial increases in agricultural productivity. One potential

approach to address this challenge is to increase the pho-

tosynthetic efficiency and biomass productivity of primary

biomass producers including microalgae and terrestrial

plants (Subramanian et al., 2013; Ort et al., 2015).

Photosynthetic efficiencies in plants and algae range

from 1 to 5% of available solar energy (Long et al., 2006;

Ducat and Silver, 2012; Subramanian et al., 2013; Ort et al.,

2015). Theoretically, however, photosynthetic efficiencies

as high as 11% are feasible using solar energy (Long et al.,

2006). There are several metabolic targets that can be mod-

ified to improve this efficiency. These targets can be

broadly be categorized into those associated with ineffi-

ciencies in light capture and energy conversion processes,

the biochemistry of CO2 fixation and associated carbon

metabolism, and metabolic feedback inhibition associated

with end-product accumulation and ultimately crop yield

sink strength (Subramanian et al., 2013; Ort et al., 2015).

Although the maximum efficiency for the conversion of

chlorophyll (Chl) excited states into charge-separated

states by the photosynthetic reaction center complexes

and their associated electron-transport processes has been

reported to be 83.2% (Bjorkman and Demmig, 1987),

almost 80% of the energy captured by Chl and associated

pigments is lost as heat or fluorescence at maximum solar

light (Ort et al., 2011; Perrine et al., 2012). At full sunlight

intensities, Chls of the light-harvesting antenna complexes

(LHC) of plants and green algae capture photons at a rate

that is approximately 10 times faster (0.1 msec) than the

rate-limiting step (c. 1 msec) in photosynthetic electron

transport, that is the oxidation of plastoquinol (PQH2) by

the cytochrome b6f complex (Witt, 1971; Whitmarsh and

Govindjee, 1995). These rate limitations coupled with the

lack of sufficient electron buffering capacity in the electron-

transport system (PQ and cytochrome b6f complex pool

sizes) necessary to accommodate PQH2 oxidation kinetics

leads to the saturation of photosystem II (PSII) electron

transport at high solar light intensities. Over-reduction of

the PSII electron acceptors in turn leads dissipation of

excess energy captured by LHC as heat, Chl fluorescence,

and through the production of potentially damaging sin-

glet oxygen species (Ohad et al., 1992; Niyogi, 1999; Ruffle

et al., 2001; Subramanian et al., 2013; Berman et al., 2015;

Demmig-Adams et al., 2016). During 80% of the day the

photosynthetic electron-transport system of plants and

green algae is light saturated leading to the non-productive

dissipation of excess captured energy and reducing the

collective photosynthesis of the system (e.g. in a plant

canopies or in algae ponds) (Niyogi, 1999; M€uller et al.,

2001; Niinemets, 2016; Friedland et al., 2019).

One strategy to increase light use efficiency is to reduce

the loss of Chl excited states through non-productive

energy dissipation pathways. Reduction in non-productive

energy dissipation pathways can be achieved by reducing

the optical cross-section of the LHC so that the rate of pho-

ton capture is more closely coupled to downstream rate

limitations in electron transfer (Ort et al., 2011; Perrine

et al., 2012; Blankenship and Chen, 2013; Cazzaniga et al.,

2014). A variety of strategies have been developed to opti-

mize light-harvesting antenna sizes for more efficient light

utilization. These include reduction in total Chl (a and b)

and carotenoid content per chloroplast or cell, targeted

reduction in the abundance of specific light-harvesting

antenna subunits, and selective reduction in Chl b levels

leading to a reduction in the peripheral light-harvesting

antenna optical cross-section (Polle et al., 2003; Kirst et al.,

2012; Mitra et al., 2012; Perrine et al., 2012; Mussgnug

et al., 2007; Beckman et al., 2009; Cazznigga et al., 2014;

Friedland et al., 2019). For example, algae having reduc-

tions in multiple LHC pigment-protein subunits have been

shown to have higher photosynthetic quantum efficiencies

than wild-type algae (Mussgnug et al., 2007). However,

these strains had no apparent advantage in growth or bio-

mass yield relative to their wild-type parental lines. These

results indicate that simultaneous and large reductions in

multiple peripheral antenna complex subunits did not

enhance biomass yields (Mussgnug et al., 2007; de Mooij

et al., 2015). Similar results have been observed for algae

in which only the peripheral LHC proteins were reduced in

abundance. Strains with reduced LHC levels had both

increased sensitivity to high light intensities as well as

reduced photosynthetic rates under subsaturating light

intensities (Beckmann et al., 2009; Oey et al., 2013; Wobbe

and Remacle, 2015; Kromdijk et al., 2016).

Other strategies to manipulate light-harvesting antenna

sizes have been less targeted. For example, inactivation of

the tla1 gene (Polle et al., 2003) resulted in a 70% reduction

in total Chl/ cell (Mitra et al., 2012). Similarly, the TAM

(truncated antenna mutant) mutants in Chlorella sorokini-

ana were shown to have reduced Chl content per cell.

Interestingly, one of the TAM mutants (TAM-2) showed

higher light use efficiency at saturating irradiance resulting

in a 30% increase in biomass when grown in outdoor pho-

tobioreactors (Cazzaniga et al., 2014). Overall, it has been

observed that mutants having truncated light-harvesting

antenna sizes require higher light intensities than wild-type

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2020), doi: 10.1111/tpj.14751
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INTRODUCTION

One of the major challenges facing future generations is

the sustainable production of food, fiber, and fuels on

increasingly limited and degrading arable lands (Lauk and

Lutz, 2016). By the end of this century, the human global

population is estimated to increase from 7.4 to 11 billion.

By 2050, virtually all non-protected arable land (20% of

total land mass) is expected to be under cultivation. Meet-

ing the challenge of increasing demand for food, fuel, and

fiber to sustain the growing population requires substan-

tial increases in agricultural productivity. One potential

approach to address this challenge is to increase the pho-

tosynthetic efficiency and biomass productivity of primary

biomass producers including microalgae and terrestrial

plants (Subramanian et al., 2013; Ort et al., 2015).

Photosynthetic efficiencies in plants and algae range

from 1 to 5% of available solar energy (Long et al., 2006;

Ducat and Silver, 2012; Subramanian et al., 2013; Ort et al.,

2015). Theoretically, however, photosynthetic efficiencies

as high as 11% are feasible using solar energy (Long et al.,

2006). There are several metabolic targets that can be mod-

ified to improve this efficiency. These targets can be

broadly be categorized into those associated with ineffi-

ciencies in light capture and energy conversion processes,

the biochemistry of CO2 fixation and associated carbon

metabolism, and metabolic feedback inhibition associated

with end-product accumulation and ultimately crop yield

sink strength (Subramanian et al., 2013; Ort et al., 2015).

Although the maximum efficiency for the conversion of

chlorophyll (Chl) excited states into charge-separated

states by the photosynthetic reaction center complexes

and their associated electron-transport processes has been

reported to be 83.2% (Bjorkman and Demmig, 1987),

almost 80% of the energy captured by Chl and associated

pigments is lost as heat or fluorescence at maximum solar

light (Ort et al., 2011; Perrine et al., 2012). At full sunlight

intensities, Chls of the light-harvesting antenna complexes

(LHC) of plants and green algae capture photons at a rate

that is approximately 10 times faster (0.1 msec) than the

rate-limiting step (c. 1 msec) in photosynthetic electron

transport, that is the oxidation of plastoquinol (PQH2) by

the cytochrome b6f complex (Witt, 1971; Whitmarsh and

Govindjee, 1995). These rate limitations coupled with the

lack of sufficient electron buffering capacity in the electron-

transport system (PQ and cytochrome b6f complex pool

sizes) necessary to accommodate PQH2 oxidation kinetics

leads to the saturation of photosystem II (PSII) electron

transport at high solar light intensities. Over-reduction of

the PSII electron acceptors in turn leads dissipation of

excess energy captured by LHC as heat, Chl fluorescence,

and through the production of potentially damaging sin-

glet oxygen species (Ohad et al., 1992; Niyogi, 1999; Ruffle

et al., 2001; Subramanian et al., 2013; Berman et al., 2015;

Demmig-Adams et al., 2016). During 80% of the day the

photosynthetic electron-transport system of plants and

green algae is light saturated leading to the non-productive

dissipation of excess captured energy and reducing the

collective photosynthesis of the system (e.g. in a plant

canopies or in algae ponds) (Niyogi, 1999; M€uller et al.,

2001; Niinemets, 2016; Friedland et al., 2019).

One strategy to increase light use efficiency is to reduce

the loss of Chl excited states through non-productive

energy dissipation pathways. Reduction in non-productive

energy dissipation pathways can be achieved by reducing

the optical cross-section of the LHC so that the rate of pho-

ton capture is more closely coupled to downstream rate

limitations in electron transfer (Ort et al., 2011; Perrine

et al., 2012; Blankenship and Chen, 2013; Cazzaniga et al.,

2014). A variety of strategies have been developed to opti-

mize light-harvesting antenna sizes for more efficient light

utilization. These include reduction in total Chl (a and b)

and carotenoid content per chloroplast or cell, targeted

reduction in the abundance of specific light-harvesting

antenna subunits, and selective reduction in Chl b levels

leading to a reduction in the peripheral light-harvesting

antenna optical cross-section (Polle et al., 2003; Kirst et al.,

2012; Mitra et al., 2012; Perrine et al., 2012; Mussgnug

et al., 2007; Beckman et al., 2009; Cazznigga et al., 2014;

Friedland et al., 2019). For example, algae having reduc-

tions in multiple LHC pigment-protein subunits have been

shown to have higher photosynthetic quantum efficiencies

than wild-type algae (Mussgnug et al., 2007). However,

these strains had no apparent advantage in growth or bio-

mass yield relative to their wild-type parental lines. These

results indicate that simultaneous and large reductions in

multiple peripheral antenna complex subunits did not

enhance biomass yields (Mussgnug et al., 2007; de Mooij

et al., 2015). Similar results have been observed for algae

in which only the peripheral LHC proteins were reduced in

abundance. Strains with reduced LHC levels had both

increased sensitivity to high light intensities as well as

reduced photosynthetic rates under subsaturating light

intensities (Beckmann et al., 2009; Oey et al., 2013; Wobbe

and Remacle, 2015; Kromdijk et al., 2016).

Other strategies to manipulate light-harvesting antenna

sizes have been less targeted. For example, inactivation of

the tla1 gene (Polle et al., 2003) resulted in a 70% reduction

in total Chl/ cell (Mitra et al., 2012). Similarly, the TAM

(truncated antenna mutant) mutants in Chlorella sorokini-

ana were shown to have reduced Chl content per cell.

Interestingly, one of the TAM mutants (TAM-2) showed

higher light use efficiency at saturating irradiance resulting

in a 30% increase in biomass when grown in outdoor pho-

tobioreactors (Cazzaniga et al., 2014). Overall, it has been

observed that mutants having truncated light-harvesting

antenna sizes require higher light intensities than wild-type

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd.,
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algae to achieve similar photosynthetic rates. In addition,

these mutants generally produced less biomass than their

wild-type parental strains when grown in dense cultures

where light is limiting (Formighieri et al., 2012; de Mooij

et al., 2015).

Another strategy used to manipulate light-harvesting

antenna size is to alter the accumulation of Chl b (Polle

et al., 2000; Perrine et al., 2012). Reductions in Chl b accu-

mulation impacts light-harvesting antenna size by selec-

tively reducing the abundance of the peripheral LHC

subunits that bind c. 75% of the total Chl and 100% of the

Chl b. This selective reduction in LHC abundance is

because in plants and green algae, only the LHC family

members bind Chl b, while the reaction centers and associ-

ated inner antenna subunits (e.g. CP43 and CP49 for PSII)

bind only Chl a (Hoober et al., 2007). During the assembly

of the peripheral LHC complexes, individual LHC subunits

are imported into the chloroplast and folded in the pres-

ence of pigments. LHC proteins lacking sufficient Chl b are

structurally destabilized and degraded (Hoober et al.,

2007). Thus, reduction in Chl b levels leads to selective

reduction of peripheral LHC complex members and not to

reduction in the Chl a containing, proximal antenna pro-

teins (e.g. CP43 and CP47 of PSII) most closely coupled to

the photosystems.

In addition to harvesting light, the peripheral light-har-

vesting antenna plays an important role in mediating and

balancing energy distribution between the two photosys-

tems (state transitions) and in dissipating excess captured

energy through non-photochemical quenching (NPQ) pro-

cesses (M€uller et al., 2001; Minagawa, 2011; Ruban, 2015).

Thus, while the elimination of the peripheral LHC com-

plexes would substantially reduce the kinetic constraints

between rates of light capture and energy conversion, the

complete elimination of peripheral LHC complexes would

be expected to reduce efficiencies in whole chain electron

transport due to impairment in the ability to carry out state

transitions, increases in susceptibility to photodamage

associated with impaired NPQ processes, and reduced

photosynthetic rates at subsaturating light intensities. Con-

sistent with this hypothesis, the complete elimination of

the Chl b and peripheral LHCs has been shown to substan-

tially reduce growth rates in algae and plants (Blankenship

et al., 2011; Perrine et al., 2012; de Mooij et al., 2015).

Taking these observations into consideration potential

strategies to maximize photosynthetic efficiency should:

(1) maximize the conversion of photons into photochemi-

cally charge-separated states, (2) optimize energy redistri-

bution and balance between the two photosystems (state

transitions) under high light intensities, (3) support NPQ

activity at saturating light intensities to reduce photodam-

age, and (4) respond to changing light conditions to maxi-

mize the efficiency of light capture and energy conversion

throughout the day (Mircovic et al., 2016).

Previously, we have demonstrated that Chlamy-

domonas reinhardtii cells, having intermediate light-har-

vesting antenna sizes, meet many of these criteria

(Perrine et al., 2012). Cells with intermediate antenna sizes

(Chl a/b ratio c. 5) had photosynthetic rates at saturating

light intensities that were 40% greater than wild-type par-

ental strains and had little reduction in the capacity to

carry out state transitions and NPQ (Perrine et al., 2012).

By partially suppressing chlorophyllide a oxygenase

(CAO) activity, the chloroplastic enzyme that catalyzes the

two-step oxygenation reaction of chlorophyllide a into

chlorophyllide b, a 30% reduction in LHCII trimer com-

plexes was observed (Tanaka et al., 1998; Eggink et al.,

2004; Perrine et al., 2012). Similar enhanced photosyn-

thetic phenotypes were observed in Camellia plants with

altered Chl b levels. Similar to algae, the optimal photo-

synthetic performance and biomass yield in engineered

Camelina was observed at a Chl a/b ratio of 5 (Friedland

et al., 2019). However, these CAO RNAi engineered organ-

isms (algae and plants) had a range of fixed-size LHCs

and thus were limited in their ability to optimize light uti-

lization in changing light environments and stratified light

gradients. Similar to the light-intensity gradients observed

from the top to the bottom of plant canopies, light inten-

sities in algal ponds fluctuate constantly during the day

associated with alterations in solar intensity as well as

changes in algal culture density and mixing. Perrine et al.

(2012) suggested that by dynamically regulating light-har-

vesting antenna size to maximize the efficiency of light

utilization it would be possible to reduce non-productive

energy dissipation and maximize biomass productivity.

Here we demonstrate that algae capable of dynamically

adjusting their peripheral light-harvesting antenna size in

response to changing light intensities have substantial

improvements in photosynthetic efficiency and effective

light stress responses leading to substantially enhanced

biomass accumulation relative to wild-type algae in fluctu-

ating light environments. The increases in biomass pro-

duction observed by modulating the size of the light-

harvesting antenna size are among the largest improve-

ments observed to date.

RESULTS

Engineering an adjustable light-harvesting antenna

system

To achieve dynamic control of light-harvesting antenna

size, we took advantage of a well known light-regulated

translational repressor of gene expression, the NAB1

protein. NAB1 protein abundance and activity in Chlamy-

domonas is light regulated transcriptionally and post-

translationally by the redox state of the cells and increases

in activity with increasing light intensity (Wobbe et al.,

2009). Our target for modulating the physical size of the

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd.,
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light-harvesting antenna was the manipulation of Chl b

synthesis. To modulate Chl b levels, we designed a modi-

fied CAO gene that included 13 bases of the NAB1-binding,

light responsive motif (LRE) of the LHCMB6 gene fused to

the 50 end of the CAO gene (Figure 1) (Mussgnug et al.,

2007; Wobbe et al., 2009). The expression of the LRE–CAO
construct was driven by the strong light-regulated PSAD

promoter and terminator to achieve the greatest possible

dynamic range of CAO expression (Kumar et al., 2013). To

avoid background CAO expression and Chl b synthesis, the

LRE–CAO expression cassette was introduced into a CAO

knockout mutant (cbs3) of Chlamydomonas reinhardtii

(Figure 2a,b) (Tanaka et al., 1998). Transgenic algae (desig-

nated by NC) expressing the LRE–CAO construct are

expected to have high NAB1 translational repressor activity

when grown at high light intensities; this then leads to

reduced translation of LRE–CAO mRNA resulting in lower

Chl b levels and reduced peripheral light-harvesting

antenna size (Figure 2a). In contrast, under low-light-

growth conditions, as occurs with high cell densities and

with mutual self-shading, NAB1 repressor activity would

be reduced and LRE–CAO mRNA translation would

increase, resulting in greater Chl b levels and larger light-

harvesting antenna size (Figure 1b). As a negative control

to demonstrate that NAB1 levels indeed modulated the

level of LRE–CAO translation, transgenic strains with a

mutated LRE element (MUN) were produced in which the

third base of each potential LRE amino acid codon was

modified to not alter the LRE protein coding sequence but

to disrupt the LRE consensus binding sequence that, in

turn, prevents CAO translational modulation by NAB1.

Finally, a positive control strain was generated in which

the cbs3 mutant (Comp-cbs3-4) was complemented with

the wild-type CAO gene expressed under regulation of the

strong psaD promoter/terminator.

Perrine et al. (2012) previously demonstrated that the

rate of closure of PSII reaction centers as measured by Chl

fluorescence rise kinetics was inversely correlated with the

Chl a/b ratio or directly correlated with the light-harvesting

antenna size. To determine the effects of NAB1 regulation

on Chl b synthesis and on light-harvesting antenna size,

rates of PSII closure in NC transgenics were compared with

those of the CAO complemented cbs3-4 lines and MUN

lines following continuous growth in either low (subsatu-

rating) or high (saturating) light environments (Perrine

et al., 2012) (Figure 2c). Reversible changes (c. 10%) in the

rate of PSII closure (calculated at the time point when the

Comp-cbs3-4 line achieved 90% saturation based on Chl

fluorescence raise kinetics) were observed upon transfer of

NC cultures from low light to high light, high light to low

light, and back again to high-light growth conditions.

These results indicate that over the time period (24 h) of

the change in growth light intensities the NC transgenics

were capable of reversible alterations in the optical cross-

section of their light-harvesting antenna size which is con-

sistent with light regulation of Chl b accumulation. In con-

trast with the NC transgenics, the wild-type controls, the

CAO complemented cbs3-4 line, and the MUN lines had

less than a 1–2% change in the rate of PSII closure follow-

ing shifts to different growth light intensities (Figure 2c).

Significantly, changes observed in antenna size in NC

transgenics were reversible upon transfer of cultures from

low light to high light and back to low light again; this indi-

cates that antenna size regulation by NAB1 is highly

dynamic. Three independent NC lines (NC-7, NC-29, NC-77)

having the greatest range in alterations in Chl a/b ratios

following shifts in growth light intensities were then

selected for further detailed molecular, biochemical, and

biophysical analyses to determine the impact of dynamic

Chl b accumulation on photosynthesis and growth.

In contrast with wild-type cells, the CAO complemented

cbs3 mutant (Comp-cbs3-4), and the MUN lines, the Chl

a/b ratios of the NC transgenics (NC-7, NC-29, NC-77) chan-

ged substantially (from 3 to 5.5) when grown at low versus

high light intensities indicative of the ability of the NC

transgenics to adjust their peripheral antenna sizes to dif-

ferent light intensities (see Figure 2d and Table 1). To

determine whether antenna sizes and photosynthetic

parameters continuously changed with increasing culture

cell densities and self-shading, we compared Chl a/b ratios,

photoautotrophic growth rates, and biomass accumulation

of NC transgenic algae with those of wild-type algae. The

environmental photobioreactors (ePBRs) used in this study

(see Experimental procedures) have a light path of 20 cm

similar to an algal production pond and further they were

operated using a sinusoidal 12 h light–dark period reach-

ing a peak light intensity at solar noon. As shown in Fig-

ure 3(a) (cf. Figure 3b; described later), the Chl a/b ratios of

high-light-grown cells decreased from 4.2 to 3.1 for NC-77,

from 3.7 to 2.9 for NC-7, and from 3.4 to 2.4 for the NC-29

line as the culture densities and self-shading increased. In

contrast with the NC transgenics, the Chl a/b ratios (c. 2.5)

of the parental wild-type strain (CC2677) and Comp-cbs3-4

line did not change appreciably during the 12-day cultiva-

tion time period indicating that these strains have limited

ability to adjust their light-harvesting antenna size as a

function of light intensity or culture density. In addition,

NC strains grown at lower light intensities had lower Chl a/

b ratios consistent with dynamic light regulation of Chl a/b

ratios (Figure 3b).

Interestingly, each of the NC lines had nearly identical

rates of change in their Chl a/b ratios (c. D0.12/day) over

time as well as nearly identical reductions in total Chl con-

tent per cell (c. 15% for NC lines) relative to wild-type

Chlamydomonas as self-shading increased with culture

age. These results suggest that LHCII and Chl partitioning

between cells during and after chloroplast division was

identical for the three independent NC transgenic lines.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2020), doi: 10.1111/tpj.14751
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light-harvesting antenna was the manipulation of Chl b

synthesis. To modulate Chl b levels, we designed a modi-

fied CAO gene that included 13 bases of the NAB1-binding,

light responsive motif (LRE) of the LHCMB6 gene fused to

the 50 end of the CAO gene (Figure 1) (Mussgnug et al.,

2007; Wobbe et al., 2009). The expression of the LRE–CAO
construct was driven by the strong light-regulated PSAD

promoter and terminator to achieve the greatest possible

dynamic range of CAO expression (Kumar et al., 2013). To

avoid background CAO expression and Chl b synthesis, the

LRE–CAO expression cassette was introduced into a CAO

knockout mutant (cbs3) of Chlamydomonas reinhardtii

(Figure 2a,b) (Tanaka et al., 1998). Transgenic algae (desig-

nated by NC) expressing the LRE–CAO construct are

expected to have high NAB1 translational repressor activity

when grown at high light intensities; this then leads to

reduced translation of LRE–CAO mRNA resulting in lower

Chl b levels and reduced peripheral light-harvesting

antenna size (Figure 2a). In contrast, under low-light-

growth conditions, as occurs with high cell densities and

with mutual self-shading, NAB1 repressor activity would

be reduced and LRE–CAO mRNA translation would

increase, resulting in greater Chl b levels and larger light-

harvesting antenna size (Figure 1b). As a negative control

to demonstrate that NAB1 levels indeed modulated the

level of LRE–CAO translation, transgenic strains with a

mutated LRE element (MUN) were produced in which the

third base of each potential LRE amino acid codon was

modified to not alter the LRE protein coding sequence but

to disrupt the LRE consensus binding sequence that, in

turn, prevents CAO translational modulation by NAB1.

Finally, a positive control strain was generated in which

the cbs3 mutant (Comp-cbs3-4) was complemented with

the wild-type CAO gene expressed under regulation of the

strong psaD promoter/terminator.

Perrine et al. (2012) previously demonstrated that the

rate of closure of PSII reaction centers as measured by Chl

fluorescence rise kinetics was inversely correlated with the

Chl a/b ratio or directly correlated with the light-harvesting

antenna size. To determine the effects of NAB1 regulation

on Chl b synthesis and on light-harvesting antenna size,

rates of PSII closure in NC transgenics were compared with

those of the CAO complemented cbs3-4 lines and MUN

lines following continuous growth in either low (subsatu-

rating) or high (saturating) light environments (Perrine

et al., 2012) (Figure 2c). Reversible changes (c. 10%) in the

rate of PSII closure (calculated at the time point when the

Comp-cbs3-4 line achieved 90% saturation based on Chl

fluorescence raise kinetics) were observed upon transfer of

NC cultures from low light to high light, high light to low

light, and back again to high-light growth conditions.

These results indicate that over the time period (24 h) of

the change in growth light intensities the NC transgenics

were capable of reversible alterations in the optical cross-

section of their light-harvesting antenna size which is con-

sistent with light regulation of Chl b accumulation. In con-

trast with the NC transgenics, the wild-type controls, the

CAO complemented cbs3-4 line, and the MUN lines had

less than a 1–2% change in the rate of PSII closure follow-

ing shifts to different growth light intensities (Figure 2c).

Significantly, changes observed in antenna size in NC

transgenics were reversible upon transfer of cultures from

low light to high light and back to low light again; this indi-

cates that antenna size regulation by NAB1 is highly

dynamic. Three independent NC lines (NC-7, NC-29, NC-77)

having the greatest range in alterations in Chl a/b ratios

following shifts in growth light intensities were then

selected for further detailed molecular, biochemical, and

biophysical analyses to determine the impact of dynamic

Chl b accumulation on photosynthesis and growth.

In contrast with wild-type cells, the CAO complemented

cbs3 mutant (Comp-cbs3-4), and the MUN lines, the Chl

a/b ratios of the NC transgenics (NC-7, NC-29, NC-77) chan-

ged substantially (from 3 to 5.5) when grown at low versus

high light intensities indicative of the ability of the NC

transgenics to adjust their peripheral antenna sizes to dif-

ferent light intensities (see Figure 2d and Table 1). To

determine whether antenna sizes and photosynthetic

parameters continuously changed with increasing culture

cell densities and self-shading, we compared Chl a/b ratios,

photoautotrophic growth rates, and biomass accumulation

of NC transgenic algae with those of wild-type algae. The

environmental photobioreactors (ePBRs) used in this study

(see Experimental procedures) have a light path of 20 cm

similar to an algal production pond and further they were

operated using a sinusoidal 12 h light–dark period reach-

ing a peak light intensity at solar noon. As shown in Fig-

ure 3(a) (cf. Figure 3b; described later), the Chl a/b ratios of

high-light-grown cells decreased from 4.2 to 3.1 for NC-77,

from 3.7 to 2.9 for NC-7, and from 3.4 to 2.4 for the NC-29

line as the culture densities and self-shading increased. In

contrast with the NC transgenics, the Chl a/b ratios (c. 2.5)

of the parental wild-type strain (CC2677) and Comp-cbs3-4

line did not change appreciably during the 12-day cultiva-

tion time period indicating that these strains have limited

ability to adjust their light-harvesting antenna size as a

function of light intensity or culture density. In addition,

NC strains grown at lower light intensities had lower Chl a/

b ratios consistent with dynamic light regulation of Chl a/b

ratios (Figure 3b).

Interestingly, each of the NC lines had nearly identical

rates of change in their Chl a/b ratios (c. D0.12/day) over

time as well as nearly identical reductions in total Chl con-

tent per cell (c. 15% for NC lines) relative to wild-type

Chlamydomonas as self-shading increased with culture

age. These results suggest that LHCII and Chl partitioning

between cells during and after chloroplast division was

identical for the three independent NC transgenic lines.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2020), doi: 10.1111/tpj.14751

4 Sangeeta Negi et al.

Photosynthetic efficiency is higher in algae with self-

adjusting antenna than in wild-type algae

To assess the impact of the antenna alterations on photo-

synthetic rates, CO2-dependent rates of oxygen evolution

were measured in air and with saturating concentrations of

bicarbonate at various light intensities. For this experi-

ment, cells were harvested at the same culture age during

mid-log phase. We note that these data represent only a

snapshot of the impact of antenna size alterations on pho-

tosynthetic activity at a particular point in time generally

determined when culture growth has the fastest (log

phase) growth. When measured in air-saturated water, the

NC lines had substantially greater photosynthetic rates

than the wild-type, the CAO complemented cbs3 mutant,

and/or the cbs3 mutant which had the lowest Chl content

per cell. These results indicate that simple reduction in Chl

content per cell is not associated with the highest photo-

synthetic rates (Figure 3c,d). At saturating light intensities,

the NC-77 line had a photosynthetic rate that was 1.8-fold

greater than in the CAO complemented cbs3 mutant

(Comp-cbs3-4) and 3-fold greater than in the parental

Figure 1. A model for NAB1 regulation of LRE–CAO
expression in changing light environments. (a) At

high light intensities, the NAB1 (Nucleic acid bind-

ing1) protein binds to light responsive element

(LRE) fused to the 50 end of the CAO (Chlorophyllide

a oxygenase) transcript, inhibiting its translation

and the synthesis of Chl b, resulting in a reduced

PS II peripheral antenna size. (b) At low light inten-

sities, NAB1 expression/activity is reduced allowing

for CAO expression and enhanced Chl b synthesis

resulting in an increase in PS II peripheral antenna

size.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd.,
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strain, CC2677. While photosynthesis was light saturated

in the parental strain at around 600 µmol pho-

tons m�2 sec�1; it was not light saturated even at

800 µmol photons m�2 sec�1, in the NC-77 and NC-29

transgenics, presumably associated with the smaller

antenna size (Figure 3c). Similar increases in photosyn-

thetic rates for NC transgenics were also observed in the

presence of saturating amounts of bicarbonate measured

at maximum light intensities. The higher photosynthetic

rates observed in NC transgenics in the presence of

elevated CO2 relative to air-saturated rates of photosynthe-

sis indicates that other downstream limitations in photo-

synthesis associated with constraints in CO2 assimilation

and metabolism also impair overall photosynthetic effi-

ciency and that additional improvement in photosynthetic

efficiency could be achieved by enhancing carbon flux

through the Calvin–Benson cycle (Figure 3d).

As photosynthetic rates are here expressed (Figure 3)

based on Chl concentrations, we expect that the reductions

in the Chl content per cell between transgenic and wild-type
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Figure 2. Selection of NAB1 transgenics. (a) A

schematic representation of NAB1-CAO construct.

The NAB1 binding site is introduced immediately

downstream of the CAO start codon that is part of

the Nde1 site. (b) PCR confirmation of the Chlamy-

domonas transgenics containing the LRE–CAO gene

fusion. Comp cbs3-4, 22, and 38 are cbs3 mutant

complemented with CAO gene, NC 1, 4, 7, 29, 65

and 77 are NABCAO transgenics, MUN 6 and 32

represent mutated NAB1 transgenics. (c) Changes

in chlorophyll fluorescence induction kinetics (re-

lated to antenna size) in the parental wild-type, and

transgenic lines following acclimation to low

(50 lmol photons m�2 sec�1) transfer to high

(500 lmol photons m�2 sec�1) light and transfer

back to low light. Data are the average and SD of

three independent measurements. (d) Chl a/b ratios

of wild-type and transgenic strains grown in shaker

flasks at low (50 lmol photons m�2 sec�1) and high

(500 lmol photons m�2 sec�1) light. Chl a and b

content in cells was analyzed by HPLC. These

results represent the average and �SD of three to

four independent biological replicates.
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strain, CC2677. While photosynthesis was light saturated

in the parental strain at around 600 µmol pho-

tons m�2 sec�1; it was not light saturated even at

800 µmol photons m�2 sec�1, in the NC-77 and NC-29

transgenics, presumably associated with the smaller

antenna size (Figure 3c). Similar increases in photosyn-

thetic rates for NC transgenics were also observed in the

presence of saturating amounts of bicarbonate measured

at maximum light intensities. The higher photosynthetic

rates observed in NC transgenics in the presence of

elevated CO2 relative to air-saturated rates of photosynthe-

sis indicates that other downstream limitations in photo-

synthesis associated with constraints in CO2 assimilation

and metabolism also impair overall photosynthetic effi-

ciency and that additional improvement in photosynthetic

efficiency could be achieved by enhancing carbon flux

through the Calvin–Benson cycle (Figure 3d).

As photosynthetic rates are here expressed (Figure 3)

based on Chl concentrations, we expect that the reductions

in the Chl content per cell between transgenic and wild-type

1 – Comp cbs3-4 
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9 – NC-77
10 – MUN-6
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Figure 2. Selection of NAB1 transgenics. (a) A

schematic representation of NAB1-CAO construct.

The NAB1 binding site is introduced immediately

downstream of the CAO start codon that is part of

the Nde1 site. (b) PCR confirmation of the Chlamy-

domonas transgenics containing the LRE–CAO gene

fusion. Comp cbs3-4, 22, and 38 are cbs3 mutant

complemented with CAO gene, NC 1, 4, 7, 29, 65

and 77 are NABCAO transgenics, MUN 6 and 32

represent mutated NAB1 transgenics. (c) Changes

in chlorophyll fluorescence induction kinetics (re-

lated to antenna size) in the parental wild-type, and

transgenic lines following acclimation to low

(50 lmol photons m�2 sec�1) transfer to high

(500 lmol photons m�2 sec�1) light and transfer

back to low light. Data are the average and SD of

three independent measurements. (d) Chl a/b ratios

of wild-type and transgenic strains grown in shaker

flasks at low (50 lmol photons m�2 sec�1) and high

(500 lmol photons m�2 sec�1) light. Chl a and b

content in cells was analyzed by HPLC. These

results represent the average and �SD of three to

four independent biological replicates.
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strains would potentially bias measurements of photosyn-

thetic rates. To determine if differential reductions in the Chl

content/cell could account for the three-fold increase in pho-

tosynthetic rates (normalized on Chl content), we measured

the Chl content per cell using light scattering (OD750) as a

proxy for cell number. We note that there is an identical lin-

ear correlation between OD750 and the cell number for all

strains except the cbs3 mutant, which has the lowest Chl

content per cell and the lowest photosynthetic performance

(Figure S1). Overall, the Chl content/cell in the NC transgen-

ics was 10–15% lower per cell relative to wild-type (Fig-

ure 3b). Importantly, we note that the cbs3 mutant had that

the greatest reduction in Chl content per cell also had the

lowest photosynthetic rate per unit Chl. Thus, reduction in

Chl/ cell could not solely account for the different photosyn-

thetic rates observed between the various NC transgenics

and the cbs3 mutant. Finally, to determine if alterations in

Chl b levels were associated with alterations in PSII activity,

the PSII quantum efficiency was compared between the var-

ious strains. We observed that all the NC transgenic lines,

used here, had near wild-type PSII quantum efficiencies

except for NC-77 which had a 10% increase in PSII quantum

efficiency relative to its parental wild-type line, consistent

with its highest photosynthetic rates (Table 1).

Table 1 Non-photochemical quenching, PSII photochemistry, and PSII functional antenna size of mid-log phase, high-light grown cells

Traits CC2677 Comp-cbs3-4 cbs3 NC-7 NC-29 NC-77

NPQ 1.52 � 0.12 (100%) 1.21 � 0.12 (80%) 0.35 � 0.06 (23%) 1.17 � 0.04 (77%) 1.09 � 0.01 (72%) 1.05 � 0.07 (69%)
Fv/Fm 0.59 � 0.04 (100%) 0.62 � 0.01 (105%) 0.61 � 0.05 (103%) 0.57 � 0.05 (97%) 0.58 � 0.01 (98%) 0.65 � 0.03 (110%)
rPSII (�A

2) 338 � 50.2 (100%) 372 � 4.2 (110%) 88 � 14.8 (26%) 287 � 6.4 (85%) 341 � 51.6 (100%) 263 � 7.8 (78%)

Algae were grown in flask cultures photoautotrophically for 4 days at a light intensity of 500 µmol photons m�2 sec�1. NPQ and the quan-
tum efficiency of photosystem II (Fv/Fm) were measured using a FluoroCAM MF800. The functional absorption cross-section of PSII (rPSII)
was measured using the FIRe instrument. Values present here are means � SD, (n = 3).
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Figure 3. Chl a/b ratios and photosynthetic oxygen

evolution, of NC transgenics (NC-7, NC-29 and NC-

77), Chl b less (cbs3), the CAO complemented cbs3

strain (Comp-cbs3-4), and its parental strain

(CC2677). Change in Chl a/b ratio during growth in

ePBR under a 12 h sinusoidal light–dark cycle with

a peak photon flux at mid-day of: (a)

2000 lmol photons m�2 sec�1 (high light) or, (b)

300 lmol photons m�2 sec�1 (low light). Chl a/b

ratios were measured from day 3 to day 12. (c) Chl

content in 2000 lmol photons m�2 sec�1 (high

light) grown cultures, (d) Chl content in

300 lmol photons m�2 sec�1 (low light) grown cul-

tures. These data represent chlorophyll content per

cell. Light-dependent rates of photosynthesis for

log-phase cultures grown in low light

(50 lmol photons m�2 sec�1). (e) Photosynthetic

measurements made in air or, (f) in the presence of

10 mM NaHCO3. Chl a/b ratios of the various strains

at the time of photosynthetic measurements were:

2.45 � 0.15 (CC2677), 2.49 � 0.10 (Comp-cbs3-4),

2.99 � 0.14 (NC-7), 3.15 � 0.12 (NC-29), and

3.37 � 0.11 (NC-77). All results represent the aver-

age and �SD of three to four independent biologi-

cal replicates.
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Susceptibility to photodamage increases with substantial

reductions in light-harvesting antenna size

There are multiple energy dissipation pathways by which

excess energy is dissipated at high light intensities includ-

ing heat (NPQ) and/or by generating damaging singlet

oxygen species (Gilmore et al., 1996a,b; Li et al., 2009;

Berman et al., 2015). At saturating light intensities, NPQ is

activated by increasing acidification of the thylakoid

lumen associated with increased rates of proton-coupled

electron transfer (M€uller et al., 2001). Excess Chl excited

states are then dissipated as heat associated with elec-

tronic interactions between excited state Chls and xantho-

phyll cycle carotenoid(s) (Li et al., 2009). Although the

molecular mechanisms of NPQ in algae remain to be fully

elucidated, several mechanisms have been proposed in

land plants, including the formation of a charge transfer

state between Chl a and zeaxanthin (Zx) in CP29 and its

subsequent charge recombination (Holt et al., 2005), and

energy transfer from Chl a to lutein in LHCII and its subse-

quent thermal relaxation (Ruban et al., 2007). Zx which

accumulates under high light has also been pro-

posed to induce reorganization of the PSII supercomplex,

which can lead to aggregation of LHCII complexes and

enhanced Chl-to-lutein energy transfer quenching (John-

son et al., 2011). As shown in Table 1, the Chl b-less

mutant, cbs3, had virtually no capacity to carry out NPQ

as determined by Chl a fluorescence quenching in the

presence of actinic light. In contrast, the NC transgenics

had maximum NPQ levels that were similar to those

of wild-type (Table 1).

To determine the molecular basis of antenna size mod-

ulation on NPQ, we compared the levels of photoprotec-

tive carotenoid pigments involved in NPQ from low- and

high-light-grown strains. Alterations in the relative abun-

dance of the major xanthophyll cycle pigments, Vx, Ax

and Zx, are associated with alterations in NPQ (Havaux

et al., 2007; Wang et al., 2008; Demmig-Adams et al.,

2016). Under high-light-growth conditions the steady-state

levels of b-carotene and Vx were substantially (1.2–2-fold)
reduced in NC transgenics, relative to low-light-grown

cells, while photoprotective Zx levels were markedly

increased (4.5–6-fold) suggesting an active xanthophyll

cycle and NPQ in the NC transgenics (Figure 4d–f). Sur-

prisingly, there was no increase in Zx content in the cbs-3

mutant or its parental wild-type strain (Figure 4a, b). How-

ever, we observed a 1.5-fold increase in Zx in the CAO

complemented cbs-3 (Comp cbs3-4) transgenic line when

grown under high light compared with the cells when

grown under low light. Further, high-light-grown NC lines

displayed up to a two-fold increase in the total de-epoxi-

dation status (0.5 Ax + Zx/ Vx + Ax + Zx) of the xantho-

phylls compared with the Comp-cbs3-4 transgenic and its

parental wild-type strain (CC2677), clearly indicating

more active NPQ in the NC transgenic strains (Figure 5a).

These results suggest that increases in Zx were asso-

ciated with elevated NPQ levels in Chlamydomonas.

Similarly, lutein, another photoprotective pigment, accu-

mulated to higher steady-state levels (1.5–2.2-fold) in the

NC lines than in the wild-type (no change) or in the cbs3

mutant where lutein levels actually decreased under high-

light growth conditions. Collectively, the reduced ability

to generate carotenoid species (Zx and luteain) that can

quench Chl excited states in the cbs3 mutant demon-

strates that this NC parental strain has substantially

impaired ability to carry out NPQ. In contrast, the

increased ability of the NC transgenics to accumulate Zx

under high light intensities, likely contributes to their

improved photosynthetic performance in fluctuating light

particularly relative to the cbs3 mutant (Kromdijk et al.,

2016; Friedland et al., 2019).

Multiple studies have implicated that the LHCSR3 pro-

tein is required for activating NPQ in green algae. The

LHCSR3 protein has been shown to binds Chl a and b, Vx,

lutein, and Zx (Li et al., 2009; Peers et al., 2009; Bonente

et al., 2011; Liguori et al., 2013). In addition, it has been

shown that LHCSR3 is associated with energy-dependent

quenching (qE) in Chlamydomonas (Bonente et al., 2011;

Liguori et al., 2013; Tokutsu and Minagawa, 2013). To

assess the impact of antenna size modulation on

LHCSR3 levels, we investigated the abundance of LHCSR3

in low-light- and high-light-grown cultures (Figure 5b).

Consistent with the findings of Richard et al. (2000), low-

light-grown wild-type cultures exhibited low LHCSR3

abundance. However, when wild-type cells were grown in

high light, LHCSR3 levels were elevated. Under similar

comparitive conditions, we observed elevated LHCSR3

levels in the Comp-cbs3-4 transgenics and in two of the

three NC transgenics (NC-29, and NC-7). Notably, the NC-

77 transgenic, which had the smallest average antenna

size of the three NC transgenics, had slightly lower

amounts of LHCSR3 relative to the other NC lines (Fig-

ure 5b). It is apparent, however, that the lower LHCSR3

abundance (relative to wild-type) in the NC-77 line was suf-

ficient to support high NPQ activity. In summary, we

observed that NC lines had substantially higher steady-

state levels of Zx, lower b-carotene, higher lutein levels,

and in some cases elevated LHCSR3 levels than wild-type

(CC2677) when grown in high light relative to low light

(Figures 4d–f and 5a), demonstrating high NPQ activity in

NC transgenics engineered to have adjustable light-har-

vesting antenna sizes.

The capability for state transitions is not impaired by

antenna size modulation

The peripheral light-harvesting antenna protein complexes

can also alter energy dissipation pathways by facilitating

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2020), doi: 10.1111/tpj.14751
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Susceptibility to photodamage increases with substantial

reductions in light-harvesting antenna size

There are multiple energy dissipation pathways by which

excess energy is dissipated at high light intensities includ-

ing heat (NPQ) and/or by generating damaging singlet

oxygen species (Gilmore et al., 1996a,b; Li et al., 2009;

Berman et al., 2015). At saturating light intensities, NPQ is

activated by increasing acidification of the thylakoid

lumen associated with increased rates of proton-coupled

electron transfer (M€uller et al., 2001). Excess Chl excited

states are then dissipated as heat associated with elec-

tronic interactions between excited state Chls and xantho-

phyll cycle carotenoid(s) (Li et al., 2009). Although the

molecular mechanisms of NPQ in algae remain to be fully

elucidated, several mechanisms have been proposed in

land plants, including the formation of a charge transfer

state between Chl a and zeaxanthin (Zx) in CP29 and its

subsequent charge recombination (Holt et al., 2005), and

energy transfer from Chl a to lutein in LHCII and its subse-

quent thermal relaxation (Ruban et al., 2007). Zx which

accumulates under high light has also been pro-

posed to induce reorganization of the PSII supercomplex,

which can lead to aggregation of LHCII complexes and

enhanced Chl-to-lutein energy transfer quenching (John-

son et al., 2011). As shown in Table 1, the Chl b-less

mutant, cbs3, had virtually no capacity to carry out NPQ

as determined by Chl a fluorescence quenching in the

presence of actinic light. In contrast, the NC transgenics

had maximum NPQ levels that were similar to those

of wild-type (Table 1).

To determine the molecular basis of antenna size mod-

ulation on NPQ, we compared the levels of photoprotec-

tive carotenoid pigments involved in NPQ from low- and

high-light-grown strains. Alterations in the relative abun-

dance of the major xanthophyll cycle pigments, Vx, Ax

and Zx, are associated with alterations in NPQ (Havaux

et al., 2007; Wang et al., 2008; Demmig-Adams et al.,

2016). Under high-light-growth conditions the steady-state

levels of b-carotene and Vx were substantially (1.2–2-fold)
reduced in NC transgenics, relative to low-light-grown

cells, while photoprotective Zx levels were markedly

increased (4.5–6-fold) suggesting an active xanthophyll

cycle and NPQ in the NC transgenics (Figure 4d–f). Sur-

prisingly, there was no increase in Zx content in the cbs-3

mutant or its parental wild-type strain (Figure 4a, b). How-

ever, we observed a 1.5-fold increase in Zx in the CAO

complemented cbs-3 (Comp cbs3-4) transgenic line when

grown under high light compared with the cells when

grown under low light. Further, high-light-grown NC lines

displayed up to a two-fold increase in the total de-epoxi-

dation status (0.5 Ax + Zx/ Vx + Ax + Zx) of the xantho-

phylls compared with the Comp-cbs3-4 transgenic and its

parental wild-type strain (CC2677), clearly indicating

more active NPQ in the NC transgenic strains (Figure 5a).

These results suggest that increases in Zx were asso-

ciated with elevated NPQ levels in Chlamydomonas.

Similarly, lutein, another photoprotective pigment, accu-

mulated to higher steady-state levels (1.5–2.2-fold) in the

NC lines than in the wild-type (no change) or in the cbs3

mutant where lutein levels actually decreased under high-

light growth conditions. Collectively, the reduced ability

to generate carotenoid species (Zx and luteain) that can

quench Chl excited states in the cbs3 mutant demon-

strates that this NC parental strain has substantially

impaired ability to carry out NPQ. In contrast, the

increased ability of the NC transgenics to accumulate Zx

under high light intensities, likely contributes to their

improved photosynthetic performance in fluctuating light

particularly relative to the cbs3 mutant (Kromdijk et al.,

2016; Friedland et al., 2019).

Multiple studies have implicated that the LHCSR3 pro-

tein is required for activating NPQ in green algae. The

LHCSR3 protein has been shown to binds Chl a and b, Vx,

lutein, and Zx (Li et al., 2009; Peers et al., 2009; Bonente

et al., 2011; Liguori et al., 2013). In addition, it has been

shown that LHCSR3 is associated with energy-dependent

quenching (qE) in Chlamydomonas (Bonente et al., 2011;

Liguori et al., 2013; Tokutsu and Minagawa, 2013). To

assess the impact of antenna size modulation on

LHCSR3 levels, we investigated the abundance of LHCSR3

in low-light- and high-light-grown cultures (Figure 5b).

Consistent with the findings of Richard et al. (2000), low-

light-grown wild-type cultures exhibited low LHCSR3

abundance. However, when wild-type cells were grown in

high light, LHCSR3 levels were elevated. Under similar

comparitive conditions, we observed elevated LHCSR3

levels in the Comp-cbs3-4 transgenics and in two of the

three NC transgenics (NC-29, and NC-7). Notably, the NC-

77 transgenic, which had the smallest average antenna

size of the three NC transgenics, had slightly lower

amounts of LHCSR3 relative to the other NC lines (Fig-

ure 5b). It is apparent, however, that the lower LHCSR3

abundance (relative to wild-type) in the NC-77 line was suf-

ficient to support high NPQ activity. In summary, we

observed that NC lines had substantially higher steady-

state levels of Zx, lower b-carotene, higher lutein levels,

and in some cases elevated LHCSR3 levels than wild-type

(CC2677) when grown in high light relative to low light

(Figures 4d–f and 5a), demonstrating high NPQ activity in

NC transgenics engineered to have adjustable light-har-

vesting antenna sizes.

The capability for state transitions is not impaired by

antenna size modulation

The peripheral light-harvesting antenna protein complexes

can also alter energy dissipation pathways by facilitating
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the redistribution of energy between the two photosys-

tems, particularly in algae. During high light exposure, cer-

tain members of the LHCII family are phosphorylated by a

redox-regulated kinase that ‘senses’ the redox state of the

PQ pool. Phosphorylation of LHCII and its subsequent

migration between the two photosystems regulates energy

distribution between photosystems (Wollman, 2001;

Rochaix, 2007; Nagy et al., 2014). This process is known as

state transitions and is readily observed when algae are

either pre-illuminated with light (≥715 nm) predominantly

absorbed by PSI (State 1) or by light intensities that result

in saturation of PSII electron transfer (State 2) (Takahashi

et al., 2006). As shown in Figure 6, we observed elevated

and accelerated Chl fluorescence rise kinetics relative to

dark-adapted cells in the wild-type, all NC transgenics, and

the Comp-cbs3-4 lines following pre-illumination with PSI

light. Significantly, the maximum level of Chl fluorescence

induced in cells pre-illuminated with PSI-specific light was

reduced in NC transgenics indicative of the capacity to

carry out state transitions, unlike the cbs3 mutants (Fig-

ure 6a–f). In summary, algae with self-adjusting antenna

sizes (NC lines) were able to carry out active state transi-

tions and NPQ unlike the cbs3 mutant which has the small-

est light harvesting antenna size and lacks Chl b.

Self-adjusting antenna lines show reduction in LHC trimer

levels associated with increasing Chl a/b ratios

To understand the effect of varying Chl a/b ratios on the

relative qualitative abundance of specific thylakoid mem-

brane LHC complexes and LHCII complex organization, we

employed blue native gel electrophoresis (J€arvi et al.,

2011). We grew NC transgenics, CC2677 (wild-type), Comp-

cbs3-4 and the cbs-3 strain in low-light and high-light con-

ditions to assess the impact of growth light intensity and

changes in Chl b levels on the relative abundance of

major Chl–protein complexes (Kirst et al., 2012; Friedland

et al., 2019).
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Figure 4. Carotenoid levels of low (LL:50 lmol pho-

tons m�2 sec�1) and high light (HL; 500 lmol pho-

tons m�2 sec�1) grown cells. Shaker flask grown

algae cells were grown for 5 days and pigments

(Nx, neoxanthin; Vx, violaxanthin; Ax, anther-

axanthin; Lut, Lutein; Zx, zeaxanthin; and b-car,
b-carotene) were analyzed by HPLC for: (a) CC2677

(wild-type cbs3 parent), (b) cbs3, (c) Comp cbs3-4

(Comp-cbs3-4), (d) NC-7, (e) NC-29, and (f) NC-77.

Results are the average and �SD of three indepen-

dent biological replicates.
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Wild-type, the Comp-cbs3-4, and NC transgenics

all had similar apparent levels of the major PSI and PSII

Chl–protein complexes (Figure 7). The NC transgenics,

however, all had reduced LHCII trimer and monomer

abundance relative to wild-type associated with their rela-

tive levels of Chl b reduction. These results were as

expected, as the LHCII trimers have among the highest

proportion of Chl b to Chl a of any of the peripheral

light-harvesting proteins and, therefore, would presum-

ably be the most sensitive Chl–protein complexes to

reduction in Chl b levels (Table S1). A comparison of

LHCII complex abundance (Figure 7a, b) between high-

light- and low-light-grown wild-type (CC2677) and the

Comp-cbs3-4 mutant showed very little difference in the

antenna complex organization and abundance between

low- and high-light-grown cells. This result is consistent

with the lack in change of Chl a/b ratios observed in

these strains when grown under these different light

intensities (Figure 7a,b).

The apparent reduction of Chl b in LHCII trimers and

monomers in the NC transgenics is also in agreement

with our analysis of the functional cross-section (rPSII)

of the PSII antenna. We observed a 20% reduction in

the PSII antenna size in the NC transgenics and a 70%

reduction in the cbs-3 strain (Chl b-less mutant) (Table 1).

Finally, in contrast to the NC transgenics, the cbs-3 strain

had only PSII dimer and PSII monomer complexes indi-

cating that this strain is unable to form higher order

complexes (PSII/PSI complex). Overall, these results sug-

gest that LHCII trimers are most sensitive to reductions

in Chl b content among all the LHC family members con-

sistent with their high Chl b content (Ballottari et al.,

2009; Natali and Croce, 2015).

Antenna modulation changes the thylakoid membrane

structure in self-adjusting antenna lines

Any reduction in Chl–protein complexes would also be

expected to impact protein–lipid packing in thylakoid mem-

branes and stacking as well as spacing interactions

between thylakoids (Mussgnug et al., 2007; Friedland et al.,

2019). To determine if dynamic antenna size modifications

had any impact on thylakoid membrane structure and

stacking, we assessed changes in membrane architecture

(Figures 8, S2 and S3) in wild-type, the cbs-3 mutant as

well as the NC transgenic lines. We observed that both thy-

lakoid membrane packing and the lumen space was

greater in the NC transgenics than in the wild-type cells

(Figure 8). The NC transgenics had 11–20% thicker
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Figure 5. Photoprotective carotenoid de-epoxida-

tion status and LHCSR3 expression of NC transfor-

mants, Chl b less (cbs3), CAO complemented cbs3-

4 (Comp-cbs3-4), and parental (CC-2677) strains.

Cells were grown in shaker flasks in low light

(50 lmol photons m�2 sec�1) for 7 days or in high

light (500 lmol photons m�2 sec�1) for 4 days. (a)

De-epoxidation (A + Z)/(A + Z + V) plotted for all

the samples used; pigments were analyzed by HPLC

as in Figure 3. Results are the average of three bio-

logical replications �SD, and (b) LHCSR3 expres-

sion, as analyzed by SDS-PAGE and

immunoblotting, and as described by Tokutsu and

Minagawa (2013).
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Wild-type, the Comp-cbs3-4, and NC transgenics

all had similar apparent levels of the major PSI and PSII

Chl–protein complexes (Figure 7). The NC transgenics,

however, all had reduced LHCII trimer and monomer

abundance relative to wild-type associated with their rela-

tive levels of Chl b reduction. These results were as

expected, as the LHCII trimers have among the highest

proportion of Chl b to Chl a of any of the peripheral

light-harvesting proteins and, therefore, would presum-

ably be the most sensitive Chl–protein complexes to

reduction in Chl b levels (Table S1). A comparison of

LHCII complex abundance (Figure 7a, b) between high-

light- and low-light-grown wild-type (CC2677) and the

Comp-cbs3-4 mutant showed very little difference in the

antenna complex organization and abundance between

low- and high-light-grown cells. This result is consistent

with the lack in change of Chl a/b ratios observed in

these strains when grown under these different light

intensities (Figure 7a,b).

The apparent reduction of Chl b in LHCII trimers and

monomers in the NC transgenics is also in agreement

with our analysis of the functional cross-section (rPSII)

of the PSII antenna. We observed a 20% reduction in

the PSII antenna size in the NC transgenics and a 70%

reduction in the cbs-3 strain (Chl b-less mutant) (Table 1).

Finally, in contrast to the NC transgenics, the cbs-3 strain

had only PSII dimer and PSII monomer complexes indi-

cating that this strain is unable to form higher order

complexes (PSII/PSI complex). Overall, these results sug-

gest that LHCII trimers are most sensitive to reductions

in Chl b content among all the LHC family members con-

sistent with their high Chl b content (Ballottari et al.,

2009; Natali and Croce, 2015).

Antenna modulation changes the thylakoid membrane

structure in self-adjusting antenna lines

Any reduction in Chl–protein complexes would also be

expected to impact protein–lipid packing in thylakoid mem-

branes and stacking as well as spacing interactions

between thylakoids (Mussgnug et al., 2007; Friedland et al.,

2019). To determine if dynamic antenna size modifications

had any impact on thylakoid membrane structure and

stacking, we assessed changes in membrane architecture

(Figures 8, S2 and S3) in wild-type, the cbs-3 mutant as

well as the NC transgenic lines. We observed that both thy-

lakoid membrane packing and the lumen space was

greater in the NC transgenics than in the wild-type cells

(Figure 8). The NC transgenics had 11–20% thicker

(a)

(b)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

D
e 

-e
po

xi
da

tio
n 

(A
+Z

)/(
A

+V
+Z

)

Low Light

High Light

L     H      L      H           L      H        L      H       L     H         L     H
CC2677   Comp-cbs3-4 NC-7         NC-29        NC-77         cbs3 

AtpB

LHCSR3

Figure 5. Photoprotective carotenoid de-epoxida-

tion status and LHCSR3 expression of NC transfor-

mants, Chl b less (cbs3), CAO complemented cbs3-

4 (Comp-cbs3-4), and parental (CC-2677) strains.

Cells were grown in shaker flasks in low light

(50 lmol photons m�2 sec�1) for 7 days or in high

light (500 lmol photons m�2 sec�1) for 4 days. (a)

De-epoxidation (A + Z)/(A + Z + V) plotted for all

the samples used; pigments were analyzed by HPLC

as in Figure 3. Results are the average of three bio-

logical replications �SD, and (b) LHCSR3 expres-

sion, as analyzed by SDS-PAGE and

immunoblotting, and as described by Tokutsu and

Minagawa (2013).
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thylakoid membranes compared with wild-type and the

Comp cbs3-4 strain, while the Chl b-less cbs-3 mutant had

substantially reduced membrane thickness (Figure 8g). We

also observed a 10–16% increase in lumen space in the NC

lines compared with the wild-type and the Comp cbs3-

4 strains, and up to a 33–41% increase compared with the

cbs-3 mutant (Figure 8h). One of the very striking differ-

ences in membrane architecture observed in the NC trans-

genics was the reduction in the number of thylakoids in

each stack. Whereas, the wild-type and the Comp cbs3-4

lines had on average 10–12 thylakoid per stack, the NC

transgenics had only 2–6 thylakoids per stack associated

with greater stromal surface area (Figure 8a–f). These

results are consistent with earlier studies that had demon-

strated that modulation in antenna protein levels is associ-

ated with alterations in thylakoid membrane structure and

stacking (Mussgnug, 2005; Mussgnug et al., 2007; Fried-

land et al., 2019).

NC transgenics with self-adjusting antenna accumulate

substantially more biomass compared with wild-type

Finally, we assessed whether the capability to dynamically

alter antenna size and photosynthetic rates as a function of

growth light-intensity impacted biomass yield. As shown

in Figure 9(a), NC transgenics, having initial Chl a/b ratios

close to 5 (low cell density growth conditions), had the

highest initial growth rates when grown under high light

conditions (Figure 9c,d). The intrinsic (log) growth rate of

the NC-77 line was 3.5-fold greater than that of the wild-

type strain. However, all the wild-type and the transgenic

strains had slower, and much more linear growth rates

when grown at lower, subsaturating light intensities (Fig-

ure 9b). As expected, the Chl a/b ratios of NC lines grown

at low light intensities were reduced relative to those of

wild-type cells grown at high light intensities during their

initial growth (low cell density) phases. Significantly,
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Figure 6(a–f). Chlorophyll a fluorescence transients

after dark adaptation or following pre-exposure to

715 nm (PSI) light for low-light-grown

(50 lmol photons m�2 sec�1) NC transformants,

Chl b less (cbs3), CAO complemented cbs3-4

(Comp-cbs3-4) and parental strain (CC2677). Chl flu-

orescence was measured under continuous, non-

saturating illumination.
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biomass yields of the NC lines were 1.8 to 3-fold greater

than the wild-type lines at both low and high light growth

conditions (Figure 9c,d). The fact that NC transgenics had

similar biomass yields when grown at low or high growth

light intensities demonstrates that the ability to carry out

light-intensity dependent adjustments in antenna size can,

enhance biomass yields under a variety of light conditions.

DISCUSSION

Earlier studies have shown that a slight reduction in the

size of the peripheral light-harvesting antenna in green

algae and plants, leads to enhanced photosynthetic rates,

greater high-light photoprotection, and substantial

increases in biomass productivity (Perrine et al., 2012;

Friedland et al., 2019). This smaller and more efficient

antenna size corresponded to the loss of one LHCII trimer

associated with a partial reduction in Chl b levels (Chl a/b

ratio of 5). These small reductions in light-harvesting

antenna size were also shown to allow deeper penetration

of photosynthetically active radiation into the algal culture

or plant canopy allowing for greater rates of photosynthe-

sis throughout the light column (Polle et al., 2000; Muss-

gnug et al., 2007; Stephenson et al., 2010; Ort et al., 2011;

Mitra et al., 2012; Perrine et al., 2012; Subramanian et al.,

2013; Cazzaniga et al., 2014; Friedland et al., 2019). How-

ever, light intensities in algal ponds continuously change

with time and depth as culture densities change. Thus, we

suggested that further improvements in photosynthetic

efficiency could be achieved by dynamically regulating

light-harvesting antenna size to respond to continously

changing light environments. By regulating Chl b synthesis

in a light-dependent manner, we have demonstrated that

the abundance of specific peripheral light-harvesting pro-

tein–Chl complexes and the optical cross section of the

light harvesting antenna can be dynamically regulated as

culture density and self-shading increases (Figure 3a,b).

The generation of continuously adjusting light harvesting

antenna sizes was acheived by light-regulated translational

repression (Nab1) of a modified CAO gene. Significantly,

not all transgenics with self-adjusting antenna sizes had

similar photosynthetic rates at a given light intensity even

though they had similar total Chl content per cell, indicat-

ing that even small differences in Chl b levels or peripheral

antenna size, but not Chl content per cell, can have signifi-

cant effects on photosynthetic efficiency (Figure 3e,f).

Finally, consistent with earlier observations, we show

that NC transgenics with self-adjusting antenna sizes hav-

ing initial Chl a/b ratios near 5 had greater photosynthetic

rates and biomass production than NC transgenics having

Chl a/b ratios more similar to wild-type algae (Figure 9a,

b) (Perrine et al., 2012; Friedland et al., 2019).

At the protein–Chl complex structural level, we observed

that the primary effect of moderate reductions in Chl b

levels (Chl a/b ratio, near 5) was a reduction in LHCII trimer

complex abundance. This result is as expected since the

trimeric LHCIIs have among the lowest Chl a/b ratios or the

highest Chl b content (Table S1) of all the peripheral light-

harvesting complex members, and thus is most likely to be

reduced in protein abundance in association with a reduc-

tion in Chl b levels (Formaggio et al., 2001; Friedland et al.,

2019). One potential consequence of the loss of loosely

bound LHCII trimers is that the efficiency of excitation

energy transfer between the more proximal CP29 and

CP26 light-harvesting antenna complexes and the PSII

reaction center antenna proteins (CP43 and CP47)

would increase as energy transfer efficiency is greater be-

tween the CP29 and CP26 antenna complexes and the PSII

reaction center antenna (CP43 and CP47) than

between LHCII trimers and the CP29 and CP26 light har-

vesting antenna proteins (Drop et al., 2014; Su et al., 2019).

This enhanced energy transfer efficiency from the proximal

Figure 7. Blue native-PAGE (BN-PAGE) analyses of thylakoid membrane

protein complexes. Thylakoid membranes were isolated from low-light- and

high-light-grown cultures of wild-type CC2677, NC lines, Comp-cbs3-4 and

cbs-3 strain and subjected to BN-PAGE. Identification of the thylakoid mem-

brane protein complexes was carried according to Kirst et al. (2012). PSII–
LHCII complex and PSI–LHCI complex; PSII-D, PSII dimer; PSII-M, PSII

monomer; LHCII, Chl a/b light-harvesting complex are indicated in the fig-

ure. (a) BN-PAGE protein–Chl complexes for low light (50 lmol pho-

tons m�2 sec�1) grown cells. (b) BN-PAGE protein–Chl complexes for high

light (500 lmol photons m�2 sec�1) grown cells.
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biomass yields of the NC lines were 1.8 to 3-fold greater

than the wild-type lines at both low and high light growth

conditions (Figure 9c,d). The fact that NC transgenics had

similar biomass yields when grown at low or high growth

light intensities demonstrates that the ability to carry out

light-intensity dependent adjustments in antenna size can,

enhance biomass yields under a variety of light conditions.

DISCUSSION

Earlier studies have shown that a slight reduction in the

size of the peripheral light-harvesting antenna in green

algae and plants, leads to enhanced photosynthetic rates,

greater high-light photoprotection, and substantial

increases in biomass productivity (Perrine et al., 2012;

Friedland et al., 2019). This smaller and more efficient

antenna size corresponded to the loss of one LHCII trimer

associated with a partial reduction in Chl b levels (Chl a/b

ratio of 5). These small reductions in light-harvesting

antenna size were also shown to allow deeper penetration

of photosynthetically active radiation into the algal culture

or plant canopy allowing for greater rates of photosynthe-

sis throughout the light column (Polle et al., 2000; Muss-

gnug et al., 2007; Stephenson et al., 2010; Ort et al., 2011;

Mitra et al., 2012; Perrine et al., 2012; Subramanian et al.,

2013; Cazzaniga et al., 2014; Friedland et al., 2019). How-

ever, light intensities in algal ponds continuously change

with time and depth as culture densities change. Thus, we

suggested that further improvements in photosynthetic

efficiency could be achieved by dynamically regulating

light-harvesting antenna size to respond to continously

changing light environments. By regulating Chl b synthesis

in a light-dependent manner, we have demonstrated that

the abundance of specific peripheral light-harvesting pro-

tein–Chl complexes and the optical cross section of the

light harvesting antenna can be dynamically regulated as

culture density and self-shading increases (Figure 3a,b).

The generation of continuously adjusting light harvesting

antenna sizes was acheived by light-regulated translational

repression (Nab1) of a modified CAO gene. Significantly,

not all transgenics with self-adjusting antenna sizes had

similar photosynthetic rates at a given light intensity even

though they had similar total Chl content per cell, indicat-

ing that even small differences in Chl b levels or peripheral

antenna size, but not Chl content per cell, can have signifi-

cant effects on photosynthetic efficiency (Figure 3e,f).

Finally, consistent with earlier observations, we show

that NC transgenics with self-adjusting antenna sizes hav-

ing initial Chl a/b ratios near 5 had greater photosynthetic

rates and biomass production than NC transgenics having

Chl a/b ratios more similar to wild-type algae (Figure 9a,

b) (Perrine et al., 2012; Friedland et al., 2019).

At the protein–Chl complex structural level, we observed

that the primary effect of moderate reductions in Chl b

levels (Chl a/b ratio, near 5) was a reduction in LHCII trimer

complex abundance. This result is as expected since the

trimeric LHCIIs have among the lowest Chl a/b ratios or the

highest Chl b content (Table S1) of all the peripheral light-

harvesting complex members, and thus is most likely to be

reduced in protein abundance in association with a reduc-

tion in Chl b levels (Formaggio et al., 2001; Friedland et al.,

2019). One potential consequence of the loss of loosely

bound LHCII trimers is that the efficiency of excitation

energy transfer between the more proximal CP29 and

CP26 light-harvesting antenna complexes and the PSII

reaction center antenna proteins (CP43 and CP47)

would increase as energy transfer efficiency is greater be-

tween the CP29 and CP26 antenna complexes and the PSII

reaction center antenna (CP43 and CP47) than

between LHCII trimers and the CP29 and CP26 light har-

vesting antenna proteins (Drop et al., 2014; Su et al., 2019).

This enhanced energy transfer efficiency from the proximal

Figure 7. Blue native-PAGE (BN-PAGE) analyses of thylakoid membrane

protein complexes. Thylakoid membranes were isolated from low-light- and

high-light-grown cultures of wild-type CC2677, NC lines, Comp-cbs3-4 and

cbs-3 strain and subjected to BN-PAGE. Identification of the thylakoid mem-

brane protein complexes was carried according to Kirst et al. (2012). PSII–
LHCII complex and PSI–LHCI complex; PSII-D, PSII dimer; PSII-M, PSII

monomer; LHCII, Chl a/b light-harvesting complex are indicated in the fig-

ure. (a) BN-PAGE protein–Chl complexes for low light (50 lmol pho-

tons m�2 sec�1) grown cells. (b) BN-PAGE protein–Chl complexes for high

light (500 lmol photons m�2 sec�1) grown cells.
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antenna to the reaction center antenna is presumably due

to the greater distances between the LHCII trimers and the

proximal antenna complexes than between the proximal

antenna complexes and the PSII reaction center (Drop

et al., 2014). The net result of LHCII trimer loss is that the

excitation energy transfer efficiency from the remaining

Figure 8. Transmission electron micrographs showing thylakoid membrane stacking and structure in wild-type CC2677 (a), cbs-3 (b), Comp cbs3-4 (c), NC-7 (d),

NC-29 (e), and NC-77 (f). These lines were grown under low light conditions. Scale bar represents 100 nm in all the TEM micrographs. Measurements for thy-

lakoid membrane bilayer (g) and lumenal space (h) are also shown. These data represent the average � SD of 150–200 measurements. The asterisk (*) indicates

statistically significant differences between parental wild-type (CC2677) and NC transgenics, as determined by Student’s t-test, with P < 0.005.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2020), doi: 10.1111/tpj.14751
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peripheral light harvesting complexes to the PSII reaction

center complex should increase relative to that in the wild-

type photosynthetic systems.

The partial reduction in LHCII trimer complexes may also

impact downstream electron transfer processes. LHCII pro-

teins play a key role in thylakoid membrane structural

organization as well as in its stacking (Barber and Chow,

1979; Allen and Forsberg, 2001; Chow et al., 2005). Muss-

gnug and co-workers showed that the stm3 and stm3LR3

mutants which have substantially reduced LHCII levels also

had substantial alterations in thylakoid membrane packing

and lumen spacing compared with wild-type parental

strains (Mussgnug, 2005; Mussgnug et al., 2007) Similarly,

tla1 mutants exhibited substantial alterations in thylakoid

membrane organization and in the lumen space associated

with losses in light-harvesting complexes similar to the

cbs3 Chl b-less line used in these studies (Mitra et al.,

2012).

Protein diffusion and mobility play a key role in photo-

synthetic efficiency as they can affect light-harvesting and

electron-transport efficiency as well as the turnover and

repair of the photosynthetic complexes (Kirchhoff et al.,

2004, 2008, 2013; Kirchhoff, 2014). Macromolecular crowd-

ing of membranes by protein complexes is known to affect

the trafficking the two mobile electron carriers (plasto-

quinone and plastocyanin), which link the photosynthetic

complexes I and II (Mullineaux, 2005, 2008; Kirchhoff et al.,

2008). Rates of the intersystem electron transport are also

impacted by the rate of PQ shuttling between PSII and Cyt

b6f complexes (Haehnel, 1984). In addition, the lateral diffu-

sion of PQH2 from PSII to the Cyt b6f complexes can be

restricted by overcrowded lipid domains of thylakoid mem-

branes. Thus, increases in thylakoid lumenal space and

membrane thickness associated with reductions in the

LHCII content in NC77 transgenics may further increase the

rates of electron transfer by enhancing the diffusion rates

of mobile electron carriers (Tremmel et al., 2003; Chow

et al., 2005; Kargul et al., 2005; Takahashi et al., 2006; Kar-

gul and Barber, 2008; Kirchhoff et al., 2008; Kirchhoff et al.,

2013).

Based on previous studies in algae and plants having

partially reduced Chl b levels several authors anticipated

that alterations in light-harvesting Chl–protein abundance

may have impacts on other photosynthetic functions such

as NPQ (Perrine et al., 2012; Friedland et al, 2019). Under

high-light stress conditions, an increase in the accumula-

tion of Zx is expected to reduce high-light-dependent pho-

todamage such as the production of reactive oxygen

species or lipid peroxidation. This is achieved by Zx

quenching excess Chl excited states under high light (Li

et al., 2009). Significantly, Zx has been shown to provide

photoprotection in the absence of LHCII, although to lesser

degree than in the presence of LHCII (Havaux et al., 2007;

Dall’Osto et al., 2010). Lutein has also been shown to pro-

vide protection against excited state Chl mediated photo-

damage (Ruban et al., 2007; Li et al., 2009). NC transgenics

grown at high light intensities exhibited increased accumu-

lation of the photoprotective pigments Zx and lutein com-

pared with the wild-type, Comp cbs3-4, and cbs-3 lines

(Figure 4). In land plants, higher carotenoid levels and

enhanced cycling of lutein and Zx have been correlated

with greater recovery of photosynthetic rates following

photoinhibition and associated with up to 15% increases in

biomass accumulation in plants grown in the field (Long

et al., 1994; Wang et al., 2002; Kromdijk et al., 2016). Thus,

improved photosynthetic performance in the NC
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Figure 9. Photoautotrophic growth curves under a

12 h sinusoidal light–dark cycle with a peak photon

flux at mid-day of; (a) 2000 lmol pho-

tons m�2 sec�1 (high light), or (b) 300 lmol pho-

tons m�2 sec�1 (low light). Dry cell biomass of cells

after 12 days of growth in the environmental photo-

bioreactor (ePBR) at mid-day of (c) 2000 lmol pho-

tons m�2 sec�1 (high light), or (d)

300 lmol photons m�2 sec�1 (low light). All results

represent the average and �SD of three to four

independent biological replicates. The asterisk (*)

indicates statistically significant differences in

growth between parent wild-type and NC transgen-

ics, determined by Student’s t-test, with P < 0.005.
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peripheral light harvesting complexes to the PSII reaction

center complex should increase relative to that in the wild-

type photosynthetic systems.

The partial reduction in LHCII trimer complexes may also

impact downstream electron transfer processes. LHCII pro-

teins play a key role in thylakoid membrane structural

organization as well as in its stacking (Barber and Chow,

1979; Allen and Forsberg, 2001; Chow et al., 2005). Muss-

gnug and co-workers showed that the stm3 and stm3LR3

mutants which have substantially reduced LHCII levels also

had substantial alterations in thylakoid membrane packing

and lumen spacing compared with wild-type parental

strains (Mussgnug, 2005; Mussgnug et al., 2007) Similarly,

tla1 mutants exhibited substantial alterations in thylakoid

membrane organization and in the lumen space associated

with losses in light-harvesting complexes similar to the

cbs3 Chl b-less line used in these studies (Mitra et al.,

2012).

Protein diffusion and mobility play a key role in photo-

synthetic efficiency as they can affect light-harvesting and

electron-transport efficiency as well as the turnover and

repair of the photosynthetic complexes (Kirchhoff et al.,

2004, 2008, 2013; Kirchhoff, 2014). Macromolecular crowd-

ing of membranes by protein complexes is known to affect

the trafficking the two mobile electron carriers (plasto-

quinone and plastocyanin), which link the photosynthetic

complexes I and II (Mullineaux, 2005, 2008; Kirchhoff et al.,

2008). Rates of the intersystem electron transport are also

impacted by the rate of PQ shuttling between PSII and Cyt

b6f complexes (Haehnel, 1984). In addition, the lateral diffu-

sion of PQH2 from PSII to the Cyt b6f complexes can be

restricted by overcrowded lipid domains of thylakoid mem-

branes. Thus, increases in thylakoid lumenal space and

membrane thickness associated with reductions in the

LHCII content in NC77 transgenics may further increase the

rates of electron transfer by enhancing the diffusion rates

of mobile electron carriers (Tremmel et al., 2003; Chow

et al., 2005; Kargul et al., 2005; Takahashi et al., 2006; Kar-

gul and Barber, 2008; Kirchhoff et al., 2008; Kirchhoff et al.,

2013).

Based on previous studies in algae and plants having

partially reduced Chl b levels several authors anticipated

that alterations in light-harvesting Chl–protein abundance

may have impacts on other photosynthetic functions such

as NPQ (Perrine et al., 2012; Friedland et al, 2019). Under

high-light stress conditions, an increase in the accumula-

tion of Zx is expected to reduce high-light-dependent pho-

todamage such as the production of reactive oxygen

species or lipid peroxidation. This is achieved by Zx

quenching excess Chl excited states under high light (Li

et al., 2009). Significantly, Zx has been shown to provide

photoprotection in the absence of LHCII, although to lesser

degree than in the presence of LHCII (Havaux et al., 2007;

Dall’Osto et al., 2010). Lutein has also been shown to pro-

vide protection against excited state Chl mediated photo-

damage (Ruban et al., 2007; Li et al., 2009). NC transgenics

grown at high light intensities exhibited increased accumu-

lation of the photoprotective pigments Zx and lutein com-

pared with the wild-type, Comp cbs3-4, and cbs-3 lines

(Figure 4). In land plants, higher carotenoid levels and

enhanced cycling of lutein and Zx have been correlated

with greater recovery of photosynthetic rates following

photoinhibition and associated with up to 15% increases in

biomass accumulation in plants grown in the field (Long

et al., 1994; Wang et al., 2002; Kromdijk et al., 2016). Thus,

improved photosynthetic performance in the NC
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Figure 9. Photoautotrophic growth curves under a

12 h sinusoidal light–dark cycle with a peak photon

flux at mid-day of; (a) 2000 lmol pho-

tons m�2 sec�1 (high light), or (b) 300 lmol pho-

tons m�2 sec�1 (low light). Dry cell biomass of cells

after 12 days of growth in the environmental photo-

bioreactor (ePBR) at mid-day of (c) 2000 lmol pho-

tons m�2 sec�1 (high light), or (d)

300 lmol photons m�2 sec�1 (low light). All results

represent the average and �SD of three to four

independent biological replicates. The asterisk (*)

indicates statistically significant differences in

growth between parent wild-type and NC transgen-

ics, determined by Student’s t-test, with P < 0.005.
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transgenics is established not only through antenna size

modulation, but also through enhanced active photopro-

tective mechanisms (Friedland et al., 2019). The net out-

come is that antenna size reduction can have multiple

pleiotropic effects that collectively enhance photosynthetic

performance and stress tolerance through processes not

anticipated by simple reductions in light harvesting optical

cross section alone.

The important question is: Do the complex changes

resulting from antenna size modulation impact biomass

production? Previously, Perrine et al. (2012) observed a

40% increase in biomass yield in Chlamydomonas CAO

RNAi lines having optimal Chl a/b ratios of 5. The NC-77

transgenic line, however, had a three-fold increase in bio-

mass yield compared with wild-type. This increased bio-

mass production in NC transgenics with adjustable light

harvesting antenna sizes, however, raises the question

why have algae and plants evolved large, less effi-

cient, fixed light-harvesting antenna systems that oversatu-

rate downstream electron transfer processes during most

(80%) of the day. In mixed species environments, the abil-

ity to shade or reduce the light available to competing spe-

cies may offer a selective advantage, because limiting light

availability to other species would reduce their growth

rates and presumably their fitness (Zhu et al., 2008; Ort

et al., 2015). Species competing for light are clearly

impacted by shading as plant canopies close or as algal

cultures reach high cell densities. Thus, having large light-

harvesting antenna systems may reduce light availability

for competitors and enhance fitness for plants or algae that

shade competitors as is the case in high-density algal cul-

tures. In addition, plants living lower in the canopy or

algae growing deeper in the water column often experi-

ence very low light conditions. Having a large light-har-

vesting antenna would allow photosynthesis and growth

at light intensities that could not support the growth of

algae with smaller antenna sizes optimized for growth at

higher light intensities. In fact, algae that grow at extreme

depths in the oceans have among the largest light-harvest-

ing antenna sizes known in photosynthetic organisms

(Yamazaki et al., 2005).

In summary, we have demonstrated that light-regulated,

translational modulation of CAO expression and Chl b

accumulation is an effective means to dynamically regulate

light-harvesting antenna size under fluctuating light envi-

ronments. NC transgenic algae having initially optimized

intermediate antenna sizes (Chl a/b ratio c. 5) yielded as

much as three-fold more biomass than the wild-type algae.

Light-harvesting antenna sizes associated with the maxi-

mum photosynthetic rates were associated with multiple

traits that enhance photosynthetic efficiency including

much more robust NPQ processes, and state transitions.

Notably, the biomass accumulation rates observed in NC

lines grown under field-like conditions meet the biomass

productivity requirements identified in recent life-cycle

analysis required to meet algal biofuel price points that are

competitive with petroleum (Olivares et al., 2016). Finally,

these results have clear implications for the design of

light-harvesting antenna systems in plant canopies for

enhanced crop yields (Friedland et al., 2019). Engineering

plants or algae to be able to adjust their light-harvesting

antenna size continuously to maximize light utilization effi-

ciency can lead to substantial improvements in photosyn-

thetic rates and biomass accumulation.

EXPERIMENTAL PROCEDURES

Growth conditions

Chlamydomonas reinhardtii Chl b-less mutant (cbs3) strain and its
wild-type parental strain (CC2677) were obtained from Ayumi
Tanaka and the Chlamydomonas Genetic Center, respectively
(Tanaka et al., 1998). Small cultures were grown at 25°C in 250 ml
Erlenmeyer flasks containing 100 ml of a high salt (HS) medium
and shaken at 150 rpm (http://www.chlamy.org/media.html). Cul-
tures were inoculated from a log-phase culture, using 1 ml (1%
volume) of cells. Flasks cultures were illuminated using fluores-
cent light at the light intensities indicated below.

Generation of transgenic lines

For the generation of transgenic Chlamydomonas reinhardtii cbs3
mutants, containing the NAB1 (Nucleic Acid Binding1) regulated
LRE–CAO gene fusion, the LRE element was introduced into the 50

end of the CAO gene by PCR using Chlamydomonas nuclear DNA
as the template and the following forward, (ATCTTCATATGGGC
CAGACCCCCGCAGGGCTTCCTGCGTCGCTTCAACGCAAGG) and
reverse (TAGAATCTAGACTAGTTGTCCATGTCATCCTCGTCCACC
GAG) primers. The LRE, NAB1-binding domain sequence (under-
lined) was included in the forward primer. The LRE encodes five
additional amino acids, GQTPA, following the start methionine.
The LRE–CAO PCR product was cloned into the PSL18 (Dep�ege
et al., 2003; Mussgnug, 2005) nuclear expression vector using the
NdeI and XbaI restriction sites downstream of the PSAD promoter
(Kumar et al., 2013). The plasmid carrying the LRE–CAO fusion
gene was transformed into the CAO knockout strain cbs3 (Tanaka
et al., 1998) by particle gun bombardment using the PDS-1000/He
system (Bio-Rad, Richmond, CA, USA) (Kindle et al., 1989). The
bombarded cells were re-suspended and shaken overnight in liq-
uid Tris acetate phosphate (TAP) medium and spread onto TAP-
agar plates containing 50 lg ml�1 ampicillin and 25 lg ml�1 paro-
momycin for selection of transgenics. The PSL18 vector contains
the AphVIII gene (Sizova et al., 2001) driven by the PSAD promoter
and terminator encoding paromomycin resistance. After 14 days,
paromomycin-resistant algal colonies were transferred to fresh
TAP-agar plates containing 50 lg ml�1 paromomycin. The trans-
formants were designated as NC (NAB CAO). Multiple transgenics
were screened for variations in Chl a/b ratios with changing light
intensities. Three independent NC transgenic lines representative
of the highest, mid and lowest Chl a/b ratios were selected for
subsequent studies.

For the generation of the CAO complemented cbs3 strain, the
CAO gene was amplified by PCR using nuclear DNA from Chlamy-
domonas as the template and the following forward (ATCTTCA
TATGCTTCCTGCGTCGCTTCAAC) and reverse (TAGAATCTAGAC
TAGTTGTCCATGTCATCCTCGTCCACCGAG) PCR primers. The
CAO gene was cloned into the PSL18 vector using the NdeI and

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd.,
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XbaI restriction sites and the resulting plasmid was transformed
into the cbs3 host strain, as described above. The transformants
were designated as Comp-cbs3-4. Multiple transgenic lines were
generated having similar Chl a/b ratios. One Comp-cbs3-4 line
was used for further analysis.

For the generation of the mutated LRE–CAO gene fusion (MUN),
the CAO gene was amplified by PCR using the following forward
(ATCTTCATATGGGGCAAACACCGGCGGGCCTTCCTGCGTCGCTT
CAACGCAAGG) and reverse (TAGAATCTAGACTAGTTGTCCATGT
CATCCTCGTCCACCGAG) PCR primers, respectively. The under-
lined sequence encodes the same N-terminal five amino acid
insertion sequence (GQTPA) as the conserved LRE protein coding
element but has four nucleotide substitutions at the codon wobble
positions corresponding to bases 2, 5, 8, and 11 of the underlined
sequence to alter the conserved LRE binding site. Thus, the only dif-
ference between the un-mutated and mutated LRE–CAO gene
fusions is the LRE nucleotide sequence in the transgenic line (MUN).
The PCR product was cloned into the PSL18 vector using the NdeI
and XbaI restriction sites and transformed into the cbs3 host strain,
as described above. The transformants were designated as MUN.
Three independent MUN transgenics were generated and the strain
having the highest photosynthetic rate was analyzed further.

To confirm the presence of the CAO transgene in the trans-
formed cells, total DNA was extracted from the transgenics, using
the Chelex-100 extraction method (Cao et al., 2009). Briefly, a
small loop of cells was boiled in 50 ll of a 5% (w/v) solution of
Chelex-100 resin (Bio-Rad) for 10 min. The mixture was briefly
vortexed and spun down for 2 min in a microfuge at maximum
speed to pellet the cell debris. The supernatant containing the
transgenic DNA was used as the template for PCR. The presence
of the transgene was confirmed by PCR using forward
(GTTAGGTGTTGCGCTCTTGAC) and reverse (GGCGAGTGAGCA
TATTCGTCC) primers, which hybridize to the PsaD promoter and
the CAO gene, respectively.

Photoautotrophic growth measurements and biomass

estimation

Photoautotrophic growth of the wild-type (CC2677), cbs3, CAO
complemented cbs3-4 (Comp-cbs3-4), and the LRE–CAO gene
fusion transformants; NC-7, NC-29, and NC-77 strains was mea-
sured using environmental photobioreactors (ePBRs; Phenomet-
rics, San Diego, CA, USA) containing 500 ml of liquid HS media.
All experiments were done in triplicates for each time point and
each treatment. Light intensity was programmed for a 12 h sinu-
soidal light period with a peak mid-day intensity of
2000 µmol photons m�2 sec�1 (for high light) and 300 µmol pho-
tons m�2 sec�1 (for low light). The temperature was kept constant
at 25°C, and the ePBRs were stirred with a magnetic stir bar at
200 rpm. Filtered air was bubbled constantly through the growing
cultures. The optical density of the cultures was monitored on a
daily basis at 750 nm, using a Cary 300 Bio UV–Vis spectropho-
tometer (Agilent, Santa Clara, CA, USA). After completion of any
growth measurement, the total biomass content of the individual
ePBR was harvested by centrifugation at 11 000 rpm for 15 min.
Cell pellets were frozen immediately in liquid N2 and later freeze
dried, using a Microprocessor Controlled Lyophilizer (Flexi-Dry)
for determination of total biomass.

Chlorophyll fluorescence measurements

For Chl fluorescence induction analyses, cell suspensions of the
parental wild-type and transgenic Chlamydomonas strains were
adjusted to a Chl concentration of c. 2.5 lg ml�1. Chl fluorescence
induction was measured using the FL-3500 fluorometer (Photon

System Instruments, Drasov, Czech Republic) (Nedbal et al., 1999).
The cells were dark adapted for 10 min before the measurement.
Chl fluorescence was induced using continuous actinic illumina-
tion of 100 µsec duration and Chl fluorescence levels were mea-
sured every 1 lsec using a weak pulse-modulated measuring
flash. The values of Chl fluorescence were normalized to the maxi-
mum achieved for a given sample. To identify transgenics that
could reversibly adjust their light-harvesting antenna sizes in
response to different growth light intensities, we measured the
percentage light saturation of PSII activity at the time point when
Comp-cbs3-4 achieved 90% saturation of Chl Fmax (where Fmax
is maximum Chl fluorescence in the dark-adapted state) following
growth and transfer of the transgenics and control strains from
low to high light, high light to low light, and low light to high light
again for 1 day each (Figure 2b). Antenna size adjustment was
expressed as a percentage change in Chl fluorescence yield rela-
tive to low-light-grown cells at the time point when the control
(Comp-cbs4-4) achieved 90% of Fmax. For the state transition
experiments associated with the migration of light-harvesting
complexes between the photosystems, low-light-grown cultures
were either dark adapted or pre-illuminated with 715 nm light for
10 min before the induction of Chl fluorescence. The actinic flash
duration for this experiment was set to 50 lsec duration and Chl
fluorescence was measured every lsec (Perrine et al., 2012).

NPQ of the Chl excited state was determined using a FluorCam
800MF from Photon Systems Instruments. Algal cultures were
photoautotrophically grown, in flasks, for 4 days in high light
(500 µmol photons m�2 sec�1). The cells were pre-illuminated
with weak far-red (730 nm) light (c. 5 µmol photons m�2 sec�1)
for 30 min before fluorescence quenching analysis. Actinic light
intensity was 750 µmol photons m�2 sec�1 and a saturation pulse
was given at 3000 µmol photons m�2 sec�1. The NPQ of Chl fluo-
rescence was calculated as (Fm�Fm

0)/Fm0, where Fm is maximum
fluorescence in dark-adapted state, and Fm

0 is maximum fluores-
cence in light (Fm

0 was measured using a series of saturating light
pulses). PSII quantum yield was calculated as (Fm � Fo)/Fm, where
Fo is the minimum fluorescence. The absorption cross-section of
PSII (rPSII) that reflects the functional antenna size of PSII was
measured using a chlorophyll fluorescence induction and relax-
ation (FIRe) fluorometer system (Model FIRe, Satlantic, Nova Sco-
tia, Canada) as described by Tokutsu et al. (2009).

Photosynthetic oxygen evolution

CO2-dependent rates of oxygen evolution were measured for low
light (50 lmol photons m�2 sec�1) HS grown log-phase cultures
(0.4–0.6 for OD at 750 nm) using a Clark-type oxygen electrode
(Hansatech Instruments, Norfolk, UK). Cells were re-suspended in
20 mM HEPES buffer (pH 7.4) and air-saturated rates of oxygen
evolution were measured, using 650 nm light of different intensi-
ties: 50, 150, 300, 450, 600, 750 and 850 lmol photons m�2 sec�1.
This experiment was then repeated in the presence of 10 mM

NaHCO3. Photosynthetic light saturation curves were normalized
on the basis of Chl as well as cell density (OD750 nm) (Perrine
et al., 2012). Chl levels were determined by the method described
by Arnon (1949).

Pigment analysis by high performance liquid

chromatography (HPLC)

Chlamydomonas cultures were grown at low-light (50 lmol pho-
tons m�2 sec�1) and high-light (500 lmol photons m�2 sec�1)
intensities for 5 days in HS media in shaker flasks. Cells were cen-
trifuged at 3000 rpm for 3 min and immediately frozen in liquid
nitrogen (77K) and lyophilized. Carotenoids and Chls were
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XbaI restriction sites and the resulting plasmid was transformed
into the cbs3 host strain, as described above. The transformants
were designated as Comp-cbs3-4. Multiple transgenic lines were
generated having similar Chl a/b ratios. One Comp-cbs3-4 line
was used for further analysis.

For the generation of the mutated LRE–CAO gene fusion (MUN),
the CAO gene was amplified by PCR using the following forward
(ATCTTCATATGGGGCAAACACCGGCGGGCCTTCCTGCGTCGCTT
CAACGCAAGG) and reverse (TAGAATCTAGACTAGTTGTCCATGT
CATCCTCGTCCACCGAG) PCR primers, respectively. The under-
lined sequence encodes the same N-terminal five amino acid
insertion sequence (GQTPA) as the conserved LRE protein coding
element but has four nucleotide substitutions at the codon wobble
positions corresponding to bases 2, 5, 8, and 11 of the underlined
sequence to alter the conserved LRE binding site. Thus, the only dif-
ference between the un-mutated and mutated LRE–CAO gene
fusions is the LRE nucleotide sequence in the transgenic line (MUN).
The PCR product was cloned into the PSL18 vector using the NdeI
and XbaI restriction sites and transformed into the cbs3 host strain,
as described above. The transformants were designated as MUN.
Three independent MUN transgenics were generated and the strain
having the highest photosynthetic rate was analyzed further.

To confirm the presence of the CAO transgene in the trans-
formed cells, total DNA was extracted from the transgenics, using
the Chelex-100 extraction method (Cao et al., 2009). Briefly, a
small loop of cells was boiled in 50 ll of a 5% (w/v) solution of
Chelex-100 resin (Bio-Rad) for 10 min. The mixture was briefly
vortexed and spun down for 2 min in a microfuge at maximum
speed to pellet the cell debris. The supernatant containing the
transgenic DNA was used as the template for PCR. The presence
of the transgene was confirmed by PCR using forward
(GTTAGGTGTTGCGCTCTTGAC) and reverse (GGCGAGTGAGCA
TATTCGTCC) primers, which hybridize to the PsaD promoter and
the CAO gene, respectively.

Photoautotrophic growth measurements and biomass

estimation

Photoautotrophic growth of the wild-type (CC2677), cbs3, CAO
complemented cbs3-4 (Comp-cbs3-4), and the LRE–CAO gene
fusion transformants; NC-7, NC-29, and NC-77 strains was mea-
sured using environmental photobioreactors (ePBRs; Phenomet-
rics, San Diego, CA, USA) containing 500 ml of liquid HS media.
All experiments were done in triplicates for each time point and
each treatment. Light intensity was programmed for a 12 h sinu-
soidal light period with a peak mid-day intensity of
2000 µmol photons m�2 sec�1 (for high light) and 300 µmol pho-
tons m�2 sec�1 (for low light). The temperature was kept constant
at 25°C, and the ePBRs were stirred with a magnetic stir bar at
200 rpm. Filtered air was bubbled constantly through the growing
cultures. The optical density of the cultures was monitored on a
daily basis at 750 nm, using a Cary 300 Bio UV–Vis spectropho-
tometer (Agilent, Santa Clara, CA, USA). After completion of any
growth measurement, the total biomass content of the individual
ePBR was harvested by centrifugation at 11 000 rpm for 15 min.
Cell pellets were frozen immediately in liquid N2 and later freeze
dried, using a Microprocessor Controlled Lyophilizer (Flexi-Dry)
for determination of total biomass.

Chlorophyll fluorescence measurements

For Chl fluorescence induction analyses, cell suspensions of the
parental wild-type and transgenic Chlamydomonas strains were
adjusted to a Chl concentration of c. 2.5 lg ml�1. Chl fluorescence
induction was measured using the FL-3500 fluorometer (Photon

System Instruments, Drasov, Czech Republic) (Nedbal et al., 1999).
The cells were dark adapted for 10 min before the measurement.
Chl fluorescence was induced using continuous actinic illumina-
tion of 100 µsec duration and Chl fluorescence levels were mea-
sured every 1 lsec using a weak pulse-modulated measuring
flash. The values of Chl fluorescence were normalized to the maxi-
mum achieved for a given sample. To identify transgenics that
could reversibly adjust their light-harvesting antenna sizes in
response to different growth light intensities, we measured the
percentage light saturation of PSII activity at the time point when
Comp-cbs3-4 achieved 90% saturation of Chl Fmax (where Fmax
is maximum Chl fluorescence in the dark-adapted state) following
growth and transfer of the transgenics and control strains from
low to high light, high light to low light, and low light to high light
again for 1 day each (Figure 2b). Antenna size adjustment was
expressed as a percentage change in Chl fluorescence yield rela-
tive to low-light-grown cells at the time point when the control
(Comp-cbs4-4) achieved 90% of Fmax. For the state transition
experiments associated with the migration of light-harvesting
complexes between the photosystems, low-light-grown cultures
were either dark adapted or pre-illuminated with 715 nm light for
10 min before the induction of Chl fluorescence. The actinic flash
duration for this experiment was set to 50 lsec duration and Chl
fluorescence was measured every lsec (Perrine et al., 2012).

NPQ of the Chl excited state was determined using a FluorCam
800MF from Photon Systems Instruments. Algal cultures were
photoautotrophically grown, in flasks, for 4 days in high light
(500 µmol photons m�2 sec�1). The cells were pre-illuminated
with weak far-red (730 nm) light (c. 5 µmol photons m�2 sec�1)
for 30 min before fluorescence quenching analysis. Actinic light
intensity was 750 µmol photons m�2 sec�1 and a saturation pulse
was given at 3000 µmol photons m�2 sec�1. The NPQ of Chl fluo-
rescence was calculated as (Fm�Fm

0)/Fm0, where Fm is maximum
fluorescence in dark-adapted state, and Fm

0 is maximum fluores-
cence in light (Fm

0 was measured using a series of saturating light
pulses). PSII quantum yield was calculated as (Fm � Fo)/Fm, where
Fo is the minimum fluorescence. The absorption cross-section of
PSII (rPSII) that reflects the functional antenna size of PSII was
measured using a chlorophyll fluorescence induction and relax-
ation (FIRe) fluorometer system (Model FIRe, Satlantic, Nova Sco-
tia, Canada) as described by Tokutsu et al. (2009).

Photosynthetic oxygen evolution

CO2-dependent rates of oxygen evolution were measured for low
light (50 lmol photons m�2 sec�1) HS grown log-phase cultures
(0.4–0.6 for OD at 750 nm) using a Clark-type oxygen electrode
(Hansatech Instruments, Norfolk, UK). Cells were re-suspended in
20 mM HEPES buffer (pH 7.4) and air-saturated rates of oxygen
evolution were measured, using 650 nm light of different intensi-
ties: 50, 150, 300, 450, 600, 750 and 850 lmol photons m�2 sec�1.
This experiment was then repeated in the presence of 10 mM

NaHCO3. Photosynthetic light saturation curves were normalized
on the basis of Chl as well as cell density (OD750 nm) (Perrine
et al., 2012). Chl levels were determined by the method described
by Arnon (1949).

Pigment analysis by high performance liquid

chromatography (HPLC)

Chlamydomonas cultures were grown at low-light (50 lmol pho-
tons m�2 sec�1) and high-light (500 lmol photons m�2 sec�1)
intensities for 5 days in HS media in shaker flasks. Cells were cen-
trifuged at 3000 rpm for 3 min and immediately frozen in liquid
nitrogen (77K) and lyophilized. Carotenoids and Chls were
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extracted with 100% acetone in the dark for 20 min. After incuba-
tion, samples were centrifuged at 14 000 rpm for 2 min in a micro-
fuge and the supernatant was transferred to a glass tube and dried
under vacuum. The dried samples were re-suspended in 1 ml of
acetonitrile: water: triethylamine (900:99:1, v/v/v) for HPLC analysis.
Pigment separation and chromatographic analysis were performed
on a Beckman HPLC equipped with a UV–vis light detector, using a
C18 reverse phase column at a flow rate of 1.5 ml min�1. Mobile
phases were (A) acetonitrile/H2O/triethylamine (900:99:1, v/v/v) and
(B) ethyl acetate. Pigment measurement was carried out at 445 nm
with reference wavelength at 550 nm (Tian and DellaPenna, 2001).
Individual algal pigments were identified on the basis of their
retention times and optical absorbance properties and quantified
on the basis of their integrated absorbance peaks relative to known
carotenoid standards. Carotenoid standards were purchased from
DHI group, Denmark. Pigments were standardized on the basis of
dry weight of three replicates.

Thylakoid membrane isolation and blue native gel

electrophoresis

The wild-type parent CC2677, Comp-cbs3-4, NC lines and the cbs-
3 strain were all grown in 100–200 ml of liquid HS medium under
low light intensity (50 µmol photons m�2 sec�1) or high light
intensity (500 µmol photons m�2 sec�1) with continuous shaking
at 225 rpm for 3 days. Cells were harvested by centrifugation at
3000 g for 5 min to obtain cell pellets. The cell pellet was re-sus-
pended in buffer A (0.3 M sucrose, 25 mK HEPES, pH 7.5, 1 mM

MgCl2), to yield a final Chl concentration of 1 mg ml�1. Cells were
then broken by sonication (Biologics, Inc., Model 300 V/T Ultra-
sonic Homogenizer, Manassas, VA, USA) five times for 10 sec
each time (pulse mode, 50% duty cycle, output power 5) on ice.
The unbroken cells were pelleted by centrifugation at 3000 g for
2 min at 4°C. The supernatant was centrifuged at 12 000 g for
20 min and the resulting pellet was washed with buffer A. The
sample was subjected to a second centrifugation step at 11 000 g

to collect thylakoids (Perrine et al., 2012). Thylakoids containing
8 µg of chlorophyll were solubilized for 30 min by addition of
equal volume of buffer containing b-dodecyl-maltoside at a 2% w/
v concentration. 1/10 volume of sample buffer containing Serva-
Blue G was added and the sample was centrifuged in a microfuge
for 10 min at maximum speed. Thylakoid complexes were
resolved for 6 h at 4°C on 4–12% Tris Tricine gel using Novex
minigel system with a constant current of 6 mA as described by
J€arvi et al. (2011).

SDS-PAGE and immunoblotting analysis

SDS-PAGE and immunoblotting for the LHCSR3 protein were con-
ducted as described previously (Tokutsu and Minagawa, 2013).
LHCSR3 protein expression was visualized using a commercial
antibody (Eurogentec, Belgium) against LHCSR3 polypeptide
(Naumann et al., 2007).

Transmission electron microscopy

Cells from all the lines were grown in low light (50 lmol pho-
tons m�2 sec�1) intensities for 5 days in HS medium in shaker
flasks. Cells were prepared for electron microscopy by immobiliz-
ing cells in 3% sodium alginate (w/v) and the alginate beads were
then solidified by incubation in cold 30 mM CaCl2 for 30 min. Cells
were encapsulated in alginate before chemical fixation. The
encapsulated cells were fixed using 2% glutaraldehyde buffered
with algal growth medium for 1.5–2 h. After fixation the cells were
post-fixed in buffered 2% osmium tetroxide for 1.5 h and rinsed
with water three times. Following dehydration in an ethanol-

acetone dehydration series and after dehydration these cells were
embedded in Spurr’s resin. Thin sections were stained subse-
quently with uranyl acetate and lead citrate. An LEO 912 transmis-
sion electron microscope (ZEISS, USA) was used to view and
collect images at 120 kV using a Proscan digital camera. Intracellu-
lar distances were measured on magnification-calibrated images
using Fiji software (Image J). Distances reported are average of
150–200 measurements per cell line type.
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Figure S1. Correlation of optical density (OD750) with cell number
is shown. The optical density of the cultures was monitored on a
daily basis at 750 nm using a Cary 300 Bio UV–visible light spec-
trophotometer (Agilent). Cell numbers were counted using an
Accuri c6 flow cytometer (BD Biosciences). Values shown here are
means � SD (n = 3).

Figure S2. Schematic drawing of the thylakoid membrane system.
The distances of membrane bilayer (Granum), and lumen space
are indicated as measured in transmission electron microscopy
(TEM) images.

Figure S3. Comparative model for thylakoid membrane thickness
and lumen space in wild-type and NC lines, showing diffusion of
plastocyanin (PC) (see arrow). PQ, plastoquinone; PC, plasto-
cyanin. (a) Wild-type, (b) NC lines.

Table S1. Chlorophyll and carotenoid content of select Chlamy-
domonas photosystem II and photosystem I light-harvesting com-
plex protein subunits as determined from their cryo-EM structures
(Sheng et al., 2019; Suga et al., 2019).
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Figure S1. Correlation of optical density (OD750) with cell number
is shown. The optical density of the cultures was monitored on a
daily basis at 750 nm using a Cary 300 Bio UV–visible light spec-
trophotometer (Agilent). Cell numbers were counted using an
Accuri c6 flow cytometer (BD Biosciences). Values shown here are
means � SD (n = 3).

Figure S2. Schematic drawing of the thylakoid membrane system.
The distances of membrane bilayer (Granum), and lumen space
are indicated as measured in transmission electron microscopy
(TEM) images.

Figure S3. Comparative model for thylakoid membrane thickness
and lumen space in wild-type and NC lines, showing diffusion of
plastocyanin (PC) (see arrow). PQ, plastoquinone; PC, plasto-
cyanin. (a) Wild-type, (b) NC lines.

Table S1. Chlorophyll and carotenoid content of select Chlamy-
domonas photosystem II and photosystem I light-harvesting com-
plex protein subunits as determined from their cryo-EM structures
(Sheng et al., 2019; Suga et al., 2019).
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abstract
The light intensity, carbon dioxide concentration, and temperature are the three 
main factors that influences the photosynthesis. Greater light intensity leads to higher 
photosynthesis rates, as does increased carbon dioxide concentration. Environmental 
stresses trigger a wide variety of plant responses, ranging from altered gene expression 
and cellular metabolism to changes in growth rates and crop yields. All plants experience 
such environment stress during their lifetime, more commonly, drought, salinity, low 
and high temperatures, flood, pollutants, and radiation are the important stress factors 
limiting the productivity of crops or algal production. The prevailing conditions in the 
natural environment rarely support a maximum growth rate; thus, the ability to deal 
with stress is a fundamental aspect of plant growth. In highly stressful environments, 
natural selection leads to the evolution of tolerant plants that show conservative 
resource usage and slow growth. Such plants often have long-lived leaves that are 
physically tough and high in toxic or unpalatable defensive compounds, thus decreasing 
the loss of resources to herbivores. In contrast, most high-yielding agricultural species 
are mesophilic in nature—unable to tolerate extreme stress throughout their entire 
lifetime but equipped with sophisticated defence mechanisms to cope with daily 
environment stress conditions. All these abiotic stress affects the photosynthesis 
specifically, the photosystem (PS) II. In some stresses like chilled temperatures the PSI 
is more susceptible. The damage of the photosystems may be usually by the reactive 
oxygen species generation at the acceptor side of PSI. Number of studies have been 
reported related to the stress effects on photosynthesis, however to overcome these 
abiotic effect, we should think about identification of marker proteins, metabolites, 
transcripts that improves understanding of how protein structures change in response 
to stresses, with particular regards to photosynthesis. Those results will provide a 
platform for developing strategies for genetic transformation to improve tolerance to 
salinity, temperature, and drought stress and to achieve high photosynthetic yields.
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abstract
Plants are exposed to various abiotic stress factors throughout their growth period. 
The major abiotic stresses to which plants are exposed include extreme temperature, 
drought, high salinity, cold, heavy metals etc. These stresses are the most significant 
factors leading to sub stantial and unpredictable loss in crop production in agriculture 
(Jisha et al. 2013).Rice is the fundamental source of food for more than half of the 
worldwide population.The production of rice has improved enormously during 
the post green revolution period mainly because of the advanced technological 
interventions and implication of improved rice varieties (Bahugunaet al. 2018). 
But the impact of abiotic stresses on rice has resulted in significant yield reduction 
(Bergman, 2019). The rice production has reduced from 751.9 million tonnes in 2016 
to 695.5 million tonnes in 2018 (FAO, 2017, 2019).

Modern agriculture strategies aims at enhancing harvest yields per acreage and 
reducing pre-harvest and postharvest losses caused by detrimental abiotic cues 
(Gust et al. 2010). Various methodologies were adapted from time to timeto achieve 
tolerance to stresses. These include, conventional breeding methods such as selection 
and hybridizationas well asadvanced methods such as mutation breeding, polyploidy 
breeding, genetic engineering etc. The methods have various limitations and therefore 
it has become imperative to thinkof an alternative solution to impart tolerance to 
plantsagainst various stresses. The alternative solution would bemore acceptable if it 
is simple, cost effective and can beadopted by the farmers without any complication 
and at thesame time it should be effective in manifesting thetolerance.

Seed priming has proved to be an effective method inimparting stress tolerance to 
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plants. Seed priming is theinduction of a particular physiological state in plants by 
thetreatment of natural and synthetic compounds to the seedsbefore germination. 
The physiological state in which plantsare able to faster or better activate defense 
responses or both is called the primed state of the plant (Beckers and Conrath, 2007). 
Primed seeds usually exhibit an increasedgermination rate, greater germination 
uniformity, and attimes, greater total germination percentage.

Prominent priming techniques
Hydropriming
Hydro priming has been reported to be a simple, economical and a safe technique for 
increasing the capacity of seeds for osmotic adjustment, enhancing seedling establishment 
and crop production under stressed conditions. In this priming method, the seeds are 
immersed in sterilized distilled water kept at appropriate temperature and the duration 
of hydro priming is determined by controlling seed imbibition during germination. 
After soaking, seeds were re-dried to their original weight with forced air under shade. 
Increase in the seedling growth correlated with higher water uptake by primed seeds is 
the predominant feature in the case of hydro priming (Yagmur and Kaydan2008).

Hydro priming of seeds enhances the photosynthetic activities of the seedlings 
emerging from it. It was also found to enhance the activities of antioxidant enzymes 
in the seedlings. Hydro priming of seeds improved the drought and salinity stress 
tolerance potential of green gram varieties and it was significantly evident in the 
abiotic stress-sensitive Vignaradiata variety Pusa Ratna as compared to Pusa 9531 
(drought tolerant) and Pusa Vishal (NaCl tolerant) (Jisha and Puthur 2018).

Osmopriming
Osmoconditioning or osmopriming is the soaking of seeds in aerated, low-water-
potential solutions. Osmopriming essentially exposes seeds to a low external water 
potential to restrict the rate and extent of imbibition. A variety of chemicals are used to 
create low-water potential solutions. Polyethylene glycol (PEG) is more commonly used 
as water potential lowering agent because of its nontoxic nature and large molecular size, 
which lowers water potential without penetrating into the seeds during soaking. The 
other chemicals used to lower water potential are KNO3, KCl, KH2PO4, MgSO4, CaCl2, 
NaCl, mannitol, etc. Osmopriming in comparison with hydropriming can preserve 
plasma membrane structure and cause seeds to have better responses to germination 
traits because of controlled long hydration in seeds. In rice, the physiological changes 
produced by osmohardening enhanced the starch hydrolysis and made more sugars 
available for embryo growth, vigorous seedling production and later on improved 
allometric, kernel yield and quality attributes (Farooq et al. 2006).
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Halopriming
Halopriming refers to soaking of seeds in solution of inorganic salts i.e., NaCl, 
KNO3, CaCl2, CaSO4, etc. Improvement in seed germination, seedling emergence, 
establishment and final crop yield was observed in salt affected soils in response to 
halopriming. Halopriming resulted in the enhancement of protein, carbohydrate, 
and photosynthetic pigment content, modulated antioxidant enzyme activities, 
reduced the lipid peroxidation of biomembranes, and enhanced the photochemistry 
and mitochondrial activities in rice seedlings subjected to NaCl and PEG stress as 
compared to non-primed ones.The beneficial effect of halo-priming treatments can 
be attributed to increased accumulation of primary metabolites, increased activity 
of photosystems and mitochondria, and activation of antioxidant systems in the rice 
seedlings (Jisha and Puthur 2014).

Chemical priming
Plants can acquire resistance to abioticstress after treatment with several natural 
or syntheticcompounds such as BABA (ẞ- amino butyric acid), GABA (Gama 
aminobutyric acid),butenolide, selenium, CuSO4, ZnSO4,KH2PO4, ethanol, putrescine, 
paclobutrazol, choline, andchitosan.

BABA priming is a cost-effective, efficient as well as promising strategyfor enhancing 
abiotic stress tolerance in V. radiata (Jisha and Puthur 2015).BABA seed priming was 
found to improve the drought and salinity stress tolerance potential of three green 
gram varieties, and it was more evident in the NaCl-tolerant Vignaradiatavariety Pusa 
Vishal as compared to PusaRatna (abiotic stress sensitive) and Pusa 9531(drought 
tolerant) (Jisha and Puthur 2015).Also the BABA priming of seeds improved the 
drought and salinity stress tolerance of three rice varieties and it was significantly 
evident in the drought tolerant variety Vaisakh and NaCl tolerant variety Vyttila 
6, when compared to the stress sensitive variety Neeraja (Jisha and Puthur 2016).
The pretreatment of two black pepper varieties,Panniyur 1 (drought-sensitive) and 
Panniyur 5 (droughttolerant) with GABA (2 mM) influenced various physiological 
and biochemical parameters positively and the PEG (poly ethylene glycol 6000; 10 
% w/v)-induced stress tolerance was increased in both varieties of black pepper 
(Vijayakumari andPuthur 2015).

UV priming
In UV priming, the seeds are exposed to low dose of UV radiation such as UV-A, 
UV-B and UV-C. UV-B priming in rice seedlings effectively enhances the NaCl stress 
tolerance potential in the rice (Thomas andPuthur 2019).The UV-B priming of seeds 
with mild dose of UV-B exposure can boost the responses of plants to subsequent 
stresses; especially NaCl induced stress, and demonstrates that UV-B priming can 
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induce cross-tolerance, thereby improving the ability of rice to adapt to other types 
of environmental stressors.

The UV-B priming effect was prominent in seedlings from UV-B primed seeds, 
showing the existence and carryover of priming imprintsin the case of seed 
priming. UV-B priming keeps the antioxidant synthesis process in alert state, even 
when stress is not initiated but swings into action on stress initiation, denoting the 
cost effective mechanism of stress tolerance achieved on UV-B priming (Thomas 
et al 2019). In response to UV-B priming, photochemical efficiency of PSI & PSII 
as well as mitochondrial activity improved to a greater extend in a tolerant variety 
of rice followed by sensitive variety revealing the activation of innate potential of 
abiotic tolerance. The rejuvenation of innate tolerance potential was predominant 
in tolerant variety than sensitive variety (Sen et al 2020). 

Priming memory
The priming memory retained in the primed seeds getstransferred to the offspring, 
referred to as inter/trans-generational memory (Sen andPuthur, 2020). Epigenetics 
is the study of heritable changes in the gene expression that do not involve changes 
to the underlying DNA sequence i.e.achange in phenotype without a change in 
genotype.These changes in gene expression were made by DNA methylation, histone 
modifications, histone variants, change in nucleosome position, RDDM (RNA 
Directed DNA Methylation) pathways etc. The priming-related stress response can 
be a consequence of epigenetic regulation, such as DNA methylation and histone 
modification (Chen and Arora, 2011), which suggest epigenetic regulation, a key 
point of the “priming memory” and it is related to stress tolerance.

Arabidopsis was subjected to various stresses like salt, high light, heat, and UV-
C; the plant becomes more stress-tolerant along with a significant change in DNA 
methylation (Pecinkaet al., 2009). Role of histone modification in stress priming 
was first reported when treatment was done with bacterial pathogen and changes 
were observed in systemic acquired resistance.From studies it was clear that the 
memory last for hours, days or even for one somatic generation. But very less 
is known about the trans-generational epigenetic memory and stability of that 
epigenome. 
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Photosynthesis in the shade:  
genetic and molecular control mechanisms

Dr. Sujith Puthiyaveetil and Iskander M. Ibrahim
department of Biochemistry and Center for Plant Biology,  

Purdue University, West Lafayette, IN 47906, USA.

Abstract
The light-driven electron transport reactions of photosynthesis convert the free energy 
of sunlight into usable chemical energy. Plants contain two primary photosynthetic 
electron transport pathways: the linear electron transport from water to NADP+, 
producing NADPH and ATP, and the cyclic electron flow around photosystem I, 
generating just ATP. Recent research from our laboratory reveals that the sensory 
and gene regulatory function of the Chloroplast Sensor Kinase (CSK) is central to 
the partitioning of electrons into linear and cyclic pathways of photosynthesis. A 
conserved iron-sulfur cluster enables CSK to sense and propagate the membrane-
intrinsic plastoquinone redox signal to plastid gene expression machinery in stroma. 
CSK thereby places the expression of chloroplast PS I and NDH genes under the 
regulatory control of the interphotosystem electron carrier plastoquinone. The 
CSK-based chloroplast generegulatory system may thus bring about stoichiometric 
changes in the relative abundance of electron and proton transport complexes in plant 
thylakoid membranes with important implications for the flow of photosynthetic 
electrons in linear and cyclic pathways.

1. Ibrahim IM, Wu H, Ezhov R, Kayanja G, Zakharov S, Du Y, Tao WA, Pushkar 
Y, Cramer WA, Puthiyaveetil S (2020) An evolutionarily conserved iron-sulfur 
cluster underlies redox sensory function of the Chloroplast Sensor Kinase. 
CommunBiol 3(1):13. (https://pubmed.ncbi.nlm.nih.gov/31925322/)

2. McKenzie SD, Ibrahim IM, Aryal UK, Puthiyaveetil S (2020) Stoichiometry of 
protein complexes in plant photosynthetic membranes. BBA - Bioenergetics 
1861(2): 148141. (https://pubmed.ncbi.nlm.nih.gov/31825808/)
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introduction to an advanced immunological  
tool for in-depth Plant Biomass/  

cell Wall analyses

Dr. Sivakumar Pattathil
Senior Scientist, Mascoma, Lallemand Inc. New Hampshire, USA.

E mail: spattathil5@gmail.com

Abstract
Global warming and changing climate are posing a major threat to our environment. 
These effects could have drastic calamities to our globe unless mitigated adequately 
and immediately. One of the major causes for uncontrolled generation of greenhouse 
gases (that lead to global warming and adversities thereafter)in the environment is 
increased use of fossil fuels which is in the verge of getting depleted in near future. 
It is highly imminent that we have alternate means in place for generating clean and 
green renewable energy that is carbon neutral to meet our ever-increasing energy 
needs before it is too late. Plant biomass is one among the most abundant sources for 
renewable and clean energy production. It is important that we significantly reduce 
the fossil fuel consumption by substituting the same through the use of plant biomass 
based bio-energy and through other clean energy sources. Efforts are underway for 
this purpose. Bio-ethanol generation from pretreated or untreated plant biomass 
generated by microbial systems is the most sought-after strategy these days. Genetic 
modification of both plant systems and microbial systems (such as yeasts and bacteria)
have been underway towards making them optimized for this purpose. Plant cell 
walls constitute the major portion of plant biomass. Considering the vast diversity of 
plant phylogenies that could be tapped for their use in lignocellulosic energy use, it is 
imperative that we have medium to high throughput plant biomass/plant cell walls 
analytical tools in place. In this talk, I introduce you to one such rapid and reliable 
plant biomass/plant cell wall analytical tool that is increasingly getting employed 
globally for plant biomass analysis in the field of bioenergy research. With the support 
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from National Science Foundation (NSF), USA we have been able to generate a 
comprehensive suite of over 200 plant cell wall glycan directed monoclonal antibody 
(mAbs) probes that can monitor glycan epitope structures in most major plant cell 
wall carbohydrate components. This tool is not only important for phylogenetic 
analyses of plant cell walls from diverse species but also allow us to understand 
structural modifications happening in cell wall glycans in response to any given 
inducers including spatio-temporal changes with in plant tissues and application of 
any chemical or physical forces. This fingerprinting technology is now widely being 
known as glycome profiling of plant cell walls. Here, I would like to introduce you the 
availability of this tool to your own research and also to development of an automated 
platform for high throughput plant cell wall finger printing.
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Triploid Plants from endosperm  
– An overview

Prof. T. Dennis Thomas
department of Plant science, Central University of Kerala, Tejaswani Hills, 

Periya (PO), Pin-671316, Kasaragod, Kerala
E mail: den_thuruthiyil@yahoo.com

Abstract
Endosperm is a tissue which is unique in its origin and development. Endosperm is 
formed as a result of fusion between three haploid nuclei, one from male gamete and the 
other two from female gamete. This phenomenon is called triple fusion and the resulting 
tissue is triploid in nature. The main function of endosperm is to provide nourishment 
to developing embryo. Based on the nature of endosperm, the seeds are divided in to 
endospermous and non endospermous seeds. In endospermous seeds the mature seeds 
contain plenty of endosperm. However, in non endospermous seeds the mature seed do 
not have endosperm. Here the endosperm is fully consumed by the developing embryo.

Triploid plants are plants which is having three sets of chromosomes. Triploid plants 
are having higher vegetative growth and biomass than their diploid counterparts. 
Triploid plants are seed sterile. Triploid fruiting plants produce seedless fruits which 
is considered as higher in quality. Examples of such fruits include grapes, watermelons, 
bananas, papaya etc. 

Conventionally triploid plants are produced by crossing diploid plants with tetraploid 
plants. However, the success of crossing is very low and sometimes seeds are produced 
without embryos. On the other hand, production of triploid plants by endosperm 
culture is considered as a viable one step protocol. So far endosperm culture has been 
reported in about 100 genera. In culture endosperm responds in three different ways 
i.e. direct shoot bud differentiation, shoot buds from endosperm callus and embryos 
from endosperm callus. The triploid nature of endosperm derived plants is assessed 
by cytology, stomatal and flow cytometric analysis.
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nutrient starvation in aquatic  
monocots, duckweeds
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1dept. of Environmental Science, Central University of Kerala, Periye- 671320, India;  
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email: Klaus.Appenroth@uni-jena.de

Abstract
Duckweeds are monocotyledonous plants belonging to the family Lemnaceae. They 
inhabit lentic ecosystems and float freely on the surface of water body. Duckweeds 
mainly reproduce by vegetative propagation. The daughter fronds bud from the 
vegetative pouch of the mother frond. They also have the capacity for generative 
propagation. However, flowering and seed production is a very rare event atleast in 
the laboratory grown cultures of duckweeds.The 37 duckweed species are categorized 
into five genera, Spirodela, Landoltia, Lemna, Wolffiella and Wolffia. They are 
grouped into two subfamilies: Lemnoideae and Wolffioideae. The Lemnoideae 
include duckweeds belonging to genera Spirodela, Landoltia and Lemna.Plants 
belonging to these genera have roots and have two vegetative pouches per frond. On 
the other hand, the Wolffioideae, include duckweed species, belonging to the genera 
Wolffiella and Wolffia, that are rootless and have only one vegetative pouch per 
frond (Landolt, 1986; Sree et al., 2016).

Lemnaceae includes the smallest and the fastest growing angiosperms known till date 
(Sree et al., 2015b; Ziegler et al., 2015). In tropics and subtropics where the water body 
dries up completely in summer or in the temperate zones where the top layers of the 
water body freeze in winters, in both cases the floating aquatic biota which includes 
duckweeds need survival strategies to thrive the harsh climatic conditions. One of 
the strategies in which duckweeds deal with these harsh situations is by producing 
specialized structures called turions. The turions are starch rich vegetative bodies that 
are able to survive the harsh environmental conditions. 
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Duckweeds absorbminerals and nutrients from the aqueous medium for their growth 
and development. However, when the minerals and nutrients deplete in thewater 
bodybelow a threshold level, some of the duckweed species,upon sensing the nutrient 
limitation, are signaled to produce turions. These resting bodies accumulate high 
contents of starch and have less air spaces. Consequently, the turionsare heavier and 
sink to the bottom of the water body. Once at the bottom of the pond, they do not 
grow or develop any further and remain dormant till the arrival of the favourable 
environmental conditions. Upon onset of the favourable conditions, the turions 
germinate and rise to the surface of the water body and continue to grow by vegetative 
propagation. Spirodelapolyrhiza is one of the most investigated species about turion 
production, germination and physiology (Appenroth et al., 1996).

Wolffia microscopica is a rootless duckweed species endemic to the Indian subcontinent. 
As per the reports on date, it is the fastest growing angiosperm (Sree et al., 2015b). 
Apart from this, the plant species is unique for its morphology. Although belonging 
to the subfamily Wolffioideae, W. microscopica is one of the duckweed species that has 
a ventral projection which is called a psuedoroot. The presence of this psuedoroot 
makes the identification of this species easy, unlike for many other duckweeds. 
Moreover, the presence of the psuedoroot in this species indicate that this species 
might be a connecting link between the root-bearing Lemnoideae and the root-less 
Wolffioideae (Sree et al., 2015a). 

Interestingly, under the conditions of nutrient starvation, especially under limitation 
of phosphate or nitratelevels in the water body, the fronds of W. microscopicaexhibit 
dimorphism. They change their unique morphology from bearing a pseudoroot on 
the ventral side to an almost flat ventral surface. These flat fronds continue to grow 
and reproduce like the pseudoroot bearing fronds do. However, no flowering has been 
observed in these flat fronds. Upon long term exposure of the plants to phosphate or 
nitrate limited waters, it has been observed that these flat fronds start to produce 
small roundish bodies that sink to the bottom of the water body. These structures 
are turionsthat are able to survive the condition of nutrient depletion. Depletion of 
either phosphate or nitrate content in the growth medium has shown this effect.

It is, however, noted that the turions of W. microscopica are not as dormant as those 
of S. polyrhiza. The presence or absence and the intensity of light might have an effect 
on the germination capacity of turions of W. microscopica. Further investigations are 
being carried out in this direction.
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calcium oxalate crystal formation; a means  
of cu detoxification and na+ regulation  

in Bruguiera cylindrica (l.) Blume
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Abstract
Bruguiera cylindrica belonging to Rhizophoraceae is a facultative mangrove species, 
having diverse adaptations for coping with hyper saline environments. However, as 
a halophytic species it has to encounter the heavy metals in the presence of salinity, in 
its natural habitat, which can compromise their overall stress tolerance potential. In 
this study, the bioaccumulation as well as anatomical response of B. cylindrica plantlets 
in response to CuSO4 (0.15 mM CuSO4) combined with 400 mM NaCl was evaluated. 
In the case of B. cylindrica, our earlier studies have revealed that 400 mM NaCl can be 
considered to be avery normal condition for the growth of the plant, hence plantlets 
grown in 400 mM NaCl was taken as the control. As evidenced from the bioaccumulation 
analysis, the major part of Cu uptaken was retained in roots of plantlets treated with 
0.15 mM CuSO4 + 400 mM NaCl (1.593±0.68 mg/g dw), indicating roots as the major 
site of Cu accumulation, which implies the phytostabilization potential of Cu in roots of 
B. cylindrica. Anatomical and SEM-EDXMA studies revealed theprominent occurrence 
of star shaped calcium oxalate crystals within the cortical and pith regions of leaf and 
stem of plantlets exposed to 0.15 mM CuSO4+ 400 mM NaCl. But these crystals were 
somewhat absent or it seems to be very less in control plantlets (400 mM NaCl). These 
CaOx crystal-forming cells in response to combined stress reveals that this halophyte 
regulates the bioaccumulated Cu and Na+ by complexing with CaOx in B. cylindrica 

as evident from EDXM analysisand thereby contribute to Cu detoxification as well as 
Na+ regulation. Such internal tolerance mechanisms of plants by the formation and 
sequestration of calcium oxalate crystals, complexing with Cu and Na+ throws light in 
the area of biomineralisation.

Key words: Bruguiera cylindrica; calcium oxalate; phytostabilization.
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1. Introduction
Mangrove ecosystems facilitates vast ecological and commercial services (Das and 
Vincent, 2009) but are frequently affected by contaminants in effluent discharges, 
urban and agricultural runoff and dumped solid wastes due to their frequent 
proximity to dense human populations and inadequate protection (Polidoro et 

al., 2010). Currently, the contamination of natural ecosystems by heavy metals 
represents a worldwide environmental concern (Recatala et al., 2010). At elevated 
concentrations, heavy metals negatively affect the morphology, physiology, and 
biochemistry of plants and also reduce biomass accumulation (Ghavri and Singh, 
2012; Zhao et al., 2012). Copper (Cu) is an essential trace element for normal 
plant growth and is involved in number of electron transport reactions of both 
photosynthesis and respiration (Marschner, 1995). Cu participates in numerous 
physiological processes and is an essential cofactor for many metalloproteins, 
however, problems arise when excess Cu is present in cells.
Thus, at high concentrations, Cu can become extremely toxic causing symptoms such 
as chlorosis and necrosis, stunting, leaf discoloration and inhibition of root growth (van 
Assche and Clijsters, 1990; Marschner, 1995). Halophytes are thus expected to cope up 
with multiple stress factors such as combined stress of salinity with heavy metal. Moreover, 
regions affected by the toxic heavy metal pollutants are also affected by salinity, which 
may reveals that plants naturally resistant to salinity may showed promising adaptive 
properties to maintain the external presence even the heavy metals accumulation (Lutts 
and Lefevre, 2015). Usually, plants response to salinity stress alone differs from their 
natural biotope behavior in comparison with combined stress (Mittler, 2006).

Bruguiera cylindrica L. is a mangrove belonging to Rhizophoraceae and grows 
along the Indian seacoast. Unlike some other mangroves, it does not regenerate 
easily from broken off branches, propagation is only with propagules and it takes 
two to three months to become healthy plantlets with 2–3 pairs of leaves. As B. 
cylindrica is well adapted for higher NaCl concentrations, it seems to be a suitable 
candidate for the afforestation and ecological restoration of coastal areas and 
mangrove habitats affected with high sediment salinity (Palliyath and Puthur, 2018). 
Even though 500 mM of NaCl was found to impart inhibition on the accumulation 
of many of the metabolic process of the mangroves, it was not found to impart 
any significant negative effects on photochemistry of B. cylindrica (Palliyath and 
Puthur, 2018). However, B. cylindrica is a facultative mangrove and are able to 
grow in fresh water at the same time they are equally tolerant to both high and 
fluctuating salinity (Atreya et al., 2009). Hence the present investigation deals with 
the aspects on stress impact of combined stress of CuSO4 + 400 mM NaCl on B. 
cylindrica towards the bioaccumulation and anatomical variations.
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2. Materials and methods

2.1. Experimental setup
The mature propagules of Bruguiera cylindrica (L.) Blume (reddish brown in color) 
were collected from the mangrove ecosystem of Murikkumpadam, located between 
latitudes	90	59’	North	 and	 longitude	760	14′	East	 and	 is	 located	 at	Vypeen	 island,	
Kerala, India. The collection was made during June to October; it was normally the 
seasonal time for propagule formation. The mature propagules propagated in soil/
mud collected from the regions of the mangrove habitats. They were housed in a 
greenhouse under controlled conditions of temperature (32±20C), light intensity 
(250±75	μmol	m−2	s−1) and humidity (60±5%) watered with tap water. The 3 month 
old healthy plantlets having 6–8 leaves (3–4 nodes) were carefully removed from the 
soil and get acclimatized in full strength Hoagland nutrient medium for one week 
prior to the treatments. The healthy plantlets of B. cylindrica, which were subjected to 
0, 0.05, 0.1 and 0.15 mM CuSO4 + 400 mM NaCl for combined stress on 0, 5, 10, 15 
and 20 d. Plantlets grown in 400 mM NaCl with Hoagland’s nutrient medium were 
designated as control for combined stress.

2.2. Bioaccumulation of metal and Translocation Factor (TF)
The harvested plant samples of roots, stems and leaves from the control and Cu 
treated plants were dried in an oven at 1000C for 1 h and then at 600C until constant 
weight was achieved. The dry weight of leaves, stem and roots were determined, and 
these samples were used for Cu bioaccumulation studies according to the method of 
Allan (1969). Estimation of Cu present in the digested samples was carried out with 
atomic absorption spectrophotometer (SHIMADZU, AA 7000). The translocation 
factor (TF) was calculated with the following formula of Yoon et al. (2006).

2.3. Histochemistry 
For anatomical studies, uniformly cut pieces of leaves, roots, and stems were fixed in 
FAA. Free-hand sections were stained with toluidine blue O in heavy metals treated 
samples according to the procedure of Khasim (2002). Photomicrographs were taken 
by using microscope (LEICA DM2000 LED microscope attached with LEICA DMC 
4500 camera).

2.4. Scanning electron microscopic (SEM) studies and energy-
dispersive x-ray microanalysis (EDXMA)
Samples of B. cylindrica were fixed in gluteraldehyde (2.5%), made with 0.1 M 
phosphate buffer (pH 7.2) for overnight. After fixing, the specimens were rinsed 
twice with double distilled water and dehydrated by passing through an ascending 
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alcohol series (70, 80, 90, 95 and 100%). 10 min incubation time was provided in 
each alcohol series. Dried samples were mounted onto grooves cut on aluminium 
stubs using double side adhesive conducting carbon tapes so as to expose the 
sections. Then the specimens were gold coated and further photomicrographs were 
taken using the photographic attachment of the Field Emission Scanning Electron 
Microscope (FESEM) (Carl-Zeiss, Gemini 300). A quantitative compositional 
analysis of various elements was carried out on EDXMA spectrophotometer.

3. Results and Discussion

3.1. Bioaccumulation and Translocation factor
Accumulation of Cu was higher in the roots when plants were exposed to 
individual (0.15 mM CuSO4) and combined (0.15 mM CuSO4 + NaCl) stress 
as compared to control plants. The higher accumulation was in plants treated 
with 0.15 mM CuSO4 + NaCl (1.593 ± 0.68 mg/g dw) and major part of Cu 
uptaken was retained in roots (0.453 mg/g DW) and only a small portion was 
transported to remnants of the propagule (0.026 mg/g DW), stem (0.051 mg/g 
DW), and leaves (0.021 mg/g DW) (Table 1). Plants grown in 400 mM NaCl and 
control plants had very low content of Cu either in roots or leaves. According to 
Sruthi and Puthur (2019), the accumulation of Cu in root was much higher than 
the leaves indicating that the roots of B. cylindrica were the major site of Cu 
accumulation. As Cu was present in the nutrient solution in which plants were 
grown, a minute level of Cu accumulation was recorded even in control plants. 
Retention or immobilization of high Cu in roots may be regarded as one of the 
important tolerance mechanism against this heavy metal in plants (Peng et al., 
2015). Du Laing et al. (2009) proposed that trace metals are accumulated in the 
roots but have a reduced transfer into the shoots.
Cu accumulated in the roots have a reduced transfer into the shoots. Here, the 
concentration of Cu was higher in the roots than in the leaves and have low 
translocation factor (TF) even when treated with higher concentrations such 
as 0.15 mM CuSO4 + NaCl. Plantlets showed higher TF value for the control 
(0.57±0.005) as compared to higher concentrations of CuSO4 + NaCl. The TF 
was very low (0.047±0.001) in plantlets which were exposed to 0.15 mM CuSO4 
with NaCl on 20 d of exposure (Table 1). According to MacFarlane et al. (2003; 
2007), plant’s capability for metal translocation from the roots to the shoots is 
determined by means of the translocation factor (TF). The TF was very low in B. 
cylindrica exposed to combined stress of CuSO4 with NaCl, which implies that the 
phytostabilization potential of Cu in roots of B. cylindrica gets enhanced.
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Table 1. Bioaccumulation of Cu in leaf, root, stem and propagule as well as translocation 
factor (TF) of B. cylindrica subjected to various concentrations of CuSO4 combined 
with NaCl. Values are the mean ± SE of three independent experiments (n=9)

Treatments 
(mM) leaf

Concentration of copper/cadmium (mg/g dW) Translocation
Factor (TF)root stem propagule

CuSO4 +
NaCl

0 0.0271±0.002 0.0469±0.002 0.0605±0.002 0.0157±0.002 0.5751±0.009

0.05 0.0167±0.003 0.5101±0.003 0.0626±0.003 0.0497±0.001 0.0328±0.007

0.1 0.0157±0.004 0.6215±0.004 0.0498±0.002 0.0367±0.002 0.0252±0.005

0.15 0.0213±0.002 0.4530±0.005 0.0512±0.003 0.0263±0.003 0.0471±0.006

3.2. anatomical variation

3.2.1. Histochemical analysis
The accumulation of Cu made significant changes in the anatomy of B. cylindrica 
as compared to the control plantlets on 20 d. The intake of Cu along with NaCl 
persuaded changes in the number and size of xylem vessels of B. cylindrica in leaves 
exposed to 0.15 mM CuSO4 with NaCl than the control plantlets. Also, the palisade 
tissue of CuSO4 + NaCl treated leaves showed the presence of intensively stained 
structures as compared to control leaves. The presence of numerous star shaped 
crystals in the cortical and pith regions was observed in 0.15 mM CuSO4 treated B. 

cylindrica plantlets along with NaCl (Fig. 1A-F).

There was a prominent accumulation of intensively stained structures in the xylem 
regions of the stem in B. cylindrica, comparable to that of cortical tissue and as a result 
the xylem vessels were increasingly blocked, when exposed to 0.15 mM CuSO4 + NaCl 
as compared with control and the presences of star shaped crystals were abundant in 
the pith and cortical regions of the stem (Fig. 1G-L).

Cu accumulation was reduced in the endodermis and inner tissues, which suggests 
that the layer of casparian strip acts as a barrier to apoplastic transport of the metal 
into the stele and this force symplastic transport of Cu and selective exclusion at the 
endodermis (Diaz et al., 2001). The epidermis becomes thickened and elongation of 
epidermal cells was also found as a result of Cu toxicity in roots of B. cylindrica and 
this might contribute heavily towards inhibition of water uptake to the leaves. There 
was a prominent accumulation of Cu in the xylem regions in stem of B. cylindrica, 
comparable to that of cortical tissue and therefore the xylem vessels are increasingly 
blocked with Cu when exposed to CuSO4 individually as well as combined with NaCl. 
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Under Cu stress, accumulation of this metal  in the vessels may account for a lower 
water flow rate (Barceló et al., 1988; Barceló and Poschenrieder, 1990). Unevenly 
distributed and intensely stained structures are seen within the epidermis, cortex and 
stellar regions of leaves, roots and stems of B. cylindrica due to Cu accumulation as 
compared to control plants. This could be due to the complexing of Cu with certain 
proteins, which has to be studied in detail to determine the characteristics of the same.
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Figure 1: Changes in leaf and stem anatomy of B. cylindrica subjected to control and 0.15 
mM CuSO4+400 mM NaCl on 20 d of treatment period. (A,B,C – Control leaves: d,E,F- 0.15 mM 
CuSO4+400 mM NaCl treated leaves: G,H,I – Control stem: J,K,L - 0.15 mM CuSO4+400 mM NaCl 
treated stem).

3.2.2. Scanning electron microscopic (SEM) studies and energy-
dispersive x-ray microanalysis (EDXMA)
Analysis using scanning electron microscopy (SEM) equipped with energy dispersive 
X-ray spectrometer (EDXMA) was performed to determine the localization of metals 
in various tissue regions as well as the anatomical changes in the tissues. The SEM 
micrographs of stem samples treated with combined stress (0.15 mM CuSO4+400 
mM NaCl) showed prominent changes in the xylem wall thickening and Cu and Na+ 
accumulation in the xylem vessels and pith regions as compared to the control (Fig. 
2). The region with these clotted depositions also showed the increased accumulation 
of Cu and Na+, which was confirmed through EDXMA. CaOx crystals increased in 
number when plants were exposed to combined stress (0.15 mM CuSO4+400 mM 
NaCl) than control (Fig. 3). These crystals were largely observed in the cortical and 
pith regions of the leaf and stem of the plants and increased level of Ca, Na+ and Cu 
accumulation were confirmed in these regions through EDXMA. 
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Figure 2: Scanning Electron Micrographs of B. cylindrica stems exposed to control (A-d) and 0.15 
mM CuSO4 +400 mM NaCl (E-H) on 20 d of treatment.

As revealed from the SEM studies, the enhanced presence of intensively stained 
structures was observed in pith region and xylem vessels of B. cylindrica stem on 
exposure to 0.15 mM CuSO4+400 mM NaCl as compared to other treatments and 
this seems to be indicative of complex formation. The presence of Na+ and Cu in 
leaves, roots and stem tissue regions occupied by stained structures were confirmed 
by EDXMA, which shows the ability of the plants to regulate Na+ and Cu by forming 
a complex (Fig. 4). The intensely stained structures was absent in B. cylindrica on 
treatment with 0.15 mM CuSO4 alone, shows that such sort of complexing happens 
only when excess quantity of Cu was present. The composition and nature of these 
deeply stained structures have to be subjected for a detailed study to reveal the 
chemical structure and the mode of complex formation with metals.
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Figure 3: Scanning electron microscopy and EdAX analysis of crystal in B. cylindrica subjected 
to 0.15 mM CuSO4, displaying relative elemental composition of calcium oxalate crystals in the 
cortical region of the stem.

The presence of CaOx crystals increased in number in response to combined stress 
(0.15 mM CuSO4+400 mM NaCl) in the cortical and pith regions of B. cylindrica 
stem. This reveals that the plants have developed a strategy for Na+ regulation too by 
CaOx crystals. The plants producing oxalic acid combines with the accumulated Ca, 
resulting in crystal development (Webb, 1999).  These crystal developments within 
the cells termed ‘crystal idioblasts’ (Kostman et al., 2001; Nakata, 2003). The content 
and distribution of oxalates within the plant species has important implications to 
plant defense mechanisms (Franceschi and Horner, 1980). The enormously increased 
presence of crystal idioblast with respect to combined stress is totally a new finding 
and reported for the first time. B. cylindrica which is known to be a halophyte with 
high NaCl tolerance potential (up to 600 mM) may have different strategies to counter 
the up taken Na+ into the cell and the crystal idioblast seems to be one of such kind. 
Hence, in B. cylindrica the results suggest that CaOx crystals act differently from that 
of above and function as a sink for the deposition and compartmentalizing of Cu and 
Na+ and there by contribute to heavy metal detoxification as well as Na+ regulation.

Hence such internal tolerance mechanisms of plants by the formation and sequestration 
of calcium oxalate crystals suggests a simple model for biomineralisation. This throws 
light in the area of biomineralisation, wherein the metals complex with CaOx will 
be useful to biologists interested in naturally manufactured mineralised materials 
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(Jáuregui-Zúñiga et al., 2003). Although there have been numerous studies on calcium 
oxalate crystals in plants there are scanty reports on their positive influence on heavy 
metal toxicity in plants.
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Figure 4: Scanning electron micrographs and EdXMA spectrum displaying relative elemental 
composition of B. cylindrica leaf (A-d), root (E-H) and stem (I-L) subjected to 0.15 mM CuSO4 + NaCl. 

4. Conclusion
As per the findings, B. cylindrica can be a potent heavy metal excluder with potential 
capacity for phytostabilization of Cu and also high NaCl tolerance potential. B. 

cylindrica possesses a special anatomical feature at higher level of Cu accumulation 
with the presence of high NaCl concentration, i.e. presence of calcium oxalate 
crystals and it seems to be a strong defense mechanism of this plant to cope up with 
heavy metal stress. The crystal idioblasts in B. cylindrica also play a major role in bulk 
Ca regulation in the plant along with the Cu and Na detoxification. Such internal 
tolerance mechanisms of plants by the formation of calcium oxalate crystals throws 
light in the area of biomineralisation.
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abstract

Hemigraphis colorata (Blume) H.G.Hallier is a well known medicinal plant for its 
wound- healing property. This plant is found to be highly sensitive to Aluminium and 
Mercury. In the present study, rooted cuttings were exposed to Aluminium chloride 
and Mercuric nitrate in hoagland nutrient medium. Immediate response of the plant 
towards these metals is observed in morphology and anatomy. Presence of stained 
bodies in stem and root of treated plant indicate the presence of Al /Hg  accumulated 
in the plant body. Occurence ofstained particle deposits and their distribution are 
found to be a mechanism for  sequestration of Al and Hg in H. colorata. Impact of Al 
and Hg on plant growth and development and the interference of Al and Hg and/or 
deterioration of medicinal properties of  H. colorata are discussed.

Key words: Hemigraphis colorata, aluminium, mercury, anatomy.

1. Introduction
Heavy metal pollution in soil,water and atmosphere causes potential danger for living 
organisms (Foy et al., 1978; Lepp, 1981; Fitter and Hay, 1983; Prasad, 1997; Orcutt 
and Nilsen, 2000; Cseh, 2002; Pilon-Smits, 2005). According to Salt et al., (1998) and 
Cobbett and Golds brough (2002) soil and water pollution by heavy metals such as Hg, 
Cd, Pb, etc. has been a serious problem in global agricultural productions. Absorption 
and accumulation of heavy metals such as Hg,Cr, etc. take place naturally when plants 
are grown in contaminated soil and water. 
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Aluminium is a most abundant metal in the earth’s crust and is solubilized as the 
free Al3+ ion under acidic conditions. Normally Al get accumulated in the root 
system when plants are exposed to Al and get translocated to the shoot system  
most considerably (Qureshi et al., 1995). Al cations present in the soil solution 
inhibit root elongation and cause root cap damage (Budhikora, 1999., Neogg et al, 
2000., Kochian et al., 2005).
Mercury is a widely distributed environmental pollutant. It is harmful because of 
its toxicity, mobility, bioaccumulation methylation process and transport in the 
atmosphere (Rodriguez et al., 2003). Mercury is known to be the most toxic metal 
ions for all organisms. Mercury is introduced into the environment by release of 
industrial wastes, from cosmetic products industry. The soil and water sources 
then get polluted and these heavy metals are taken up by plants and consequently 
accumulate in their tissues (Sinha.,1999). Different types of growth hazards like 
stunted growth, derranged metabolism resulting in wilting, growth retardation 
and  death of plants due to heavy dose of metals in general and heavy metals 
in particular have been reported (Cseh., 2002; Pilon-Smits., 2005; Kochian et al., 
2005; Mahapatra et al., 2015).
Hemigraphis colorata (Blume) H.G.Hallier is aplant belonging to Acanthaceae 
family. H. coloratais an important medicinal plant  and is a versatile low creeping 
perennial herb. This plant has been shown to have antibacterial activity against 
some pathogens (Anithaet al .,2012).Leaf extract of this plant is having wound 
healing potential (Subramoniamet al.,2001).This plant prostrates and spreads with 
rooting stems. The leaf has metallic purple lustre on upper surface and a solid dark 
purple on ventral side.
In vegetatively propagated plants simulation experiments are usually done using 
rooted cuttings. Simulation studies in known concentrations of Hg and Cd in Bacopa 
monnieri (Hussain et al., 2010), and in Chromolaena odorata (Swapna et al., 2015) 
reported the bioaccumulation potential of these metals. Effect of hazardous heavy 
metals on H. colorata have not yet been investigated and hence the objective of 
the study includes morphological/anatomical variation as well as bioaccumulation 
pattern under simulation studies. In the present study the rooted cuttings of H. 
colorata were exposed to microconcentrations of Al and Hg, 80µM and 50µM 
respectively. Impact of Hg and Al on morphological and anatomical aspects were 
studied in all plant parts like root, stem and leaves. Accumulation pattern of these 
elements were also investigated by histochemical localization.
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2. Materials and methods
Cuttings of Hemigraphis colorata were collected from healthy plants growing in the 
premises of SNGS, College, Pattambi. Rooting of seedlings were done by growing 
in half diluted Hoagland solution. Seedlings with equal size and number of leaves 
were used for the study. Control plants were maintained in Hoagland solution 
without adding Al and Hg salts. Inorder to standardize optimum concentrations to 
impart about 50%of growth retardation and survival of plants, rooted cuttings were 
grown in different concentrations of Aluminium chloride and Mercuric nitrate. 
For experimental study, seedlings were grown in Hoagland solution artificially 
contaminated in 80µM Aluminium and 50µM  Mercury by adding aluminium 
chloride  and  mercuric nitrate solutions respectively  to the culture medium Samples 
such as stem, root and leaves were collected to analyse anatomical variations and 
morphological details. Cuttings of root, stem and leaves used for sectioning and 
staining with safranin (Johansen,1950). Sections  were observed  using Leica DM 
1000 microscope and the photographs were taken using DFC 295 Camera.

3. Results

3.1 Aluminium

Stem anatomy 

Cross sections of the stem treated with aluminium showed a characteristic change 
in its shape compared to the control. Angular nature of the vasculature has changed 
in treated stem section (Fig-C).  Epidermal cells of control stem showed number of 
epidermal hairs, but these hairs were absent in experimental samples (Fig-C). Some 
epidermal cells were modified into trichomes as well as some darkly stained areas 
consisting of ruptured cells leaving some passages towards outside (Fig-D). Stained 
masses were seen embedded in cortex and pith regions. Vascular tissues also stained 
densely with safranin and xylem vessels were more developed in experimental plants 
than the control. In addition to denser staining of vascular tissues, stained masses 
were found scattered all along the vasculature.

Root anatomy 
Treated with Al, H. colorata resulted in marked change in  shape, in such a way that, 
round shape was changed to oval in Al treated plant. Cells were devoid of epidermal 
hairs but densely stained masses were distributed throughout the periferous layer 
(Fig-F). Epidermal layer of root in experiment appear more undulated than control. 
Treatment with Al resulted in the absence of root hairs. Distribution of vascular 
tissues was significantly changed due to Al treatment, where staining was more 
denser, but cellular details were obscure.
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Leaf anatomy 
Most noticeable change in leaf morphology of of Al treated plant was change in shape 
(Fig: I|). Midrib become more conspicuous with plenty of epidermal hairs whereas 
in control epidermal hairs were absent. Upper epidermal layer appeared more 
thickened and densely stained than the control. Hairs and trichomes were present in 
lower epidermis in general and more in midrib region. Semilunar shape of leaf stele 
in control plants were changed and become shapeless, resulting in loss of compact 
nature of vasculature due to the treatment. 
3.2 Mercury

Stem anatomy 
A characteristic change in shape of stem was observed in the stem treated with Hg 
when compared with the control. Anatomy of stem section showed thickened and 
densely stained epidermal hairs in treated plant. Phloem cells were increased in 
number than that of control. Increased development of vasculature was observed in 
mercury treated stem section compared to the control plant. Protoxylem vessels filled 
with stained masses (Fig: K,L).

Root anatomy
Round shape of the root changed when the plant is treated with mercury. Root hairs 
of plant treated with Hg decreased when compared with that of control. Pericycle of 
the treated plant became more prominent. Densely stained masses are found in xylem 
vessels of plant treated with mercury (Fig-M).

Leaf Anatomy 
Structural variations is meager in mercury treated plant leaf. Hairs and trichomes 
were present in epidermal layer of treated plant which is comparatively less number 
in control leaf cross section. In mercury treated plants, cellular details were not clearly 
seen. Vasculature became more conspicuous in treated plant (Fig-N) compared to 
that of control plant.
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Discussions
In Hemigraphis colorata one of the impacts of both metals is shedding off root hairs after 
3-4 days of treatment. Since the plants are grown in solution culture containing Al 
and Hg the roots are in close contact with the toxic ions of Hg and Al the immediate 
impact of toxicity is change in shape of the root concomitant with the shedding of root 
hairs. Another important effect of Hg is undulated margin of piliferous layer of the 
root due to the direct contact with Al/Hg, ions. In H.colorata root hairs are damaged 
and or decreased as a result of Al/ Hg treatment. According to Delhaize and Ryan 
(1995) spoilage of root hairs due to aluminium toxicity is already reported in plants. 
An important observation is the development of more conspicuous xylem vessels when 
treated with both metals compared to the control plants. These observations is indicative 
of additional role of xylem vessels for the translocation of water ,since the roots of H. 

colorata are poorly developed and root hairs are lacking resulting in impaired water 
uptake. Probably this concept is more relevant in this plant because in rooted cuttings, 
stem is already in contact with Hoagland solution/water providing more access to enter 
water to the xylem tissues of cut end of the propagules. Increased number of trichomes 
were observed in the stem and leaves of H. colorata due to treatment with many heavy 
metals in general Al and Hg in particular is a characteristic effect of heavy metal 
treatment in plants as reported in Vigna mungo (Hussain et al., 2010), and Chromolaena 

odorata (Swapna et al., 2015) and in Boerhavia diffusa (Abdussalam et al., 2015). These 
trichomes function as exit of heavy metals from the plant body. In addition to trichomes 
some epidermal cells are ruptured probably to provide more passage for expelling  Al 
from the plant  H. colorata. This is a typical characteristic of heavy metal treatment in 
plants as reported in  Chromalena odorata (Swapna et al., 2015).

Well developed pericycle tissues is found to be a characteristic feature of root of H. colorata 
treated with Hg and Al. It is well known that, pericycle in the plants is meant to provide 
support and structural protection to the plants (Fahn, 1982). In roots of H. colorata due 
to the lack of well developed epidermis and cortex, pericycle provides support to the 
plant leading to hard texture of the root due to Al and Hg treatment. The cross section 
of Al and Hg treated H. colorata revealed the occurrence of stained masses mainly in 
the parenchyma cells at the cortical region. Vessels and phloem show the presence of 
accumulated stained masses indicating the presence of Al and Hg. This observation is 
corroborated with the findings of Ederli et al. (2004). According to Ederli et al, Phragmites 

australis treated with Cd, localization of stained precipitates were accumulated in 
parenchyma cells. Distribution of stained masses representing accumulation of metals 
in various parts of H. colorata varies depending upon the metal in such a way that stained 
masses are most abundant in cortex cells in plant treated with Al whereas localization 
of Hg  was more in vascular tissues revealing the species specific difference with the 
accumulation pattern. Foy et al., (1978) stated that sensitivity/tolerance of the plants 
towards heavy metals vary from species to species and metals to metals.
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Thickened and densely stained cell wall of the stem of H. colorata treated with Hg 
indicates the deposition of traces of metal adhere to the cell wall.  Beauford et al. 

(1977) suggested that Pisum sativum and Mentha splicata exposed to mercuric chloride 
showed the presence of mercury bound to the cell wall components which is more or 
less similar to the case of H. colorata treated with mercuric nitrate. 

The optimal concentration to impart about 50% growth retardation in H. colorata 
standardized by trial and error experiments is 50µM and 80µM for Hg and Al 
respectively. According to Kochian (1995) and Matsuto (2000) sensitivity and/or 
tolerance of plants towards Al depends upon the antagonistic or synergistic effect of 
other elements available in the growth medium. Observation of present investigation 
reveals difference in sensitivity of Hemigraphis colorata towards Al and Hg as reported 
in many plants growing under heavy metal stress.
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abstract

Fresh and rooted cuttings of Plectranthus ambonicus (Lour.) Spreng were treated 
with 45µM concentration of mercuric nitrate. And remarkable morphological and 
anatomical variations were observed  compared to the control plants. Development 
of large number of trichomes on stem and petiole is  found to be a mechanism to 
sequester the toxicity by removing the metal content from the plant. Accumulation 
of stained masses indicating the presence of Hg in stem and petiole is found to be 
another mechanism of plant to acquire tolerance against Hg toxicity to considerable 
extend. The results infer that high accumulation potential of P. ambonicus towards 
mercury  may antogonise or adversely  affect the  medicinal properties  of this plant.

Key words: anatomy, Mercury, Plectranthus ambonicus.

Introduction
Stress is defined as any environmental condition that prevents the plant from 
achieving its full genetic potential. The stress results in adverse effects on the 
physiology of plants. Environmental factors cause several types of stress including 
biotic factors like predators, microbial attack or any living disturbances as well 
as abiotic factors such as light, temperature and increased pollution (Orkutt and 
Nilsen, 2000). 
Rapid development of industries and mining results in heavy metal pollution which 
is a significant environmental hazard for all living organisms. Plants absorb various 
toxic heavy metals including  cadmium, mercury, arsenic, nickel, lead, zinc, 
copper, manganese, chromium when available in the soil or irrigation waterand 
the metal ions adversely affect normal metabolism of plants (Salt et al.,1998; Axtell 
et al., 2003). Exposure of plants to toxic level heavy metals triggers a wide range 
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of physiological and metabolic alterations (Dubey, 2011.,Villiers et al., 2011) and 
general growth retardation (Orcutt and Nilsen, 2000). Plants acquire tolerance 
towards heavy metals adopting different strategies inclusive of bioaccumulation 
of metals in various tissues as a mechanism to keep the metal ion, away from the 
metabolic pathways. The bioaccumulation potential of Bacopa monnieri towards 
mercury (Hussain et al., 2010), Chromolaena odorata towards Fe and Hg (Swapna 
et al., 2015) and in Boerhavia diffusa towards Cd and Pb (Abdul salam et al., 2015) 
have been reported in these medicinal plants.
Mercury is an industrial heavy metal toxicant causing many phyto toxic effects. 
Eventhough angiosperms are not reported as tolerant to mercury, some plants absorb 
and accumulate considerable quantity of mercury when grown in contaminated 
soil due to geogenic, anthropogenicand industrial activities (Lepp, 1981; Verkleij, 
1933; Ross, 1994; Orkutt and Nilsen, 2000; Cseh, 2002). Studies on physiological 
and phytotoxic effects of mercury on plants have been centred on tolerance 
mechanism, metal accumulation and detoxification methods (Velasco-Alinsug et 

al., 2005). Nevertheless, no plant has been identified as Hg hyperaccumulators 
(Henry, 2000; Raskin and Ensley, 2000), this plant has been recommended as an 
agent for phytoremediation (Sinha and Chandra,1990).
Plectranthus amboinicus, once identified as coleus amboinicus, is a semisucculent 
perennial plant in the family Lamiaceae. This plant is with a pungent  oregano 
like flavor and odour.  It is used as a traditional medicine, spice and an ornamental 
plant. Its leaves are extensively used in Indian traditional Ayurvedic system as 
well as tribal medicines for the treatment of bronchitis, asthma, diarrhea, fever, 
coughs, sore throats,  etc (Sivarajan and Indira Balachandran.,1994). Vegetative 
propagation is usually practiced for the cultivation of Plectranthus amboinicus.
The present study is proposed to disclose the sensitivity of freshcuttings  and rooted 
propagules of P. amboinicus towards mercury. This study is mainly focused on 
the morphological and anatomical variation of this plant due to Hg treatment and 
also  the mode of accumulation of mercury in various plant parts by histochemical 
staining methods. Comparative study on fresh cuttings and rooted propagules by 
Hg treatment is, to analyse  the role of root hairs in the absorption/ translocation on 
one hand and the pattern of entry of Hg directly to the stem on the other. 

Materials and Methods
Plectranthus amboinicus cuttings were cultivated at greenhouse of botanical garden, 
SNGS College Pattambi. Simulation study was conducted by treating cuttings 
under laboratory conditions. Healthy cuttings of length 10-15 cm consisting of 3-4 
nodes and 8-12 leaves were selected and rooting was done in water medium. For 
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standerdising optimal concentration of Hg to impart about 50% growth retardation, 
different concentrations of mercuric nitrate added to the Hoagland solution and 
rooted propagules were cultivated. Out of these in 45µM solution, plant survived 
with about 50% growth retardation.  For experimental studies, plants were cultured in 
half diluted Hoagland solution artificially contaminated with 45µM mercuric nitrate 
for a period of 10 days under laboratory conditions. One set of rooted propagules 
were cultured in half diluted Hoagland solution without mercuric nitrate served as 
control. Second set of experimental studies were done by treating the fresh cuttings 
of P. amboinicus with 45µM. After 10 days, samples were collected and morphological 
variations were noted. Anatomical studies were done by staining section withsafranin 
according to Johansen (1940) modified by Kassim (2002). Observations were made 
under Leica DM 1000 microscope and photographs were taken using DFC 295 
camera. Experiments were repeated to confirm the observation.

Results
In case of an established or a rooted plant, the treatment with mercury showed various 
anatomical changes. In the roots the cortical cells become shrunken in comparison 
with that of control in which their cells are conspicuous and intact (Fig: A and B). 
The root hairs are vanished due to the treatment.Distribution of vascular bundles 
where slightly deranged in treated plants whereas in control plants vascular bundles 
were compact. The endodermis and pericycle were deeply orange tinged in treated 
plants and that was not visible in control ones (Fig; A and B).

Details of stem anatomy of treated plant revealed that, the cellular details were masked 
due to the thick staining of epidermis and endodermis. After treatment, the vascular 
bundles were unevenly distributed and also the size of xylem vesselsfound  increased 
(Fig. C and D ).

Petiole anatomy showed that the epidermis was deeply stained after the treatment. 
The stained masses were present in the cortical cells. The shape of the petiole in 
treated plant showed slight difference in shape since a groove was developed all along 
the petiole whereas in the control the groove was not distinct (Fig. E and F ).

Details of treated plant leaf anatomy revealed thickened midrib and enlarged vascular 
region. Number of glandular trichomes were abundantly seen in the upper epidermis 
of treated plant leaf. In addition to glandular trichomes, non-glandular trichomes 
which was present in the control was remained unchanged. After the mercury 
treatment, number of glandular trichomes increased and its shape was elongated. 
These glandular trichomes in treated plants contain stained masses, and it appears as 
a bulb like structure filled with stained material. Number of glandular trichomes was 
increased in treated plants whereas in the control, glandular trichomes was sparse.  
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Due to the heavymetal  treatment, from a capitate trichome successive stages of 
subcuticular space development was visible (Fig. G and H ).
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When the fresh cuttings were treated with mercury, deeply stained and epidermal 
hairs were not present. Similar to rooted plant unevenly distributed vascular 
bundles were another characteristic of fresh cutting treated with Hg  plant. These 
observations showed that immediate impact of Hg on fresh cuttings was resulted 
in imposed toxicity stress appeared as anatomical changes. Presumably due to the 
mechanical entry of metal to the plant which are not considered as an established one. 
The treated fresh cutting show positive response towards Hg treatment without any 
resistance mechanism (Fig. I and J).

Discussion
Rooted propagules of Plectranthus amboinicus exhibited impact of Hg in root structures 
such as root hair death, shrunken piliferous layer and uneven distribution of vascular 
bundles. Since roots are very young and are directly exposed to Hg ions in Hoagland 
solution, immediate symptoms of toxicity is root damage, as reported in Chromalena 

odorata treated with HgCl2 (Velasco-Alinsug et al., 2005).  Another observation in 
Hg treated P. amboinicus plant root also shows dark deposits on endodermis and 
pericycle.Anatomy of P. amboinicus stem exhibit localized deposits on endodermis. 
This observation is contradictory with the findings of Beauford et al., (1977) who 
suggested that Pisum sativum and Mentha splicata exposed to mercuric chloride showed 
presence of mercury bound to cell wall components. Localized deposits of stained 
masses indicating the presence of Hg in sections stained with safranin was already 
reported in Chromalena odorata (Velasco –allinsug et al., 2005) and Chloris barbata and 
Cyperus rotundas ( Lenka et al.,1993).

Anatomy of petiole exhibited remarkable modifications like deeply stained masses, 
change of shape and enlarged midrib consisting of larger vascular region. In addition 
to these modifications, glandular trichomes were abundant in upper epidermis of 
leaves. Two types of trichomes-both glandular and non- glandular trichomes were 
present in the control plants of P. amboinicus. This  is a typical character of the 
Lamiaceae family as earlier reported by Metcalf & Chalk (1988). According to these 
authors the trichomes are relevant in comparative systematic investigations and 
morphodiagnosis. In Lamiaceae family, glandular and non-glandular trichomes are 
already reported (Werker, 1993).

Mercury treatment resulting in abundant glandular trichomes in upper epidermis 
of leaf are the most striking observation in P. amboinicus plant treated with mercury, 
whereas in control plants, the non- glandular hairs were unchanged. According 
to Werker (1993) mentioned the glandular trichomes produce and store essential 
oils which protect the plants from herbivores and pathogens in P. ornatus. But in P. 

amboinicus, the glandular trichomes in leaves contain stained masses inside the bulb 
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like structure. That indicating the presence of Hg, probably replacing the essential oil 
content, this observation is found to be a mechanism of P. amboinicus to remove Hg 
in the plant hence these trichomes function as exit for Hg. Since this metal is highly 
volatile and Hg vapours are liberated from the plant, more or less similar observation 
was seen in Vigna mungo where trichome number get increased and some of them 
burst to expell the Hg vapour (Hussain et al., 2003).

When the fresh cuttings were treated with mercury, deeply stained and epidermal 
hairs were not present. Similar to rooted plant Unevenly distributed vascular 
bundles were another characteristic of fresh cutting treated with Hg plant. These 
observations showed that immediate impact of Hg on fresh cuttings was resulted 
in imposed toxicity stress appeared as anatomical changes. Presumably due to the 
mechanical entry of metal to the plant which are not considered as an established one. 
The treated fresh cutting show positive response towards Hg treatment without any 
resistance mechanism
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abstract

Accumulation of metal ions in plants causes the production of free radicals, which 
initiates the activation of antioxidation process. The present study has been carried 
out to analyze the effect of different concentrations of CuSO4 (0, 40, 80, 120, 160 
and	200	μM)	on	the	antioxidative	 functions	 in	 the	 leaves	of	R. communis seedlings 
grown under Cu induced heavy metal stress. One month old plantlets were subjected 
to varying concentrations of CuSO4 and the leaves were harvested for the study, 
on alternate days of time interval up to 6d. The activities of guaiacol peroxidase 
and ascorbate peroxidase in the leaves exhibited remarkable enhancement upon 
Cu treatments. In addition, different non-enzymatic defence components such as 
ascorbate, glutathione, and total phenolic contents were also increased, which helps 
to scavenge the harmful free radicals during oxidative stress at the cellular level. 
The over-production of reactive oxygen species (ROS) such as hydrogen peroxide 
and superoxide radicals cause imbalance in cell homeostasis, and therefore a balance 
between the production of these ROS and their detoxification mechanisms is ensured 
in the plant system for the successful tolerance towards Cu stress in R. communis.

Key words: Antioxidation, copper, malondialdehyde, membrane stability index, R. 

communis, ROS.

Introduction
Naturally, plants are constantly facing various biotic and abiotic stress factors; and 
heavy metal pollution is contributing the major fraction among them. Once introduced 
into the environment, the heavy metals cannot be degraded and persist indefinitely 
in the air, water and soil. The hyperaccumulator plants are capable of growing in the 
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soil or water with high concentration of metals, and absorb and concentrate higher 
levels of these metals in their tissues. 

Ricinus communis, the castor oil plant, is a well-known heavy metal accumulator plant. 
It grows abundantly along the disturbed or waste lands and roadsides with extremely 
higher tolerance potential under harsh environmental conditions. R. communis can be 
cultivated for phytoremediation purpose, which simultaneously contribute towards 
the bioenergy production from the harvested biomass.

These heavy metals directly causes oxidative stress by overproduction of ROS, or 
indirectly causes biomembrane deterioration, disruption of electron transport chain 
or even cause disturbances in the metabolism of essential elements (Yadav 2010). The 
primary response of plants upon exposure to heavy metals is the oxidative stress due 
to the generation of reactive oxygen species (ROS), which leads to membrane lipid 
peroxidation and accumulation of malondialdehyde (MDA) (Demiral and Türkan 2005). 

In such a context, it is important to study the alterations in the antioxidative functions in 
the plants in order to reveal the heavy metal detoxification mechanisms by modulating 
different antioxidants as well as reactive oxygen species. The present study focuses on 
the effects of Cu stress in the antioxidative mechanisms by assessing the accumulation 
of reactive oxygen species and activities of various enzymatic and non enzymatic 
antioxidants in R. communis seedlings exposed to increasing levels of Cu. 

Materials and methods

Experimental setup
Seeds of castor (Ricinus communis, TMV 5) were obtained from Tapioca and Castor 
Research Station (TCRS), Tamil Nadu Agricultural University Salem, India. The 
seeds were surface sterilized with 0.1% HgCl2, and were germinated in sterilized sand. 
After 10 d of growth, the seedlings were transferred into glass bottles (9x5 cm) filled 
with quarter strength modified Hoagland’s media. After one month of the seedling 
growth, uniform seedlings were treated with increasing concentrations of CuSO4 (0, 
40,	80,	120,	160	and	200	μΜ	CuSO4) under hydroponic culture conditions. The first 
set of primary leaves were harvested on different time intervals (0, 2, 4 and 6 d) 
of CuSO4 exposure and used for the analysis. The whole experimental set up was 
maintained in the green house under controlled conditions. 

Assay of antioxidant enzymes
Preparation of enzyme extract: Fresh leaf tissues were homogenized in ice cold potassium 
phosphate buffer using pre-chilled mortar and pestle. The extract was filtered through 
4 layered muslin cloth and the filtrate was centrifuged at 14000 rpm for 15 min at 4°C. 
The supernatant was collected and used for enzyme assay (Yin et al. 2009).
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Guaiacol peroxidase (POD): Activity was assayed by analyzing the change in absorption 
at 420 nm due to guaiacol oxidation (Gaspar et al. 1975). One unit of the enzyme was 
defined	as	μmoles	of	guaiacol	oxidized	per	minute	per	mg	protein.

Ascorbate peroxidase (APX): Activity was assayed as proposed by Nakano and Asada 
(1981).	 One	 unit	 of	 the	 enzyme	was	 defined	 as	 μmoles	 of	 ascorbate	 oxidized	 per	
minute per mg protein.

Analysis of nonenzymatic antioxidants
Ascorbate and glutathione: For the estimation of ascorbate and glutathione content, 
extraction and estimation was done as per the method of Chen and Wang (2002). 
L-ascorbic acid and reduced glutathione were used respectively as the standards.

Total phenolics: Total phenolics were extracted using 80% ethanol and estimation was 
carried out as per the method of Folin and Denis (1915). Catechol was used as the 
standard.

Analysis of reactive oxygen species
Hydrogen peroxide: Hydrogen peroxide content was estimated as described by Junglee 
et al. (2014). A standard curve was prepared using commercial hydrogen peroxide. 

Superoxide: superoxide content was estimated by the method of Doke (1983). Sodium 
nitrate was used as the standard. 

Lipid peroxidation
The rate of lipid peroxidation was assessed by the extent of malondialdehyde content 
(MDA) accumulation, which was estimated by the method of Heath and Packer 
(1968). The MDA content was calculated by using its extinction coefficient 155 Mm-

1cm-1. 

Membrane stability index (MSI)
Membrane stability index (MSI) was estimated as described by Sairam et al. (1997). 

Results and discussion

Enzymatic antioxidants
Both the two antioxidant enzymes analyzed such as POD and APX showed gradual 
increase in activity within the leaves of R. communis seedlings based on the concentration 
of the CuSO4 and period of treatment and the increase was comparatively higher in 
the case of POD than APX with reference to the respective controls (Figure 1). The 
POD activity showed an increase of 11-208% from 2 to 6 d of Cu exposure, and the 
activity	was	maximum	on	6	d,	when	plants	were	subjected	to	120-200	μM	CuSO4. 
Likewise,	 50%	 increase	of	APX	activity	was	observed	 at	200	μM	CuSO4 on 2 d of 
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exposure, which was increased to the extent of 137% in the later days of treatment. 
This enhancement in the activities of antioxidant enzymes are identified as one of 
the heavy metal tolerance mechanisms adopted by the hyperaccumulators (Dixit et 

al. 2001). These antioxidant enzymes aid in taking care of the increased level of ROS 
produced as a result of the redox cycling of Cu2+ and Cu+, so as to prevent the cellular 
damages induced by ROS (Contreras et al. 2018). 

Nonenzymatic antioxidants
Cu stress gradually enhanced the accumulation of various nonenzymatic antioxidants 
in the leaves of R. communis seedlings under increase in metal concentrations and 
days of metal exposure. About 2.2 and 3.9 fold increases in AsA and GSH contents 
respectively	were	recorded	in	200	μM	CuSO4 treated plants on 6 d of treatment as 
compared to the respective controls. Apart from the vital roles in ROS detoxification, 
AsA and GSH interact with the other defence systems and protect the plants from 
various abiotic stress induced damages (Hasanuzzaman etal. 2019). In contrast, a mild 
increase in the accumulation of total phenolic content was noticed when plants were 
subjected to different concentrations of CuSO4. The increase in total phenolics was 20-
50%	in	the	seedlings	treated	with	200	μM	CuSO4 from 2 to 6 d. Phenolic compounds 
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are effective antioxidants, which act as metal chelators and directly scavenge ROS. It 
was reported that, the induction of phenolic metabolism is a response in plants under 
heavy metal stress (Michalak 2006).

Reactive oxygen species
The concentration of hydrogen peroxide was more or less constant in the leaves 
of	castor	seedlings	up	to	4	d	of	Cu	exposure	even	at	200	μM,	but	was	significantly	
increased	with	increase	in	Cu	concentration	from	1.5	(at	40	μM)	to	3.5	fold	(at	200	
μM)	on	6	d.	 It	was	noticed	 that	 there	 is	no	pronounced	change	 in	 the	 superoxide	
anion accumulation in the leaves of castor seedlings, but a mild increase was observed 
on 4 d. The increased level of antioxidants and ROS scavenging mechanisms would 
aid in keeping a balance between antioxidants and ROS in castor plant during Cu 
induced oxidative damage at tolerable levels of CuSO4.
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Lipid peroxidation and Membrane stability index
ROS induced oxidative stress leads to the peroxidation of the unsaturated fatty acids 
in the membrane phospholipids, which leads to membrane degradation and the 
production of MDA (Sharma et al. 2012). A significant increase (1.2-2 fold) in the level 
of MDA was observed in the leaves of castor seedlings when exposed to Cu toxicity in 
a time dependent manner. Also, upon exposure to varying concentrations of CuSO4, 
the membrane stability was reduced considerably in the leaves of R. communis. The 
reduction	in	MSI	was	21-60%	upon	exposure	to	200	μM	CuSO4 as analyzed on 2 to 6 
d of treatment period. This increased MDA accumulation and reduced MSI reflects 
the extent of membrane damage due to ROS.   

Conclusion
Toxic levels of Cu negatively affect the plants by generating ROS mediated oxidative 
stress, there by leads to membrane lipid peroxidation and disrupts the membrane 
stability. In hyperaccumulator plants, equilibrium between the production and 
detoxification of ROS is sustained by the synthesis of various enzymatic and 
nonenzymatic antioxidants. The accumulation and activity of different antioxidants 
in the present study points out that R. communis shows higher level of tolerance 
towards copper stress.
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abstract
Abiotic stresses are the unavoidable great threat for crop production. Crop health can 
be predicted on the basis of various parameters, which includes the accumulation of 
photosynthetic pigments, metabolites, reactive oxygen species (ROS) and antioxidants 
etc. The present study was carried out to compare the tolerance mechanisms operated 
in V. unguiculata var. KBC-IV subjected to NaCl and PEG stresses and assessed 
through morphological, physiological and biochemical changes. For this particular 
study, V. unguiculata was subjected to different concentrations of NaCl and PEG 
for 8 d. Based on this preliminary study, NaCl (75mM) and PEG (15%) was fixed as 
the concentration, which had the potential to impart 50% growth retardation. PEG 
treated plants had decreased photosynthetic pigments, protein, proline, total soluble 
sugar, and membrane stability index relative to control, whereas carotenoid, MDA, 
superoxide and total free amino acids content increased significantly, indicating 
that cell homeostasis was severely hampered under PEG stress. When compared 
to PEG (15mM) stress, exposure of NaCl (75mM) led to increased accumulation 
of plant osmolytes, chlorophyll contents and antioxidative enzymes activities. This 
coordinated response ensured the maintenance of steady state level of ROS in 
seedlings so as to cope up with NaCl stress in a better way than PEG stress.

Key words: antioxidants, PEG, ROS, Vigna unguiculata.

Introduction
Global climate change and increasing human population is a big challenge to the global 
food production systems (Rosenzweig and Parry, 1994). Arable land is limited, so 
increased productivity has to come from existing land, which necessitates minimizing 
losses resulting from abiotic and biotic stresses along with efficient harvesting and 
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storage techniques. As an outcome of global climate change, environmental stress 
factors might induce several damages to crop plants in the coming decades. Abiotic stress 
is defined as environmental conditions that reduce growth and yield of plants below 
optimum levels. Salinity stress is a severe factor limiting agricultural crop production 
in arid and semi-arid regions. Furthermore, increasing salinity is threatening the soil 
resources. It has been reported that due to salt stress up to 20% of the irrigated land have 
been affected (Abogadallah, 2010). Drought stress is also another abiotic stress limiting 
crop growth and productivity in many regions of the world, the loss of which is more 
than any other single environmental factor (Farooq et al. 2009a, b). Polyethylene glycol 
(PEG) compounds have been used to simulate water stress effects in plants. 

The response of plants towards stress differs significantly at various organizational 
levels, depending upon intensity and duration of stress as well as plant species and its 
stage of development. The genotypic response to osmotic stress have been identified 
to influence  a range of morphological and physiological characteristics, including 
root development, stomatal activity, osmotic adjustment, abscisic acid and proline 
levels in cowpea. Osmotic stress results in the increased generation of reactive 
oxygen species (ROS) (Munne-Bosch., 2005). Osmotic stress inhibits or slows down 
photosynthetic carbon fixation mainly through limiting the entry of CO2 into the leaf 
or directly inhibiting metabolism (Smirnoff, 1993; Loggini et al., 1999; Apel and Hirt, 
2004). To counteract the toxicity of ROS, plant cells have developed an antioxidative 
system, consisting of low-molecular weight antioxidants like ascorbate, tocopherol, 
glutathione, and carotenoids, as well as protective enzymes (Vinocur et al., 2005). 
Both salinity and drought stress have profound effects on plant physiology. Each of 
these stresses induces stomatal closure; decrease chlorophyll contents and reduce 
photosynthesis (Nemeth et al., 2002; Ma et al., 2012). It also disrupts cell membrane 
function and elicits lipid peroxidation, protein degradation, and disturbs redox 
homeostasis by forming reactive oxygen species (ROS) (Mühling and Läuchli, 2003). 

Cowpea (Vigna ungiculata L.) belongs to family fabaceae, also known as black eye pea, 
is an important legume grown as cash crop throughout the world. Cow pea (Vigna 

ungiculata L.) is the world’s  most important legume crop, plays huge role in food chain  
and has immense importance  because of its high protein content, and hence referred to 
as “poor man’s meat”(Diouf and Hilu, 2005). Cowpea is rich in protein and is normally 
cultivated for green pods and dry beans (Abeer et al., 2015). The legumes are very 
important both ecologically and agriculturally because of their ability to fix nitrogen 
in the root nodules in a symbiotic interaction with soil rhizobia. Legumes have a vital 
role in the world cropping pattern and form a major constituent of food and both biotic 
and abiotic  stress factors significantly affect yield and productivity of leguminous  crops 
worldwide.  It is well adapted to different environmental conditions and could be used 
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as an alternative crop for salt affected soils (Serraj and Sinclair, 2002). Cowpea seeds 
were subjected to salt (75 mM NaCl) and iso-osmotic level of PEG (15% - which would 
impose only osmotic stress) and, a comparative analyses on changes in the growth, 
accumulation of osmolytes, and activities of antioxidant enzymes were carried out.

2. Materials and methods

2.1 Plant material and growth condition
The study was carried out in Vigna unguiculata var. KBC-IV. Seeds were collected 
from Regional Agricultural Research Station (RARS),  Pattambi, Kerala, India. 
Seeds were surface sterilized with 0.1% HgCl2 solution for 5 min and further seeds 
were washed thoroughly with distilled water. Further, these seeds were subjected 
to NaCl  (75 mM) and PEG (15%) stress. Seedlings were raised in culture bottles (11 
x 22 cm) containing absorbent cotton soaked with double distilled water (control), 
NaCl (75 mM) and PEG (15%) incubated in a plant growth chamber under controlled 
conditions of temperature (24±20C),	 light	 intensity	 (300	 μmolm-2s-1) and relative 
humidity (55±5%) with a 14/10 h photoperiod. The growth and biochemical traits of 
all the seedlings were recorded on 8 d after germination. For each experiment, there 
were three treatments: C (Control), NaCl stress (75 mM) and PEG (15%).

2.2 Photosynthetic pigments 
Chlorophyll and carotenoid content of the seedlings was estimated by the method of 
Arnon(1949). 

2.3 Estimation of reactive oxygen species and membrane stability index
The malondialdehyde content (MDA) estimation was done according to the method 
of Heath and Packer (1968). Membrane stability index was measured according to 
Sairam et al., (1997). 

2.4 Determination of metabolites and nonenzymatic antioxidants contents
The proline content in seedlings was analysed as per the method of Bates et al. (1973) 
using 3% sulfosalicylic acid as the extraction medium; a standard curve was prepared 
with L-proline. Total soluble sugar content was extracted with 80% ethanol from 
fresh cowpea seedlings and measured according to the protocol of Dubois et al. (1956); 
the standard curve was prepared with D-glucose. Total free amino acids content in 
seedlings was analysed as per the method of Moore and Stein (1948) using 80% ethanol 
as extraction medium; a standard curve was prepared with leucine. Soluble protein 
content was estimated according to Bradford (1976). The total phenolic content of 
seedlings was estimated by the method of Folin and Denis (1915) and the standard 
curve was prepared with catechol. 
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2.5 Determination of enzymatic antioxidants 
Crude enzyme extract was prepared from fresh seedlings by the protocol of Yin et al. 
(2009). Protein estimation in the enzyme extract was done as described in the method 
of Bradford (1976); BSA was used as the standard. Ascorbate peroxidase (APX, EC 
1.11.1.11) activity was measured as described by Nakano and Asada (1981) and one 
unit of APX was defined as mmoles of ascorbate oxidised per minute per mg protein. 
Superoxide dismutase (SOD, EC 1.15.1.1) activity was assayed by monitoring its ability 
to inhibit the photochemical reduction of nitrobluetetrazolium(NBT) according to 
Giannopolitis and Ries (1977). The activity of catalase (CAT, EC 1.11.1.6) in the fresh 
samples was determined by following the method of Kar and Mishra (1976). It was 
measured by analysing the decomposition of H2O2 and one unit of the enzyme was 
described in terms of mmoles H2O2 decomposed per minute per mg protein.  

2.6 Statistical analysis
Statistical analysis of different parameters was carried out according to Duncan’s 
multiple range tests at 5% probability level. One-way ANOVA was applied using the 
SPSS software 16.0, SPSS Inc., Chicago, USA. The data is an average observation 
from three independent experiments, each with three replicates. The data represent 
mean ± standard error.

3. Results

3.1 Photosynthetic pigments 
Total chlorophyll content in the leaves of NaCl (75mM) treated plants, showed a 
significant increase of 60% than the control .Whereas the plant subjected to PEG 
(15%)  showed only 24% increase (fig.1A)

3.2 MDA content and Membrane stability index
The MDA accumulation was enhanced in seedlings under NaCl stress (43%) whereas 
in PEG treatment the increase was 62% (Fig.1B). Similarly the  membrane stability 
index  significantly  increased  in seedlings emerged under NaCl (24%) and PEG (45%) 
stress as compared to control (Fig.1C).
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Fig. 1 Total chlorophyll (A), MDA (B) and Membrane stability index (C) content in seedlings 
exposed to NaCl and PEG. C (Control), NaCl (75 mM)-seeds subjected to salinity stress and PEG 
(15%)-seeds subjected to polyethylene glycol stress). 
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compared to PEG, NaCl treatment induced accumulation of higher proline content in cowpea 

seedlings. In cowpea treated wth NaCl, maximum proline accumulation was observed  and the  

increase was 289% whereas the plants treated with PEG recorded an increase of 45% only over 

the control plant (fig.2A). Increase in the accumulation of total soluble sugar was observed in 

cowpea treated with NaCl (47%) whereas under PEG treatment 25% increase was recorded over 

the control (fig.2B). 
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Fig. 1 Total chlorophyll (A), MdA (B) and Membrane stability index (C) content in seedlings 
exposed to NaCl and PEG. C (Control), NaCl (75 mM)-seeds subjected to salinity stress and PEG 
(15%)-seeds subjected to polyethylene glycol stress).

Osmolytes and Non- enzymatic antioxidants
Treatment with NaCl and PEG induced significant increase of proline content. However 
compared to PEG, NaCl treatment induced accumulation of higher proline content in 
cowpea seedlings. In cowpea treated wth NaCl, maximum proline accumulation was 
observed  and the  increase was 289% whereas the plants treated with PEG recorded 
an increase of 45% only over the control plant (fig.2A). Increase in the accumulation 
of total soluble sugar was observed in cowpea treated with NaCl (47%) whereas under 
PEG treatment 25% increase was recorded over the control (fig.2B).
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Fig. 2 Proline (A), Total soluble sugar (B) and Total phenolic (C) content in seedlings exposed to 
NaCl and PEG. C (Control), NaCl (75 mM)-seeds subjected to salinity stress and PEG (15%)-seeds 
subjected to polyethylene glycol induced drought stress). 

In cowpea, the accumulation of protein content was higher in seedlings exposed to NaCl 

and PEG stress over control plants. A gradual increasing trend of total protein content was 

recorded in NaCl treated plants (65%) as compared to control. However, when cowpea was 

treated with PEG, it recorded a sudden increase as compared to that of control but lesser content 

than that recorded under NaCl stress. But there was decreasing trend of total free amino acids 

content in seedlings subjected to  both NaCl and PEG stresses. 

Phenolics content of NaCl treated cowpea showed a significant increase when compared 

to PEG. In cowpea treated with NaCl, 75 mM  induced maximum accumulation of phenolics 

content (38%) whereas in seedling treated with PEG observed  a negligible increase of only 6% 

in phenolic content accumulation as compared to control. 
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Fig. 2 Proline (A), Total soluble sugar (B) and Total phenolic (C) content in seedlings exposed to 
NaCl and PEG. C (Control), NaCl (75 mM)-seeds subjected to salinity stress and PEG (15%)-seeds 
subjected to polyethylene glycol induced drought stress).

In cowpea, the accumulation of protein content was higher in seedlings exposed to 
NaCl and PEG stress over control plants. A gradual increasing trend of total protein 
content was recorded in NaCl treated plants (65%) as compared to control. However, 
when cowpea was treated with PEG, it recorded a sudden increase as compared to 
that of control but lesser content than that recorded under NaCl stress. But there was 
decreasing trend of total free amino acids content in seedlings subjected to  both NaCl 
and PEG stresses.

Phenolics content of NaCl treated cowpea showed a significant increase when compared 
to PEG. In cowpea treated with NaCl, 75 mM  induced maximum accumulation of 
phenolics content (38%) whereas in seedling treated with PEG observed  a negligible 
increase of only 6% in phenolic content accumulation as compared to control.

Enzymatic antioxidants
NaCl induced a significant increase in the SOD activity in cowpea seedlings   than that 
exposed to PEG.  The cowpea treated with NaCl   induced an increase in SOD activity 
(59%) whereas   the  seedlings  treated  with  PEG  recorded an increase of 24% over  
the control plants. Similar trend was observed in catalase and APX activities. 
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Fig. 3 SOD (A), CAT (B), APX (C) and Total soluble protein (D) content in seedlings exposed to 
NaCl and PEG stress. C (Control), NaCl (75 mM)-seeds subjected to salinity stress and PEG (15%)-
seeds subjected to polyethylene glycol induced drought stress). 
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Fig. 3 SOd (A), CAT (B), APX (C) and Total soluble protein (d) content in seedlings exposed to NaCl 
and PEG stress. C (Control), NaCl (75 mM)-seeds subjected to salinity stress and PEG (15%)-seeds 
subjected to polyethylene glycol induced drought stress).

4. Discussion
The immediate effects of salt and PEG stresses are osmotic, but their long-term 
effects differ. PEG-mediated stress continues to exert osmotic effects on plants, while 
salt stress effects are largely due to ion toxicity and metabolic imbalance (Munns and 
Tester 2008). In the present work, using PEG and NaCl, the mechanisms adopted 
by plants to avoid or tolerate the respective stress conditions were studied. Cowpea 
tissues showed a more severe reduction in growth on being subjected to PEG stress, 
indicating sensitivity of the actively growing seedlings towards stress condition. 
Whereas salt stress did not cause such severe growth retardation, which indicates 
differences in the response to these two stress factors at cellular level of organization. 

Cowpea seedlings subjected to NaCl and PEG stress results in the accumulation of 
ROS and oxidative stress leads to the membrane damage through increased rate of 
lipid peroxidation and thus decreased the membrane stability index in seedlings. In 
response to stress treatments the plants enhances the synthesis of varius osmolytes 
such as sugar, proline, glycine betaine, amino acid. Phenolics accumulate because of 
their functions as intermediate in lignin biosynthesis and thus preserves the plant 
cells by building a physical barrier. Moreover, phenolics accomplish the task of 
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neutralizing the ROS and therefore the induction of phenolic  accumulation observed 
in this study, proves that the plant are encountered with oxidative stress. 

Overall, the seedlings were able to avoid salt stress in a much better than PEG stress. 
Salt is known to cause ionic imbalance and toxicity due to accumulation of Na+ ions. 
It is possible that tissues could have used the mineral components of the nutrient 
medium to attain a level of ion homeostasis, but unable to cope with dehydration stress 
imposed by PEG. When stress avoidance mechanisms are insufficient, stress tolerance 
mechanisms are required to prevent cellular damage arising from dehydration or ion 
toxicity (Verslues et al. 2006). Cowpea seeds subjected to salt stress showed higher 
accumulation of SOD, indicating that stress tolerance mechanisms were effective in 
preventing membrane damage at the cellular level. Both the stresses led to significant 
increase in the activity of CAT, which probably were induced in response to ROS but 
did not play a significant role in stress tolerance. In PEG treated seeds, APX activity 
was significantly reduced and SOD activity was at par with control. However, in 
NaCl treated seeds, APX and SOD activities were significantly increased and could 
be the major reason for tolerance response of seedlings towards this stress. 

5. Conclusion
The coordinated efforts of tissues at plant level was required to cope with both abiotic 
stresses. The cowpea seedlings were able to better  cope up with ion toxicity imparted 
by NaCl stress , but it was not the same withPEG stress. 
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abstract
The cadmium (Cd) and zinc (Zn) concentration in agricultural lands are exceeding the 
maximum permissible levels due to unmanaged agricultural practices. In this context, 
the association of arbuscular mycorrhizae with crop plants becomes inevitable due 
to the potential of these microorganisms to augment the metals tolerance of plants. 
In the present study, 45 d old mycorrhizal and non-mycorrhizal Zea mays (var. 
CoHM6) seedlings were subjected to 0.45 g Cd Kg-1 soil and 1.95 g Zn Kg-1 soil. The 
major objective of the study was to determine the alterations in the phytochemical 
composition of mycorrhizal and non-mycorrhizal plants exposed to CdCl2 and ZnSO4. 
Neophytadiene, 2-pentadecanone, 6,10,14-trimethyl-, (e)-phytol, 2-hexadecen-1-ol, 
3,7,11,15-tetramethyl-2-hexadecen-1-ol, methyl palmitate, linolenic acid methyl ester, 
phytol, methyl stearate, hahnfett, squalene were the different bioactive pytocompounds 
detected in Zea mays leaves. Cd induced the accumulation of gamma-sitosterol in 
mycorrhizal and non-mycorrhizal plants, which can enhance membrane fluidity and 
functions. At the same time, exposure to CdCl2 causes a reduction in the quantity of 
neophytadiene (a well-known terpenoid) in mycorrhizal and non-mycorrhizal plants. 
CdCl2 induced the production of 3.beta.-acetoxystigmasta-4, 6, 22-triene in non-
mycorrhizal plants which have antioxidation potential and it was not detected in 
mycorrhizal plants, indicating that the plant is not under oxidative stress due to the low 
concentration of metals translocated to the leaves. ZnSO4 did not induce the accumulation 
of any phytosterols and did not affect the neophytadiene concentration in mycorrhizal 
and non-mycorrhizal plants. One of the major bioactive constituents of leaves such as 
phytol showed dramatic variations under these metal treatments. The alterations in 
the ratio of 15:0 phytol and 18:3 phytol were the major change observed during ZnSO4 
treatment as compared to the control. As per this study, Cd and Zn induced differential 
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responses in the phytochemistry of maize plants. Moreover, mycorrhization helps the 
plant to tolerate Cd and Zn toxicity by stabilizing these metal ions in soil and restricting 
uptake by plants thus preventing oxidative stress in the leaves. 

Keywords: Cadmium, GC-MS, Mycorrhiza, Phytochemistry, Zinc

Introduction
In the present scenario, heavy metal (HM) contamination in agricultural land has 
become a barrier for cultivation of edible crops. Because, the cultivation of these crops 
in HM contaminated area increase the intensity of the biomagnification of these toxic 
element in human body, which cause different diseases. Plants are also suffering the 
negative impact of theses xenobiotics by decreased rate of photosynthesis, reduced 
yield, impairing of different developmental process, hindering the mineral acquisition 
and accumulation of  reactive oxygen species (ROS) (Wang et al., 2014). Of the different 
metal contaminants, cadmium (Cd) and zinc (Zn) are highly toxic because of the high 
solubility of theses metals. Cd introduced to the atmosphere by different anthropogenic 
activities and the crop plants surviving in high levels of Cd exhibits many physiological 
disorders (Ci et al., 2010). At the same time, Zn is an essential element and become toxic 
only when it exceeds the tolerable level (Khudsar et al., 2004).

Zea mays is one of the important crop plant with metal tolerance potential (Wang et 

al., 2009) and phytostabilization of metal ions in the rhizosphere could increase its 
level of tolerance. The metal tolerance potential of a plant candidate can improve 
with the association of different soil microorganisms. Of the different micro-fauna, 
mycorrhizae can be considered as the best candidate as it is an eco-friendly and 
cost-effective method (Janeeshma and Puthur, 2020). Mycorrhizal association is 
an interesting achievement of co-evolution in biological world and this symbiotic 
association is an established strategy of stress tolerance in plants. 
Metabolic alterations were associated with heavy metal toxicity and secondary 
metabolites also showed significant modifications under Cd and Zn toxicity. 
The present study focus on the alterations in the phytochemical composition of 
mycorrhizal and non-mycorrhizal plants exposed to CdCl2 and ZnSO4.

Materials and method
Collection of Biological material

Maize (CoHM 6) seeds were collected from Centre for Plant Breeding and Genetics, 
Department of Millets, Tamil Nadu Agriculture University (TNAU), Coimbatore, 
India and AM inoculum (Claroideoglomus claroideum) was obtained from Centre for 
Mycorrhizal Culture Collection (CMCC), The Energy and Resources Institute (TERI), 
New Delhi.  
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Experimental design
Surface sterilized maize seeds (3 nos) were placed at 8 cm below the sterilized soil 
filled in polythene bags (18×13 cm). Two set of plants were maintained for the 
experiment, one with AM inoculation and the other without AM inoculation. For 
AM inoculation, 20 g of C. claroideum inoculum (containing approximately 320 spores 
per gram) was introduced into the soil. These polythene bags were kept in polyhouse 
maintained at 60±2% relative humidity and 25±2oC temperature and were initially 
watered with distilled water and fertilized with 50 mL of quarter-strength modified 
Hoagland solution (The Hoagland solution was prepared by avoiding ZnSO4. 7H2O). 
After 45 d of growth, mycorrhizal and non mycorrhizal plants were treated with 1.95 
g Zn Kg-1 soil, in the form of  ZnSO4 and 0.45 g Cd Kg-1 soil ithe form of  CdCl2. The 
second lower leaf of maize plants were taken for various analysis. 

Multiplication of inoculum
For the multiplication of C. claroideum spores, pot culture method was adopted. Pots 
were filled with 3 kg of sterilized soil (soil:sand in 1:1) and the soil was inoculated 
with 100 spores of C. claroideum prior to sowing. The surface sterilized maize seeds 
were sown in each pot at 8 cm depth. After 2 months of growth, when the AM fungus 
colonization level was 90%, shoots of maize were cut and the remaining root parts 
were uprooted. The roots along with the soil in the pot was taken as the AM inoculum 
and it contained spores, mycelium and root fragments.

Root colonization analysis
Root colonization was confirmed by the method of Phillips and Hayman (1970), where 

cleared roots were stained using 0.01% of trypan blue. 

Preparation of plant extract for GC-MS analysis
The roots and leaves of mycorrhizal and non mycorrhizal maize plants subjected to 
Cd and Zn stress were collected and washed with water and shade dried at room 
temperature. Extracts were prepared by the method of Grover and Patni (2013) 
using methanol as the solvent. The identification of metabolites in the samples was 
carried out using GC-MS (Shimadzu- QP2010S, Shimadzu; Milan, Italy)). An Rxi-
5Sil MS column (30 meter length × 0.25 mm ID × 0.25 µm thickness) was used for 
gas chromatographic separation. Initially the column temperature was 80°C for 4 
min, increased to 260°C and held for 6 min. The identity of the components in the 
extracts was assigned by the comparison of their retention indices and mass spectra 
fragmentation patterns with those stored on the computer library (NIST 11 and 
WILEY 8).
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Results and discussion
Non mycorrhizal plants and mycorrhizal plants showed significant alteration in the 
phytochemical composition especially in the composition of essential oils of leaves 
exposed to CdCl2 and ZnSO4 (Table 1). Neophytadiene, 3,7,11,15-tetramethyl-2-
hexadecen-1-ol, (E)-phytol, methyl palmitate, 3,6-octadecadienoic acid, squalene, 
hahnfett, linolenic acid methyl ester and phytol  were the different bioactive compounds 
detected commonly in the leaves of non AM and AM plants. 1,2-benzenedicarboxylic 
acid and cholesta-4,6-dien-3-ol, benzoate, (3.beta.)- were detected in the leaves 
of mycorrhizal plants only. When volatile oils were collected by steam distillation 
from leaves of seven corn hybrids, no qualitative differences was observed in the 
phytochemical composition of these hybrids but significant quantitative differences 
was observed (Konstantopoulou etal., 2004). In the present study both qualitative and 
quantitative difference was observed in phytochemical composition of both non AM 
and AM leaves exposed to CdCl2 and ZnSO4.

Cd induced the accumulation of gamma.-sitosterol, 3.beta.-acetoxystigmasta-4,6,22-
triene and cholesta-4,6-dien-3-ol, benzoate, (3.beta.) in non-mycorrhizal plants. At 
the same time Cd elicited the production of beta-linalool and gamma.-sitosterol in 
mycorrhizal plants. The accumulation of sterols are very important to plants, and the 
interaction of sterols with phospholipids helps plant cells to maintain plasma membrane 
fluidity and permeability during stress conditions (Aboobucker and Suza 2019). The 
Cd induced accumulation of gamma-sitosterol in AM and non AM plants help to 
increase the membrane stability. The accumulation of 3beta-acetoxystigmasta-4, 6, 
22-triene, which have a potential to activate the plasma membrane H+-ATPase, aids 
in the  transportation of protons out of the cells (Aboobucker and Suza 2019). The 
absence of this secondary metabolite in mycorrhizal plants indicate that there was 
no ionic imbalance in AM plants due to the metal uptake. The mycorrhizal mediated 
enhancement in the xenobiotics phytoremediation potential was reported in different 
plants. Increase in biomass production, mitigation of oxidative damage, sequestration 
of xenobiotics in AM hyphae or vesicles, glomalin mediated modifications in the 
bioavailability of pollutants, and improved soil structure are the different strategies of 
AM to cope up with heavy metal contaminated environment (Wang et al., 2019)but 
also alter the accumulation of contaminants in plants. Here, the effects of AMF on the 
contents of organic contaminants and the underlying mechanisms are summarized. 
Data show that AMF widely occur in sites contaminated with organic chemicals. In 
most cases, AMF improve plant tolerance to organic contaminants and enhance crop 
growth, leading to increased biomass of the crops. Overall, AMF decrease organic 
contaminant residues in crop shoots, but often cause increased accumulation of 
contaminants, especially persistent organic pollutants (POPs.
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Exposure to CdCl2 also leads to a drastic reduction in the area percentage of 
neophytadiene in mycorrhizal and non-mycorrhizal plants. Neophytadiene is a 
sesquiterpene with three consecutive isoprene units. Reduction in the concentration 
of neophytadiene and increase in the concentration of sterols under Cd treatment 
indicates the conversion of neophytadiene to sterols. These sterols have a crucial 
role to maintain the plasma membrane fluidity and permeability by interacting with 
the phospholipids and help the plants to overcome the stress (Bartram et al. 2006; 
Aboobucker and Suza 2019). As compared to the control plants, Zn induced the 
accumulation of octadecadien-1-ol and cholesta-4,6-dien-3-ol, benzoate in AM and 
non AM plants. Exposure to ZnSO4, also caused a modification in the ratio between 
phytol and (E)-phytol. Even under the high concentrations of Zn, maize non AM and 
AM plants did not exhibit any drastic changes in the phytochemistry, which indicates 
the higher tolerance of maize toward Zn toxicity than Cd stress.

Phytol is the side chain of chlorophyll and get released during the hydrolysis of this 
pigment. Two forms of phytol with two different retention time (Rt) were detected in 
the methanolic extract of maize leaves, (E)-Phytol (Rt-27.387) and phytol (Rt-31.849). 
Stress induced conversion of phytol into fatty acid phytol esters was reported by Lippold 
et al. (2012). The higher Rt value of the second form of phytol was due to induced 
incorporation of lengthy hydrocarbon chains. This sort of changes in hydrocarbon chain 
can modify the normal ratio between (E)-Phytol and phytol in maize plants (Lippold et 

al. 2012). In the present study, CdCl2 altered the ratio between phytol and (E)-phytol in 
both mycorrhizal and non mycorrhizal plants and the results strongly recommend the 
insignificant role of mycorrhizal association in maintaining the ratio between phytol 
and (E)-phytol in plants exposed to Cd and Zn toxicity (Table 2).

The alteration in the ratio between phytol and (E)-Phytol was significant and it was 
metal dependent. In non AM and AM plants the ratio was 1.8-2.2, but under Cd 
toxicity it was increased to 4 in both non AM and AM plants. When the non AM 
and AM plants exposed to Zn toxicity, the ratio between phytol and (E)-Phytol was 
reduced to 0.8, this result strongly recommend the inter conversion of these two 
compounds under heavy metal stress and it is a metal specific action. 

Conclusion
The metal induced elicitation of various bio compounds was prominent in the shoots 
of non AM plants under Cd stress and it could be due to the higher concentration 
of Cd translocated to shoot system, imparting more severe stress condition. But, 
the qualitative differences in the phytochemistry of AM and non AM plants was 
insignificant under Zn stress, indicating higher Zn tolerance level of maize plants. 
Moreover, the metal specific modification in (E)-Phytol and phytol ratio of non AM 
and AM plants could be considered as an indicator of specific metal stress tolerance.
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TREATMEnTS AREA PERCEnTAGE

nA AM nA+Cd AM+Cd nA+Zn AM+Zn nA AM nA+Cd AM+Cd nA+Zn AM+Zn

Neophytadiene Neophytadiene Neophytadiene Neophytadiene Neophytadiene Neophytadiene 24.21 25.16 12.01 14.1 21.71 20.43

2-pentadecanone, 6, 
10, 14 -trimethyL-

2-Pentadecanone, 6, 
10, 14-trimethyl-

2-Pentadecanone, 6, 10, 
14-trimethyl-

2-pentadecanone, 6, 
10, 14-trimethyl-

2-pentadecanone, 
6, 10, 14-trimethyl-

2-pentadecanone, 
6, 10, 14-trimethyl- 2.97 2.21 5.8 4.46 4.81 7.2

3, 7, 11, 
15-Tetramethyl-2-

hexadecen-1-ol
(E)-phytol (e)-phytol

3, 7, 11, 15 
-Tetramethyl- 

2-hexadecen-1-ol

3, 7, 11, 15 
-Tetramethyl-2-
hexadecen-1-ol

3, 7, 11, 15 
-Tetramethyl-2-
hexadecen-1-ol

7.86 9.12 4.91 4.56 9.22 9.36

(e)-phytol
2-hexadecen-1-ol, 3, 

7, 11, 15-tetramethyl-, 
[r-[r*,r*-(e)]]-

3, 7, 11, 15-Tetramethyl-
2-hexadecen-1-ol

(E)-phytol (E)-phytol (E)-phytol 11.81 15.53 8.03 7.68 16.49 17.15

Methyl palmitate Methyl palmitate Methyl palmitate Methyl palmitate Methyl palmitate Methylpalmitate 2.41 7.49 5.04 6.23 3.6 4.1

Hexadecanoic acid Palmitate Hexadecanoic acid Methyl linolenate dibutyl phthalate dibutyl phthalate 13.05 2.58 8.37 2.56 1.69 3.58

Linolenic acid, 
methyl ester

Methyl 9, 
12-octadecadienoate

9, 12-Octadecadienoic 
acid, methyl ester Phytol Palmitate Hexadecanoic acid 2.52 3.62 1.18 31.11 15.68 7.83

Phytol Linolenic acid methyl 
ester Phytol Methyl stearate Linolenic acid 

methyl ester

9, 12 
-Octadecadienoic 
acid, methyl ester

26.96 7.58 23.41 2.59 2.81 1.05

Hahnfett Phytol Methyl stearate Beta.-linalool Phytol Methyl linolenate 6.96 17.06 1.51 2.47 13.8 4.42

Squalene Methyl stearate 8-hydroxylinalool Hahnfett Methyl stearate Phytol 1.25 1.49 3.75 9.49 1.04 13.72

 
1, 2 

-benzenedicarboxylic 
acid

1-Oxacyclopentadecan-
2-one, 15-ethenyl-15-

methyl
gamma.-Sitosterol E,E-2,13-

Octadecadien-1-ol Methyl stearate 100 1.87 1.73 A10.72 2.37 1.37

Hahnfett Hahnfett Squalene Hahnfett
Z, Z-3, 

13-Octadecedien-
1-ol

3.09 6.76 1.86 2.47 4.53

Squalene Gamma-sitosterol Cholesta-4,6-dien-3-
ol, benzoate, (3 beta)- Squalene Hahnfett 0.86 7.1 2.18 1.01 1.4

Cholesta-4,6-dien-3-
ol, benzoate, (3 beta)- Squalene  

Cholesta-4,6-dien-
3-ol, benzoate, (3 

beta)-

Cholesta-4, 6-dien-
3-ol, benzoate, (3 

beta)-
2.34 1.56 3.31 3.86

3. beta.-
Acetoxystigmasta-4, 6, 

22-triene
    3.35

Cholesta-4, 6-dien-3-ol, 
benzoate, (3 beta)- 5.48
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Table 1: Phytochemical constituents in leaves of Zea mays associated with 

mycorrhizae exposed to ZnSO
4

 and CdCl
2

 stresses.

Phytol (E)-phytol Phytol/(E)-phytol

NA 26.96 11.81 2.28

AM 17.06 9.12 1.87

NA+Cd 23.41 4.91 4.77

AM+Cd 31.11 7.68 4.05

NA+Zn 13.8 16.49 0.84

AM+Zn 13.72 17.15 0.80

Table 2: differences in the phytol composition in leaves of Zea mays associated with mycorrhizae 
exposed to ZnSO4 and CdCl2 stresses.
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abstract
Toxic effect of heavy metals such as Hg, Cr, Al and Zn was studied in Artemisia 

nilagirica (Clarke) Pamp. This shrub is an important medicinal plant. Fresh cuttings 
of plant were grown in Hoagland nutrient medium contaminated with known 
concentrations of Mercuric nitrate, Pottassium dichromate, Aluminium chloride and 
Zinc sulfate. Due to the treatment of these metals stem anatomy of Artemisia nilagirica 
remarkably changed. Histochemical study of stem cuttings were done using safranin 
stain. Accumulation of these elements was observed in the form of stained masses 
in stem and trichomes, indicating the uptake of these metal ions to the plant body. 
Sensitivity of the plant towards these different metals differs in terms of anatomical 
changes and pattern of bioaccumulation pattern.

Key words: Artemisia nilagirica, Aluminium, trichomes, Zinc.

Introduction
Heavy metal pollution of soil and water is a significant environmental problem. Waste 
water from the industries and sewage sludge applications cause permanent toxic 
effects to human and the environment. Pollution of the environment with toxic heavy 
metals is spreading throughout the world along with industrial progress. Exposure 
to heavy metal concentrations alter the normal growth and development of plants. 
Some plants absorb and accumulate comparatively high amount of heavy metals from 
the polluted environment and the accumulation potential of plants is considered as 
a method of phytoremediation. As a result of absorption and translocation of heavy 
metals plants undergo structural variations resulting growth retardation.

Mercury get absorbed and accumulates in plants and reach animals through food chain. 
This metal causes serious health hazards like biotransformation, bioaccumulation and 



112

Doctrina - Three Day Intenational Webinar | isbn: 978-81-940448-9-5 

toxicity to living systems throughout the world due to its widespread distribution in 
the environment. Toxicity of Hg has been reported in many plants and even in very 
low concentrations it cause hazards to the plant growth (Vallee and Ulmer, 1972, 
Velasco Alinsug, 2005).

Due to its wide industrial use Chromium is considered a serious environmental 
pollutant.  Toxic effects of Cr on plant growth and development include alterations 
in the germination process as well as in the growth of roots, stems and leaves, also 
causes deleterious effects on plant physiological processes (Shanker et.al., 2005).

Aluminium ions are extremely toxic to plants at high concentrations. Toxic levels of 
Al inhibit the growth and reduce the crop yield by disrupting various cellular processes 
and components by binding with Phosphate, Sulfate and Carbonyl functional groups 
(Poschenrieder et.al., 2008, Valle et.al., 2009).

Zinc is an essential micronutrient, is required for both animal and plant growth. In 
particular, Zn serve as a co-factor for enzyme reactions involved in carbohydrate and 
energy metabolism and gene expression regulation. However, at higher concentration 
Zn is toxic for plants. The primary response to Zn toxicity is growth inhibition 
characterized by reduced root growth and increased root thickening (Barcelo and 
Poschenrieder, 1990,  Maret, 2013).

Artemisia nilagirica (Clarke) Pamp. Locally known as “Indian worm wood” belongs to 
Asteraceae. It is a medicinal plant which has been reported to be used over 10 decades in 
treating diseases like malaria, inflammation, diabetes, stress, depression and many other 
microbial diseases. The plant is erect, hairy often half-woody. The stems are leafy and 
branched. Leaves and flowering tops are bitter, astringent and aromatic. A. nilagirica is an 
aromatic shrub composed of many volatile oils and biologically important compounds 
such as sesquiterpene lactones, coumarins, acetylenes and many other phytochemicals 
like alkaloids, phenols and flavonoids (Puri and kesavan, 2018). 

Bioaccumulation of heavy metals causes various health hazards to the consumers 
of Ayurvedic medicines and the medicinal property of the plant may be reduced or 
adversely affected. Hence the study was undertaken to elucidate the impact of Zn, Cr, 
Al and Hg on the structural changes and analyse the bioaccumulation potential of 
Artemisia nilagirica.

A preliminary study on Artemisia nilagirica for simulation study to find out the effect 
of heavy metals revealed that plant twigs with 5-6 leaves survived in water as well 
as in Hoagland solution for a period of 15 days. But root initiation was not started 
during this period, and plant appeared healthy and shoot growth was normal similar 
to the growing plants in the field. In the present study an attempt is made to elucidate 
the impact of heavy metals such as Zn, Cr, Al and Hg on absorption and translocation 
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by fresh cuttings of A. nilagirica cultured in Hoagland medium. Effect of these metals 
were analysed by anatomical changes and histochemical localization. 

Materials and Methods
Artemisia nilagirica cuttings were collected from the botanical garden, SNGS College 
Pattambi. Plant twigs of 10 c.m length and 6-8 leaves were taken for the study. Cuttings 
of healthy plant were put in water for rooting. During the observation of two weeks 
root initiation was not occurred. So simulation studies to analyse the impact of heavy 
metals such as Zn, Cr, Al and Hg were done using fresh cuttings cultivated in half 
diluted Hoagland nutrient medium. 

Various concentrations of metal salts were supplied for standardizing optimum 
concentration of each metal to impart about 50% growth retardation and the survival 
of the plant.  Ten micro Molar, 20µM, 30µM, 40µM, 50µM, 60µM and 70µM solutions 
of Hg(NO3)2, AlCl3, K2Cr2O7 and ZnSO4 were used. After standardization the 
concentrations used for the study was 60µM -ZnSO4, 40µM - K2Cr2O7, 50µM - AlCl3 
and 20µM -Hg(NO3)2. After 10 days the treated plants were taken for anatomical 
studies and localization of heavy metals in the stem by employing safranin stain 
according to Berlyn and Mikshe (1977). Observations were made using Leica–DM 
1000 Microscope and photographs were taken by DFC 295 camera. The experiments 
were repeated to confirm the results.

Result
A characteristic feature of A. nilagirica stem is presence of large number of epidermal 
hairs. As a result of treatment with Zinc, Artemisia nilagirica stem showed almost 
similar number of trichomes as in the control plant. The same result was observed in 
the case of plant stem treated with Cr also. An increased number of epidermal hairs / 
trichomes were noticed in plants treated with Al. A considerable raise in the number 
of trichomes were also observed in the  stem treated with Hg. The epidermal cells 
were appeared more darkly stained as a result of treatment with Hg (Fig: J).

Vascular region of the plant stem treated with Zn showed some abnormalities such 
as dislocation of xylem vessels and increased diameter of vessels compared to the 
vasculature of control plant. Enhanced development of sclerenchymatous tissues around 
xylem vessels was another important observation in plants treated with Zn. Treatment 
by Cr also caused exactly similar observations. Artemisia nilagirica cuttings treated with 
Al and Hg did not cause any significant changes in the topology of vasculature.

Cross section of Artemisia nilagirica stem treated with Zn showed darkly stained 
masses deposited in xylem vessels. The lumen of xylem vessels were found filled with 
brownish masses in the case of plants treated with Cr. Brown tinches were noted in 
cortical cells also.
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Anatomy of the plant stem showed presence of yellow masses inside the lumen of 
xylem vessels as a result of Al treatment. Yellow hallow like patches were observed 
in the phloem region also. Presence of yellow deposits in trichomes was the most 
significant observstion. Stem sections treated with Hg showed reddish orange masses 
in trichomes, epidermis, cortical cells and xylem vessels.which were not observed 
in control plant. As a result of treatment with heavy metals colour of deposits were 
differed each other for each  metal upon safranin staining. Zn appeared as dark 
deposits (Fig: D), where as Cr showed brown masses (Fig: F), Al observed in yellow 
colour (Fig: H) and Hg found in orange red colour (Fig: J).
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Discussion
Artemisia nilagirica (Clarke)Pamp. treated with heavy metals responed differently 
towards different metals. This result corroborated with the report of Foy et.al., (1978) 
according to whom the sensitivity/tolerance of the plants towards heavy metals vary 
from species to species and metal to metal. Treatment of A. nilagirica with Zn and 
Cr didn’t results any distinct effect on the number and size of epidermal hairs. It 
remaining intact as in control plants, whereas treatment with Al and Hg resulted in 
significant increase in the epidermal hairs. 

Al and Hg treatment resulted in enhanced number of trichomes in the stem of Artemisia 

nilagirica. Eventhough heavy metal treatment did not induce much morphological 
change in epidermal structure, cell wall thickness and dark stainability appeared in 
stem treated with Hg. It has been already reported by Beauford et.al., (1977) that 
Pisum sativum and Mentha splicata exposed to mercuric chloride showed the presence 
of mercury bound to the cell wall components. More or less similar observation seen 
in the case of A. nilagirica treated with mercuric chloride. Presence of reddish orange 
deposits in epidermal cells and enhanced number of trichomes (Fig: J) is in consistant 
with the findings of Hussain et.al., (2010) who reported that localization of Hg was 
observed as coloured masses in the epidermal cells and increased number of trichomes 
in Vigna mungo seedling. 

An important impact of Zn and Cr in Artemisia nilagirica is enhanced development 
sclerenchymatous tissues all around xylem vessels. As explained by Fahn (1982) 
sclerenchyma provides mechanical stiffness and strength to the plant body. Hence 
the increased sclerenchymatous tissues produced due to Zn and Cr toxicity provide 
support to the widened xylem vessels (Fig:D and Fig:F).

One of the most noticable effect of Cr and Zn is enhanced diameter of xylem vessels. 
Since cuttings of A. nilagirica are devoid of roots, when exposed to the metals, entry 
of water to these cuttings is taking place directly through vessels present in the cut 
end of the propagule which is in contact with diluted hoagland solution. So water is 
available in plenty in the solution to enter the xylem vessels. But due to the presence of 
heavy metal deposition inside the xylem vessels the lumen get reduced translocation 
of water may be inhibited partially. 

In Artemisia nilagirica the maintenance of intact number of epidermal hairs due to 
treatment with Zn and Cr and slight dislocation and increased diameter of xylem 
vessels occur hand in hand. While in the case of Al and Hg enhanced number of 
epidermal hairs are found to be involved in the accumulation of more deposits. Hence 
no much structural variations were not  observed in vascular region. Diameter of 
xylem vessels remaining intact as in the control. The above mentioned anatomical 
characteristics changed due to Zn and Cr are comparable to distribution pattern and 
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presence of stained masses in xylem vessels. Since number of trichomes are increased 
in the case of Al and Hg treatment, stained deposits in vessels are meagre. Enhanced 
number of trichomes in the stem treated with Al and Hg and distribution of more 
stained masses found in this trichomes coincide each other in Artemisia nilagirica.

Presence of stained masses in xylem vessels of A. nilagirica stem is the most striking 
observation up on treatment with all the four heavy metals such as Zn, Cr, Al and 
Hg. This observations are corroborated with the findings of Hussain (2007), who 
reported that in the  transverse section of Bacopa monnieri root and stem stained with 
safranin show coloured deposits inside the xylem vessels.      

According to Puri and Kesavan (2018) Artemisia nilagirica is a widely used 
medicinal plant. It is used against bacterias and fungal diseases. It also has antiulcer, 
antiinflammation, antiasthmatic activity etc. According to Verpoortate et.al., 
(2002) the abiotic factors such as heavy metal may alter the production of bioactive 
compounds by changing the pathways of secondary metabolism. Hence it is inferred 
that there is a high risk of altering the medicinal properties of  A. nilagirica due to the 
absorption and accumulation of heavy metals like Zn, Cr, Al and Hg.
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abstract
Heavy metals are non-degradable, causing long-term deleterious effects on ecosystem 
wellness. Among the toxic heavy metals, arsenic (As) contamination is a global 
problem, affecting both plant and human health. It is a nonessential toxic metalloid 
that can negatively affect plant growth and metabolism. The present study focus 
on the physiochemical changes in a mangrove plant, Acanthus ilicifolius associated 
with arsenic stress. A. ilicifolius tolerate the ill effects of arsenic by modulating 
its photosynthetic efficiency, activating anti-oxidative machinery and osmolytes 
accumulation. When plantlets were exposed to different concentrations of sodium 
arsenate dibasic heptahydrate (Na2AsO4.7H2O) (0, 60, 70 and 80 µM), those grown 
in 80 µM showed maximum reduction in the chlorophyll a fluorescence parameters 
such as photochemical quantum yield of PSII (Fv/Fm), PS II structure function index 
(SFI(abs)), performance index (PI(abs)) and total area between the fluorescence induction 
curve (area). But plantlets grown in lower concentrations showed less reduction in 
these parameters. The negative impact of the higher concentration of arsenic was 
alleviated to a certain extend by increased activities of antioxidant enzymes such as 
GPX and APX. Osmolality of the leaves of A. ilicifolius was maximum in plantlets 
treated with 80 µM of Na2AsO4.7H2O. But at the same time the accumulation of 
the osmolytes, proline and carotenoid was higher in A. ilicifolius treated with 70 
µM of Na2AsO4.7H2O.The results indicate that, the mangrove A. ilicifolius shows 
higher toxicity towards Na2AsO4.7H2O 80 µM but were able to effectively counter 
the arsenic stress upto a contamination level of 70 µM.Considering the high level 
arsenic tolerance potential,  A. ilicifolius can be proposed as a suitable candidate for the 
phytoremediation purpose of arsenic.

Keywords: A. ilicifolius, Arsenic,chlorophyll a fluorescence, phytoremediation
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Introduction
Heavy metals are toxic substances released into the environment mainly due to 
anthropogenic activities. The concern about heavy metals pollution is increasing 
all over the world because these are easily bioaccumulated through food chains 
even at low contents in the environment (Pejman et al. 2015) and subsequently 
cause a serious of threats to human health, other living organisms and natural 
ecosystems (Maanan et al. 2015). Certain heavy metals like arsenic (As) remain 
in the environment for an extensive period. They eventually accumulate to levels 
that could harm physiochemical properties of soils and lead to loss of soil fertility 
and crop yield. Arsenic, when not detoxified, may trigger a sequence of reactions 
leading to growth inhibition, disruption of photosynthetic and respiratory systems, 
and finally leading to death.
Heavy metals such as As have strong impacts on all ecosystems including 
wetlands. The heavy metals accumulation in the wetland are increased abundantly 
due to the human activities. Mangrove plants are well adapted to wetlands and 
has developed complex morphological, anatomical, physiological, and molecular 
adaptations allowing survival and success in their highly polluted environment 
(Srikanth et al. 2015). Mangrove forests are a characteristic feature of the intertidal 
zone of tropical and subtropical coasts. Since these forests are regularly flooded 
with seawater, mangrove trees not only have to cope with heavy metals, but also 
with high and changing salt concentrations, high temperature and hypoxia due to 
regular inundation (Sruthi et al. 2017). An ecologically sustainable solution for 
the remediation of this heavy metal pollution is the plant based approach called 
phytoremediation. Mangroves respond to the toxic heavy metals by a variety 
of mechanisms including hyperaccumulation, antioxidant defense system, and 
phytochelation. Among the mangrove plants Acanthus ilicifolius L. is one of the 
most dominant mangrove species in most of the wetlands.  The tolerance potential 
of this mangrove against As is not studied till this date.  Therefore, the main aim of 
the present study was to critically evaluate the potential of A. ilicifolius towards As 
by analysing photosynthetic efficiency, activating anti-oxidative machinary and 
osmolytes accumulation.

Materials and methods
Plant material

A. ilicifolius L., a halophyte species belonging to the family Acanthaceae was selected 
for the present study. About 20-30 cm long healthy stem cuttings were collected 
from the mother plant growing under natural conditions. Cuttings were then treated 
with 15 µM indole butyric acid (IBA) for 2 h and transferred to distilled water for 
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root formation. After 2 weeks, each rooted cutting was transferred to half-strength, 
modified Hoagland solution taken in glass tube (15 × 7 cm). Plants were maintained 
in apolyhouse under controlled conditions of temperature (32±2oC), light intensity 
(250±75μmol/m2/s) and relative humidity (60±5%). Hoagland nutrient solution was 
replenished twice a week to avoid nutrient depletion and contamination by algal 
growth.

Arsenic treatment

The healthy plantlets of A. ilicifolius were then subjected to varying concentrations of 
Na2AsO4.7H2O (0, 60, 70 and 80 µM) for 15d under hydroponic culture conditions 
provided with half –strength Hoagland medium. The second and third pairs of 
leaves from the tip of the shoots were harvested for the study on 15 d. Plants grown 
in Hoagland’s nutrient medium were designated as control and those in the same 
medium containing various concentrations of Na2AsO4.7H2O as the treated plants.

Photosynthetic efficiency

Photosynthetic efficiency was measured with the Plant Efficiency Analyzer 
(Hansatech Ltd., Norflok, UK) (Strasseret al. 2004). All measurements were 
performed on the upper surfaces of the fully expanded leaves following a 
dark adaptation period of 20 min by attaching light exclusion clips to the leaf 
surface before the measurements. Various Chla a fluorescence parameters like, 
photochemical quantum yield of PSII (Fv/Fm), PS II structure function index 
(SFI(abs)), performance index (PI(abs)) and total area between the fluorescence 
induction curve (area) were calculated. 

Anti-oxidative machinery

Anti-oxidative machinery was studied by accessing the activities of non-enzymatic 
and enzymatic antioxidants. The non-enzymatic antioxidant such as carotenoid 
content was estimated according to the method of Arnon(1949) and the enzymatic 
antioxidants such as guaiacol peroxidase (GPX) and ascorbate peroxidase (APX) 
activitities were assayed by the method of Gaspar et al. (1975) Nakano and Asada 
(1981) respectively. 

Osmolytes accumulation

Osmolytes accumulation and osmolality was studied by accessing the proline 
content and by measuring osmolality. Proline content was determined as per the 
protocol of Bates et al. (1973) and Osmolality was measured according to Hura et 

al. (2007), using a vapour pressure osmometer (Wescor, 5520, USA).
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Results
Photosynthetic efficiency

Chla fluorescence parameter such as photochemical quantum yield of PSII (Fv/
Fm), PS II structure function index (SFI(abs)), performance index (PI(abs)) and total area 
between the fluorescence induction curve (area) of the plantlets exposed to higher 
concentration of Na2AsO4.7H2O (80 µM) showed maximum reduction compared 
with control and other treatments. 

Anti-oxidative machinery

GPX (EC1.11.1.7) and APX (EC1.11.1.11) activity

The activity of GPX showed an increasing trend. A steep increase in the activity 
of GPX was recorded in plants exposed to 80 µM of Na2AsO4.7H2O compared with 
control plants. The activity of APX enhanced with increase in As concentration. 
The plantlets grown in80 µM of Na2AsO4.7H2O showed higher activities of these 
enzymes over control plants (Fig. 1).

Carotenoid content 

Carotenoid content decreased drastically in A. ilicifolius exposed to higher 
concentration of Na2AsO4.7H2O (80 µM) than control plants. The plants growing 
under other concentrations (60 and 70 µM) showed a higher level of carotenoid 
accumulation Than the control (Fig. 1).

 

 
Figure 1. Antioxidant machinery of A. ilicifolius subjected to varying concentrations of 
Na2AsO4.7H2O (0, 60, 70 and 80 µM). A- GPX activity, B- APX activity, C- Carotenoid content.

B



121

 isbn: 978-81-940448-9-5 | Plant Functional Biology

Proline
Proline content showed an increasing trend in A. ilicifolius with increasing 
concentration of Na2AsO4.7H2O upto 70 µM. But it was reduced in plantlets exposed 
to higher concentration Na2AsO4.7H2O (80 µM). Significant higher accumulation 
was observed in plantlets exposed to 70 µM arsenic. (Fig.2)

Osmolality
Osmolality increased in the leaves of treated plants over the control plants on exposure 
to As. The increase was found to be more significant in plantlets exposed to 80 µM of 
Na2AsO4.7H2Ocompared to the control plants.(Fig.2)

Figure 2. Osmotic regulation of A. ilicifolius subjected to varying concentrations of Na2AsO4.7H2O 
(0, 60, 70 and 80 µM). A- Proline content B- Osmolality 

Discussion
Anthropogenic activities lead to the higher accumulation of heavy metal in the soil that   
directly affects the growth of plants. Arsenic cause oxidative stress in plants by generating 
a sequence of responses that alters metabolic processes. Several toxic intermediates such 
as superoxide anion, hydroxyl radicals and hydrogen peroxide, was generated during As 
stress affecting cellular processes and leads to the arrest of plant growth (Majumder et al. 
2018). Therefore, estimating the effect of As and tolerance potential of the mangrove A. 

ilicifolius utilizing Chl a fluorescence, antioxidant machinery and osmolyte accumulation 
turns out to be important. The higher concentration of arsenic can cause a negative 
impact on plant growth and metabolism. Heavy metals stress inactivates or denatures 
various important enzymes and other proteins, and interferes with substitution 
reactions of essential metal ions from biomolecules. This reaction disturbs the integrity 
of membranes, resulting in alteration of basic plant metabolic reactions such as 
photosynthesis, respiration and homeostasis (Hossain et al., 2014). 
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A. ilicifolius exposed to higher concentration showed maximum reduction in 
photochemical quantum yield of PSII (Fv/Fm), PS II structure function index 
(SFI(abs)), performance index (PI(abs)) and total area between the fluorescence induction 
curve (area). The reduction in these parameters at higher concentration could be 
attributed to the toxic effects of As and the reduction in chlorophyll content would 
have largely contributed to this. A. ilicifolius grown in high arsenic concentration 
showed lower content of photosynthetic pigments and this could be largely due to 
the arsenic induced chlorophyllase activity and/or reduced synthesis of chlorophyll.
Significant increase in the gene expression of the enzyme chlorophyllase, resulting in 
the degradation of chlorophyll pigment was reported in the case of mustard (Thakur 
et al., 2019). Similarly, Stoeva et al. (2003) reported that arsenic treatment (5 mg dm-3) 
in maize plants showed reduction in Fv/Fm, Fv/Fo and cause increase in Fo, leading 
to the reduction of photosynthesis.

Mangrove plant, A. ilicifolius have fine-tuned mechanisms for heavy metal 
tolerance. They minimize the deleterious effect of heavy metals by modulating their 
morphological, anatomical, physiological processes and activating special genes 
for metal tolerance. They have efficient enzymatic and non-enzymatic antioxidant 
systems to scavenge reactive oxygen species and they utilize various osmoprotectants 
and secondary metabolites to reduce the toxic effects of heavy metals (Sruthi et al. 
2017). A. ilicifolius treated with 80 µM of As showed higher activity of antioxidant 
enzymes such as GPX and APX and higher osmolality in the leaves representing its 
tolerance potential towards the toxic metal As. Similarly, higher activity of antioxidant 
enzymes was reported in A. ilicifolius towards the heavy metals Zinc and cadmiumby 
Shackita et al. (2017) and Shackira and Puthur (2019). The higher osmolality in 
plants exposed to 80 µM of arsenic is an indication that, higher concentration causes 
severe osmotic stress due to less transport of water to the shoot and accordingly the 
osmoticum is built up by the synthesis of osmolytes. In accordance with this, proline 
content in the treated plants increased with increasing As concentrations.

Treatments Fv/Fm SFI(abs) PI(abs) Area

Control 0.819 1.02 5.405667 59420

60 µM 0.808 0.61 3.241333 49137

70 µM 0.792 0.52 1.907 46067.67

80 µM 0.775667 0.48 0.807 28030.33

Table 1. Chl a florescence parameters of A. ilicifoliussubjected to varying concentrations of 
Na2AsO4.7H2O (0, 60, 70 and 80 µM). 
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Conclusion 
The results of this study indicates that, the mangrove A. ilicifolius shows higher toxicity 
towards Na2AsO4.7H2O (80 µM) but were able to effectively counter the arsenic stress 
upto a contamination of 70 µM of arsenic.Enhanced tolerance potential of A. ilicifolius 
towards Arsenic makes it a suitable candidate for phytoremediation of arsenic.
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abstract
Cowpea (Vigna unguiculata (L.) Walp.), is an annual legume crop rich in proteins, 
fibres, calories, vitamins and minerals, nutrify millions of people in the world 
and addresses the issue of hunger. Seed priming can be considered as a promising 
approach to enhance the nutritive quality of cowpea, also it activates pre-germinative 
events and thus promotes early and uniform seed germination. β-amino	 butyric	
acid (BABA), is a non-protein amino acid, having the potential to induce priming 
effect in seeds. The present study focuses on the metabolites content induced by 
BABA in cowpea (var. kanakamani) seeds. Cowpea seeds were treated with different 
concentrations of BABA (0, 0.5, 1, 1.5 and 2 mM) for different time intervals (2, 4, 6, 
8 and 10 h). Seed priming with BABA, increased amino acids content and there was 
a maximum of 109% enhancement on treatment with 0.5 mM BABA concentration 
for 6 h, as compared to the control. The content of total soluble sugars enhanced 
drastically in all the treatments and reached a maximum in seeds treated with 0.5 
mM of BABA for 4 h. As compared to the control, there was a decreasing trend in 
the total phenolic contents of seeds treated with different concentrations of BABA 
for different time intervals. Enhancement in the total amino acids and sugars content 
improves the nutritional status of primed cowpea seeds. Moreover, the enhancement 
in metabolites, which are essential for the germinating embryo, will ensure a head 
start for the primed seeds in the germination process.

Key words: aminoacid, BABA, priming, Vigna unguiculata.
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Introduction
Plants are frequently exposed to multitudes of environmental stresses. Drastic and 
intermittent fluctuations in climate adversely affect the food and agriculture system, 
which fails to meet the demands of growing global population. India being the second 
largest populated country is more vulnerable to such negative impacts on crop 
productivity (Hansra et al., 2018; Martinez et al., 2018). 

Increasing frequency of drought occurrence demands the search for drought tolerant 
crops. Cowpea (Vigna unguiculata (L.) Walp.), an annual legume crop rich in proteins, 
fibres, calories, vitamins and minerals, nutrify millions of people in the world. It is a 
promising crop having the potential to cope with the harsh environmental condition 
(Goufo et al., 2017). But cowpea seeds are highly sensitive to storage conditions, the 
nutritional contents such as total protein and carbohydrate also declines with decrease 
in seed vigour (Arun et al., 2017). 

Seed priming serves as a best strategy to ameliorate the detrimental effect of seed 
ageing and can improve nutritional quality of cowpea seeds (Arun et al., 2017; Shaheen 
et al., 2019). Seed priming is a pre-sowing treatment which induces a particular 
physiological state in plants by modulating pre-germination metabolic activities 
prior to the radicle protrusion. It involves the treatment of seeds with various natural 
and synthetic factors to hasten the germination process (Jisha et al., 2013). The 
physiological process that takes place during early seed imbibition includes the seed 
repair response (activation of DNA repair pathways and antioxidant mechanisms) 
essential to preserve genome integrity, ensuring proper germination and seedling 
development (Paparella et al., 2015). According to Srivastava et al. (2010), primed 
plants do not suffer metabolic imbalances which are normally seen when transgenic 
lines are grown under the field condition. There are different priming techniques such 
as; hydropriming, osmopriming, chemical priming, hormonal priming, biological 
priming, redox priming, solid matrix priming, etc.

Chemical priming involves the treatment of seeds with various natural or synthetic 
compounds. Different chemicals are used to induce priming in various kinds of seeds. 
β-amino	butyric	acid	(BABA)	is	a	synthetic	nonprotein	amino	acid	and	is	an	isomer	
of	naturally	occurring	non-protein	amino	acid	called	γ-amino	butyric	acid	(GABA).	
It serves as a priming agent to improve plant performance (Conrath et al., 2002; Jisha 
and Puthur, 2016; Vijayakumari et al., 2016). 

The objective of the present study was to reveal the changes in metabolite contents in 
cowpea seeds due to BABA priming.
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Materials and method

Seed collection

The seeds of Vigna unguiculata variety kanakamani was obtained from Kerala 
Agricultural University (KAU), Thrissur, Kerala.

Experimental design

Healthy seeds of cowpea having uniform size were selected for priming treatment. 
Selected seeds were surface sterilized with 0.1% HgCl2 solution for 5 min and these 
seeds were washed thoroughly with distilled water. The washed seeds were treated 
with different concentrations of BABA solution (0, 0.5, 1.0, 1.5, 2.0, and 2.5mM) for 
different time intervals (2, 4, 6, 8 and 10 h). The untreated seeds were used as the 
control. After the priming treatments, seeds were again washed with distilled water 
and then dried at room temperature to retrieve the original moisture content.

Determination of metabolites

Free amino acids were determined as per the protocol of Moore and Stein (1948) and 
the standard curve was prepared with leucine.

Total soluble sugar content was extracted from seeds with 80% ethanol and 
estimated according to the protocol of Dubois et al. (1956). D-glucose was used to 
prepare the standard curve.
The total phenolic content of seeds was estimated using the method of Folin and 
Denis (1915) and the standard curve was prepared with catechol.

Results and Discussion

In the present study, alteration in the content of various metabolites such as total 
free amino acids, total soluble sugars and total phenolics, during seed priming with 
different concentration of BABA at different time intervals (in hours) in the seeds 
of Vigna unguiculata were analyzed. It was clear that, seed priming with different 
concentrations of BABA stimulated amino acid and sugar metabolism and therefore 
a significant increase in the content of these metabolites were observed upon BABA 
treatment. 

BABA priming of seeds enhanced the content of free amino acids. The maximum 
increase in amino acid content was shown by seeds primed with 0.5 mM BABA 
concentration for 6 h. In all the BABA treatments, total soluble sugar content 
enhanced drastically. The maximum enhancement in the content of total soluble 
sugar was noted in seeds treated with 0.5 mM BABA for 4 h. There was a decreasing 
trend in the content of total phenolics of BABA treated seeds, as compared to the 
control.
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BABA priming enhanced the content of total free amino acids and total soluble sugars. 
This may be due to the priming induced head start in the process of seed germination. 
The increase in the content of sugars and amino acids during priming treatments 
leads to the accumulation of osmolytes and thereby create a turgor inside the seeds, 
which facilitates cell expansion and subsequently hasten seed germination (Jisha and 
Puthur, 2016). The reduction in the content of total phenolics upon BABA treatment 
helps to reduce the anti-nutritional factors of BABA treated cowpea seeds (Shaheen 
et al., 2019). 
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in the content of total phenolics upon BABA treatment helps to reduce the anti-nutritional 

factors of BABA treated cowpea seeds (Shaheen et al., 2019).  

 
 

 
 

Conclusion 

BABA priming enhanced the major metabolites content of cowpea seeds. The 
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metabolites, which are essential for the germinating embryo, will ensure a head start for the 
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Conclusion

BABA priming enhanced the major metabolites content of cowpea seeds. The increased 
production of total amino acids and total soluble sugars upon BABA treatment, improves 
the nutritional status of primed cowpea seeds. Furthermore, the enhancement in 
metabolites, which are essential for the germinating embryo, will ensure a head start for 
the primed seeds in the germination process. BABA induced reduction in the phenolic 
contents reduces the anti-nutritional property of cowpea seeds.
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abstract
Plants in general and aquatic plants in particular absorb and accumulate minerals 
and metals from soil/aquatic environment. Bacopa monnieri is highly medicinal, a 
creeping emergent herb growing naturally in wet soil and shallow waters. In addition 
to the medicinal use, recently this plant has been recommended as an agent for 
phytoremediation due to the capacity of absorption and accumulation potential.  Earlier 
studies on the effect of Hg and Cd proved that bioaccumulation of these metals taken 
place in all parts of plant body, but during prolonged growth, the accumulated quantity 
is found to be reduced. It has already been reported that phytovolatilization is one of 
the mode of removal of Hg and Cd from the plant body. In the present study an attempt 
is made to confirm the process of phytovolatilization by cultivating the root cuttings of 
Bacopa monnieri in Hoagland solution artificially contaminated with known quantities 
of Hg and Cd. A system “PHYTOVOL-EXTRACTOR” was fabricated to measure the 
quantity of Hg and Cd liberated from the plant to atmosphere. In this system, plants 
growing in Hoagland solution were placed inside a transparent glass chamber fitted with 
provisions for intake of water-filtered air and exhaust for transpired-water providing 
estimation of Hg and Cd content liberated from the plant through the stomata. It is 
inferred that in Bacopa monnieri phytovolatilization is the main mode of sequestration.

Key words: Bacopa monnieri, phytovolatilization, heavy metals, phytovol-extractor

Introduction
Phytoremediation is a new in-expensive, eco-friendly restoration technology using 
plants to reduce soil and water pollution due to soluble minerals and metals. In aquatic 
environment many species accumulate heavy metals and serve as bio-indicators of 
heavy metal pollution. Aquatic plants absorb and accumulate comparatively more 
quantity of heavy metals from polluted soil and water compared to terrestrial plants. 
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Bacopa monnieri (L.) Pennell commonly known as water hyssop and ‘Brahmi’, a member 
of Scrophulariaceae family, is a small creeping emergent herb growing naturally in 
wet soil, shallow water and marshes. This plant has been used in Ayurvedic system 
of medicine for centuries. Traditionally it is used as a brain tonic to enhance memory 
development, learning and concentration. (Nair, 1987; Anonymous, 2004). In modern 
medicine, the Brahmi is well known as a ‘nerve tonic’ (Nair, 1987). The ‘Brahmin’ content 
of the plant body is an important drug in Ayurveda for improvement of intelligence, 
memory and revitalisation of sensory organs (Sivarajan and Balachandran, 1994). 

Bacopa monnieri plant has been recommended as an agent for phytoremediation also 
(Sinha and Chandra, 1990; Sinha et al., 1996; Yadav et al., 2005). According to those 
authors, this plant is capable of absorbing and accumulating Hg2+ from Hoagland 
nutrient medium artificially contaminated with HgCl2. 

Studies on the effect of Hg and Cd on the eco-physiological aspects of B.monnieri revealed 
the sensitivity of the plant to the heavy metal contamination and bioaccumulation 
potential of the plant in naturally growing environment (Hussain et al.,2010) and 
artificially contaminated with heavy metals as well ( Hussain, 2010). Phytovolatilization 
has been reported as a method of removal of Hg from Chromolaena odorata (Velasco-
Alinsug, 2005).The main objective of the study is to elucidate the  phytovolatilization as a 
mean of mitigation process and the mechanism of removal of Hg and Cd by using Bacopa 

monnieri  cultivated  in Hoagland solution artificially contaminated with Hg and Cd. 

Materials and methods
Plant material 
Bacopa monnieri (L.) Pennell cuttings were collected from different regions of 
Malappuram District. Cement pots half filled with potting mixture (soil:sand:cowdung 
1:1:1) and flooded with tap water were used for cultivation. Ten cuttings were planted 
in each pot and maintained under green house condition. Growth performances were 
observed and most profusely growing plants were selected for experiments. Healthy 
cuttings of length 7-8 cms consisting of 5-6 nodes were selected for experiments. 

Hoagland solution (1950) modified after Epstein (1972) as described by Taiz and 
Zeiger (1991) was employed in the present study. The cuttings selected as described 
above were placed in distilled water and kept under open air condition for rooting. 
Rooted propagules were used for experiments of heavy metal treatments.

After standardization, 5 and 10 µM of HgCl2  and 20 and 30 µM of  CdCl2 were  added to 
Hoagland medium and cuttings of  Bacopa monnieri were cultivated under laboratory 
condition for a period of 12 days and collected samples at 2 days intervals and a period 
of 50 days long duration and collected samples at 10 days of intervals as described by 
Hussain et al.,( 2011).
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Bioaccumulation Studies 

Estimation of Mercury and Cadmium

Accumulation of Hg and Cd was also estimated in the samples collected at 10 days of 
intervals each upto 50 days of growth in nutrient medium to which repeated doses of 
HgCl2/ CdCl2 were added after each sample cultivation.

Mercury and Cadmium contents in root, stem and leaf tissue were analysed using 
Atomic Absorption Spectrophotometer (AAS). Samples were prepared according to 
the method of Allan (1969). Oven dried plant materials were used. Known weight of 
the sample was wet digested by refluxing in 10ml of nitric acid, and perchloric acid 
mixed in the ratio of 10:4 until the solution became colourless by using Kjeldahls flasks 
heated in a sand bath. and volume was made up to 50 ml. Mercury and Cadmium 
content of the residual nutrient medium after treatment also was estimated. Atomic 
Absorption Spectrophotometer (PERKIN ELMER A Analyst 300) available at 
Cashew Export and Promotion Council (CEPC), Kollam, was used for estimating 
Mercury and Cadmium. 

The primary data obtained on the distribution pattern of Hg and Cd in the plant 
body when compared with the quantities applied to the growth medium showed 
significant difference in the quantity due to some loss from the plant body during 
growth. Since phytovolatilization is known as a method of removal of metals from 
the plant body as reported in Bacopa monnieri  (Velqasco- Alinsug et al., 2005) the 
present author fabricated a system device for the confirmation of the mechanism of 
loss of metals from the plant during growth as diagrammatically shown in the Fig. 
1. Power supply                     
2. Aerator    
3. Atmospheric Air Passage      
4. Inlet Channel                    
5.  Large Transparent Chamber  
6. Water - An Air Filter   
7. Plant growing in Chemically Treated Medium    
8.  Nutrient Solution Contaminated with Hg & Cd   
9.  Transpiration Water  
10.  Filtered Air Pressure
11.  Outlet Channel
12. Temporarily Closed Collection Bottle with Double Dist. H2O
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Fig. Fabricated system explaining Phytovolatilization Mechanism in Bacopa monnieri

Results 

For bioaccumulation studies of Hg and Cd, Bacopa monnieri plants were grown in 
Hoagland solution containing a known quantity of these metals. Hence, a comparison 
between accumulation (Content/tissue cultivated) and quantity of metal retained 
(residual) in the medium during 12 days of growth was calculated in order to 
ascertain the patterns of distribution of these elements. Mercury given in the two 
concentrations showed only marginal increase between the contents of accumulation 
in plants at each interval, whereas Hg content left behind during the intervals showed 
gradual reduction and almost exhausted on 12th day. When the loss of Hg calculated 
as the difference between amount given and the sum of accumulation and residual 
showed significant amount of Hg lost during 12 days and the loss was increased 
proportional to the quantity given in Table.1 (a).
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Table: 1(a). Percentage distribution of Mercury in Bacopa monnieri in relation 

to the availability and loss during growth. (µg/whole plants (Content)

Treatment Quantity
given

Interval-days

2 4 6 8 10 12

HgCl2

5 µM 
(200µg 

Hg)

A 61
(30.5)

66
(32.2)

74
(37.0)

79
(39.5)

85
(42.5)

92
(46.0)

R 58
(29.0)

42
(21.0)

30
(15.0)

22
(11.0)

13
(6.5)

4
(2.0)

L 81
(40.5)

93
(46.5)

96
(48.0)

99
(49.5)

102
(51.0)

104
(52.0)

10 µM 
(400µg 

Hg)

A 63
(15.5)

66
(16.5)

89
(23.2)

98
(24.5)

113
(28.0)

156
(39.0)

R 205
(51.2)

190
(47.5)

146
(36.5)

118
(29.5)

81
(20.2)

5
(1.3)

L 133
(33.2)

144
(36.0)

161
(40.2)

184
(46.0)

207
(51.7)

239
(59.7)

Values in parenthesis are percentage distributions

A  -  Total accumulation in plants (µg/whole tissue) 

R  -  Residual content (µg) present in the medium, during 12 days of growth 

L  -  Quantity (µg) lost during 12 days growth (difference between accumulation + 
residue and total Mercury content given).

Bioaccumulation of Mercury (during 50 days treatments)
When plants were exposed to repeated dozes of HgCl2 at an interval of 10 days (20th, 
30th, 40th, 50th) during a period of 50 days of growth, Mercury accumulation in the 
plant was increased proportional to the concentration. But residual amount remained 
unchanged and slight increase in the loss of Hg was observed. The percentage 
distribution of accumulation was almost uniform irrespective of the period and 
concentration.

Ten mM concentrations of HgCl2 during 50 days of growth at an interval of 10 days 
also showed more accumulation but percentage distribution was lower than that of 5 
mM. Proportional increase in residual Hg was shown but percentage did not change. 
Loss of Hg showed slight increase but the percentage distribution slightly reduced 
(Table 1b).
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Table: 1b. Bioaccumulation of Mercury in Bacopa monnieri during repeated 

exposure of HgCl
2

 up to 50 days (µg/whole plants (content)

Treatment Concentration Interval days

HgCl2

5 µM

20 30 40 50

Quantity given

250 µg 300 µg 350 µg 400 µg

A 98  
(39.2)

112 
(37.3)

148 
(42.2)

174 
(43.5)

R 43 
(12.2)

74 
(24.6)

76
 (21.7)

92 
(23.0)

L 109  
(43.6)

114 
(38.0)

126 
(36.0)

134 
(33.5)

Quantity given

10 µM

500 µg 600 µg 700 µg 800 µg

A 121 
(24.2)

164 
(27.3)

189 
(27.0)

204 
(25.5)

R 160 
(32.0)

197
(39.4)

247 
(35.2)

290 
(36.2)

L 219 
(43.8)

239 
(47.8)

264 
(37.7)

306 
(38.2)

Table: 2a.  Percentage distribution of Cadmium in Bacopa monnieri in relation 

to the availability and loss during growth. µg/ whole plants (content)

Treatment Quantity 
given

Interval-days

2 4 6 8 10 12

CdCl2

20 µM  
(448µg Cd)

A 13 (2.9) 127 
(28.3)

174
(38.8)

290
(64.7)

309
(68.9)

310
(69.1)

R 415
(92.6)

310
(69.1)

201
(44.8)

109
(24.3)

69
(15.4)

60
(13.2)

L 20
(4.4)

11
(2.4)

73
(16.2)

49
(10.9)

70
(15.6)

78
(17.4)

30 µM  
(672µg Cd)

A 25
(3.7)

145
(21.5)

274
(40.7)

355
(52.8)

396
(58.9)

458
(68.1)

R 606
(90.1)

457
(68.0)

328
(48.8)

234
(34.8)

168
(25.0)

94
(13.9)

L 41
(6.1)

70
(10.4)

70
(10.4)

83
(12.3)

108
(16.0)

120
(17.8)
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Values in parenthesis are percentage distributions

A -   Total accumulation in plants (µg/whole tissue)
R -   Residual content (µg) present in the medium during 12 days of growth
L -   Quantity (µg) lost during 12 days growth (difference between accumulation +  
 residue and total Cadmium content given

Bioaccumulation of Cadmium (during 50 days treatment)
In 20 mM concentration of CdCl2 treatment, bioaccumulation of Cd during 50 
days growth, exhibited proportional increase to the concentration applied. But the 
percentage distribution values did not change significantly. Residual amount of Cd 
also was proportional to the concentration and percentage distribution did not show 
much variation. Loss of Cd exhibited slight increase during growth and percentage 
distribution remained unchanged (Table 2b).

Thirty mM concentration of CdCl2, resulted in slight increase in the bioaccumulation 
pattern but distribution percentage did not vary. Residual amount of Cd also was 
proportional to the concentration and period of growth, but slight increase was 
observed in the percentage distribution. Loss of Cd showed only slight enhancement 
retaining the percentage distribution unchanged. 

Table: 2b. Bioaccumulation of Cadmium in Bacopa monnieri during  repeated 

exposure of CdCl
2

 up to 50 days µg/whole plants (content)

CdCl2

20µM

Interval-days

20 30 40 50 

Quantity given

560 µg 672 µg 784 µg 896 µg

A 364 (65.0) 404 (60.1) 432 (55.1) 508 (56.6)

R 112 (20.0) 161 (23.9) 238 (30.3) 262 (29.2)

L 84 (15.0) 107 (15.9) 114 (14.0) 126 (14.0)

Quantity given

30µM

840 µg 1008 µg 1176 µg 1344 µg

A 409 (48.6) 491 (48.7) 508 (50.3) 565 (49.9)

R 275 (32.7) 353 (35.0) 480 (47.6) 574 (42.7)

L 156 (18.5) 164 (16.2) 188 (18.6) 206 (15.3)
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Values in parenthesis are percentage distributions

A  -   Total accumulation in plants (µg/whole tissue)
R  -   Residual content (µg) present in the medium, during 50 days of growth
L  -   Quantity (µg) lost during 50 days growth (difference between accumulation +  
 residue and total Cadmium content given).

Discussion
More or less uniform content of Hg is accumulated in the roots of Bacopa monnieri 

in both 5 and 10 µM HgCl2 treatments. About 40 µg Hg g-1 dry tissue of roots appear 
to be a threshold level of accumulation to which the plants are tolerant and above 
this level, accumulation of Hg may cause toxicity as suggested by Beauford et al., 
(1977). Studies on bioaccumulation of Hg in plants either in natural soil or artificially 
contaminated media are very scanty. Similarly no plant has yet been identified as 
natural hyperaccumulator of Hg (Raskin and Ensley, 2000). However, transgenic 
plants such as Arabidopsis  thaliana, Liriodendron tulipifera,  and Nicotiana tabacum  
are capable of converting methyl mercury to Hg2+ and are having the potential of 
phytoremediation in alleviating Hg polluted areas (Rugh et al., 1998). 

Cadmium when present in the growth medium, it is reported to be easily taken up 
by the roots and transported to the leaves (Siedlecka and Krupa, 1997). According to 
Sersen et al., (2005) Maize plants grown in nutrient medium containing Cd are able to 
absorb it and translocate to shoot and leaves and the accumulation is proportional to the 
availability of the metal. The accumulation pattern of Cd in the roots of Bacopa monnieri 
is almost in consistent with the views of Sersen et al., (2005) since Cd accumulation is 
proportional to the increase of CdCl2 concentration in the nutrient medium (Table 
2a,b). According to Sanita-di-Toppi and Gabbrielli (1999) immobilization of Cd by 
binding to the cell wall is one of the causes of Cd  hyperaccumulation in plants. Enhanced 
accumulation of Cd in root tissues compared to shoot/leaves has been reported in many 
plants (Cseh, 2002). Linger et al., (2005) reported that Cannabis sativa cultivated in soil 
artificially contaminated with Cd, resulted in a significant reduction of biomass and 
roots showed hyperaccumulation potential to absorb more than 100 mg kg-1 Cd in dry 
tissue. In Bacopa monnieri, inspite of the reduction of biomass cadmium accumulation 
was 458 µg g-1 dry tissues after 12 days of growth (Table 2a).

Hussain et al., (2011) reported that transverse sections of Bacopa monnieri root and 
stem stained with safranin show coloured deposits filling the entire lumen of the 
xylem cells.  Pilon-Smits (2005) opined that the bulk flow of the metal ions from root 
to shoot and leaf is driven by transpiration which creates negative pressure potential 
in the xylem that pulls up water and solutes. As per this concept, the distribution 
of comparatively reduced contents of Hg and Cd is found to be due to release of 
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these ions through stomata because bulk flow of water ions driven by transpiration 
pull may enable the escape of the ions through stomata maintaining very low metal 
concentration in leaves. 

By comparing the total Hg accumulated in the plant tissue (Tables 1a & 1b) and 
quantity present in the medium, it was found that obvious loss of substantial amount 
of the metals was occurred. The percentage distribution of Hg accumulated in plants, 
present in the residual medium and the calculated loss enabled to presume the release 
of Hg from the plant to the atmosphere.  The loss may occur presumably through 
stomata because a corresponding increase of stomatal index is shown by the plants 
treated with HgCl2. (Hussain, 2007).Therefore Bacopa monnieri can be effectively used 
for phytoremediation to remove Hg from contaminated soil or water. According 
to Sinha (1999) metal accumulation property of Bacopa monnieri may be used for 
amelioration of polluted wetlands and water.

 The loss/release of Hg can be considered as one of the methods of phytoremediation 
designated as phytovolatilization in accordance with the view of Pilon-Smits (2005), 
according to whom phytovolatilization is the release of pollutants by plants in volatile 
form. This process completely removes the pollutants from the site as gas without any 
need for plant harvesting and disposal. The process of volatilization can be maximised 
by promoting transpiration rate through sufficient irrigation. Since Bacopa monnieri 
grows profusely in aquatic environment transpiration rate may be very high which 
can maximise loss of Mercury or Cadmium from the leaves. In nutrient culture also 
water deficit do not occur so the volatilization may be at an enhanced rate due to 
maximum availability of water in the medium and increased stomatal index may play 
an additional role in the transpiration rate of Bacopa monnieri.   

 In the present study, loss of mercury in plants treated with 5 µM concentration of 
HgCl2 is found to be increased proportional to the period of growth and on 12th day, 
more than 50% of the total quantity given is lost and at 10 µM, the corresponding loss 
is 59% (Table 1b). This loss can be correlated to the release of the metal either through 
stomata as described earlier or through trichome like appendages present all over the 
stem as reported in Vigna mungo treated with 10 µM HgCl2 (Sahadevan, 2001) and in 
Chromolaena odorata treated with Hg (NO3)2 at 1 and 2 µM concentrations (Velasco-
Alinsug et al., 2005). The possibility of loss or release of Hg through stomata cannot 
be ruled out in Bacopa monnieri, because in plants treated with HgCl2 both at 5 and 10 
µM concentrations, stomatal index values were significantly higher than that of the 
control.  Ali et al., (2000) suggested that in Bacopa monnieri regenerants, Cd and Zn 
treatment resulted in increase of stomatal conductance. As the stomatal conductance 
is increased, the efflux of water through stomata also may be increased, facilitating 
the escape or diffusion of contaminant Mercury. Earlier, release of Hg as volatile 
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form was reported by Siegel et al., (1974) according to whom certain vascular plants 
accumulate Hg from soil and release as volatile form of the element from their leaves. 

Another important aspect of phytoaccumulation of Hg in Bacopa monnieri is that the 
quantity of Hg given initially in nutrient medium was almost exhausted since only 
small quantity was retained in the residual medium after 12 days. In order to assess 
the accumulation potential of Bacopa monnieri, plants were allowed to grow up to 50 
days under additional dozes of HgCl2. It was found that accumulation as well as loss 
of Hg followed the same pattern as that of 10 µM during 12 days thereby confirming 
continuous absorption as well as release of Hg from the plants as long as the metal is 
present in the medium. An indirect evidence of loss of Hg from the leaves through 
stomata is the distribution and accumulation in the plant which range between 46% 
and 44% for 12 and 50 days respectively.

As mentioned earlier, bioaccumulation of Cd has been reported in many plants. 
Sensitivity towards accumulation of Cd in nutrient culture studies have been reported 
in Typha latifolia (Ye et al., 1997) and in pea seedlings (Cohen et al., 1998). According 
to Reid et al., (2003) Cd absorbed by basal roots of potato is translocated to phloem 
and ultimately enters and accumulates in phloem tubes. Kruger et al., (2001) suggested 
that divalent metals are transported as complexes of metal binding proteins within 
the phloem. Those authors further speculated that physical chemistry of Cd  reveals 
the role of Cd in forming strong complexes with sulfhydryl groups of proteins as well 
as Cl- ions both of which  are usually abundant in the phloem. 

Cadmium ions are fast mobile in plants. Many plants such as Potamogeton pectinatus 

(Rai et al., 2003), Arabidopsis thaliana (Perfus-Barbeoch et al., 2002), Phragmites 

australis (Ederli et al., 2004), Brassica juncea (Ishikawa et al., 2006) are reported as 
hyperaccumulators of Cd. Eventhough most of the Cd accumulators are recommended 
for phytoremediation (Pilon-Smits, 2005), translocation of Cd2+ to rice grains causing 
health hazards have been reported recently by Tanaka et al., (2007). According to 
those authors, Cd2+ are transported to Oryza sativa grains through phloem and about 
90-100% of the Cd is present in phloem sap.

 In B. monnieri storage tissues/organs are not present as it is a vegetatively propagated 
herb and hence the phytovolatilization of accumulated Hg and Cd is the only mode 
of detoxification which is essential for absorption/translocation of these metals 
continuously from the medium. 

Loss of both Hg and Cd from the leaves to the atmosphere is another method to reduce 
the bioaccumulation of these elements. Hence it is interesting to note that some sort of 
‘cycling’ of Mercury and Cadmium occur from the nutrient medium to the plant and 
from the plant to the atmosphere. So Bacopa monnieri plant is neither an excluder (Baker, 
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1981; Baker and Walker, 1990; Orcutt and Nilsen, 2000; Pilon-Smits, 2005) nor an 
accumulator of Mercury (Baker and Walker, 1990; Turner, 1994). Similarly, this plant 
never shows strategies like avoidance, internal detoxification or biochemical tolerance 
(Berry, 1986) because both Hg and Cd enter the plant and internal detoxification or 
biochemical tolerance are not apparent. However, the strategies of response shown by 
Bacopa monnieri towards Mercury and Cadmium may be considered as amelioration. 
According to Fitter and Hay (1983), amelioration means plant absorb the toxic ions 
and act upon it in such a way as to minimize the effect variously and this may involve 
chelation, dilution, localization or excretion. The ‘cycling’ of Mercury and Cadmium 
between growth media and atmosphere involves absorption, chelation to some extent 
by phytochelatins formation, localization in roots, translocation to the shoot and 
finally ‘excretion’ through stomata. If the growth medium is soil contaminated with 
Hg/Cd (heavy metals) the metals may enter the plant, translocates to the leaves and 
gets returned to the atmosphere, and finally reach the soil from the atmosphere. So the 
‘cycling’of Mercury and Cadmium here can be considered as Soil-Plant-Atmosphere-
Continuum, comparable to the SPAC concept of Water Relations in plants. 

Summary and Conclusion
Bioaccumulation study was conducted by growing Bacopa monnieri plants in nutrient 
medium containing known quantities of HgCl2 and CdCl2 for a short period of 12 
days at intervals of 2 days and a long period of 50 days at 10 days of intervals showed 
translocation of the metals to the entire plant body. Distribution pattern of both metals 
in different plant parts and metals retained in the medium after 12 days of growth, 
revealed the loss of significant amount of metals from the plant. The same pattern of 
absorption, translocation and phytovolatilization was confirmed by growing Bacopa 

monnieri plants in nutrient medium containing HgCl2 and CdCl2 for a period of 50 days.

1. Comparison between distribution and accumulation of Hg and Cd present in the 
residual medium and loss occurred during growth for 12 days, show more or less 
uniform quantity of Hg and Cd is retained in the plant. But in the medium, the metals 
are almost exhausted as growth proceeded and loss is proportionally increased. 

2. When additional doze of heavy metals is given and growth proceeded up to 
50 days also, the quantity of both Hg and Cd accumulated in the plant body 
maintained more or less uniform quantity and loss was proportionally increased 
as growth advanced.

3. The distribution pattern of Hg and Cd in the plant, nutrient medium and loss 
occurred from the leaves exhibits some sort of ‘cycling’ of these metals and hence 
a continuum is established between soil, plant and atmosphere comparable to the 
SPAC concept of  water relations in plants.
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acid contentin hybrid and organic green leafy 
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abstract 
Green leafy vegetables are nutrient rich, cost effective, safe and healthier food 
available throughout the year.  They provide dietary fiber, protein, essential 
vitamins and minerals like iron, calcium and magnesium etc.  The three green leafy 
vegetables - Spinacia oleracea,Trigonella foenum-graecum and Amaranth sp. were used 
in the present study to compare the amount of calcium, iron and ascorbic acid in 
conventional and organically grown plants. The conventional plants was collected 
from the local shops and the organic plants was collected from the farmers directly 
(AREA: Nagaruru, Nelamangala). The study envisaged on the variation nutritional 
in conventional and organically grown plants. The results showed the amount of 
calcium, iron and ascorbic acid was more in the organically grown plants. The higher 
content in organically grown plants can be attributed to diverse factors. Thus it can 
be concluded that organically grown greens are nutritionally better for consumption 
when compared to conventional greens.

Keywords: leafy vegetables, Organic, Calcium, Iron and Ascorbic acid 

Introduction
Vegetables are an important contributor to human well being. They are usually 
responsible for more subtle feeling of daily life and for protection from long term 
degenerated diseases and valuable sources of nutrients  with some  having  important  
medicinal  properties (Hilou,  2006). Green leafy vegetables have plenty of vitamins, 
minerals and disease-fighting chemicals.2). They are rich in fiber, which helps 
in digestion and keeps you full and hence aiding weight loss. Fiber also slows the 
absorption of carbohydrates hence controls blood sugar. 

Green leafy vegetables ensure beautiful skin and hair. Green vegetables are a good 
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sources of folate, which can reduce your risk of cardiovascular disease and memory 
loss as well as warding off depression. They are rich in iron and calcium.

Are Hybrid vegetables good for health and what are hybrid plants???

 y Currently the genetic improvement of plants is very popular because of the 
short-term benefits they can have in the global economy. This industry is 
strongly focused on plants with commercial and medicinal value (examples: 
vegetables, fruit trees, ornamental plants, medicinal plants, among others).

 y Hybridization happens when two closely related plants are cross-pollinated. 
The DNA of such vegetable is re-structured for good taste and higher 
cultivation. Such modified fruit or Vegetable will lose its original values.

 y These hybrids are selected to bring together beneficial characteristics of 
the parent plants. There are a wide variety of advantages of hybridization. 
However, selective breeding has pros and cons.

Humans too induce hybridization of plants because of its many advantages, namely

 y more vigorous and faster growing

 y more resistant to many diseases and afflictions.

 y more tolerant of little water or extremes of temperature 

 y Plants can even be selectively bred to produce more visually appealing 
characteristics, such as bigger or more brightly colored flowers.

Disadvantage:

 y Likely to be less nutritious
 y Taste differs, can be inferior than the original
 y May require more water for irrigation
 y loss of variety

Hybrid can be equally good. Because of the hybrids the world is today able to feed 
its ever growing population. Because of hybrids only, we can see so many different 
varieties of fruits and vegetables on the shelves of our shops and stores.

Organic vegetables:

Organic farming is however an altogether different concept. Organic production is 
an overall system of farm management and food production that aims at sustainable 
agriculture, high-quality products and the use of processes that do not harm neither 
the environment, nor human, plant or animal health and welfare.Consumers are 
anxious about food quality, production techniques and provenance and they trust 
organic foods more easily.
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Advantages:
 y Organic produce contains fewer pesticides.
 y Organic food product richer in certain nutrient.
 y Organic food is GMO free.
 y The modern western culture influence the diet has changed dramatically over 

the past century and with those changes have come a raft of degenerative 
diseases. Some of these diseases were never before known. Others are now 
occurring far more commonly and at younger ages than in generations past.

 y It is no coincidence that our changed diet and the rise of these diseases go hand-
in-hand. One of those changes has been that grain products have become one 
of the dominant sources of caloric intake today, despite being relatively low 
in nutrient value

Review of Literature
Deficiencies of micronutrients (minerals and vitamins) have become a major health 
issue globally. These deficiency disorders leads to poor quality of life, reduced 
economic productivity and precious human lives lost throughout the world. The most 
vulnerable groups usually suffering from micronutrient deficiencies are pregnant 
women, lactating women and young children, mainly because of relatively higher 
requirement of micronutrients and are more susceptible to the harmful consequences 
of micronutrient deficiencies (Benton, 2008; Fanzo, 2015).

The green leafy vegetables occupy an important role among the food crops as 
these provide adequate amount of many vitamins and minerals such as vitamin C, 
riboflavin, folic acid and minerals like calcium, iron and phosphorous.

Iron is an important essential mineral which is vital for many of the biological 
functions of the body. Iron in the body is primarily involved in oxygen transport as 
well as in various biological activities like cellular proliferation, electron transfer and 
enzymatic reactions. Report by the World Health Organization shows that of the 
nutritional disorders, iron deficiency anemia is one of the most common which has 
major effect on both health and economy .

Iron contribution in body is mainly through diet. The two main forms of iron are 
heme and non-heme, the former obtained from meat, fish, poultry and the latter 
obtained from plant source. Various studies have also shown that the absorption of 
nonheme iron from diets is low due to the limited amount of foods that stimulate the 
absorption of non-heme iron. In our country the major population has access to non-
heme iron food. Moreover their diets often have a low concentration of factors such 
as ascorbic acid that enhance iron absorption.
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To prevent the further increase in anemia which is increasing at an alarming rate, it 
is preferable to include food rich in iron that is also rich in ascorbic acid.

Calcium remains one of the most important nutrients required through the different 
stages of life, consuming foods rich in this nutrient is critical to maintaining good 
health. While milk and dairy products are the richest dietary sources of calcium, dark 
green, leafy vegetables contain a considerable amount of the mineral.

Spinach

 y Spinach (Spinacia oleracea) is an edible flowering plant in the family of 
Amaranthaceous. It is native to central and southwestern Asia. It is an annual 
plant (rarely biennial), which grows to a height of up to 30 cm. Spinach may 
survive over winter in temperate regions. 

 y Spinach is low in calories, yet extremely high in vitamins, minerals and other 
phytonutrients.

 y On the other hand, the western diet today contains only 40% of the volume 
of vegetables, such as spinach, than it did a century ago. The greatest of the 
green vegetables is spinach. Spinach is versatile and can be eaten cooke0d as a 
vegetable, raw in salads (a superior alternative to low nutrient iceberg lettuce) 
and in many other recipe forms.

Fenugreek

 y Fenugreek (Trigonella foenum-graecum) is an annual plant in the family 
Fabaceae. Fenugreek is a native to South Eastern Europe and West Asia, is 
cultivated as a leafy vegetable, condiment and as a medicinal plant.

 y The plant has anti arthritic property that leads to an important medicinal use 
of the plant in rheumatic disorders and spondylosis. Fenugreek is widely used 
in treating diabetes as it has quality to reduce the sugar level of the blood.

 y It is a natural source of iron, silicon, sodium and thiamine, and it is also used 
as digestive aid. It is also a good source of vitamin C, riboflavin, folic acid 
and minerals like calcium, iron and phosphorus. Fresh vegetables constitute a 
potential source of ascorbic acid and total carotene.

Amaranth

 y Amaranth is a cosmopolitan genus of annual or short lived perennial plants. Some 
amaranth species are cultivated as leaf vegetables, pseudocereals and ornamental 
plants. There are about six species in cultivation and they protect against several 
disorders such as defective vision, respiratory infections, recurrent colds, retarded 
growth, functional sterility, bleeding tendencies, leucorrhoea, and premature 
ageing. It is always available both in rainy and dry seasons, 
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 y The Amaranth leaves, after eating should provide high protein per calorie 
consumed, high dietary fiber, high iron, low fats and very high vitamin C, 
Vitamin A, Folic acid and calcium. 

With this background information, this present study was designed to estimate the 
iron , calcium and ascorbic acid content from spinach,fenugreek and amaranth leaves 
by titrimetric method.

MATERIALS AND METHODOLOGY

4.1  Estimation of calcium

4.1.1 Introduction

Calcium in a solution of the ashed sample can be determined gravimetrically by 
precipitation as the oxalate or by titration with EDTA if present in sufficient 
amounts. Trace amounts can be determined colourimetrically using glyoxalbis(2-
hydroxyanil) or turbidimetrically using oxalate.An automated spectrophotometric 
method based on the colour formed by using methyl thymol blue and trichloroacetic 
acid extracts of calcium. Flamephotometry can also be used but spectral interference 
from other metals and chemical interference from phosphate can lead to error results. 
Phosphate can be removed from the solution by precipitation as the zirconium salt. 
Atomic absorption spectrophotometric method , electrochemical, radioactive and 
spectrometric procedures are also reported for the estimation of calcium (Kirk and 
Sawyer,1991). However , for the determination of calcium from the green leafy 
vegetables, titrimetric method ,which is quick and less time consuming as well 
as feasible to carry out in large number of sample was used as mentioned by the 
AOAC(1995, titrimetric method 921.08).

4.1.2 Principle

Calcium in the sample solution is precipitated as oxalate by treating the sample 
solution with ammonium oxalate. Excess of oxalate is removed by treating with 
ammonia and the precipitate is dissolved in sulphuric acid, which is then titrated 
against standard potassium permanganate.

4.1.3 Procedure

AOAC,1995 method No.942.05 was used.

Two grams of moisture free charred sample was placed in a crucible and the crucible 
was placed in a temperature controlled muffle furnace preheated to 450C for 6hours 
until a grayish ash was obtained. The crucible was transferred to a dessicator cooled 
and weighed and returned to the muffle furnace until two consecutive weights were 
the same.



149

 isbn: 978-81-940448-9-5 | Plant Functional Biology

4.1.4 Preparation of  Sample Assay Solution

One gram of moisture free dry sample of the leaves was accurately weighed into a 
pre-weighed ignited and cooled crucible and then ignited at 4500C for 4hours. The 
greyish white ash thus obtained is softened with 5 drops of conc. HCl and 5 drops of 
distilled water, boiled for 1min, it was evaporated to dryness and heated on a steam 
bath for three hours to render SiO2 insoluble.It was again moistened with 5mLof dil. 
HCl placed in water bath for 2mins and it was diluted with equal quantity of distilled 
water and this was followed by heating on the water bath for another 10mins. This 
extract was then filtered and washed thoroughly with distilled water and the solutions 
was then made up to 100ML and was used as the sample assay.(AOAC,1995 method 
No.922.02)

4.1.5 Precipitation

Take 2ml of the ashed solution, 2ml distilled water was added. This 1ml of 4% 
ammonium oxalate solution was added and mixed vigorously in a shaker for 10mins 
and allowed to stand for 24 hours.the next day the solution was centrifuged for 
5mins in 1500rpm, the supernatant was removed and the residue was washed with 
dilute. ammonia solution to ensure complete removal of the ammonium oxalate. The 
precipitate was dissolved in 2ml of 1N sulphuric acidand the tubes were placed the 
water bath for 1min and titrated against 0.01N potassium permanganate solution 
till a definite pink is color persisted for atleast a minute. The reading of the blank 
consisted of 2ml of 1N sulphuric acid and was substracted from the sample value.

4.1.6 Calculation 

1ml of 0.01N KMnO4  = 0.2004mg of calcium 

Calcium = corrected titre reading X 0.2004 X 100/2 X moisture factor 

Sample Final reading Initial reading Titre value

Organic spinach 0.2 0.0 0.2

Hybrid spinach 0.5 0.2 0.3

Organic fenugreek 0.9 0.5 0.4

Hybrid fenugreek 1.2 0.9 0.3

Organic amaranth 1.6 1.2 0.4

Hybrid amaranth 2.2 1.6 0.6
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End point: Persistent pink seen in the hybrids.

4.2 Estimation of iron
4.2.1 Introduction

The presence of iron can be estimated by several methods including atomic absorption 
spectrophotometer, iodometric method involving the use of L-ascorbic acid 
colourimetric and titrimetric methods are available for the determination of total iron. 
In the AAS method iron is usually extracted with DTPA (diethylenetriaminepentaacetic 
acid) extraction agent. The ion concentrations are then determined using an atomic 
absorption spectrophotometer. In the colourimetric methods, the iron is released 
from the food by digestion with acid mixture and then it is treated with a chromogen, 
which forms a coloured complex with iron, which can be measured colourimetrically. 

The various chromogens available are potassium thiocyanide, alpha-alpha dipyridyl 
bathophenanthroline sulphonate, ferrozine and phenanthroline.Iron is susceptible to 
a wide range of oxidation-reduction reactions that may be mediated by unsusceptible 
agents like buffers, chromogens and even light. Potassium thiocyanide can measure 
iron upto a range of 10-0-50 pg range., It can measure both Fe++ and Fe +++ forms of 
iron. Potassium thiocyanide gives comparable results with the alpha-alpha dipyridyl 
method, is less expensive and was thus selected for the estimation of iron from GLVs.

4.2.2 Principle
Iron is determined colourimetrically making use of the fact that ferric ion gives a 
blood red colour with potassium thiocyanate (Wong, 1928).

Procedure
 y Collect 10grams of the fresh material ,clean and wash the sample.
 y Boil the sample in 30ml of distilled water for 30mins.
 y Filter the sample and incubate it for 24hours in fridge. Prepare 100ml of 0.1N KMnO4

 y Prepare an acid mixture in the ratio 1:5of distilled water and sulphuric acid 
respectively.

 y Take 15ml of the sample solution and to this add 25ml of the acid mixture and 
titrate it against 0.1N KMnO4.

End point is persistent pink for 1minute.
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Observation

SAMPLE INITIAL VALUE FINAL VALUE TITRE VALUE 

Organic spinach 19.18 ml 25 ml 5.82 mg/L

Hybrid spinach 4.2 ml 7.4 ml 3.2 mg/L

Organic fenugreek 0.0 10 ml 10 mg/L

Hybrid fenugreek 13.7 ml 18 ml 4.3 mg/L

Organic amaranth 13 ml 15.2 ml 2.2 mg/L

Hybrid amaranth 4.0 ml 13 ml 9 mg/L

Calcultion

                  % iron =  Normality of KMnO4 x Volume of KMnO4x100
                                                    Volume of the sample x 1000

Result

Sr. no PLANT SAMPLE % IRON

1. Organic Spinach 0.038

2. Organic Fenugreek 0.1

3. Organic Amaranth 0.014

4. Hybrid Spinach 0.02

5. Hybrid Fenugreek 0.028

6. Hybrid Amaranth 0.06

 



152

Doctrina - Three Day Intenational Webinar | isbn: 978-81-940448-9-5 

Initial Final 
4.3 Estimation of ascorbic acid

4.3.1 Introduction

Vitamin C or Ascorbic acid is a water soluble antioxidant that plays a vital role 
in protecting the body from infection and diseases. The deficiency of it can cause 
diseases like Scurvy which is characterized by abnormalities in bones and teeth. It is 
not synthesized in the human body and hence needs to be acquired from the dietary 
sources such a fruits and vegetables. Ascorbic acid is susceptible to oxidation by 
atmospheric oxygen over time. For this reason, the samples should be prepared fresh 
before the titration procedure is carried out. However if the samples are prepared 
a few hours earlier then oxidation can be minimalized by the addition of a small 
amount of oxalic acid. 

4.3.2 Principle

This method determines the Vitamin C concentration in a solution by a redox titration 
using Iodine. Vitamin C, or Ascorbic acid, is an essential antioxidant required by the 
human body. As the iodine is added to the extract during the titration, the ascorbic 
acid is oxidized to dehydroascorbic acid, while the iodine is reduced to iodine ions.
Ascorbic acid + I2 ---- 2I- + dehydroascorbic acid
Due to this reaction, the iodine formed is almost immediately reduced to iodide as 
long as there is any trace of ascorbic acid in the sample. As all the ascorbic acid is 
oxidized, the excess iodine is free to react with the starch indicator, forming the blue-
black starch iodine complex. This marks the end point of the titration.

4.3.3 Procedure

Solution and sample preparation 

 y Iodine Solution (0.005 mol L-1): Weigh 2g of Potassium Iodide into a 100ml 
beaker. Weigh 1.3g of Iodine and add into the same beaker. Add a few ml 
of distilled water to dissolve the salts and make the volume upto 1L in a 
volumetric Flask using distilled water.

 y Starch Indicator Solution (0.5%): Weigh 0.25g of soluble starch and add it to 
50 ml of near boiling distilled water in a 100ml conical flask. Stir to dissolve 
and cool it down before using it.

 y Sample Preparation: Cut 100g sample into small pieces and grind in a mortar 
and pestle. Add 10ml to the sample every time it is grinded, decanting the 
liquid extract. Blend the grinded material, filter and make the volume upto 
50ml after straining it through a cheesecloth.
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Titration 

1. Pipette 20ml aliquot of the sample solution into a 250ml conical flask and add 
about 150ml of the distilled water and 1ml of Starch Indicator.

2. Titrate the sample with 0.005 mol L-1 iodine solution. The end point of the 
titration is identified as the first permanent trace of a dark blue-black colour 
that is formed due to the starch-iodine complex.

3. The titration is repeated with the further aliquots of the sample solution until 
you obtain concordant results.

4.3.4 Observation

Titre value table (titrated against the iodine solution, using starch solution as an 
indicator):

SAMPLE INITIAL VALUE 
(average)

FINAL VALUE 
(average)

TITRE VALUE 
(average)

Organic Spinach            0.0 22.9           22.9

Hybrid Spinach            0.0 16.9           16.9

Organic Fenugreek            0.0 21.6           21.6

Hybrid Fenugreek            0.0 17.9           17.9

Organic Amaranth            0.0 20.2           20.2

Hybrid Amaranth            0.0 15.8           15.8

4.3.5 Calculation

If you need an average of 10ml of Iodine Solution to react 0.250g of ascorbic acid, 
then you can determine how much vitamin C was in the sample. 

For example if you require 6ml to react your sample extract, then the calculation will 
go as:

10ml of iodine solution/ 0.250g of Vitamin C = 6ml of extract/ Xml of Vitamin C

However the volume of the sample should be noted so that calculations grams per 
litre can be done.
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Initial Preparation 

 
Final Preparation 

Results
5.1 Estimation of calcium 

Sample Concenteration  (*10-3mg)

Organic Spinach 1.002

Hybrid Spinach 2.4048

Organic Fenugreek 2.40

Hybrid Fenugreek 3.9078

Organic Amaranth 2.8056

Hybrid Amaranth 7.2144

5.2  Estimation of iron 
Sample % Iron 

Organic Spinach 0.038

Hybrid Spinach 0.02

Organic Fenugreek 0.1

Hybrid Fenugreek 0.028

Organic Amaranth 0.014

HybridAmaranth 0.06
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5.3  Estimation of ascorbic acid

Sample Amount of Ascorbic Acid (in g)

Organic Spinach                             0.572

Hybrid Spinach                             0.422

Organic Fenugreek                             0.540

Hybrid Fenugreek                             0.447

Organic Amaranth                             0.505

Hybrid Amaranth                             0.395

Conclusion:
Presence of micro-nutrients is very important in our diet. Some of them which 
cannot be synthesized in our bodies need to be consumed in order to prevent the 
deficiency diseases that are caused by them. These micronutrients are essential for our 
well-being. The presence of these nutrients depends on a lot of internal and external 
factors. The place of cultivation, type of water used, proper irrigation, amount of 
pesticide sprayed, and other conditions the plant is subjected to determines how 
much of the nutrient the plant is synthesizing. 

From our above study we can conclude that the plants grown in a more organic 
environment, devoid of a lot of pesticide use and other harmful factors, have more 
amount of nutrients than the other commercially available ones which have been 
subjected to a lot of these harmful factors. Hence to obtain the maximum amount 
of value from these, we should practice growing and harvesting them in stress free 
environment, fulfilled with factors aiding to the increased percentage of nutrients 
present in them.
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abstract
Salinity is one of the key factors determining crop production and distribution in many 
areas. The problem of salinization is increasing regularly due to irrigation with low quality 
water and improper agricultural practices. Ipomoea violacea (Family- Convolvulaceae) is 
a mangrove associated plant known to possess hallucinogenic properties. The present 
study investigates some of the morphological and phytochemical variations of Ipomoea 

violacea, cultured in saline and non-saline conditions. Plants were grown in Hoagland 
solution and subjected to various salt (NaCl) treatments. Plants cultivated without salt 
stress served as the control. Ion content was determined using flame photometer and 
the variations in bioactive components were assessed using GC-MS. The stem tissues 
of treatment showed higher concentration of Na+ compared to the control while K+ 

content remained higher in the leaf tissues of the treatment. K+/Na+ ratio showed 
reduction in the leaf tissues while stem and root tissues exhibited a slight increase in the 
K+/Na+ ratio.  Several bioactive components like steroids, terpenes, fatty acids, phenols 
etc. were identified in the methanol extract of control and treatment. The concentration 
of such compounds showed significant increase in the salt treated plants rather than the 
plants grown in non-saline conditions. Thus, glycophytic conditions prove to be the best 
choice for this plant in terms of bioactive components for developing potential drugs. 

Keywords: Ipomoea violacea, Convolvulaceae, GC-MS, K+/Na+ ratio.

Introduction
Plants are adversely affected by nature’s wrath in the form of various biotic and abiotic 
factors (Jaleel et al., 2009). Salinity stress is one of the most important abiotic stresses, 
which effect plant growth and production. Nearly 20% of the world’s cultivated area 
and half of the world’s irrigated lands are affected by salinity (Cramer, 2002). Salt 
stress may occur immediately, slowly or continually which may again differ in dose 
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as periodically or gradually and become severe during any stage of the life cycle of 
plants. Salt tolerant plants differ from salt-sensitive ones in having a low rate of Na+ 
and Cl-  transport to leaves and the ability to compartmentalize these ions in vacuoles 
to avoid their build-up in cytoplasm or cell walls and thus avoid salt toxicity (Munns, 
2002). Osmotic adjustment using Na+ and Cl- is considered cheaper than using organic 
solutes, as long as the salt is sequestered in vacuoles whereas organic solutes provide 
the balancing osmotic pressure in the cytoplasm (Munns & Gilliham, 2015). Plants 
can evade the high carbon cost of organic solutes for osmotic adjustment by using 
mainly Na+ and Cl- (Munns et al., 2019). Ipomoea violacea (Family- Convolvulaceae) is 
a mangrove associated plant known to possess hallucinogenic properties. The present 
study investigates the effect of salinity stress on ion content and bioactive potentials 
of I.violacea grown hydroponically in glycophytic and halophytic conditions.

Materials And Methods
Plant Material 
Plant cuttings were collected from the coastal regions, washed with water and then 
grown in Hoagland solution for cultivation. Modified Hoagland solution (Epstein, 
1972) prepared as described by Taiz and Zeiger (2002) was used for hydroponic study. 
Based on the screening tests, the concentrations in which the propagules survived but 
exhibited approximately 50% growth retardation was selected as the treatment. The 
treatment used for the present study is 300mM NaCl. Plants cultivated in Hoagland 
solution without any salt stress served as the control.

Ion Content Analysis

Sample preparation: 1g of the dry plant tissue was homogenised in 10 ml of distilled 
water at 25o C for 10 minutes. The homogenate was centrifuged at 3000rpm for 15 
minutes and supernatant was filtered out. An aliquot of the filtrate was used for the 
Na+ and K+ determination by flame photometer. 

Stock solution: 2.542g of dried NaCl and 1.907g of dried KCl were weighed and 
transferred separately to 1L volumetric flasks. It was dissolved in distilled water and 
made up to 1000ml. 1 ml of stock solution equals 1 mg Na / K.

From the standard (Sodium and Potassium) solutions, four different working 
standards each were prepared. The concentrations of the working standards prepared 
were 2.5, 5, 10 and 20 mg/L. This served as the calibration standard. The ion (Na+ 
and K+) content analysis was done using Flame photometer (ELICO CL 378) at 
Department of Environmental Sciences, University campus, Mangattuparamba. The 
gas and air pressure of the flame photometer was initially adjusted to zero value. After 
calibration, the sodium content of the samples were read from the calibration curve 
corresponding to the emission values.
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GC-MS analysis
The GC-MS analysis of leaf extracts of the selected plants was performed using 
Thermo Scientific Trace 1300 Gas chromatograph with TG- 5MS Column (30m x 
0.25mm ID x 0.25µM) interfaced to an ISQ – QD Mass Specrophotometer (Perkin-
Elmer GC Clarus 500 system) at Research Division, Sir Syed College, Taliparamba, 
Kannur. For GC-MS detection, an electron ionization system with ionizing energy of 
70 eV was used. Helium gas (99.999%) was used as the carrier gas at constant flow rate 
of 1mL/min and an injection volume of 1µL was employed. The components were 
identified based on the comparison of their relative retention time and mass spectra 
with those of the Wiley NIST 7N Library data. 

Statistical Analysis

Each set of data is an average of three independent experiments. The data represents 
mean± standard error. Analysis of variance (ANOVA) was performed using SPSS 
software 18.0. Means were compared using the Duncan’s multiple range test at 5 % 
probability level.

Results & Discussion
Salinity stress resulted in increased accumulation of Na+ and K+ in all the tissues (root, 
stem and leaf) in case of I.violacea.  Major accumulation of Na+ was found in the stem 
tissues compared to root and leaf tissues. Increased K+ observed in the leaf and stem 
tissues of the treatment. Roots exhibited decrease in K+content. An increase in K+/
Na+ ratio was observed in stem and root tissues. The low K+/Na+ ratio in leaf tissues 
are not due to reduction in K+ uptake but due to increase in Na+ uptake. 

The methanol extract of I.violacea revealed presence of 25 compounds in the control 
and 20 compounds in the treatment. Tritetracontene (7.99%) was the major compound 
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observed in the control. The methanol extract of the treatment revealed Gamolenic 
acid as the major compound with peak area of 11.58%. 

GC-MS Chromatogram of  methanol extract of  I. violacea (Control) 

GC-MS Chromatogram of  methanol extract of  I. violacea (Treatment)

GC-MS Chromatogram of  methanol extract of  I. violacea (Control)

Sl.No. name of the compound Retention 
time

Peak Area%

i) Fatty acids

1 3-decenoic acid, (E)- 9.98 1.28

ii) Hydrocarbons

2 2-Undecene, (Z)- 10.34 2.57

3 Heptacos-1-ene 19.84 1.75

4 10-Heneicosene (c,t) 22.47 0.67

5 Tritetracontane 25.73 7.99

6 17-Pentatriacontene 25.87 2.99

7 Heptadecane, 9-hexyl- 26.47 1.49

8 Octatriacontyl pentafluoropropionate 26.7 1.82

9 Tetratetracontane 27.96 4.55

iii) Ester compounds

10 Fumaric acid, eicosyl trans-hex-3-enyl ester 11.44 2.48

11 1,9-Tetradecadiene 12.03 0.82
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12 Fumaric acid, octadecyl trans-hex-3-enyl ester 12.33 2.21

13 Carbonic acid, eicosyl vinyl ester 27.33 2.32

iv) Propionate compounds

14 Z-10-Methyl-11-tetradecen-1-ol propionate 12.76 0.48

v) Fatty alcohols

15 1-Hexadecanol 13.8 1.84

vi) Oxabicyclic compounds

16 13-Oxabicyclo[10.1.0]tridecane 14.14 4.9

vii) Fatty acid esters

17 Octadecanoic acid, (2-phenyl-1,3-dioxolan-4-
yl)methyl ester, cis-

14.63 0.49

18 Octadecanoic acid, 3-hydroxy-, methyl ester 21.02 2.87

viii) Ketones

19 Cyclohexadecanone 15.51 0.36

20 8-Octadecanone 18.2 0.7

ix) Aldehydes

21 E-15-Heptadecenal 16.96 1.58

22 13-Octadecenal, (Z)- 17.32 1.9

23 Eicosanal- 24.31 4.03

x) Steroids

24 Ethyl iso-allocholate 23.72 0.59

25 Campesterol 28.94 4.36

GC-MS Chromatogram of  methanol extract of  I. violacea (Treatment)

Sl.No. name of the compound Retention time Peak Area%
i) Alcoholic compounds

1 1,2,3-Butanetriol 6.01 0.84

ii) Pyranone compounds

2 Maltol 9.54 2.35

iii) Fatty acids

3 3-decenoic acid, (E)- 19.72 1.07

4 cis-5-dodecenoic acid 27.04 1.22

5 Tetradecanoic acid 29.63 0.62

6 n-Hexadecanoic acid 30.75 7.64

7 Gamolenic acid 31.5 11.58

iv) Ester compounds

8 Fumaric acid, octadecyl trans-hex-3-enyl ester 22.52 2.51
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9 Fumaric acid, eicosyl trans-hex-3-enyl ester 24.52 3.23

10 Hexadecanoic acid, 2-hydroxy-1-
(hydroxymethyl)ethyl ester

33.16 3.01

iv) Phenols

11 2,4-di-tert-butylphenol 25.31 0.73

v) Fatty alcohols

12 1-Hexadecanol 27.61 0.97

vi) Allyl alcohols

13 2-Butyl-2,7-octadien-1-ol 27.96 2.05

vii) Hydrocarbons

14 10-Heneicosene (c,t) 29.75 2.66

15 Heptacos-1-ene 31.61 1.31

16 Nonacos-1-ene 32.46 1.39

viii) Sesquiterpenes

17 Neophytadiene 30.04 4.24

ix) Fatty acid esters

18 Octadecanoic acid, 4-hydroxybutyl ester 30.81 5.44

x) Pthalate esters

19 diisooctyl phthalate 33.38 6.85

xi) Monoglycerides
20 9,12-Octadecadienoic acid (Z,Z)-, 

2,3-dihydroxypropyl ester
34.39 2.15

The accumulation of ions to toxic levels in plants is one of the major impacts of abiotic 
stresses like salinity. Plants retain their normal cellular metabolism by maintaining 
an increased K+/Na+ ratio. Salt tolerant plants generally exhibit high K+/Na+ 
ratio. Many plants like Solanum lycopersicum exhibit high K+/Na+ during saline stress 
conditions (Gumi et al., 2013). Reports have established that optimum concentration 
of K+ play a major role in alleviating salinity stress in plants like Triticum aestivum 
(Ahanger & Agarwal, 2017). K+ also regulates the turgor in stomatal cells and aid in 
mitigating water stress caused due to high salinity (Farooqui et al., 2016).

Presence of alkaloids, flavonoids, tannins and terpenoids were reported earlier in 
I. violacea by Mascarenhas et al. (2017). Most of the identified compounds possess 
pharmacological properties. Dodecanoic acid, 3-hydroxy and 9-Hexadecen-1-ol were 
the major compounds observed in the ethanol plant extract of I. staphylina. Dodecanoic 
cid, 3-hydroxy helps in curing fatty acid oxidation disorders, while 9-Hexadecen-1-
ol is widely used in cosmetics and also as an anti-hair fall agent (Padmashree et al., 
2018). Gamolenic acid was observed to be the major compound in case of methanol 
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extract of I. violacea exposed to saline stress conditions and is used for the treatment 
of breast pain and atoptic eczema (Pye et al., 1985). Based on the number of bioactive 
components, it is well clear that glycophytic conditions prove to be the best choice for 
the growth of I.violacea, when compared to halophytic conditions.
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abstract

Wild edible fruits play an important role in nutrition, medicinal and traditional 
lifestyles of the local people. Wild food plants are categorized as underutilized or 
neglected crops which grow in the wild. Grewia nervosa (Lour.) Panigrahi is one of 
the wild edible plants coming under the family Tiliaceae and commonly known as 
Chakiripazham or kottakka. The family comprises 50 genera and nearly 450 species. 
The present investigation was designed to determine biochemical constitutents 
such as carbohydrates, protein, crude fibre, crude fat, mineral content, total 
phenol and total flavanoid in the methanol fruit extract of Grewia nervosa. The 
phytochemical screening of the fruit showed the presence of carbohydrates(15.40mg/
g),protein(20.13mg/g),crudefibre(29.50%),Crudefat(0.8%),totalflavanoid(28.05mg
/g QUE), total phenol(42.03mgGAE/G), and minerals such as K(1.23%), N(0.82%), 
Ca(0.65%) were present in higher quantity. The results indicated that the fruit 
contain an appreciable amount of bioactive compounds. Medically the presence of 
these phytochemicals especially the phenols and flavonoids explains the use of Grewia 

nervosa in ethnomedicine for the management of various ailments.  

Key words: Grewia nervosa, Tiliaceae, bioactive compounds, ethnomedicine 

Introduction
Plants have been a valuable source of natural products for maintainig human health, 
especially, in the last decade with more intensive studies for natural therapies 
(Nascimento et.al.2000). Some wild plants and edible fruits are important constituents 
of biodiversity and their exploitation has become a valuable livelihood strategy. Fruits 
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are treasured as a valuable food source with potential health benefits, being a rich source 
of carbohydrates, vitamins, antioxidants and minerals which are necessary for an active 
and healthy life. Fruits occupy an important position in the socio-cultural and health 
systems of many countries and there is a growing interest in exploring their therapeutic 
and nutritional properties. Wild food plants are categorized as underutilized or neglected 
crops which grow in the wild (Goyal, 2012). Grewia nervosa is one such wild edible 
plant. The plant Grewia nervosa belongs to the family Tiliaceae and commonly known 
as Kottakka. The family comprises 48 genera and more than 600 species worldwide. In 
the present study, fruit pulp of Grewia nervosa subjected to Qualitative and Quantitative 
analysis of preliminary phytochemicals and mineral analysis. 

Materials and methods

Collection of Plant Material

Mature fruits of Grewia nervosa were collected from various localities of Kannur 
district during june 2018-August 2018. The plant specimens were identified using 
Local flora, available field keys and with the help of eminent taxonomists at M.S. 
Swami Nathan Research Foundation- Community,  Agrobiodiversity Centre 
(MSSRF-CAbC) Kalpetta and Department of Botany, Calicut University, Kerala. The 
fruits of the samples were washed for 3-4 times with running tap water and the pulp 
was separated and dried in hot air oven at 600 C for 12 days.  The dried material was 
powdered. From this powder 10g weighed and dissolved in methanol and kept in 
shaker for 24 hours. The slurry was filtered using whatmann No.1 filter paper and 
centrifuged. After filtration, the extract obtained was stored at 40 C in refrigerator 
and used for screening of different phytochemicals.  

a) Qualitative analysis

The methanol fruit extract was screened for the presence of secondary metabolites 
such as alkaloids, saponins, tannins, steroids, flavanoids, terpenoids, phlobotannins, 
coumarins, cycloglycosides, phenols and quinines. The method of analysis employed 
were those described by Kokate, (2000) and Harborne, (1999) for the presence of 
various active components.

b) Quantitative analysis 

Quantitative analysis includes estimation of total carbohydrate (Sadasivam and 
Manickam, 2008). Estimation of total protein by Lowry et.al. Method (1951), 
Estimation of phenolics by Makkar (2003), Estimation of flavanoid by Katasani 
Damodar (2011) and determination of crude fiber, crude fat by A.O.A.C methods. 
Mineral analysis of the sample was done by acid digestion method of Toth et al. (1948) 
has been followed for the analysis of inorganic constituents.        
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Results and discussion
The qualitative phytochemical analysis revealed the presence of phytoconstituents 
such as flavonoids, phenols, tannins, saponins, steroids, glycosides, alkaloids, 
terpenoid, coumarin (Table1). The quantitative analysis shows the presence of high 
rate of carbohydrate when compared to protein, crude fiber content found higher in 
the fruits and total phenol also higher (Table 2).The Results of Mineral analysis show 
the presence of essential macro and micro elements (Table 3). The macronutrients 
such as Potassium, Nitogen, and Calcium are present in high rate and among the 
micronutrients zinc shows high value. The results obtained in the present study 
revealed that Grewia nervosa fruit extracts proves to be potential source of natural 
antioxidant and hence justifies its use in folkloric medicine which might be used for 
further investigation. 

Table1: Preliminary Qualitative analysis of fruit pulp extract

Phytochemical compound Grewia nervosa

Saponin +

Tannin +

Steroid +

Flavanoid +

Terpenoid +

phlobotannin +

Coumarin +

Cycloglycoside +

Total phenol +

Quinine +

Table 2: Quantitative analysis of phytochemicals in the methanol fruit extract. 

Constituent Average value

Carbohydrate(mg/g FW) 93±0.91 

Protein(mg/g FW) 4.52±0.03 

Crude fibre (%) 9.08±0.04

Crude fat (%) 0.1±0.02

Total phenolics (mgGAE/g dW) 172.03±0.02 

Total flavanoid (mg/g) 83.6±0.01 

Total alkaloid(mg/g) 22.03±0.3 
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The Whole plant of Grewia nervosa has medicinal values but fruit is reputed for 
its antioxidant, anti-fertile, anti-biotic, spasmolytic, anti-diabetic, hypotensive, 
cardio-protective, antifebrile, anti-Tubercular etc. Properties (Parul et.al., 2013). The 

phytochemical analysis of Grewia oppositifolia revealed that the fruits contained higher value of protein, 

carbohydrate and minerals as compared to the cultivated fruits with 500gm and these fruits contain 

sufficient amount of nutrients required per day by a person. The preliminary phytochemical screening 

of these plant fruits show the presence of glycoside, flavanoid, phenol, tannin (Chandra et.al., 2013). 

Table 3: Mineral analysis of the fruit powder.

Mineral element Average value (%)

K 1.601 

N 1.4

Ca 0.61

P 0.17

Mg 0.20

Na 0.067

Zn 0.016

B 0.008

Cu 0.0024

Fe 0.0002

Conclusions
The phytochemical analysis revealed the presence of phytoconstituents such as 
flavonoids, phenols, tannins, saponins, steroids, glycosides, alkaloids. The fruits are 
rich in carbohydrate when compared to protein. Good source of fibre and Minerals 
such as Na, K, Ca, Mg, Fe, Zn, Cu, N. The results revealed that Grewia nervosa fruit 
extract proves to be potential source of natural antioxidant and good source of 
various nutrients, which are often comparable with other commercially available 
fruits. Information on the nutrient content adds to the existing knowledge about the 
nutritional values of wild edible species. 
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abstract
An attempt was undertaken for the physiological characterization of calyxicular and 
folicular nature of Vinca rosea, Allamanda cathartica, Hibiscus rosa-sinensis and Sida 

acuta. These species show a significant decrease in stomatal index of leaf, calyx and 
chlorophyll contents. The leaf stomatal index of V. rosea, A. cathartica is five percentage 
whereas in S. acuta and in H. rosa-sinensis it is two percentage. The Chl-a, Chl-b, Total 
Chlorophyll contents in leaves is highest in V. rosea, A. cathartica the least in S. acuta, 
H. rosa-sinensis .The calyx chlorophyll content is least in V. rosea, and in S. acuta, H. 

rosa-sinensis is similar to A. cathartica. The stomata types, guard cells and subsidiary 
cell natures are similar in leaf and calyx. The calyx vein patterns of S. acuta, H. rosa-

sinensis are parallel type whereas leaf has reticulate type. In case of V.rosea, A. cathartica 

leaves are reticulate but in calyx it is parallel .An average calyx length, width and 
pedicel length of S. acuta and V. rosea are almost similar to A. cathartica and H. rosa-

sinensis. The comparative characterization of calyxicular and folicular nature may be 
used as a prime taxonomical tool in distinctive and taxonomic delimit of angiosperms 
classification.

Key words: Calyx, Leaf, Stomata ,Chlorophylls.

Introduction 
Taxonomic information provides the base line for most of the studies in biological 
sciences. Most of the taxonomic information is based on phenotypic characteristics 
of plants. As phenotypic markers are under the influence of environment, it may 
lead to the taxonomic confusion, Faiza Khan et al., 2014.Morphological characters are 
routinely used for preliminary evaluation because they are  simple, cheap and can be 
used as a general approach for assess plant genetic diversity Jingura and Kamusoko. 
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2015. The morphological and leaf epidermal features have been found to be the key 
element in the taxonomical studies. One of the excellent review studies highlights the 
application of morphological features in plant systematic studies Sterm.2000; Edeoga 
and Eboka. 2000; Edeoga and Ikem.2001. 

Major and diverse uses of stomata have been made in plant systematics. Metcalfe 
and Chalk 1950; and Dilcher.1974 have emphasized the systematic application of 
stomata types while Shah and Gopal. 1969 considered the stomata as a weak point in 
taxonomic classification. Pant and Khara.1969 reported that the stomata type is not 
constant for a taxonomic category of any rank. Stomatal variability has been shown 
in different plant species that the anatomical characteristics of the leaf epidermis 
and mesophyll have a direct bearing on the capacity to adapt to the environment 
Liu et al., 2015. While the systematic studies on the development and morphology 
of stomatal types may be expected to give evidence for various evolutionary trends 
among the angiosperm families, it may also aid in assigning taxa of uncertain to 
proper positions Paliwal and Anand.1978. In plant kingdom, the quantification of 
chlorophyll provides important information about the effects of environments 
on plant growth Schlemmer et al., 2005. The main objective of present study is to 
evaluate comparative morphological, stomata index and chlorophyll contents in calyx 
and leaf of four selected angiosperms species.  

Materials Methods 
A study was undertaken to know the morphology, stomatal index and quantification 
chlorophyll of selected candidate species. Four plant species were selected within two 
families such as malvaceae and apocynaceae. These plants are commonly available and 
easily collected in or around the Sir Syed College campus for carrying out research 
work.

Description of Candidate Species 
Sida acuta Burm.f. - It is a Perennial, annual or sub-shrubby herb 0.3–1(–1.5) m 
tall. Stems branched, puberulous. Leaves distichous, bright green, narrowly ovate or 
narrowly elliptic, 2–8.5(–10) × (0.5–) 2–2.5(–3.8) cm, acute at the apex, obtuse to 
rounded at base, sharply toothed, ± glabrous or lower leaves sometimes pubescent; 
petiole 2.5–6 m long; stipules almost leafy, linear to lanceolate or falcate, up to 10 mm 
long, 1.5 mm wide, sometimes with those of a pair unequal, one linear and the other 
lanceolate.

Flowers solitary and axillary or less often few together in the axils; pedicel 2–12 mm 
long, puberulous; calyx 5–8 mm long, glabrous or ciliate, divided to middle into 
triangular acuminate lobes. Corolla creamy white, yellow, pale orange or apricot, 
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sometimes darker orange at base; petals (4–) 6–9 mm long.Staminal column 1–2 mm 
long, pubescent and sometimes glandular. Fruits are mericarps (5–) 6–8, 3–4 mm 
long. The mericarp structure shows great diversity in different species in Sida. It is 
one of the key characters in identifying the species. This concurs with the suggestions 
made earlier Sivarajan, et al., 1999 and Kumar Avinash Bharati.2016.

 Hibiscus rosa-sinensis L.:- It is a shrubs, about 2-4 m tall. Stems woody, glabrous, 
branchlets, sparsely pubescent with simple and stellate hairs. Leaves simple, alternate 
or rarely lobed, broadly ovate to lanceolate, about 5-13 x 3-9 cm across, base cuneate 
to rounded, 3-5 veined, midrib usually with obscure nectarines, margins crenate-
serrate to dentate throughout, apex acute to acuminate, membranous, glabrous above 
and with sparse stellate hairs beneath, petiole with sparse stellate hairs, about 1.5-4 
cm long, stipules lanceolate, subulate, glabrous, about 3-11 mm long.           

Inflorescence usually axillary, solitary, by the reduction of the upper leaves. Flowers 
bisexual, about 6-12 cm across, pedicel slender, jointed towards the apex, pubescent 
with hairs beneath, about 1-1.5 cm long, epicalyx 5-8, base connate, apex forked with 
one leaf lobe, about 0.5-1 cm long, calyx 5 lobed, distinctly nerved, campanulate, lobes 
broadly lanceolate, base connate, apex acute to acuminate, valvate, sometimes with 
nectarines, persistent, with stellate and glandular hairs outside, about 1-2 cm long, 
corolla showy and large, yellow, white, orange, and purple at the base, campanulate. 
Staminal column about 4-9 cm long, filaments about 3-9 mm long, anthers basifixed, 
throughout. Ovary superior, 5 locular, axile placentation, style about 5-5 mm long, 
stigma discoid, capitates, reddish or orange. Fruit capsule, globose, are formed rarely, 
about 2.5-3 cm across, apex beaked or rounded, seeds reniform, about 5 mm across, 
dark brown to black.

Catharanthus roseus (L) G.Don.:-Perennial subshrub, woody at base, up to 1 m tall, 
usually with white latex and an unpleasant smell; roots up to 70 cm long; stems 
narrowly winged, green or red, shortly hairy to glabrous, often woody at base. 
Leaves decussately opposite, simple and entire; stipules 2–4 at each side of the leaf 
base; petiole 3–11 mm long, green or red; blade elliptical to obovate or narrowly 
obovate, 2.5–8.5 cm × 1–4 cm, base cuneate, apex obtuse or acute with a mucronate 
tip, herbaceous to thinly leathery, glossy green above and pale green below, sparsely 
shortly hairy to glabrous on both sides.

Inflorescence terminal, but apparently lateral, 1–2-flowered. Flowers bisexual, 
5-merous, regular, almost sessile; sepals slightly fused at base, (2–) 3–5 mm long, 
erect, green; corolla tube cylindrical, 2–3 cm long, widening near the top at the 
insertion of the stamens, laxly shortly hairy to glabrous outside, with a ring of hairs in 
the throat and another lower down the tube, greenish, lobes broadly obovate, 1–2(–
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3) cm long, apex mucronate, glabrous, spreading, pink, rose-purple or white with a 
purple, red, pink, pale yellow or white centre; stamens inserted just below the corolla 
throat, included, filaments very short; ovary superior, consisting of 2 very narrowly 
oblong carpels, style slender, 15–23 mm long, with a cylindrical pistil head provided 
at base with a reflexed transparent frill and with rings of woolly hairs at base and 
apex, stigma glabrous. Fruit composed of 2 free cylindrical follicles 2–4.5 cm long, 
striate, laxly shortly hairy to glabrous, green, dehiscent, 10–20-seeded. Seeds oblong, 
2–3 mm long, grooved at one side, black.

Allamanda cathartica L.:-An ever green scandent shrub; branches circular, smooth and 
green. Leaves in whorls of 4 or opposite, oblong, obovate or oblanceolate, 6-10 x 3-4 
cm, acuminate, cuneate, ± coriaceous, penni-nerved, entire, glabrous above, pilose 
on nerves beneath; petiole short c. 5 mm long.Inflorescence axillary or a terminal 
cymose panicle, bracts deciduous. Flower showy, bright yellow. c.8 cm in diameter. 
Sepals 5, lanceolate-ovate, acuminate, glabrous, c. 7-10 mm long. Corolla tube c.2.5 
cm long, throat infundibuliform, c. 1.25 cm in diameter, lobes orbricular-rotundate 
c. 3.5 x 4 cm, glabrous. Stamens inserted in the throat, acute, c. 3.5 mm long; filament 
very short; style c. 2.5 cm long, filiform; fruit a globose-subglobose prickly capsule, c. 
2-3 cm long, prickles soft, c. 7.5 mm long, seeds many, obovate, flat winged.

Morphological Study of Calyx: - Fresh plant materials were collected in the morning 
flowering time itself, in order to maintain fully physiologically turgid condition. The 
plants were taken to Botany lab for immediate study of various morphological features. 
The characters like height, width, shape, appendages, texture, color, bracts, pedicel 
length and vein patters of calyx were studied. The height, width, pedicel length were 
measured using measuring scale. The observations were tabulated. These characters 
were observed with the aid of Binocular microscope. 

Study of Stomatal Index: - The stomatal density was determined on the number 
of stomata per square millimeter of leaf. The index was determined as the number 
of stomata per square millimeter divided by the number of stomata plus number of 
epidermal cells per square millimeter multiplied by 100. The microscopic observations 
were made by MagCam D5 digital device. The stomatal index (SI) was intended using 
the equation described by Salisbury.1972, that is: 

      Stomatal index =    Number of stomata(S) X 100               
                                         Number of epidermal cells +Number of stomatal cell

Where, S = donates the number of stomata per unit area and E = the number of 
epidermal cells in the same unit area.           

Chlorophyll Estimation:-The chlorophyll content is estimated according to the 
method of Arnon .1949. About 200mg of calyx and leaf sample is cut in to small 
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pieces and homogenized in a pre-cooled mortar and pestle using 80% (V/V) acetone. 
A pinch of calcium carbonate was added while grinding. The extract was centrifuged 
at 3000 rpm for 15 min and made up to 25 ml with 80% (V/V) acetone. The clear 
solution was transferred to a cuvette tube and the optical density was measured at 645 
nm and 663 nm, against an 80% acetone blank in spectrophotometer. The levels of 
chlorophyll ‘a’, chlorophyll ‘b’ and total chlorophyll were determined.

Results and Discussion 
Sida acuta, L.is a common plant with high medicinal value belonging to Malvaceae. 
Compared to Hibiscus; calyx length, width, and pedicel length are smaller (Table.1).
The calyx is cup-shaped with five appendages, hairy and smooth texture. It is green in 
color, fused and epicalyx is absent. The calyx vein pattern is similar in both Sida and 
Hibiscus which is parallel. Calyx is transparent with two bracts. The foliar epidermis 
is one of the most significant taxonomic characters from the biosystematics point of 
view and the taxonomic studies of a number of families of leaf epidermis have been 
evidential Bhatia. 1984; Adedeji.2004.

Hibiscus rosa-sinensis, L. is very common which belongs to Malvaceae. It is a medium 
sized shrub. The quantitative calyx morphological analysis reveal that the height, 
width, and pedicel length were significantly different (Table.1).calyx is cup-shaped 
with five appendages, hairy and rough texture. It is green in color, fused and epicalyx 
is present. It is very interestingly noticed that vein pattern of calyx is parallel whereas 
the leaf venation is reticulate. Calyx are opaque in nature with bract (Table.1). 
Variations in morphology and trichome distribution are supporting characters of the 
taxonomy that distinguish species within the Hibiscus genus Shaheen et al., 2009.  

Allamanda cathartica, L. is a common xerophytic plant belongs to family apocynaceae. 
The calyx quantitative morphological analysis reveals that calyx height, calyx width 
and pedicel length slightly varying from each other (Table.1). The calyx is round 
shaped with five appendages, hairless and smooth texture. It is green in colour, fused 
and epicalyx absent. The calyx vein pattern is parallel compared to leaf. Calyx is 
opaque in nature (Table.1).

Vinca rosea, L. is a common medicinal plant belongs to the family apocynaceae. It 
is very interestingly notice that calyx length, width and pedicel length less than 
one centimeter (Table.1). The calyx is lanceolate with five appendages, hairless 
and smooth texture. It is light green in colour, fused and epicalyx absent. The calyx 
vein pattern is parallel compared to Allamanda. The calyx is transparent in nature 
(Table.1).According to Shaw et al., 2009 and El-Domyati et al., 2012, detection of 
different varieties of Catharanthus roseus was based on the color of the petals and 
eyes of the flower and the middle color. Siti Samiyarsih et al., 2019 conducted similar 
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kinds of studies in different varieties of Catharanthus and found out similar results. 
The overall results of morphological analysis reveals that calyx vein pattern is always 
parallel, irrespective of four selected species as compared to the leaves. The shape of 
calyx is varying in these species. The calyx color is greenish in nature with fused. In 
Hibiscus epicalyx is common but absent in others. The number of calyx appendages 
are common in each selected species irrespective of family. 

Table: 1.Morphological Characterization of Calyx

Name of Plants
Height 

[cm] 
Average

Width 
[cm] 

Average

Pedicel  
length[cm] 

Average
Shape No. of 

Appendages Hairs

S. acuta 0.88 1.07 0.65 Cup Five Present

H.rosa-sinensis 2.13 1.81 1.66 Cup Five Present

A. cathartica 1.6 1.08 1.05 Round Five Absent

V. rosea 0.38 0.31 0.31 Lanceloate Five Absent

Name of Plants Texture Colour Fused/ 
Free Epicalyx Vein Pattern Opaque/ 

Transparent

S. acuta Smooth Green Fused Absent Parallel Transparent

H.Rosa-sinensis Rough Green Fused Present Parallel Opaque

A. cathartica Smooth Green Fused Absent Parallel Opaque

V. rosea Smooth Green Fused Absent Parallel Transparent

Calyx and Leaf Stomatal Index:-Stomatal index is one of the common taxonomic 
tools for delimiting different taxa on angiosperm family. In this studies both stomatal 
index of calyx and leaf were observed and documented. In case of Allamanda at 10X 
and 40X have similar indices (20.00) and Vinca leaf stomatal index at 10X and 40X 
have similar indices (25.00).The stomatal index of Hibiscus leaf at 10X is 33.41 and 
at 40X is 33.33.In case of Sida acuta leaf stomatal index at 10X is 31.04 and 40X is 
25.00.Similar kind of studies conducted on calyx in order to know any variability in 
different species. In case of Hibiscus and Sida, no stomata was observed due to high 
mucilage content whereas Allamanda and Vinca presence of stomata was observed 
Table.2.It indicated that calyx is protective in nature in Hibiscus and Sida. According 
to Adams et al., 2011 the most beneficial adaptation of plants in responding to the 
effect of environmental factors is to maintain the rate of transpiration by reducing 
the density and size of stomata.



175

 isbn: 978-81-940448-9-5 | Plant Functional Biology

Calyx of Allamanda and Vinca have stomatal index; it indicated that both calyx 
and leaf plays photosynthetic function. Rao and Ramayya., 1977 investigated the 
stomatal distribution in the vegetative and floral parts of ten species of Hibiscus. 
This was followed by a more comprehensive study on the distribution of stomata in 
relation to plant habit in the order Malvales by Rao and Ramayya.,1981 in which the 
distribution of stomata in the stipules and leaves of H.rosasinensis were reported to be 
amphistomatic.

Table.2. Stomatal index of leaf and calyx of selected candidate species

  Sl.No Plant species Leaf stomatal index 
[Adaxial]  1mm2

Calyx stomatal index 
[Adaxial] 1mm2

10x  40x 10x  40x

1 H.rosa-sinensis 33.4 33.4 * *

2  S.acuta 31.0 25.0 * *

3 A. cathartica 20.0 20.2 21.67 20.0

4 C. roseus 25.0 25.0 16.6 16.6

 *  Not clear due to mucilaginous substances

Chlorophyll Estimation of Calyx and Leaf

Chlorophyll pigment content of calyx and leaf shows a significant difference in terms 
of chlorophyll-a, chlorophyll-b and total chlorophyll content. The highest chlorophyll 
content reported in Vinca compared to Allamanda. Chlorophyll content of Hibiscus 
and Sida shown less. Chlorophyll-a always dominant over chlorophyll-b.In case of 
calyx of selected species shown significant reduction in chlorophyll content compared 
to leaf. The chlorophyll content of Vinca and Hibiscus were the least and Sida and 
Allamanda were the highest Fig.1. It was noticed that chlorophyll contents and 
stomata are densely distributed. It indicated that calyx is an organ for photosynthesis 
and also flowers are comparatively longer self-life. The diversity of chlorophylls such 
as chl-a, chl-b etc and total chlorophyll contents does not give any valid information 
for classification of higher plant because these pigments are commonly distributed all 
the vascular and non-vascular plant with slightly varied its concentration with species 
to species. Ajayan et al., 2015.The chlorophyll-a, chlorophyll-b and total chlorophyll 
contents of four angiosperm species in calyx and leaves had shown comparatively slight 
differences among themselves. Even though, chlorophyll content in angiosperms did 
not give any valid information in classification of taxa.  
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Fig.1.Comparative chlorophyll contents of calyx and leaf in selected plant species.

Conclusion 
The outcome of research work indicated that all the four selected plant species show 
considerable variabilities in morphological, anatomical and physiological aspects .The 
calyx and leaves are always green in color but physiologically different in function. 
Allamananda and Hibiscus always shows higher calyx height, width and pedicellate 
length compared to Sida and Vinca. Calyx shapes varies from species to species. It 
is noticed that calyx always shows slightly greenish compared to leaf. The stomatal 
distributions is higher in leaf compared to calyx. The main function of stomata in leaf 
is photosynthesis whereas in the calyx it is accessory photosynthesis and protection. 
The stomatal index of leaf is always higher than calyx. The chlorophyll pigment 
analysis revealed that high chlorophyll content in leaf compared to calyx. The stomatal 
distribution and chlorophyll content indicates that leaf are the chief photosynthetic 
organ compared to calyx. 

The vein pattern in leaf always differ from calyx. In leaf reticulate type and calyx 
shows parallel venation. Within dicot species two types of vein patterns are observed. 
In taxonomical identification vein pattern is strictly mentioned whether it is leaf or 
calyx. Both leaf and the calyx are originated from common organ but structurally and 
functionally different. This kind of work is always a helping tool for the taxonomical 
delimit of different plant species.
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abstract
Somany edible legume genus were reported from Kerala, with more than one edible 
species like Vigna, Peuraria, Cajanus, Canavalia, Phaseolus etc. One of such genus Canavalia 
is selected here for the study. There are several edible species reported under the genus 
Canavalia such as cathartica, gladiata, mollis, ensiformis, rosea, maritima etc. The present 
study is to evaluate the significant changes in the chemical composition of two wild edible 
and two cultivated species of Canavalia; such as ensiformis, gladiata, roseaand cathartica. 
The seeds of all the plants were subjected to dry weight determination, qualitative as 
well as quantitative biochemical analysis. Qualitative analysis showed the presence of 
seven secondary metabolic compounds such as tannin, saponin, flavanoid, terpenoid, 
coumarin, phlobotannin and total phenol. Compounds like carbohydrate, pectin, 
proline and fiber were found higher in wild species, while cultivated plants were found 
superior for both starch and phenolics.Protein is almost equally present in all selected 
species of genus Canavalia. But tests reveal that Canavaliarosea is highly proteinaceous 
among the four. Coming to the results of enzymatic and non-enzymatic antioxidants, 
we found that the cultivated species Canavaliagladiata and Canavaliaensiformis were 
superior for both. The presence of the high level of compounds like tannin and phytic 
acid keeps man away from wild edibles; even though they are rich with vitamins and 
minerals. The outcome of this comparative profile of phytochemical properties and 
anti-oxidant enzyme activity of the four edible species of Canavalia suggest that these 
seeds need to be highly recommended in everyday diet of man, because each of them 
can be helpful for normal metabolic activities of living organisms.

Key words: Legumes, Phytochemistry, Canavaliacathartica, Canavaliarosea, 

Canavaliagladiata, Canavaliaensiformis.
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Introduction
Legumes are consumed primarily as seed foods; but pods, leaves and roots or tubers 
of various species are also eaten (Allen, 2013). Recentlyit is being acknowledged 
that food proteins are not only a source of construtive and energetic compounds 
as the aminoacids, but also they may play bio-active roles by themselves and/
or can be the precursor of biologically active peptides with various physiological 
functions (Duranti, 2006). The high protein content makes them desirable crops in 
agriculture. The consumption of legumes has also been reported to be associated with 
numerous beneficial health attributes (Messina, 2016) such as, hypocholesterolemic, 
antiatherogenic, anticarcinogenic and hypoglycemic properties (Ndidiet al., 2014). 

Canavalia is a legume that offers good possibilities for getting protein, fiber, amino 
acids (rich in lysine), minerals etc. (Vadivel, 2001). But studies reveal that pressure 
cooking and roasting will reduce lysine levels (Bressani et al., 1987). Anti-nutrients 
inCanavaliaare typified by lectin, phytin, tannin, cyanide etc. (Agbede and Aletor, 
2005). Tannin is a natural plant polyphenol. It can induce astringency or a bitter 
taste or it can have a delayed response related to toxic effect.Phytates can reduse the 
rate of digestibility of starch, protein, fat and minerals; and thereby cause problems. 
So that the present study focuses the significant changes in the nutritional and anti-
nutritional composition of selected wild and cultivated species of sward bean.

Materials and methods
The Identification of the seeds collected from the study area was confirmed by 
matching the specimens with the authentic specimens at various Herbaria. All the 
plants were subjected to dry weight determination, qualitative as well as quantitative 
biochemical analysis. Qualitative analysis of secondary metabolic compounds 
includes alkaloids, saponins, tannins, steroids, flavonoids, terpenoids, phlobotannins, 
coumarins, cardiac glycosides, phenols, glycosides, quinones and anthraquinones. 
The method of analysis employed were those described by Harborne (1973). 

The amount of material left after the removal of the moisture was the dry matter. Dry 
matter and moisture of the material were determined by the method of AOAC(1990). 
Dishes were washed with detergents and then were dried at 1000 C in oven for 
overnight. Then dishes were removed from oven and then kept in dessicator for 
cooling and weights. Ten gram seed sample was taken in dishes and placed in oven 
at 1000 C for 10hours then followed by 600 C for overnight. Dry matter and moisture 
were calculated by using the following formulae:-

Dry matter(%)   = (Weight of dish + Weight of dried sample) - Weight of dish)  X 100
    Weight of sample before drying

Moisture content (%)  = (Weight of fresh sample – Weight of dry sampe)  X 100
     Weight of fresh sample
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Then the seeds were quantitatively estimated for starch (Hedge and Hofrieiter, 1962), 
carbohydrates (Hedge and Hofrieiter, 1962), crude fiber (Maynard, 1970), pectic 
compounds (Ranganna, 1979), protein (Lowry et al., 1951), proline (Bates et al., 1973) 
and phenolics( Makkar 2003). The seeds were tested to know their anti-oxidant 
composition; both enzymatic (SOD (Beauchamp and Fridovich, 1971) and Catalase 
(Aebi, 1984) as well as non-enzymatic anti-oxidants (Polyphenols (Folin and Denis, 
1915) and Ascorbic acid (Mukherjee and Choudhuri, 1983). Then tests were done 
to obtain the composition of mineral elements( K,P,B,N,Na,Ca,Fe,Zn,Mg& Cu),  
secondary metabolites (Tannin &Phytic acid) and vitamins ( A &E) also.

Figure 1. A. Canavaliaensiformis, B. Canavaliagladiata, C. Canavaliacathartica, D. Canavaliarosea.

Results and Discussion
The amount of moisture in the seeds is the most important factor influencing seed 
viability. Generally seeds with higher moisture content will have a lower shelf life.  
In comparison higher moisture content is recorded for Canavalia cathartica. Hence we 
can say that it is having more viability and less shelf life.

Figure 2. Amount of moisture content & dry matter ; Amount of protein in legume seeds.

Every genus will definitely shows its own unique chemical profile during the qualitative 
tests. Among the twelve compounds tested the genus Canavalia shows the presence 
of saponin, tannin, coumarin, flavonoid, terpenoid, phlobotannin and total phenol. 
Then coming to the quantitative estimations the compounds such as carbohydrate, 
pectin, proline and fiber were found higher in wild species Canavaliacatharticaand 
Canavaliarosea. While cultivated species Canavaliaensiformisis found superior for 
starch and phenolics.Protein is almost equally present in all selected species of genus 
Canavalia. But tests reveals that Canavaliarosea is highly protenaceous among the four.
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Table 1.Results of biochemical profiling.

Figure 3. Graphs showing results of phytochemical studies

Studies depicts that anti-oxidant components have the potential to lower the risk 
of several diseases (Kahkonen et al., 1999). The non-nutrient metabolites, when 
compared to pharmaceuticals, have a low potency, but being a part of regular diet 
in considerable amounts, they apparently provide long-term health profiling effects 
(Pasrichaet al., 2014). So that screening to find the amount of anti-oxidants is very 
significant. Coming to the results of enzymatic and non-enzymaticantioxidants, 
we found that the cultivated species Canavaliagladiata and Canavaliaensiformis were 
superior for both. Antioxidants like ascorbic acid, poly phenols and catalase were 
found nearly equal in all selected plants, but superoxide dismutase is comparatively 
found higher in legumes. 

Figure 4. Amount of enzymatic and non- enzymatic antioxidants in legumes.

Tannin and phytic acid are some of the major anti-nutritional factors causing health 
issues on consumption of legumes in general. Phytates can reduce the digestibility 
of starch, protein, fat and minerals and thereby causing troubles in digestive system. 
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Tannin can cause astringency or even toxic effects on consumption. This negative 
health effect signifies the tests for knowing the amount of secondary metabolites in 
edible legumes. The studies reveals that due to the presence of the high level of such 
compounds keep man stay away from wild edibles; even though they are rich with 
vitamins and minerals. 

Figure 5. Graph and table showing test results of secondary metabolites and vitamins.

Conclusion
All type of edible legumes, whether cultivated or wild; are having rich nutritional 
composition including protein, phenolics, amino acids, vitamins, minerals, 
anti- oxidants etc. The results of this study reveal that under-utilized wild 
legumesCanavaliacatharticaand Canavaliarosea are having immense amount of 
beneficial dietarycompounds. As we prefer healthy diet, these legumes areundoubtedly 
suitable for our daily diet. Tannin and phytic acid are some of the major anti-
nutritional compounds found in wild legumes. The presence of these chemicals may 
cause astringency or a bitter taste. This makes them less preferable edibles; even 
though they are rich with vitamins and minerals.
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abstract
The study aims to find out the attitude towards education for sustainable development 
among student teachers. The sample for the present study consisted of 500 student 
teachers of Kerala. In this study the investigator used an attitude scale to measure the 
attitude towards education for sustainable development among student teachers. The 
study reveals that Student teachers at secondary level have a favorable attitude towards 
Education for Sustainable Development and also that  there exist significant difference 
in the mean scores of attitude towards Education for Sustainable Development 
among the student teachers with respect to locale and Type of Management , but 
no significant difference exist in the mean scores of attitude towards Education for 
Sustainable Development among the student teachers with respect to Gender and  
Subject of specialization.

Keywords - Environmental sustainability, Education for sustainable development, Student 

teachers

Introduction 
The world is challenged by a changing climate, biodiversity loss and environmental 
degradation.  Sustainable development assumes a very important place in our life 
today, due to the unprecedented rush for economic development set off all over.  
The multiple tragedies of pollution of land, water and air, loss of several species 
of Flora and Fauna, loss of Forest cover, Fall in the level of ground water, global 
warming are all threatening the ultimate destruction of man’s “nest”.  In this scenario 
of reckless habitat destruction, education and the educators could play a vital role in 
disseminating knowledge to the key segments in the population, who would halt this 
process of environmental destruction that threatens global security.



186

Doctrina - Three Day Intenational Webinar | isbn: 978-81-940448-9-5 

Sustainable development is the development that meets the needs of the present 
without compromising the ability of the future generation to meet their own needs. 
Sustainable development is the process of judicious use and conservation of natural 
resources.  For the overall improvement in the quality of life for the present and 
future generations on long term basis. The judicious use of non-renewable resources 
and conservation of renewable resources enhance the quality of life of the present 
generation.  In short, sustainable development is the development which is pro-
people, pro-nature, pro-job, pro-women and on e that does not threaten future 
generations.

Teachers play a critical role in enhancing Education for Sustainable development. All 
teachers need to be educated and involved in learning for Sustainable Development. 
Such Education must be part of the basic Education as well as in-service training 
for teachers and should aim at strengthening knowledge of sustainable development 
and how education can promote sustainable education. It is highly necessary for the 
educated youth, especially student teachers, to be more acquainted with the concept 
of Education for sustainable development and the benefit of it for the all round 
development of the society.  

Objectives
1. To find out the attitude towards Education for Sustainable Development 

among the student teachers.

2. To study whether there exists any significant difference in the mean scores of 
attitudes towards Education for Sustainable Development among the student 
teachers with respect to 

a.  Gender of the samples (Male / Female)

b.  Locality of residence (rural / urban)

c.  Subject of specialization (Arts & Language/ Science & Mathematics)

d.  Type of management of institution (government/aided/ Unaided)

Method 
In order to accomplish the objectives of the study normative survey method was 
adopted.

Sample for the study
The present study was carried out on a sample of 500 student teachers at secondary 
level, drawn by stratified sampling method, giving due representation to factors like 
gender, locale of residence, subject of specialization and type of management.
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Tool used for Investigation
For this study, An Attitude Scale was prepared by the investigator, Seema. The 
attitude scale consisted of seven constructs viz, Knowledge, Environmental 
protection, Curriculum and Learning experience, Issues in Education for Sustainable 
Development, Human progress and welfare, Skills in learning Education for 
Sustainable Development, Values of sustainable Development as viewed by the 
society. There were 50 statements in the five-point scale constructed. For positive 
statements scores 5,4,3,2 and 1 were given for making responses viz., strongly 
agree, agree, undecided, disagree and strongly disagree respectively. Reverse scoring 
procedure was adopted in the case of negative statements. The reliability coefficient 
of the tool is 0.65 and Face validity was also ensured. 

Procedure   
After administering the tool to the Student teachers of Kerala the responses were 
scored carefully and subjected to statistical analysis. Percentage analysis, t test and 
ANOVA were the statistical Techniques used.

Results
Classification of Student teachers according to their favourableness is given in Table 
1. The  table also contains the number and Percentage of Student teachers with 
different levels of favourableness.

Table-1: Data and Results of Percentage Analysis of the scores on Attitude towards 
Education for Sustainable Development for the total sample.

Level number Percentage

High 79 15.8

Average 359 71.8

Low 62 12.4

Table -1 shows that 71.8 % of Student teachers have an average favourable attitude 
towards Education for sustainable Development. 15.8% have a high favourable 
attitude towards Education for Sustainable development and 12.4 % have low 
favourable attitude towards Education for Sustainable development  . From this 
data  it can be concluded that most of the Student teachers are having favourable 
attitude towards Education for Sustainable Development. To find out whether there 
is any significant difference in the mean scores of attitudes towards Education for 
sustainable Development among Student teachers with respect to gender, t test was 
used and result is shown in table -2.



188

Doctrina - Three Day Intenational Webinar | isbn: 978-81-940448-9-5 

Table 2: Data and results of test of significance of difference in means scores of 
attitudes towards education for sustainable development between male and female 
samples.

Sl Category Total  Number Mean SD Critical Ratio   ‘t’

1 Male 91 185.60 13.30
0.96

2 Female 409 186.93 11.70

From Table 2 it is evident that the t value 0.96 is not significant even at 0.05 levels. 
This indicates that there is no significant difference in the mean scores of attitudes 
towards Education for Sustainable Development between the male and female 
student teachers. Thus, it may be concluded that, there is no significant difference in 
the mean scores of attitudes towards Education for Sustainable Development of male 
and female student teachers.

Further analysis was done   to find out whether there is any significant difference in 
the mean scores of attitudes towards Education for Sustainable Development  among 
Student teachers with respect to locale and the result is given in table 3.

Table 3: Data and results of test of significance of difference in means scores of 
attitudes towards education for sustainable development between Rural and Urban 
subjects

Sl Category Total number Mean SD Critical Ratio   ‘t’

1 Rural 289 188.01 11.55
2.05

2 Urban 211 185.75 12.57

From table 3 it is evident that the t value 2.05 is not significant even at 0.05 levels. 
This indicated that there is significant difference in the mean scores of attitudes 
towards Education for Sustainable Development between the rural and urban student 
teachers.  Thus, it may be concluded that, there is significant difference in the mean 
scores of attitudes towards Education for Sustainable Development of rural and urban 
student teachers.

Further analysis was done   to find out whether there is any significant difference in 
the mean scores of attitudes towards Education for Sustainable Development among 
Student teachers with respect to Subject of Specialization and the result is given in 
table 4
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Table 4: Data and results of test of significance of difference in means scores of 
attitudes towards education for sustainable development between Arts & Language 
group and Science & Mathematics group

Sl Category Total Number Mean SD Critical Ratio  ‘t’

1 Science & Mathematics 205 187.42 12.41
1.14

2 Arts & Language 295 186.18 11.71

From table 4, it is evident that the t value 1.14 is not significant even at 0.05 level. 
This indicated that there is no significant difference in the mean scores of attitudes 
towards Education for Sustainable Development between the different specialized 
subject teachers.  Thus, it may conclude that, there is no significant difference in the 
mean scores of attitudes towards Education for Sustainable Development of science 
& mathematics and arts & language student teachers.

Further analysis was done   to find out whether there is any significant difference in 
the mean scores of attitudes towards Education for Sustainable Development  among 
Student teachers with respect to Type of Management and the result is given in table 5.

Summary of one-way ANOVA for attitude towards Education for Sustainable 
Development of the sub sample based on type of management is presented.

Table 5: Summary of one-way ANOVA for attitude towards Education for Sustainable 
Development of the sub sample based on type of management.

Source of Variance Sum of Squares df Mean Square F Significance level

Between Groups 4639.08 2 2319.54
17.13 0.01

Within Groups 67281.49 497 135.38

Total 71920.57 499 2454.92

From the above table it is evident that, the F value for df, 2/497 is 17.13 which is 
significant at 0.01 level. This indicates that there is a significant difference in the 
attitude towards Education for Sustainable Development between the groups 
of student teachers belonging to different types of management.  Thus, it may be 
concluded that there is a significant difference in mean scores of attitudes towards 
Education for Sustainable Development between student teachers from government, 
aided and unaided institutions. Further, to find out the type of management where 
the student teachers were having significant mean scores, Scheffe’s Post Hoc test was 
used which is given in table 6.
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Table 6: Summary of Scheffe’s Post Hoc test for the mean scores of attitudes towards 
Education for Sustainable Development among student teachers with respect to type 
of management

Type of Management N
Subset for alpha = 0.05

1 2

Government 103 183.69

Aided 197 184.49

Unaided 200 190.41

From the above table it is evident that the mean scores of student teachers from un-
aided management is 190.41 which is significantly higher than that of from aided and 
government management. Thus, it could be concluded that student teachers from 
un-aided type of management show high attitude towards Education for Sustainable 
Development than the student teachers from other type of management. 

Conclusion
The different statistical analysis enabled the investigator to summarise the major 
findings of the study as, The student teachers at secondary level have favourable 
attitude towards Education for Sustainable Development and  that There exists 
significant difference in the mean scores of attitude towards Education for Sustainable 
Development with respect to locale and Type of Management but There exists 
no significant difference in the attitude of student teachers towards Education for 
Sustainable Development with respect to Gender and Subject of Specialisation.

Education can make man aware, conscious of and knowledge able about sustainable 
development issues. Education can help man to understand the underlying causes, the 
manifestation and impacts of these issues to alleviate and solve the existing problems 
and to prevent their recurrence. Education is the only means by which we can prepare 
for the future. The study points out the need to orient student teachers with planning 
, designing and conducting projects and school activities related to  Education for 
Sustainable Development once they become teachers and to make them aware of the 
need for attaining sustainability.
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abstract
The study was aimed at documenting the required hydrophytic plants in the 
Haibargaon area of Nagaon District, Assam. The present study had taken place before 
the lockdown i.e. from January’20 – March’20. A total of 62 hydrophytic plant species 
have been recorded from the ponds, nearby streams and from the River Kolong. The 
plants species were recorded with their scientific name, local name, distribution, and 
with their various useful purposes. An analysis has brought ornamental species, rare, 
most common sedges and grasses and also important medicinal plants. The main 
purpose of the study is to document and represent the taxonomic studies of the 
angiosperm hydrophytic flora of Haibargaon Area of Nagaon.

Keywords: Angiosperms, Hydrophytes, Haiborgaon, Nagaon, Assam.

Introduction
Hydrophytes are plants which only grow in or on water. The plants that have 
adapted to living in aquatic environments are called hydrophytes or macrophytes. 
A hydrophytic  plant grows in or near water and is either emergent, submergent, or 
floating. Hydrophytes are primary producers and are the basis of the food web for 
many organisms. Hydrophytic plants require special adaptations for living submerged 
in water, or at the water’s surface and can only grow in water or in soil that is frequently 
saturated with water. One of the largest hydrophytic plants in the world is the Amazon 
water lily (Victoria amazonica); one of the smallest is the minute duckweed.

Aquatic plants can be divided into four groups: Algae, Free-floating plants, Submerged 
plants and emergent plants. Free-floating aquatic plants are the flora that lives on the 
surface of the water where little or no water movement. They are not rooted in the soil. 
They are easily blown by air and provide ground for mosquitoes. For example, .Nelumbo 

nucifera Greatn. , Eichhornia crassipes (Mart.)Solms., Monochoria hastate(L.), Pistia stratiotes 
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L.etc. Emergent aquatic plants are the flora that grows in water but penetrate the 
surface so that it is partially in air. It grows in shallow areas along the banks of ponds, 
lakes, drains, etc. Emergent plants are also known as wetlands plants and shoreline plants. 
For example, Colocasia esculenta (L.)Schott., Alocasia cucullata  (Lour.) Schott., Alocasia 

indica (Lour.) Spach, Amorphophallu bulbifer(Roxb.)Blume, Caladium bicolor (Aiton) Vent, 
Syngonium podophyllum Schott., Syngonium neglectum etc…Submerged plants are the 
plants that completely grow under water with roots attached to the siubstrate or without 
any root system. For example , Cabomba aquatic Aubl.

 Diverse aquatic vegetation like algae, bryophytes, pteridophytes and angiosperms 
live in various wetlands such as ponds, beels, rivers and streams. According to Ramsar 
Convention (1971), “ Wetlands are areas of marsh, fen, peat-land or water wheather 
natural or artificial, permanent or temporary, with water that static or flowing, fresh, 
brackish or salt including areas of marine water, the depth of which at low tide does 
not exceed six meters. Further, wetlands may incorporate riparian and islands or 
bodies of marine water deeper than six metres at low tide lying within the wetlands”. 
The aquatic plants are potential source of human food and animal feed, medicine, 
biofuel, pulp, paper, fibre, green manure, pharmaceutical and industrial raw materials 
and aesthetic values. In many geographical locations, wetlands play a vital role in 
supporting for some people who have no other option but to draw sustenance from 
them. Unfortunately such water bodies in many developing countries are increasingly 
threatened by ever expanding population and various related factors. Water is the 
most important and essential abiotic factor of all kinds of ecosystems and it also forms 
the rich heritage of biological diversity, a genetic pool and link between transitional 
aquatic ecosystems (Kulshrestha, 2005).

2.1. Materials and Methods
The plant species have been collected since January 2020-March 2020 in the Haibargaon 
area of Nagaon District, Assam. A total of 62 species belonging to 25 families and 49 
genera were recorded from the studied area. Some of the collected species were made 
into herbarium sheets and some into bottle specimen. The study deals with colored 
photographs of species, illustrations, area, climate, rainfall, temperature.

2.3. Study area
The studied area has been carried out for Haibargaon area of Nagaon district, Assam, 
which is located the urban area of Nagaon. Nagaon is a city which was previously 
known as Nowgong. The geographical area of Nagaon is 2287sq. km. The Kolong 
River, a tributary of the Brahmaputra River flows through Nagaon and in the process 
it divides the city into two regions i.e. Haibargaon and Nagaon. The latitude and 
longitude is 26.35-33828ºN and 92.6795912ºE.
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2.4. Climate, Rainfall, Temperature
The climate is tropical in Nagaon. In winter, there is much less rainfall in Nagaon 
than summer. The driest month is January. There is 0mm | 0.0 inch of precipitation 
in January. With an average of 839mm|33.0inch, the most precipitation falls in July. 
The rainfall here is around 2401mm| 94.5 inch per year.

With an average of 29.3ºC| 84.7ºF, May is the warmest month. January has the lowest 
average temperature of the year. It is 23.3ºC|73.9ºF. The average annual temperature 
is 26.5ºC and 79.6ºF in Nagaon.

2.5. Map

Fig.:  Map showing the Nagaon district

2.6. Materails 
Knife, forceps, paper bags, newspaper, notebook, pen, pencils, scissors, gum, 
blotting paper, drier, presser, mercuric chloride, cotton, herbarium sheets, blades, 
formaldehyde, alcohol, bottles etc are used for the collection of the species.

2.7. Specimen Collection and the methods of preservation
The field work was carried out from January 2020- march 2020. Accordingly, 
specimens were collected, special attention was given to observe and record the field 
information such as location, habit and habitat, date of collection, morphological 
characters, flowering and fruiting periods, local names etc. were noted down in the 
field note book. The specimen were collected by using the blade and scissors and 
kept sincerely in the newspaper for herbarium. The specimen which were directly 
taken from the water are taken in blotting paper and kept for sun dry and poisoned 
with 5% mercury chloride in alcohol. The specimens which are to be preserved in the 
bottles are at first poisoned by using mercuric chloride and the kept in the bottle in 
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formaldehyde. The specimens are preserved in herbarium sheets are at first dried in 
newspaper. It is necessary to note that before preserving the specimens they should 
be fully dried and poisoned otherwise they may grow fungus. As the specimens are 
completely dried then they are mounted with gum on herbarium sheets. The standard 
size of the herbarium sheets is 41.25cm in length and 28.75cm in breath.

2.8. Identification:  
The collected plant species were studied along with their morphological characters. 
The plants were identified and later confirmed by matching with the herbarium 
specimens at University of Science and Technology, Meghalaya Botany Herbarium.

3.1. Result and Discussion: 
The present study on “Studies of the Angiosperms Hydrophytic Flora of Haibargaon 
area of Nagaon District, Assam” was undertaken from January 2020- March 2020 to 
record the floristic wealth of the study area. It is a taxonomic treatment of the species 
along with the floristic diversity and other allied aspects. The study also includes a 
brief account on the climate, rainfall, soil and temperature of the study area which 
have great impact on the growth and development of the vegetation. Collected 
plants specimens were preserved in herbarium sheets and bottles. The study has 
been undertaken with the natural habitat of the plant species in live population 
and also the herbarium specimens. During field work information on vernacular 
names, flowering and fruiting timing etc. were recorded. The study deals with a total 
of 62 species belonging to 49 genera included in 25 families with 9 illustrations. 1 
submerged hydrophytes, 7 free-floating hydrophytes, 54 emergent hydrophytes 4 
ornamental plants, 24 medicinal plants, 8 edible plants ,1 RET species, 5 cultivated 
plants, 52 common plants,1 oil yielding and 4 Fooder sedges and Fodder grasses.

 y List of all the families, genera and species recorded from the studied area:

Sl. No. Family Genera Species

1 Ranunculaceae Ranunculus 1.Ranunculus scleratus L.

2 Nelumbonaceae Nelumbo 2.Nelumbo nucifera Greatn.

3 Cabombaceae Cabomba 3.Cabomba aquatic Aubl.

4 Oxalidaceae Oxalis

4. Oxalis latifolia kunth
5. Oxalis acetosella L.
6. Oxalis triangularis A.St.Hil.
7. Oxalis corniculata L.

5 Lythraceae 5. Rotala 8. Rotala rotundifolia (Buch.Ham. ex Roxb.) 
Koehne
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6 Apiaceae 6. Erynidium
7. Centella

9. Erynidium foetidum L
10. Centella asiatica(L.) Urban

7 Amaranthaceae
Chenopodium

Amaranthus
Alternanthera

11. Chenopodium album L.
12. Amaranthus spinosis L.
13. Alternanthera sessilis (L)R.Br. ex dC

8 Asteraceae

Xanthium
Ageratum

Eclipta
Enhydra
Sonchus
Mikania
Tridax

14. Xanthium strumarium L.
15. Ageratum conyzoides L.
16. Eclipta prostrate(L.) L
17. Enhydra fluctuans Lour
18. Sonchus arvensis L.
19. Sonchus asper (L.)Hill
20. Mikania micrantha Kunth
21. Mikania scandens B.L.Rob.
22. Tridex procumbens L.

9 Rubiaceae Oldenlandia 23. Oldenlandia Corymbosa L.

10 Polygonaceae Polygonum
Rumex

24. Polygonum hydropiper (L.) dlabre
25. Polygonum tomentosum Willd.
26. Polygonum densiflorum Meisn.
27. Rumex dentatus L.

11 Cleomaceae Cleome 28. Cleome gynandra L.

12 Euphorbiaceae Euphorbia 29. Euphorbia hirta L.

13 Phyllanthaceae Phyllanthus 30. Phyllanthus niruri L.

14 Fabaceae Trifolium 31. Trifolium repens L.

15 Solanaceae Solanum 32. Solanum nigrum L.
33. Solanum villosum Miller

16 Plantaginaceae Scoparia 34. Scoparia dulcis L.

17 Lamiaceae Leucas 35. Leucas aspera(Willd.)Link

18 Pontederiaceae Eichhornia
Monochoria

36. Eichhornia crassipes (Mart.)Solms.
37. Monochoria hastate(L.)

19 Araceae

Pistia
Colocasia
Alocasia 

Amorphophallus
Epipermum

Lemna
Caladium

Syngonium

38. Pistia stratiotes L.
39. Colocasia esculenta (L.)Schott.
40. Alocasia cucullata  (Lour.) Schott.
41. Alocasia indica (Lour.) Spach
42. Amorphophallu bulbifer(Roxb.)Blume
43. Epipermum aureum (Linder & Andre) G.S 
Buntuing
44. Lemna perpusilla Torr.
45. Caladium bicolor (Aiton) Vent.
46. Syngonium podophyllum Schott.
47. Syngonium neglectum Schott.

20 Alismataceae Sagittaria
Alisma

48. Sagittaria sagittifolia L.
49. Alisma plantago-aquatica L.

21 Acoraceae Acorus 50. Acorus calamus L.
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22. Cyperaceae
Cyperus
Kyllinga

Fimbristylis

51. Cyperus rotundus L.
52. Cyperus distans L.f
53. Cyperus corymbosus Rottb.
54. Cyperus flavidus Retz.
55. Kyllinga monocephala Rottb.
56. Fimbristylis ferruginea(L.) Vahl

23. Commelinaceae Commelina
Tradescantia

57. Commelina benghalensis L.
58. Tradescantia spathacea Sw.

24. Poaceae
Cynodon
Eleusine

Saccharum

59. Cynodon dactylon (L.)Pers.
60. Eleusine indica (L.)Gaertn.
61. Saccharum spontaneum L.

25. Convolvulaceae Ipomoea 62. Ipomoea aquatica Forssk

•	 List of Free-floating hydrophytes recorded in the present study area:

Sl. No. Family Genera Species 

Araceae Lemna 
Pistia

Lemna perpusilla Torr
Pistia stratiotes L.

Pontederiaceae Eichhornia 
Monochoria 

Eichhornia crassipes (Mart.)Solms.
Monochoria hastate(L.)

Alismataceae Alisma
Sagittaria 

Alisma plantago-aquatica L.
Sagittaria sagittifolia L.

Nelumbonaceae Nelumbo Nelumbo nucifera Greatn.

 y List of submerged hydrophytes recorded in the present study area:

Sl. No. Family Genera Species 

Cabombaceae Cabomba Cabomba aquatic Aubl.

 y List of Emergent hydrophytes recorded from the present study area:

Family Genera Species

1.Ranunculaceae Ranunculus Ranunculus scleratus L.

2.Oxalidaceae 2.Oxalis Oxalis latifolia kunth
Oxalis acetosella L.
Oxalis triangularis A.St.Hil.
Oxalis corniculata L.

3.Lythraceae 3. Rotala      6. Rotala rotundifolia(Buch.Ham. ex Roxb.) 
Koehne

4.Apiaceae 4. Erynidium
5. Centella

7.Erynidium foetidum L
8. Centella asiatica(L.) Urban
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5.Amaranthaceae 6.Chenopodium
7.Amaranthus
8.Alternanthera

 9. Chenopodium album L.
10. Amaranthus spinosis L.
11. Alternanthera sessilis (L)R.Br. ex dC

6.Asteraceae 9.Xanthium
10.Ageratum
11.Eclipta
12.Enhydra
13.Sonchus
14.Mikania
15.Tridax

12. Xanthium strumarium L.
13. Ageratum conyzoides L.
14. Eclipta prostrate(L.) L
15. Enhydra fluctuans Lour
16. Sonchus arvensis L.
17. Sonchus asper (L.)Hill
18. Mikania micrantha Kunth
19. Mikania scandens B.L.Rob.
20. Tridex procumbens L.

7.Rubiaceae 16.Oldenlandia 21. Oldenlandia Corymbosa L.

8.Polygonaceae 17.Polygonum
18.Rumex

22. Polygonum hydropiper (L.) dlabre
23. Polygonum tomentosum Willd.
24. Polygonum densiflorum Meisn.
25. Rumex dentatus L.

9.Cleomaceae 19.Cleome 26. Cleome gynandra L.

10.Euphorbiaceae 20.Euphorbia 27. Euphorbia hirta L.

11.Phyllanthaceae 21.Phyllanthus 28. Phyllanthus niruri L.

12.Fabaceae 22.Trifolium 29. Trifolium repens L.

13.Solanaceae 23.Solanum 30. Solanum nigrum L.
31. Solanum villosum Miller

14.Plantaginaceae 24.Scoparia 32. Scoparia dulcis L.

15.Lamiaceae 25.Leucas 33. Leucas aspera(Willd.)Link

16.Araceae 26.Colocasia
27.Alocasia
28.Amorphophallus
29.Epipermum
30.Lemna
31.Caladium
32.Syngonium

34. Colocasia esculenta (L.)Schott.
35. Alocasia cucullata  (Lour.) Schott.
36. Alocasia indica (Lour.) Spach
37. Amorphophallu bulbifer(Roxb.)Blume
38. Epipermum aureum (Linder & Andre) G.S 
Buntuing.
39. Caladium bicolor (Aiton) Vent.
40. Syngonium podophyllum Schott.
41. Syngonium neglectum Schott.

17.Acoraceae 33.Acorus 42. Acorus calamus L.

18.Cyperaceae 34.Cyperus
35.Kyllinga
36.Fimbristylis

43. Cyperus rotundus L.
44. Cyperus distans L.f
45. Cyperus corymbosus Rottb.
46. Cyperus flavidus Retz.
47. Kyllinga monocephala Rottb.
48. Fimbristylis ferruginea(L.) Vahl

19.Commelinaceae 37.Commelina
39.Tradescantia

49. Commelina benghalensis L.
50. Tradescantia spathacea Sw.
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20.Poaceae 40.Cynodon
41.Eleusine
42.Saccharum

51. Cynodon dactylon (L.)Pers.
52. Eleusine indica (L.)Gaertn.
53. Saccharum spontaneum L.

21.Convolvulaceae 43.Ipomoea 54. Ipomoea aquatica Forssk

 y List of ornamental plants recorded in the present study:

Sl.No. Species name Family

Tradescantia spathacea Swartz Commelinaceae

Syngonium podophyllum Schott Araceae

Syngoium neglectum Schott Araceae

Alocasia cucullata (Lour.)Schott Araceae

 y List of Medicinal plants recorded in the present study:

Sl. No. Species Name Family

Commelina benglalensis L. Commelinaceae

Alocasia indica (Lour.)Leach Araceae

Colocasia esculenta (L)Schott. Araceae

Acorus calamus L. Araceae

Cyperus rotundus L. Cyperaceae

Cyperus distans L.f. Cyperaceae

Cyperus corymbosus Rottb. Cyperaceae

Kyllinga monocephala Rottb. Cyperaceae

Cynodon dactylon (L.)Pers. Poaceae

Eleusine indica  (L.) Gaertn. Poaceae

Mikenia scandens B.L.Rob. Asteraceae

Mikenia micrantha Kunth Asteraceae

Ageratum conyzoides L. Asteraceae

Eclipta prostrate (L.)L Asteraceae

Oxalis latifolia Kunth Oxalidaceae

Oxalis acetosella L. Oxalidaceae

Oxalis corniculata L. Oxalidaceae

Erynidium foetidum L. Apiaceae

Phyllanthus niruri L. Phyllanthaceae

Euphorbia hirta L. Euphorbiaceae

Leucas aspera (Willd).Link Lamiaceae

Solanum nigrum L. Solanaceae

Solanum villosum Miller Solanaceae

Nelumbo nucifera Greatn. Nelumbonaceae
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 y List of edible plants recorded from the present area:

Sl. No. Species Name Parts Family

Saccharum spontanum L. Young shoots Poaceae

Colocasia esculenta (L). Schott Leaf, root and rhizome Araceae

Alocasia indica (Lour.)Leach Root and rhizome Araceae

Alocasia culcullata Schott. Root and rhizome Araceae

Commelina benglalensis L Young shoot Commelinaceae

Erynidium foetidum L. leaf Apiaceae

Leucas aspera (Willd).Link Leaf and flower Lamiaceae

Nelumbo nucifera Greatn. Rhizome Nelumbonaceae

 y List of cultivated plants:

Sl. No. Species name Family

Colocasia esculenta (L). Schott Araceae

Alocasia indica (Lour.)Leach Araceae

Alocasia culcullata Schott. Araceae

Erynidium foetidum L. Apiaceae

Nelumbo nucifera Greatn Nelumbonaceae

 y RET (Rare Threatened, Critically endangered species) recorded from 

the studied area: Acorus calamus L. belonging to the family Acoraceae, Status 
: Critically (Reference : Choudhury and Murti 2000{CITES})

 y Economic important plants recorded from the present study area:

 y Oil yielding plants: Acorus calamus L.

 y Fooder sedges and Fodder grasses: Cynodon dactylon (L.)Pers., Cyperus 

rotundus L., Cyperus distans L.f. , Eleusine indica  (L.) Gaertn

 y Illustrations: 
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The project is of great significance not only for taxonomists but also for the laymen 
and future researchers as detailed studies have been done in this area. 
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Abstract
Wayanad district of Kerala is well known for its traditional rice varieties. The area 
of paddy cultivation is declining over a period of time in Wayanad. But increase in 
rice productivity was observed for the past few years. Therefore, we investigated the 
influence of climatic variables such as maximum temperature, minimum temperature 
and rainfall as well as the role of irrigated area in the increase of productivity, by using 
simple statistics and stochastic production function. From the analysis, we found 
that 1% rise in maximum temperature in winter rice season (Nanja) would result in 
0.82% increase in rice yield. Whereas, 1% increase in maximum temperature during 
summer rice season (Punja) will result in decline of rice yield by 1.43%. Similarly, 1% 
increase in irrigated area during summer rice season will increase rice yield by 0.1%. 
Yield variability does not show significance to the selected variables.

Key words: Climate change, Stochastic production function, Rice productivity, 
Wayanad

Introduction
Food security is closely related to crop yield and reduction in yields would likely 
intensify the global food crisis extremely (Nie et al, 2019). The increase in global 
average temperature and change in rainfall rates (Jung et al, 2002; Balling et al, 
2003; Fauchereau et al, 2003)has direct or indirect impact on agriculture (Garg et 

al, 2001; Krupa, 2003; Aggarwal, 2003, Nagabhatlaet al., 2013).The special report 
of IPCC shows 0.5 -1.2o C rise in temperature in India by 2020 and a projected 
temperature of 0.88-3.16o C by 2050, similarlyan increase of 15-40% in rainfall by 
the end of the 21st century (Roy et al, 2018).Many studies have been demonstrated 
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the adverse effect of climate change in rice yield(Palanisamy, 2014; Kavikumar, 1998; 
Geethalekshmi, 2011; Saravana kumar, 2015; Singh, 2010; Welch, 2010; Peng, 2004).
Increase in temperature can enhance the growth rate of plants causing reduction in 
growth duration which in turn leads to shorter grain filling period (Swaminathan, 
1984) and enhanced respiratory rate (Mohammed et al, 2009) resulting in lower yield 
and lower quality rice grain (Fitzgerald et al, 2009).Temperatures beyond thresholds 
limit can induce spikelet sterility which becomes very severe near 40°C resulting in 
completeloss of crop production (Yoshida and Parao, 1976).

In India, reduction of overall rice yield by 3-5% under medium emission scenario 
and 3.5-10% reduction under high emission scenario has been predicted. But, the 
consequence of climate change in rice yield is not similar in all over India. Among 
the rice producing regions of India, southern and eastern regions offer more scope 
to increase future rice production (Palanisamy, 2017).The rice productivity for the 
past few years at Wayanad district of Kerala, a place famous for its traditional rice 
varieties was congruent with this observation.There are various factors affecting 
the productivity of rice such as temperature, rainfall, day length, solar radiation, 
wind, relative humidity and soil factors (Yoshida et al, 1976; Yoshida, 1978; 
Ponnamperuma et al, 1979; De Datta, 1981). In this study, we investigated the 
relationship of climatic variables (rainfall, maximum and minimum temperatures) 
and irrigation in the rice productivity using two different statistical methods.

Materials and methods

Study area

Wayanad district of Kerala state in south west India was selected for the study and is 
located from 110 26’ 28’’ – 110 58’ 22’’ N latitude and 750 46’38’’ – 760 26’11’ E longitude. 
It is a hilly terrain at the southern tip of the Deccan plateau covering an area of 2136 
sq. km with an average altitude of around 750 m. The district is unique for its rich 
wealth of flora and the diversity of its ethnic cultures. The topography of Wayanad is 
responsible for the unique climate in Wayanad ,i.e quite distinct from the climate of 
neighboring regions (Danesh 2012).

Data acquisition

Rice production data from 2004-05 to 2018-19 was retrieved from the Department 
of Economics and Statistics, Government of Kerala (http://www.ecostat.kerala.gov.
in/index.php/agricultures).  Area harvested (ha), production (T) and Irrigated area of 
rice (ha) data were collected for both the rice seasons of Wayanad. Climate variables 
such as maximum, minimum temperatures and rainfall data from 1991-2019 were 
obtained from Regional Agriculture Research Station, Ambalavayal, Wayanad.
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Time-series analysis

The data set consisted of monthly average maximum, minimum temperatures, and 
rainfall from January 1991 to December 2019 and irrigated area of rice from 2004-05 
to 2018-19. The data set was loaded to R and converted to a time-series object. Time-
series analysis of rainfall and temperature variations at Wayanad district, Kerala was 
obtained through anomalies of linear trend. Time series data of climate variables, 
irrigation area and rice productivity were used for the analysis of Pearson coefficient 
and its significance level. 

Stochastic production function

Estimation of results of climate variables on the likelihood distribution of rice yield in 
Wayanad was analyzed using stochastic production function presented and developed 
by Just and Pope (1978).

y=f (X) +h(X) ε --------------------------------------------(1)

Where y is the yield, estimating the explanatory variables x gives the mean influence 
ofthe descriptive variables on y and their impact on the yield variability, h(x).

Y=f (X) +u=f (X , β )+h(X , α) ε-----------------------------------------------(2)

Where y is the yield and x is the vector of independent variables (temperature 
andprecipitation);α	 and	β	 are	unknown	parameters	 to	be	 estimated.f (x , β) is the 
mean yield function; h(x ,α) is the yield variance functionand ε is an error term with 
mean zero and unit variance.

E( y)=f (x , β )----------------------------------------------(3)

var ( y)=h2(x ,α)--------------------------------------------(4)
A positive sign on any h( X) parameter infers an ascent in the variable, demonstrating 
anascent in the yield fluctuation. Likewise, a negative sign on a similar capacity shows 
thatatmosphere factors are chance diminishing.

Just and Pope Production function has been estimated through feasible generalized 
least square estimation (FGLS).The regression coefficients for mean yield function,  
f (x , β) was estimated by using Ordinary Least Square (OLS) and the yield variation 
function, h(x ,α) was estimated by regressing the natural logarithms of the squares of 
estimated residual from mean yield function with explanatory variables. The Cobb-
Douglas production functional form was used to estimate the regression coefficient 
for the mean since it is more significant than the linear functional form (Just & Pope, 
1978).
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The mean yield function is represented as,
Ln(P)=β0+βt (TT )+ β1 ln( ARF)+β2 ln(AMAXT )+β3 ln( AMINT)+β4( IA)+ε   (5)
Where P is rice productivity (kg./ha); ARF is average rainfall (mm); AMAXT isaverage 
maximum temperature (°C); AMINT is average minimum temperature (°C);IA is 
irrigated area ( ha). β0 is constant term; ε is error term; β1 ,β2 , β3 , β4 and βt are 
regressioncoefficient to be estimated.And the yield variance function is represented as,

ln(e2)=α0+αt(TT)+α1 ln( ARF)+α2 ln( AMAXT )+α3 ln(AMINT )+α4 ln(IA)+μ    (6)

Where e2 is squared residuals estimated from equation (5); TT is time trend; μ is 
errorterm under yield variance function; α0 is constant coefficient; α1, α2, α3, α4 
and αt are estimated regression coefficients.

The residuals were estimated from the formulae,

E=ln(P)−{β0+β1 ln( ARF)+β2 ln( AMAXT )+β3 ln( AMINT)+β4 ln(IA)} (7)

Unit root test was performed and all the input variables were stationary.Therefore, 
feasible generalized least square (FGLS) estimation can be performed. The regression 
models were run through the R environment.There are two rice growing seasons 
in Wayanad. I. Summer production season: Jan-May (Punja rice season), II. Winter 
production season: June-Dec (Nanja rice season). Therefore,separate regression 
models were built for different seasons and both mean yield andyield variance 
wasanalyzed.

Results and discussion
The state Kerala commonly follows three rice seasons, whereas the district Wayanad 
has only two rice seasons. Therefore in this study the climate variables were also 
analyzed seasonally by considering June-December as winter season and January to 
May as summer season.

Rice productivity analysis

The area of rice cultivation at Wayanad is decreasing rapidly. During 1985-86 there 
was nearly 30000 ha rice cultivation at Wayanad (Armando, 2014); by 2009-10 it was 
10576 ha and in 2018-19 it declined to 7300 ha. Similarly, the production was decreased 
from 29206 ton (2004-05) to 22340 ton (2018-19), whereas, the productivity was 
observed to be increased for the past few years (Fig. 1).  The data on rice productivity 
(kg/ha) and area of rice cultivation (ha) were analyzed from 2004-05 to 2018-19. The 
graph of winter season depicted a gradual increase in rice productivity from 2010-
11 and the highest productivity in the year 2018-19. Similarly, a gradual decrease in 
rice cultivating area was identified from 2013-14 to 2018-19.  Whereas the graph for 
summer season depicted a gradual decrease in productivity and area except for the 
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year 2018-19.The highest rice productivity in recent years was witnessed in 2018-19 
for both the seasons. The year 2018 had the severe flood of Kerala and as a result of 
it high amount of alluvial soil was deposited in paddy fields. This could be one of the 
reasons for higher production. The impact of climate variables was further analyzed 
to understand the variability of rice productivity at Wayanad. 

Trend analysis of rainfall, temperature and irrigated rice area
The previous climate analysis studies of Wayanad shows that there is a decreasing 
trend of amount of rainfall and an increase in variability of precipitation (Rajendran et 

al,2012, Gopakumar, 2011 and Aype 2005).Analysis of rainfall from 1991-2019 gave 
a linearity of trendin both winter and summer seasons. i.e the trend was normalized 
as the two recent years (2018 and 2019) witnessed heavy rainfall and flood. Therefore 
it was studied further by taking the period of 2004-2019 and the analysis depicted an 
increasing trend in both the rice seasons (Fig. 3). Seasonal behavior of rainfall in each 
month was visualized using box plot (Fig. 4) by taking average rainfall (mm) for each 
month from 1991-2019. Furthermore, the monthly precipitation represented in Fig 
5 depicts the increase in the variability of precipitation from 1991-2019.

Fig 1. (A) Graph showing productivity and area during winter season over the time period 2004-
05 to 2018-19 (B) Graph showing productivity and area during summer season over the time 
period 2004-05 to 2018-19.
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Fig 2: Graphical representation of trend analysis of maximum and minimum temperatures in 
winter and summer seasons. 

Fig. 3: Graphs representing rainfall trend at Wayanad from 2004-2019 at winter and summer seasons.

Fig 4:  Box plot of seasonal effect of rainfall in Wayanad (Bold line -median, q1-maxT, q2 minT, 
o- outlayers) 
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Fig 5: Monthly precipitation at Wayanad (mm/month)

Analysis of temperature through anomalies of linear trend portrays an increased 
trend of maximum and minimum temperatures during the winter season (Fig 2) and 
an increased trend of minimum temperature during summer season. The maximum 
temperature had a normalized behavior in summer season as the initial and final 
temperatures were similar. Therefore it was studied intensely by considering the years 
from 2004-2019.The trend identified was increase in maximum temperature during 
summer season. This result is in agreement with the District Plan Document of the 
year 2019, which mentioned an increase of 0.90 C in average minimum temperature 
and an increase of 1.060 C in the maximum temperature between 1984 and 2018 
(Suma, 2019).

The increased trend of irrigated area during winter season was reported in previous 
studies. Reduction in the water retention capacity of landscapes (Kumar et al, 2012), 
increased run off, abandoned irrigation projects and reduction of ground water 
recharge have made farmers to either transform their paddy field to other crops or 
to alternate means to irrigate rice fields (Nagabhatlaet al, 2013).In the case of high 
yielding variety (HYV) during winter season, rice cultivation in irrigated area in 
2004-05 was 4462 ha and in unirrigated area, it was 1950 ha. By 2009-10, there was 
a gradual increase in irrigated area and gradual decrease in unirrigated area, and it 
was 7661 ha and 615 ha respectively. In the year 2017-18 there was no high yielding 
rice variety cultivated in unirrigated area and the cultivation in irrigated area was 
limited to 6237 ha. Similar fluctuations were seen in traditional varieties cultivated in 
winter season. In 2017-18, traditional varieties were cultivated only in irrigated area. 
In the case of summer season rice cultivation, the usually cultivated HYV is limited to 
irrigated area. The cultivation of traditional variety in summer season is negligible. 
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Statistical analysis of climate variables, irrigated area and rice productivity 
Productivity of rice was compared against climatic variables and irrigated area by 
employing Pearson coefficient and P value (Congelosiet al., 1983).The significance of 
correlation between maximum temperature and productivity in winter season was 
proved through the analysis (P < 0.05) andthe correlation coefficient between them 
during winter season was found to be 0.56 (Table 1).  Similarly, significant correlation 
was visible in maximum temperature- productivity and irrigated area-productivity (P 
< 0.05) during summer season with correlation coefficients -0.69 and 0.85 respectively. 
Other variables did not correlate significantly with the rice productivity. 

Table 1: Correlation coefficient of climate variables and productivity.

Variables Pearson coefficient P value

Winter (Nanja) Season

Tmax-Productivity 0.56 0.038

Tmin-Productivity 0.36 0.20

Rainfall-Productivity -0.39 0.15

Irrigated area-Productivity 0.42 0.12

Summer (Punja) Season

Tmax-Productivity -0.69 0.005

Tmin-Productivity -0.144 0.62

Rainfall-Productivity -0.71 0.56

Irrigated area-Productivity 0.85 0.0001

Assessment of the influence of climate change in rice yield
Just and Pope (1978) production function was estimated by considering rice yield as 
a dependent variable and maximum temperature, minimum temperature, rainfall and 
irrigated area as independent variables. The elasticities for all independent variables at 
mean levels are presented in Table 2 for both mean function and variance function. The 
results showed that maximum temperature has a positive effect on rice yield during the 
winter season.1% increase in maximum temperature will induce an increasein average 
rice yield by 0.82 %. The elasticity for minimum temperature, rainfalland irrigated area 
was relatively small and insignificant.  Similarly, maximum temperature and minimum 
temperature had a negative effect on rice yield during the summer season. 1% increase in 
maximum & minimum temperature will decrease the average rice yield by 1.4% and 0.5% 
respectively.Likewise, 1% increase in irrigated area during summer season will induce 
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an increase of average rice yield by 0.1%. The coefficient of the trend was positive and 
significant which implies the technological progress in rice production such as improved 
irrigation methods and better control of pests. In the case of yield variability coefficient 
of the trend was negative and insignificant which implies the less influence of the 
independent variables in yield variability. This observation is contrast to the conceptof 
linear relationship of mean yield andyield variability (Palanisamy, 2017).

By analyzing the simple statistics and stochastic production function, the influence of 
maximum temperature in rice yield during winter season and influence of both maximum 
temperature and irrigated area during summer season was commonly proved. 

Table 2: Elasticities of independent variables

Coefficients Summer Winter

                                                 Mean Yield

Intercept ( β0) 13.154269***  (1.988459) 5.351148 . (2.457563)

TT ( βt) 0.009971.  (0.004349) 0.007467 .  (0.003301)

ARF β1 0.011316  (0.028725) −0.002646 (0.045658)

AMAXT ( β2) −1.411523 *  (0.430017) 0.821349  (0.453184)

AMINT (β3) −0.533075   (0.318837) −0.026359 (0.564376)

IA ( β4) 0.117076 ***   (0.021058) −0.021298 (0.071096)

Yield Variability

Intercept  ( β0) −15.8799  (244.8191) 140.0599  (159.5403)

TT ( βt) −0.2313  (0.5354)  −0.3340  (0.2143)

ARF β1 3.5251  (3.5366) 1.4945  (2.9640)

AMAXT ( β2 ) 11.7057  (52.9436) −47.5210  (29.4198)

AMINT ( β3) −6.9900  (39.2553) −5.0635  (36.6382)

IA ( β4) −0.8735  (2.5927) 3.9349  (4.6154)

*Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Conclusion
The impact of climate change on rice yield using simulation models demonstrated a 
decline of 10% rice yield up on increase of 1o C in minimum temperature during the 
dry cropping season and also proved the insignificance of maximum temperature in 
rice yield (Peng et al, 2004). Whereas, the impact of climate change on rice yield in 
diverse regions can be varied (Palanisamy et al, 2017). Therefore, our study reveals 
the positive side of climate change in the rice yield of Wayanad over a period of time. 
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By the analysis of simple statistics and stochastic production function we conclude 
that 1% rise in maximum temperature in winter rice season (Nanja) would result in 
0.82% increase in rice yield. Whereas, 1% increase in maximum temperature during 
summer rice season (Punja) will result in decline of rice yield by 1.43%. Similarly, 1% 
increase in irrigated area during summer rice season will increase rice yield by 0.1%. 
Yield variability does not show significance to the selected independent variables. As 
the temperature increase beyond threshold leads to decrease in production and damage 
to the rice (Swaminathan, 1984; Mohammed et al, 2009;Fitzgerald et al, 2009; Yoshida 
and Parao, 1976), the linear relation of increased rice productivity and temperature at 
Wayanad shows that the threshold level may not have achieved so far.The trend of 
decreasing rice fields and replacement of rice with cash crops at Wayanad was reported 
earlier (Nagabhatlaet al., 2013). But, the recent floods (2018 and 2019) in Wayanad have 
caused severe damage to the cash crops (Suma, 2019)., whereas, farmers recovered the 
rice seasons by using short duration and high yielding rice varieties. If the similar trend 
reiterates, it is a severe threat for the wealth of traditional rice varieties of Wayanad.
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abstract
Drought is a major abiotic stress which negatively affect plant growth and 
development. The decrease in rainfall and ensuing drought affect the agricultural 
crop production to a larger extent. The present investigation was aimed to evaluate 
the stress alleviation potential of Abelmoschus esculentus (L.) Moench (okra) seeds 
primed with Pseudomonas fluorescens (PF). In this study, the okra seeds were subjected 
to priming with 10-7 CFU of Pseudomonas fluorescens and exposed to drought stress 
for seven days, and the recovery effects were evaluated after re-watering the plants. 
Physiological parameters were evaluated during stress and recovery. PF treated plants 
mitigated the effect of drought stress mediated photosynthesis by decrease the decline 
in Chlorophyll content, carotenoid, PSII structure function index (SFI), performance 
index (PI), the density of active reaction center, trapping and electron transport flux 
by the cross section, PSII and PSI activity, and yielding of plants when plants exposed 
to drought stress. The present study suggested that PF can alleviate the harmful effect 
of drought stress on photochemical reactions therefore, can be used as an agent to 
effectively alleviate drought stress in okra plants. 

Key words: Abelmoschus esculentus, chlorophyll, drought, Pseudomonas fluorescens.

1. Introduction
Plants are frequently exposed to various kinds of abiotic and biotic environmental 
stresses. Each year, different types of stresses on arable plants disrupt world 
agriculture (Atkinson and Urwin, 2012). Water stress is one of the major abiotic 
factor which affects plants at different levels and disrupt plant water relation which 
includes changes in stomatal movement, gaseous exchange, transpiration, mineral 
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uptake and transport, carbon assimilation rate etc. Due to predominant role of water 
in plant nutrient transport, chemical and enzymatic reactions, cell expansion and 
transpiration, water-deficit stress alters growth, morphology and the biochemical 
processes leading to ultimate loss of yield potential. 

Since the beginning of industrialization, it has been reported that significant growth 
in population and developments in agriculture and industrial sectors have maximized 
water use which has exceeded the avilable limits. These anthropogenic activities 
resulted in environmental pollution, which limits the availability of fresh or quality 
water. Climate change has also contributed to water scarcity. As a result of interaction 
of all these factors, in recent decades drought occurred frequently and with higher 
severity (Ceccarelli et al., 2010). It has been predicted that gradual increase in severity 
and frequency of drought will cause losses in global crop production of up to 30 % 
by 2025, compared with current yields (Alcamo et al.,2017) and leads to severe food 
security challenges. 

Worldwide efforts were taken by researchers to identify a technically feasible cost 
effective strategy suitable for farmers for practicing in field level. The phenomenon 
of priming plants was noticed as one among the effective methods to manage drought 
stress without reducing the yield. Priming is a process by which plants attain a unique 
physiological state called ‘primed’ state, after a pre-exposure to a priming agent and 
which will increase the ability of the plant to withstand a subsequent harsher stress 
(Goellner and Conrath, 2007). 

Bio-priming is a seed-presoaking technique along with the inoculation of beneficial 
microorganisms. It combines both the biological agent (microorganisms) and 
physiological soaking (seed hydration) phase. It is an effective and eco friendly 
method for improving   plant drought tolerance potential. Under stress conditions, 
PGPR inoculation increases pant growth by altering phytohormone composition, 
biochemical processes and increased availability of nutrients (Upadhyay et al., 2012).

The significant reduction in global cereal production by 9-10% led to reduction in 
maize, wheat and rice production by 87%, 57% and 53% (Huong et al., 2019) and 
this resulted decline in nutritional security of growing population. To address these 
issues there is an urgent need to develop drought stress tolerance of vegetables along 
with other staple food crops. Abelmoschus esculentus (okra) is nutrient rich vegetable 
crop belongs; it can be used to improve nutritional security. Several research 
attempts were carried out in okra for maximizing biotic stress tolerance however, the 
knowledge about increasing the drought stress tolerance in okra is scanty. So in this 
light the present study has been carried out to analyze the competency of Pseudomonas 

fluorescens to accelerate drought tolerance efficiency of okra. 
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2. Materials and methods
2.1. Plant material and PF treatment

Healthy okra (A. esculentus) seeds were surface sterilized with 1% (v/v) sodium 
hypochlorite for 5 min, followed by several washings with sterile double distilled 
water. The surface sterilized seeds were incubated with PF (10-7CFUml-1) cultures for 
6 h at 28ºC on a rotary shaker at 250 rpm. 

2.2. Field experiment

PF treated and untreated okra seeds were germinated in polythene bags filled with 5 kg 
autoclaved soil and one healthy plant was retained in each bag. Two experiments were 
set with 30 replicates; one set with PF treatment and the other without PF treatment. 
After 17 days of vegetative growth, one half (15 plants) from each set was watered and 
the other half was kept without watering. Leaf samples were collected on the 0, 1, 3, 
5 and 7th day for biochemical and physiological analysis. After 7 days of drought, the 
plants were re-watered (500ml) for 3 days for recovery. The field experiments were 
conducted in a randomized block design in a greenhouse, at a temperature of 28 ± 2 °C, 
a light intensity of 100± µmol m2s-1 and a relative humidity of 60 ± 5 %.

2.3. Chlorophyll and Carotenoid content analysis

Chlorophyll and carotenoid content were calculated using the method of Arnon ( 1949).

2.4 Estimation of photosynthetic electron transport activities 

The  photosynthetic  electron  transport  activities  were  analyzed by Puthur  (2000).  

2.5 Chlorophyll (Chl) a fluorescence measurement

Chlorophyll  a  fluorescence  parameters  were performed in fully expanded okra leaves  
analyzed  by  using  Plant Efficiency  Analyzer  (Handy  PEA;  Hansatech  Ltd.,  King’s  Lynn,  
Norflok, UK), which is a portable fluorometer having high resolutions (Strasser et al., 2004). 
The Chl a	fluorescence	emission	induced	by	the	strong	light	pulses	(3000	μmolm−2 s−1) was 
measured	on	dark-adapted	 leaves	(30	min)	and	digitized	between	10	μs	and	1s	by	using	
Handy PEA system (Hansatech, Norfolk, UK). Finally, the fluorescence transients were 
quantified using the JIP- test from the original data by using the Biolyzer HP3 software. 
Maximum quantum yield of PSII (FV/FM), ratio of electron donation to PSII (FV/F0) and the 
specific fluxes expressed in the reaction center (ABS/RC, TRo/RC, ETo/RC and DIo/RC) 
were measured for different treatments and finally the specific membrane was modeled in 
response to drought stress in BS treated and untreated okra plants.

2.6 Yielding parameters

Yield,  from  all  the  treated  and  control  plants,  was  done  on  9th  day  of fruiting,  
at  which  stage  the  fruits  were  able  to  consume.  Yield  components like fruit 
length, fresh weight and fruit per plant were determined. 
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2.7 Statistical analysis

Statistical analysis of different parameters was carried out and the data represent 
mean ± standard error.

3. Results 

3.1. Chlorophyll and carotenoid content

Fig. 1. Total chlorophyll  (A), Carotenoid (B) content in A. esculentus exposed to drought stress  
and recovery .WW (Well watered), WS (Water stress), WW+PF (P. fluorescens treated well watered 
plants ), WS+PF (P. fluorescens treated watered stressed plants).

A significant increase in total chlorophyll content was recorded in PF treated plants 
during irrigated condition (Fig.1 A). Higher reduction in Chl was recorded on 
the 7thday of WS and higher reduction was observed in untreated plants. Among 
treatments, PF treated WS plants showed lesser reduction in Chl content and faster 
recovery. Higher carotenoid content was recorded in untreated WS plants during 7th 
day of stress, among the treatments lesser increase was observed in PF treated WS 
plants (Fig 1 B). PF treated plants recovered carotenoid content during re-watering 
quickly than untreated plants.

3.2 Estimation of photosynthetic electron transport activities

Fig. 2 PS I activity (A), PSII activity (B) in A. esculentus exposed to drought stress  and recovery. WW 
(Well watered), WS (Water stress), WW+PF (P. fluorescens treated well watered plants ), WS+PF (P. 
fluorescens treated watered stressed plants).

A B

A
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PF treatment significantly improved photosystem activity during well watered 
condition (Fig 2. A &B). WS resulted in significant reduction in PS I and II in all 
plants but PF treated plants recorded minimal reduction. Recovery of PS activity was 
faster in PF treated plants compared to untreated plants.

Chlorophyll (Chl) a fluorescence measurement
Higher reduction in density of active reaction center (ABS/RC), trapping (TRo/RC), 
electron transport flux (EIo/RC), structure function index (SFI) and  performance 
index (PI) were recorded in untreated WS plants (fig.3). Were as Lesser reduction 
in ABS/RC, TRo/RC and ETo/RC structure function index (SFI) and performance 
index (PI) were recorded in PF treated plants on 7th day of water stress. Quick recovery 
in these parameters also recorded by PF treated plants.

 

 
 WW, WS,  WW+PF,  WS+PF

Fig. 3 Radar plot of selected chlorophyll a  fluorescence parameters recorded in okra leaf after 
exposure to drought stress and recovery. Watered condition (A), 7th day of drought stress (B), 2nd 
day of recovery (C) and 3rd day of recovery (d). WW (Well watered), WS (Water stress), WW+PF (P. 
fluorescens treated well watered plants), WS+PF (P. fluorescens treated watered stressed plants).

A

DC

B
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Yielding parameters

Table :1: Yielding parameters of PF treated and untreated okra exposed to drought. 

Fig.4, Variation in fruit length C (Well watered), d (Water stress), A (P. fluorescens treated well 
watered plants), B (P. fluorescens treated watered stressed plants).

WS resulted reduction in yield parameters like fruit length, fresh weight and fruit 
per plant (table 1 & fig 4). PF treated okra recorded minimal reduction and untreated 
plants exhibited higher reduction in yield parameters. 

Disussion
A. esculentus treated with PF showed lesser changes in photosynthetic parameters. 
PF treatment protects the photosystems perhaps by reducing oxidative damage, 
maintaining cell turgor, preventing chlorophyll degradation and also by regulating 
several metabolic pathways for their better functioning and this may help to cope 
up with the osmotic stress without compromising much on photosynthesis. It was 
evident from our results on photosynthetic pigment composition that, PF treatment 
could reduce the degradation of chlorophyll and enhance the synthesis of carotenoids 
in okra during drought. Experiments on electron transport proved that the activity of 
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PS II was more reduced than activity of PS I and a major decline of oxygen evolution 
in PS II could corroborate the excessive production of ROS on thylakoid membranes 
which in turn impeded the oxygen evolution at the oxygen evolving complex (OEC) of 
PS II. Reduction of SFI of okra was directly correlated with the result of photosystem 
activity. It is already known that extensive peroxidation and de-esterification of 
thylakoid membrane lipids caused by ROS, lead to protein denaturation and mutation 
of nucleic acids which in turn destroy the functionality of many important proteins 
of thylakoid membrane system and also the functioning of enzymes required for 
photosynthetic machinery (Mahajan and Tuteja, 2010). Lesser reduction in pigment 
content and SFI of PSII accelerate the recovery capacity of PF treated okra. 

The ABS/RC, TRo/RC, ETo/RC and PI (abs) indicate the efficiency of light 
absoption, trapping, electron transport and performance index of PS II. A significant 
decrease in the former four parameters, in okra plants subjected to drought specify 
that inactivation of reaction centre complexes and changes in OEC have taken 
place inside the chloroplast which inhibit donor side of PS II. Energy absorption 
efficiency of PS II was decreased with increase the drought period stress in all 
plants; however, in PF treated plants the ABS/RC (the number of photons absorbed 
per RC) increased during the experiment this may be result lesser reduction in 
reaction center damage of these plants. Electron transport in a PS II (ETo/RC) 
deals with the electron transport over a cross-section of active and inactive RCs 
for reoxidation of reduced QA. A decrease in the electron transport per excited 
reaction center (ETo/RC) was observed in water stressed plants but the decline was 
minor in PF treated drought exposed plants and it was also well correlated with 
slighter reduction in PSII complexes in these plants. According Pan et al., (2018), 
the reduction in density of active reaction centers forms the main reason for the 
increased dissipation of energy and which shows inefficiency of PS II functioning.
Abiotic stress during flowering period negatively affect the fruit production of plants 
by alter various metabolic process mainly photosynthesis. The present study clearly 
indicate that PF treatment effectively alleviate the harmful impact of drought stress 
on okra plants and this lead to the lesser reduction in yielding parameters of PF 
treated stress exposed plants.

Conclusions
The present study reveals that drought stress were severely damage photosystem of 
okra and results higher reduction in yielding .PF treatment increase drought tolerance 
potential of A. esculents this results lesser damage to photosystem. Lesser reduction in 
photosytem functioning helps the PF treated plants to keep up their yielding potential 
even after stress. 
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abstract
The rice seedlings of Aathira and Swarnaprabha varieties were exposed to 8 h of high light 
(2000	μmolm-2s-1) and the effects on leaf gas exchange parameters and interconversions 
of xanthophyll cycle pigments were analyzed. High light exposure resulted in decrease 
of net photosynthetic rate (Pn), stomatal conductance (gs) and transpiration rate (E) 
both in Aathira and Swarnaprabha leaves.  However, the rate of reduction of Pn, gs 
and E was more prominent in Swarnaprabha than Aathira seedlings upon treatment 
with high light stress. The xanthophyll pigment profile analyzed by HPLC showed 
significant difference between Aathira and Swarnaprabha leaves after exposure to 8 h 
of high light irradiation. HL exposure in rice leaves led to the reduction of violaxanthin 
and concomitant accumulation of antheraxanthin and zeaxanthin in both Aathira and 
Swarnaprabha seedlings. However, conversion of violaxanthin to zeaxanthin was 
maximum in Aathira than Swarnaprabha leaves upon exposure to high light irradiation. 
Moreover, the de-epoxidation state of xanthophyll cycle pigments was enhanced while 
the epoxidation state of xanthophyll cycle pigments was decreased upon exposure to 8 
h of high light irradiation in rice leaves. The proportion of the xanthophyll cycle pool to 
total chlorophyll was tremendously increased in Aathira than Swarnaprabha upon high 
light exposure, revealing the superior nature of Aathira variety in terms of tolerance 
potential towards high light exposure.

Key words: gas exchange, high light, xanthophyll cycle

Introduction
Plants require light for photosynthetic process, but absorption of excess light can 
lead to photooxidative damage to the photosynthetic apparatus and decrease the 
photosynthetic efficiency. Thus absorbed solar energy may become excessive for 
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plants when it exceeds the capacity to utilize the same for photosynthesis. When 
light energy exceeds cell’s needs it results in the production of reactive oxygen species 
which damage cell components including photosynthetic apparatus causing light 
induced photoinhibition (Nishiyama et al., 2006; Gururani et al., 2015).

Gas exchange measurements are a non-destructive, non-invasive technique to 
monitor accurate photosynthetic carbon assimilation rate in plants. Measurements 
are rapid and can be used to examine the altered photosynthetic rates under different 
environmental stress conditions (Massacci et al., 2008; Wang et al., 2016). The main 
gas exchange parameters such as the photosynthetic rate (Pn), transpiration rate 
(E) and the stomatal behavior, generally fluctuates at varying degrees when plants 
are subjected to high light (HL) irradiation and these variations are species specific 
(Sanusi et al., 2011; Lu et al., 2017).

Xanthophyll cycle is one of the most efficient mechanisms protecting plants and other 
photosynthesizing organisms under over excitation conditions resulted by various 
environmental factors (Kromdijk et al., 2016; Junker et al., 2017). It is well documented 
that plants under increasing HL stress employ a greater level of xanthophyll cycle 
interconversion, whereby conversion of particular group of carotenoids, violaxanthin, 
antheraxanthin and zeaxanthin occurs by enzyme catalyzed de-epoxidations. Under 
moderate stress conditions, violaxanthin function as the most abundant antenna pigment 
by transferring energy to Chl a. With increasing stress dosage or intensity, violaxanthin 
is biochemically converted to pigment zeaxanthin via the intermediate antheraxanthin by 
the activity of violaxanthin de-epoxidase and excess excitation energy can be harmlessly 
dissipated as heat through the formation of zeaxanthin or antheraxanthin in the antenna 
pigment complexes of PSII (Chen and Gallie, 2012). As a consequence, quenching of excess 
energy helps to keep PSII reaction centers open and maintain the electron transport and 
thus protects the reaction centers from photoinhibition (Goss and Jakob, 2010). In this 
study, we made an attempt to analyze the effects of HL exposure on leaf gas exchange 
parameters and interconversions of xanthophyll cycle pigments in rice seedlings.

Materials and methods
Two varieties of rice seeds (Aathira and Swarnaprabha) were germinated and grown 
in plastic bottles containing absorbent cotton soaked with half strength Hoagland 
solution.	After	10	d	of	growth,	rice	seedlings	were	exposed	to	high	light	(2000	μmolm-

2s-1), provided by 1000 W PAR64 metal halide lamps (Philips, Netherlands). Air was 
circulated around the seedlings and thus the temperature was maintained at 24+2ºC. 
Photosynthetically active radiation in terms of light intensity at the surface of the 
leaves at one hour interval was measured by a solar radiation monitor (EMCON, 
India). Leaf gas exchange parameters and xanthophyll cycle pigments were analyzed 
after rice seedlings were exposed to 8 h of high light stress. 
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Leaf gas exchange parameters were analyzed by using a LI-6400 portable 
photosynthesis system (Infra-red gas analyzer, LI-COR, Lincoln, Nebraska, USA). 
Leaf surfaces were cleaned and dried using tissue paper before being enclosed in the 
leaf chamber for gas exchange measurements. All measurements were record on fully 
expanded first formed rice leaves and reading was taken between 9.00 to 10.00 am. 
The various leaf gas exchange parameters, net photosynthetic rate, Pn	(μmolm

-2s-1), 
stomatal conductance, gs	 (μmolm

-2s-1) and transpiration rate, E (mmolm-2s-1) was 
measured in rice leaves after exposure to high light. Pn, gs and E were calculated using 
the equations derived by von Caemmerer and Farquhar (1981).

High performance liquid chromatography (HPLC) analysis of xanthophyll cycle 
pigments was done by the method of Gopalakrishnan and Annamalainathan 
(2016). Fresh leaf samples were homogenized in 100% ice cold acetone containing 
0.1% butylated hydroxytoluene (w/v) by using a pre-cold mortar and pestle. The 
homogenate was centrifuged for 25 min at 4oC for 8000 rpm and the supernatant was 
collected. Identification and separation of pigments were done on a reverse phase 
column, Waters Spherisorb ODS-5 µm column (250x4.6 mm) in HPLC. Samples were 
injected	with	a	Rheodyne	7010	injector,	with	a	20	μl	loop	at	30oC for 60 min. The 
solvent system consisted of acetonitrile:methanol:water (84:14:2) and methanol:ethyl 
acetate (68:32). Peaks were detected at 450 nm with waters 996 photodiode array 
detector and integrated using Empower software.

Standards	of	xanthophylls	(lutein,	zeaxanthin	and	β-carotene)	were	used	for	the	study.	
Pigments were identified by comparing their absorption spectra and retention time 
with standards. Level of de-epoxidation and epoxidation state of xanthophyll cycle 
pigments was calculated as (Z + A)/(V + A + Z) and (V+A)/(V+A+Z), respectively, 
where, Z - zeaxanthin, A - antheraxanthin, V - violaxanthin. The data is an average of 
recordings from three independent experiments each with three replicates (i.e. n=9). 
The data represent mean±standard error (SE).

Results
Treatment with 8 h of high light stress significantly decreased the Pn in both rice 
varieties over the control plants. However, the rate of reduction of Pn was more 
prominent in Swarnaprabha (52%) than Aathira seedlings (29%) upon treatment with 
high light stress as compared to the control leaves (Fig. 1A). Likewise, significant 
decrease in gs was recorded in both Swarnaprabha (54%) and Aathira (28%) leaves 
when they were subjected to high light treatment as compared to the control leaves 
(Fig. 1B). The transpiration rate was also decreased after exposure to 8 h of high 
light stress and the maximum reduction was recorded in Swarnaprabha (81%) than 
Aathira (48 %) with respect to the control leaves (Fig. 1C).
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Figure 1: Net photosynthetic rate (A), stomatal conductance (B) and transpiration rate (C) of 
Aathira and Swarnaprabha leaves after exposure to 8 h of high light stress (2000 µmolm-²s-1). 
The data is an average of recordings from three independent experiments each with three 
replicates (i.e. n=9).  
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Figure 1: Net photosynthetic rate (A), stomatal conductance (B) and transpiration rate (C) of Aathira 
and Swarnaprabha leaves after exposure to 8 h of high light stress (2000 µmolm-²s-1). The data is an 
average of recordings from three independent experiments each with three replicates (i.e. n=9). 

The xanthophyll pigment profile analyzed by HPLC showed significant difference 
between Aathira and Swarnaprabha leaves after exposure to 8 h of HL irradiation. 
Apart from the major fractions of the xanthophylls pigments, including lutein, some 
other	carotenoids	 -	α	and	β	carotenes	could	also	be	detected.	Neoxanthin	 (N)	was	
eluted first followed by violaxanthin (V), antheraxanthin (A), lutein (L), zeaxanthin 
(Z), Chl b, Chl a,	 	α	and	β	carotenes.	It	was	found	that	the	content	of	pigments	N,	
A and Z registered a steady increase after exposure to 8 h of HL stress in both rice 
varieties. In contrast, the content of V was found to decrease after HL treatment in 
both rice varieties as compared to the control leaves. It was showed that the Z content 
was not traceable in control seedlings of Aathira and Swarnaprabha leaves, while 
it was increased significantly after exposure to 8 h of HL treatment and reached to 
an extent of 7.7 µgg-1 FW in both Aathira and Swarnaprabha leaves. Likewise, the 
content of A was also enhanced to an extent of 2.3 µgg-1 FW in Aathira leaves after 8 
h of HL exposure, but A content was not detected in untreated leaves of this variety. 
In Swarnaprabha leaves, A was found to increase from 1.3 µgg-1 FW (control) to 2.4 
µgg-1 FW after 8 h of HL treatment (Fig. 2A). 



228

Doctrina - Three Day Intenational Webinar | isbn: 978-81-940448-9-5 

A prominent reduction of lutein content in Aathira and Swarnaprabha was recorded 
after 8 h of HL (55 and 60%) with respect to their untreated leaves. The content of N 
was enhanced in Aathira seedlings (35%) after exposure to 8 h of HL treatment, but 
not in Swarnaprabha as compared to the respective control seedlings. Likewise, a 
significant	variation	in	both	α	and	β	carotene	content	was	registered	after	HL	stress	in	
both	rice	varieties.	A	significant	increase	in	the	accumulation	of	β-carotene	content	
was registered in the leaves of Aathira (170%) and the increase in Swarnaprabha leaves 
was negligible (12%) upon 8 h of HL treatment over the control plants. Moreover, 
α-carotene	was	also	enhanced	in	Aathira	leaves,	whereas	in	Swarnaprabha	it	was	not	
increased after treatment with HL exposure (Fig. 2A).
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and  Swarnaprabha after exposure to 8 h of HL treatment. The data is an average of recordings 
from three independent experiments each with three replicates (i.e. n=9).   
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Figure 2: HPLC elution components of the photosynthetic xanthophyll pigments (A),  changes 
in de-epoxidation (dEPS) and epoxidation (EPS) state of xanthophyll cycle pigments, the 
proportion of the xanthophyll cycle pool (V+A+Z) to total Chl and carotenoids (B) in Aathira and  
Swarnaprabha after exposure to 8 h of HL treatment. The data is an average of recordings from 
three independent experiments each with three replicates (i.e. n=9).  

The de-epoxidation state of xanthophyll cycle pigments (DEPS=Z+A/V+A+Z) 
generally exhibited higher values in HL treated Aathira and Swarnaprabha seedlings 
(37 and 33%) as compared with controls. In contrast, a significant decrease was found 
in the epoxidation state of xanthophyll cycle pigments (EPS=V+A/V+A+Z) after 
exposure to HL irradiation in both varieties of rice seedlings and the rate of decrease 
was more or less similar in both varieties (23-28%). Parallel to this, the proportion 
of the xanthophyll cycle pool (V+A+Z) to total Chl and carotenoids became more 
significant in rice seedlings upon HL exposure. The ratio of xanthophyll cycle pool 
to total Chl (a+b) was highly increased in Aathira (983%) and to a lesser extent in 
Swarnaprabha leaves (54%) after exposure to 8 h of HL stress over the control leaves. 
However, the ratio of xanthophyll cycle pool to total carotenoids was decreased in 
both Aathira and Swarnaprabha leaves after 8 h of HL exposure with respect to the 
control seedlings (Fig. 2B).
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Discussion
HL exposure altered the fundamental processes of photosynthesis in the leaves of 
Aathira and Swarnaprabha as evidenced by various leaf gas exchange parameters. The 
reduction of net photosynthetic rate (Pn), stomatal conductance (gs) and transpiration 
rate (E) was more prominent in Swarnaprabha than Aathira seedlings upon treatment 
with 8 h of HL irradiation. According to Zhang et al. (2016), HL irradiation induced 
deactivation of rubisco, which suppressed Pn and subsequently E in Platanus orientalis, 
Melia azedarach and Solanum lycopersicum seedlings. Thus the enhancement rate of 
inhibition in photosynthesis under HL exposure in Swarnaprabha, followed by Aathira 
could be due to the reduced carbon assimilation and inhibition of PSII photochemistry. 
The high reduction of stomatal conductance in Swarnaprabha and comparatively lower 
reduction in Aathira, results in reduction of gaseous exchange, ultimately resulting in 
decline of photosynthesis in Swarnaprabha leaves. Tani et al. (2001) concluded that 
the stomatal limitation to photosynthesis is responsible for the limited photosynthetic 
activity of Pteridophyllum racemosum to increased light stress conditions.

Xanthophyll cycle is one of the most efficient mechanisms protecting plants under over 
excitation conditions of HL stress and some components of this cycle act as quenchers 
of singlet chlorophyll, thus preventing the formation of reactive oxygen species. 
The concomitant increase of some xanthophylls and carotenes with HL exposure in 
Aathira and Swarnaprabha rice leaves can be attributed to the involvement of these 
pigments in dissipation of HL induced excess energy. HL exposure in rice leaves led 
to the reduction of violaxanthin and concomitant accumulation of antheraxanthin 
and zeaxanthin in both Aathira and Swarnaprabha seedlings. However, conversion of 
violaxanthin to zeaxanthin was maximum in Aathira than Swarnaprabha leaves upon 
exposure to HL irradiation. The results were corroborated with the findings obtained 
by HPLC analysis in the leaves of Secale cereale leaves exposed to HL illumination 
(1200 µmolm-2s-1) wherein it was found that zeaxanthin content was highly enhanced 
after HL treatment (Janik et al., 2008). Similar pattern of changes in xanthophyll 
pigments have been reported in Hevea brasiliensis after exposure to HL conditions 
(Gopalakrishnan and Annamalainathan, 2016).

Lutein is the most abundant xanthophyll pigment in higher plants and it has a primary 
role in quenching of triplet chlorophyll states (Estaban et al., 2008). HL irradiated rice 
seedlings showed the lowest epoxidation state of xanthophyll pigments and lutein 
content, which suggested that the absence of lutein was compensated by increased 
levels	of	other	xanthophylls	derived	from	β-carotene	(Pogson	et al., 1996). High NPQ 
status of Aathira leaves upon exposure to HL stress than Swarnaprabha could be 
correlated with the high xanthophyll cycle pigments accumulated in Aathira and it 
is fact that xanthophylls are involved in the NPQ of excitation energy in LHCII of 
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the PSII. In addition to this, zeaxanthin presumably exert additional photoprotective 
effect as an antioxidant providing stabilization to thylakoid membrane lipids under 
extreme	HL	stress	(Gruszecki	and	Strzałka,	2005).

The de-epoxidation state of xanthophyll cycle pigments was enhanced while the 
epoxidation state of xanthophyll cycle pigments was decreased upon exposure to 8 
h of HL irradiation in rice leaves. Likewise, the proportion of the xanthophyll cycle 
pool to total Chl was tremendously increased in Aathira than Swarnaprabha upon 
HL exposure, revealing the superior nature of Aathira variety in terms of tolerance 
potential towards thermal dissipation of excess energy after exposure to HL and thus 
avoiding photooxidative stress. Photoprotection of the photosynthetic machinery 
to HL conditions through xanthophyll pigments was observed in Plantago media 

plants (Golovko et al., 2011). Moreover, the extent of de-epoxidation of xanthophyll 
cycle pigments and the content of total xanthophyll cycle pigments expressed per 
chlorophyll was greatly enhanced in Vinca minor upon HL exposure (Verhoeven et al., 
1999). Previously it was reported that oxidative stress in plants leads to an increase in 
β-carotene	content	since	the	deactivation	of	singlet	oxygen	is	provided	by	β-carotene 
in plants (Ramel et al.,	2012).	Similarly,	HL	exposure	induced	accumulation	of	α	and	
β-carotene	content	was	higher	in	the	leaves	of	Aathira	and	comparatively	lower	in	
Swarnaprabha leaves upon 8 h of HL treatment. Conclusively it was found that the 
higher levels of zeaxanthin and the lower level of epoxidation state of xanthophyll 
pigments in Aathira than Swarnaprabha leaves after HL exposure largely contributes 
towards photoprotection in Aathira and thus revealing the superior nature of Aathira 
variety in terms of tolerance potential towards HL exposure.
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Abstract
Salinity is a major abiotic stresses affecting crop establishment and productivity of 
rice.  This study analyzes the halo priming mediated stress tolerance potential of rice 
seedlings exposed toNaCl induced salinity stress.  Seed priming has emerged as a cost 
effective method, capable of inducing tolerance towards different stresses. The seeds 
of Oryza sativa L. var. Vyttila 6 (a known salinity tolerant) were halo primed (NaCl 
- 50 mM) and was further subjected toNaCl (100 mM) stress. To cope up with the 
stress effects, rice seedlings activated antioxidant defense mechanisms. Halo priming 
altered mRNA level expression of SOD, CAT and APX was significantly augmented in 
seedlings emerging from halo primed seeds subjected to NaCl stress, when compared 
with control. The results prove that halo priming of rice seeds enhances the stress 
tolerance potential of a stress tolerant rice variety.

Key words: antioxidants, Oryza sativa, salinity, priming.

Introduction
Soil salinity is one of major abiotic stresses that affect agricultural production 
worldwide. The effects of salinity in plants are many and interfere greatly with the 
yield and production of the crops. Salinity affect the plants mainly by imparting two 
types of stresses: osmotic stress (initial stage: caused due to increased osmotic potential 



234

Doctrina - Three Day Intenational Webinar | isbn: 978-81-940448-9-5 

of rhizosphere due to high salt concentration) and ionic stress (final stage: toxicity 
resulted by high ionic concentration). The destructive effects of salinity include 
retarded plant growth due to increased Na+ concentration (Qureshi et al., 2008), 
delay in flowering and impaired fertility, with partial or complete grain loss resulting 
in poor panicle development in rice (Zeng and Shannon, 2000) and inhibition of 
photosynthetic activity (Pinheiro et al., 2009).

Salinity as an abiotic stress is the second most devastating phenomenon after drught 
and interferes with the production and yield of rice globally. Rice is the major food crop 
across several countries in the entire world. With the increased population worldwide 
the demand for rice is also increasing in accordance. Rice, a glycophyte, by nature is 
susceptible to salinity and show wide and vivid response against the detrimental effects 
of increased salt accumulation. The plant defense system in rice includes arrest and 
alleviation of the harmful effects of salt toxicity at physiological, biochemical and 
molecular levels. In the case of rice, salinity was found to induce both biochemical and 
physiological changes causing growth inhibition and yield loss (Ishii et al., 2007).

Rice is susceptible to salinity, specifically, at the early vegetative and later reproductive 
stages (Saikat et al., 2016). Therefore boosting up of the anti-oxidation defense system 
at these stages has an important role for improving crop yield and quality. It has been 
already reported that seed priming is one of the most promising techniques to enhance 
seed resistance to biotic and abiotic stressors (Jisha et al., 2013). The technique of seed 
priming has proved to be an effective method to impart stress tolerance in plants and 
it is a very promising strategy for modern crop management (Wojtyla et al., 2016). 
Seed priming can increase the rate, percentage and uniformity of seed germination or 
seedling emergence, mainly under unfavorable environmental conditions. Priming 
activates ROS (reactive oxygen species) scavenging machinery which facilitate 
morphological, physiological and biochemical changes leading to enhanced stress 
tolerance potential of plants (Bussotti et al., 2014).

This study was carried out to analyze the ameliorative potential ofhalo priming on 
abiotic stress tolerance of salinity tolerant variety (Vyttila 6) subjected to NaCl, by 
analyzing the biochemical and molecular changes of primed and non-primed plants 
subjected to unstressed and stressed conditions

Materials and methods

Plant material and growth condition

The study was carried out in Oryza sativa var. Vyttila 6 (NaCl tolerant). Seeds were 
collected from Rice Research Station (RRS), Vyttila, Kerala, India. Seeds were surface 
sterilized with 0.1% HgCl2 solution for 5 min and further seeds were washed thoroughly 
with distilled water. The washed seeds were subjected to halo priming (75 mM) and 
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kept for germination. Seedlings were raised in culture bottles (11 x 22 cm) containing 
absorbent cotton soaked with double distilled water (control), NaCl (100 mM) and 
incubated in a plant growth chamber under controlled conditions of temperature 
(24±20C),	light	intensity	(300	μmolm-2s-1) and relative humidity (55±5%) with a 14/10 h 
photoperiod. The growth and biochemical traits of all the seedlings were recorded on 
9 d after germination. For each experiment, there were four treatments: C (Control), 
CP (primed seeds subjected to unstressed condition), N (non-primed seeds subjected to 
NaCl stress) and NP (primed seeds subjected to NaCl stress).

Estimation of reactive oxygen species and protein peroxidation

Hydrogen peroxide content was estimated according to the protocol of Junglee et al. 
(2014) and hydrogen peroxide was used as standard. Superoxide content was determined 
as per the protocol of Doke (1983). Sodium nitrate (NaNO2) was used as standard. The 
protein carbonyl content was determined according to Reznick and Packer (1994). 

Gene expression analysis of enzymatic antioxidants and stress related proteins

Total RNA was extracted from the primed and non-primed seedlings of rice varieties 
grown in NaCl according to the protocol of Valenzuela-Avendano et al. (2005). For 
RT-PCR	 analysis	 2μg	 of	 total	RNAs	were	 treated	with	 10	U	RNase-free	DNase	 I	
(Sigma)	 in	 10	 μl	 reaction	media	 containing	 1X	DNase	 I	 buffer	 (20	mM	Tris/HCl	
pH 8.4; 50 mM KCl and 2 mM MgCl

2
) at 37°C for 5 min followed by the addition 

of EDTA to deactivate DNase I. The first strand cDNAs was synthesized from RNA 
using iScript cDNA synthesis kit (Bio-Rad), as per the manufacturer’s instruction. 
The RT-PCR was performed using Bio-Rad Thermo cycler (C 1000) followed by 
running the PCR products in 1% agarose gel. Band intensities of genes were analyzed 
using Image J software. The signal intensity value of each sample and for a specific 
gene was divided by that of the value obtained for ACTIN gene for the same sample 
and the resulting ratios of at least three gels were plotted for each sample

Statistical analysis

Statistical analysis of different parameters was carried out according to Duncan’s 
multiple range tests at 5% probability level. One-way ANOVA was applied using the 
SPSS software 16.0, SPSS Inc., Chicago, USA. The data is an average observation 
from three independent experiments, each with three replicates. The data represent 
mean ± standard error.

Results

ROS accumulation and protein peroxidation rate

The ROS accumulation was significantly enhanced in seedlings under NaCl stress 
(50%).  Halo priming significantly reduced the O2

-content as compared to the NaCl 
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stressand untreated control treatment. Similarly H2O2 content was significantly reduced 
in seedlings emerged from halo primed seeds under NaCl stress (83%) as compared with 
non primed seeds subjected to NaCl stress (120%) (Fig. 1A and B). The increment in 
the protein peroxidation rate due to NaCl (54%) induced ROS was strictly controlled 
by halo priming. The seedlings emerged from halo primed seeds showed significant 
reduced rate of protein peroxidation as compared to the control (Fig. 1C).
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Fig. 1 Superoxide (A), hydrogen peroxide(B) and carbonyl (C) content in seedlings of halo primed 
Vyttila 6 exposed to NaCl on 9 d. C (Control), (CP) (halo primed seeds subjected to unstressed 
condition), N (non-primed seeds subjected to NaCl stress), NP (halo primed seeds subjected to 
NaCl stress).

Gene expression
All the tested genes that regulate anti-oxidative enzymes showed increased expression 
in response to halo priming. The expression analysis of three genes related to 
antioxidant enzymes was conducted by using specific primers. These genes include Cu/

Zn-SOD (encoding superoxide dismutase), CatA (catalase) andAPx1 (ascorbate 
peroxidase). In response to halo seed priming, the expression of Cu/Zn-SOD of rice 
seedlings was up regulated as compared to corresponding control on exposure to 
NaCl (Fig. 2A). The transcription of CatA was initiated in rice seedlings by halo 
priming. The trend of changes in the expression of APX was also similar to that 
ofCatA activity. (Fig. 2B and C)
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Discussion
The present study was conducted to examine the influence of halo priming on seedlings 
of salinity tolerant rice variety subjected to NaCl stress. In response to abiotic stress, 
plants accumulate ROS resulting in oxidative damage (Pandey and Gautam, 2020). 
Increased level of H2O2 and O2

- was observed in the rice seedlings emerged from non 
primed seeds subjected to NaCl stress. Accumulated ROS damages cell membranes, 
proteins, causing denaturation of protein in the plant cell (Abid et al., 2018). NaCl and 
PEG stresses induce ROS (H2O2 and O2

-) production, which, in turn, cause oxidative 
damage on membrane and perturbation of cell membrane functioning. However halo 
priming resulted in the enhanced tolerance of rice seedlings through the improved 
membrane integrity of the plant cell. 

The activation of genes Cu/ZnSOD, CATA and APx1 responsible for superoxide 
dismutase, catalase and ascorbate peroxidase maintains the balance of cellular ROS 
in response to NaCl stress. Expression of APx1and Cu/ZnSOD genes had been found 
to be enhanced in both varieties of rice seedlings on exposure to NaCl stress and got 
further enhanced in seedlings subjected to halo priming.
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Fig. 2 Expression analysis of SOd(Cu/ZnSOD) (A), CAT (CatA) (B) and APX (APx1) (C)in seedlings 
of halo primed Vyttila 6 exposed to NaCl on 9 d. C (Control), (CP) (halo primed seeds subjected 
to unstressed condition), N (non-primed seeds subjected to NaCl stress), NP (halo primed seeds 
subjected to NaCl stress).
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Conclusion
NaCl stress has a negative impact on early seedling establishment in seedlings of 
Vyttila 6.Present study reveals that halo priming enhances stress tolerance potential 
of rice seedlings subjected to NaCl stress. Halo priming alleviated the stress effect 
by enhanced relative gene expression of antioxidants during successive seedling 
establishment. 
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Abstract
UV-B radiation is a major abiotic stress factor, which adversely affect growth and 
productivity of crop plants including rice. However, on the other hand lower doses 
of UV-B radiation induced priming effect for stress tolerance in crop plants. Plants 
produced from UV-B primed seeds shows enhanced growth, improved physiological 
features and also accelerates the stress tolerance potential in plants.In the present study, 
seeds of Oryza sativa L. cv. Aiswarya were primed with UV-B radiation (4 kJm-2d-1) 
and were further subjected to UV-B stress. The effect of UV-B priming in imparting 
UV-B stress tolerance to rice seedlings was analyzed using various photosynthetic 
features and ROS (Reactive Oxygen Species) scavenging parameters. Photosystem I 
and photosystem II activities were found to be significantly higher in the UV primed 
seedlings under controlled condition. When UV-B stress was imposed (21 kJm-2d-1), 
high level of photosystem (I and II) activities as well as activities/accumulation of 
enzymatic [superoxide dismutase (SOD), catalase, ascorbate peroxidase (APX)] 
and non-enzymatic (ascorbate, glutathione and phenol) antioxidants was recorded 
in UV-B primed, as compared to non-primed ones. The gene expression level of 
enzymatic antioxidants was also higher in UV-B primed seedlings. The above results 
indicate that, UV-B priming in rice seedlings effectively enhances the UV-B stress 
tolerance potential in rice. Thus it was proved that UV-B irradiation, which induces 
stress in plants, can act in another role of stress alleviator, when applied in low doses.

Key words: antioxidants, Oryza sativa, priming, UV.

Introduction
Rice is the fundamental source of food for more than half of the worldwide population. 
The production of rice has improved enormously during the postgreen revolution period 
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mainly because of the advanced technological interventions and implication of improved 
rice varieties. But the abiotic stresses have severely hampered the rice production, with 
strong social and economic impact. The impact of abiotic stresses results in significant 
yield reduction of rice worldwide (Bahuguna et al., 2018; Bergman, 2019).

Drought, salinity and UV-B are some of the main abiotic constraints affecting the 
crop yields worldwide, which have many negative impacts on normal plant functions. 
These stresses cause various biochemical, physiological, metabolic and molecular 
changes leading to oxidative stress and negatively influencing plant growth and 
metabolism. These abiotic stresses are most destructive for plants and can have huge 
impact on world’s food security. Various adaptations and mitigation mechanisms 
operate in plants to cope up with drought, salinity and UV-B stresses (Vurukonda et 

al., 2016; Negrão et al., 2017; Tripathi et al., 2017).

Abiotic stress conditions trigger some of the metabolic activities which results in 
the overproduction of reactive oxygen species (ROS) in plants. ROS are essential for 
plant growth and it act as necessary secondary messengers for cell metabolism, but the 
overproduction of ROS causes oxidative stress which leads to protein denatuation, 
lipids peroxidation, and nucleotides degradation, thereby resulting in cellular damage 
and ultimately leading to cell death. Plants have a highly sophisticated and efficient 
antioxidant defense mechanism to overcome the excessive production of ROS. The 
perturbation of cellular homeostasis and stress induced damages are assuaged by 
the action of various enzymatic and non-enzymatic antioxidants such as superoxide 
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione peroxidase 
(GPX), ascorbate, glutathione etc. scavenge the ROS thereby enhancing the tolerance 
towards stress (Anjum et al., 2015; Chen et al., 2015; Choudhury et al., 2017; Raja 
et al., 2017).Over expression of SOD, CAT and APX endow the required level of 
tolerance to abiotic stresses  by retaining  intercellular ROS homeostasis (Li et al., 
2017; Rossatto et al., 2017).

Researchers have developed various methodologies for attaining stress tolerance 
in plants. Of the different methodologies, seed priming is the most adaptive and 
cost effective one (Jisha et al., 2013). Priming is a ‘pre- germinative metabolism’, 
which involves seed repair such as activation of DNA repair pathways, antioxidant 
mechanisms, thereby ensuring appropriate germination and seedling development. 
It increases the seed vigour, germination potential, enhanced stress tolerance and 
also ensures the seed quality and improved activities of antioxidant machinery for 
scavenging ROS. In primed seeds, the seed germination rate was augmented and 
strengthened, which can enhance biotic/abiotic stress tolerance at further growth 
stages and ultimately increase crop yields. Priming makes the seedlings adaptable to 
wider range of germination temperatures and also improves the capacity to compete 
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with weeds and pathogens (Paparella et al., 2015; Ali et al., 2017; Hussain et al., 2018).

Seed priming techniques such as hydoprimimg, osmopriming, chemical priming and 
priming with low dose of UV-B are known to strategically improve abiotic stress 
tolerance in crop plants (Abid et al., 2018; Dillon et al., 2018; Fang et al., 2018; Irani 
and Todd 2018; Noorhosseini et al., 2018; Tabassum et al., 2018).  Researchers have 
reported the role of UV radiation (in low dose) in seed priming and the positive effects 
of it in enhancing stress tolerance potential (Dillon et al., 2018; Xu et al., 2018, Thomas 
and Puthur 2017, 2019). Although there are very few reports on the positive effects of 
UV priming for enhancing tolerance towards various stresses, few works have been 
done to analyze the comparative performance of seedlings emerging from primed 
seeds of rice and explore the priming induced stress tolerance mechanisms (Thomas 
and Puthur, 2017, 2019, Thomas et al 2019, 2020). The present study examines the 
potential of rice seedlings emerging from UV-B primed seeds in countering UV-B 
stress. The result reveals the significant and crucial physiological, biochemical and 
molecular changes related to stress tolerance mechanisms in rice seedlings emerged 
from UV-B primed seeds.

Materials and methods

Plant materials

Rice (Oryza sativa L.), var. Aiswarya was selected for the present study. The rice variety 
seeds were collected from Regional Rice Research station, Pattambi, Kerala, India.

Seed and seedling priming techniques

For the surface sterilization, the seeds were treated with 0.1% HgCl2 solution 
for 5 min and further washed thoroughly with distilled water. After washing, the 
seeds were exposed to low dose of UV-B(4 kJm-2) for seed priming (Ps) treatment. 
The primed and non-primed seeds were transferred to plastic bottles (22x12 cm) 
containing cotton soaked with distilled water. The bottles were kept under a 14/10 h 
light-dark	cycles	at	300	μmolm-2s-1, 25±30C and RH 55±5%. For UV-B stress, UV-B 
irradiation (21 kJm-2d-1) in addition to continuous white fluorescent illumination of 
300	μmolm-2s-1was given with the aid of mobile adjustable frames over the plants. 
The biologically effective UV-B (UV-BBE) was gained through normalization at 
300 nm; calculation of the same was done according to Caldwell (1971). The UV-B 
intensity was measured using radiometer (UV-B irradiation meter, RM-12, Opsytec 
Dr. Grobel). The UV-B tubes were covered with 0.13 mm thick cellulose diacetate 
filters to avoid transmission of wave lengths below 280 nm. Further physiological, 
biochemical and molecular analysis were done in rice seedlings emerging from UV-B 
primed seed (Ps) and non-primed seeds (NPs) after 9 d of growth.
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Quantification of non-enzymatic and enzymatic antioxidants

Total phenolic content of fresh rice seedlings was measured as per Folin and Denis 
(1915) and standard curve was prepared by using catechol. Ascorbate and glutathione 
content was estimated as per Chen and Wang (2002) and L-ascorbic acid and reduced 
glutathione was respectively used for preparing standard curve.

From fresh seedlings, the enzyme extract was prepared as described by the protocol 
of Yin et al. (2009). Protein estimation in the enzyme extract was done by the method 
of Bradford (1976) and BSA was used as standard. APX (EC 1.11.1.11) activity was 
recorded according to Nakano and Asada (1981). SOD (EC 1.15.1.1) activity was 
analyzed by the protocol of Giannopolitis and Ries (1977). The CAT (EC 1.11.1.6) in 
the fresh samples was measured by following the method of Kar and Mishra (1976). 

Gene expression analysis of enzymatic antioxidants

Using the protocol of Valenzuela-Avendano et al. (2005), total RNA was extracted 
from the non-primed and primed rice seedlings exposed to different stresses. The RNA 
concentration and integrity was checked by Nano Drop spectrophotometer (Jenway, 
Genova Nano) and by agarose gel electrophoresis. According to manufacturer’s 
instruction of iScriptc DNA synthesis kit (Bio-Rad), the first strand cDNAs was 
synthesized from RNA. Primers for SOD, CAT, APX and actin (internal control) 
were designed using the primer- 3 software (Supplementary Table S1) and the RT-
PCR was performed using Bio-Rad Thermo cycler (C1000). Differential expression 
of the genes was analyzed by running the PCR products in 1% agarose gel followed by 
measuring the band intensities using ImageJ program. 

Photosynthesis activity

The photosynthetic O2 evolution and respiratory O2 uptake was assessed 
polarographically by a Clark-type oxygen electrode system (Hansatech, Norfolk, 
UK). According to the procedure of Puthur (2000), PSI as well as PSII activities was 
measured. The protein content in the mitochondrial suspension was determined by 
the method of Bradford (1976).

Statistical analysis

Statistical analysis of the data was done according to Duncan’s test (P≤0.05).	The	data	
was average of three separate experimental observations with three replicates (i.e. 
n=9). The data denote mean ± standard error (SE).  One-way ANOVA was applied 
using the SPSS software (Version 16.0, SPSS Inc., Chicago, USA) to examine the 
effect of UV-B primed rice seeds exposed to various stress conditions.
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Results
Antioxidant machinery

Non-enzymatic antioxidants
In comparison with control, seedlings from primed seeds (Ps) subjected to UV-B (Ps+U) 
showed significant  increase in total phenolics, ascorbate and glutathione content and it 
was to the extent of 245, 246 and 391% respectively. In the case of seedlings from NPs 
subjected to UV-B stress, total phenolics, ascorbate and glutathione content were enhanced 
to the extent of 139, 141 and 191%. In the case of seedlings from Ps primed and exposed to 
unstressed state, only a slight increase in accumulation of non-enzymatic antioxidants was 
observed and it was not higher than 75% as compared with the control (Fig. 1).
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Fig. 1: Ascorbate,glutathione and total phenolics content in seedlings from UV-B primed and 
non-primed seeds with UV-B and subjected to UV-B stress conditions. (P+C- Primed+Control;  
Ps+U-Primed+UV-B).  

Enzymatic antioxidants
The Ps subjected to UV-B stress resulted in enhanced activities of antioxidant enzymes 
such as SOD, CAT and APX. SOD, CAT and APX activity was observed to have 
significant enhancement of 689, 307 and 255% in Ps+U respectively. However, in 
the primed unstressed state the activity of these three enzymes was slightly increased 
with respect to the control seedlings (Fig. 2).  
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B). 
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Fig. 2: SOd, CATand  APX activity  in  seedlings from UV-B primed and non-primed seeds with 
UV-B and subjected to UV-B stress conditions. (P+C- Primed+Control;Ps+U-Primed+UV-B).
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Gene expression studies of enzymatic antioxidants
Significant increase in the expression of genes encoding enzymatic antioxidants was 
observed in rice seedlings from Ps. In seedlings under the influence of UV-B priming, 
a drastic increase in gene expression was observed in Ps+U was 85, 240 and 234% for 
SOD, CAT and APX respectively. The gene expression levels in seedlings exposed 
to UV-B stress conditions generated from (NPs) were also increased but at a reduced 
levels than that of primed and stressed conditions (Ps). However, the seedlings 
subjected to priming (Ps) and which was unstressed showed slight increase in gene 
expression levels of three enzymes and the increase was less than 24% (Fig. 3). 
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Fig. 3: Gene expression of SOd, CAT and APX inseedlings from UV-B primed and non-primed seeds 
with UV-B and subjected to UV-B stress conditions. (P+C- Primed+Control;  Ps+U-Primed+UV-B).  

Photosynthesis activity
PSI, PSII and mitochondrial activities were appreciably improved in rice seedlings 
with the effect of UV-B priming. An increasing pattern of PSI and PSII activity was 
found in primed unstressed condition, and it was 25% increase over the control. In 
the case of UV-B stressed seedlings from primed seeds an increasing trend in PSI and 
PSII activities was observed. The highest increase being recorded in the case Ps+U. 
While on exposure of non-primed seedlings to UV-B stress condition, PSI and PSII 
activities were reduced dramatically (Fig. 4).
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Discussion

Antioxidant machinery

Plant’s antioxidant defense mechanism aids the plants to overcome the cascades of 
uncontrolled oxidation and protect the cells from ROS induced oxidative damage 
(Anjum et al., 2015; Chen et al., 2015). In plants, non-enzymatic antioxidants play a 
key role in stress tolerance and are mainly involved in many cellular processes under 
stress and directly detoxify the ROS and thus contribute to non-enzymatic ROS 
scavenging (Gill and Tuteja, 2010). In our study it was observed that rice seedlings 
raised from UV-B primed seeds hastens the total phenolics, ascorbate and glutathione 
accumulation. The reduced rate of non-enzymatic antioxidants accumulation 
was obtained in stressed condition in comparison with primed stressed condition 
denoting that UV-B priming can positively influence the biosynthetic process of non-
enzymatic antioxidants leading to the accumulation of the same. The results indicate 
that non-enzymatic antioxidants accumulation was principally elevated in seedlings 
from primed seeds.

Ascorbate plays a key role in Asada- Halliwell pathway and scavenges free radicals 
(Dwivedi et al., 2015). Phenolic compounds function as strong scavenger of free 
radicals. UV treatment activates the phenolic biosynthetic pathways and enhances 
the accumulation of phenolic compounds (Bravo et al., 2012). In lettuce plants the 
accumulation of phenolic compounds was reported by the effect of UV treatments 
(Ouhibi et al., 2014). These non-enzymatic antioxidants were over accumulated in 
Vigna species by the exposure to UV-B radiation (Dwivedi et al., 2015). 

SOD is a key part in catalyzing the dismutaion of superoxide whereas CAT and 
APX take part in scavenging the hydrogen peroxide and converting it into water 
and molecular oxygen (Li et al., 2017). Under the influence of UV-B priming, the 
antioxidant machinery was activated right in the seed stage itself. In the seedlings 
emerged from primed seeds under stress condition, the antioxidant machinery was 
more robust due to the phenomenon of ‘stress memory’ induced as a result of 
priming. This stress memory plays a key role in priming induced cross-tolerance 
(Chen and Arora, 2013).  
In plants such as lettuce (Ouhibi et al., 2014); fenugreek (El-Shora et al., 2015); 
maize (Rudnóy et al., 2015); wheat (Badridze et al., 2015, 2016); and rice (Inostroza-
Blancheteau et al., 2016), the low dose of UV irradiation significantly augmented 
SOD, CAT and APX activities. Since various reports have suggested that the Cu/Zn 

SOD,CatA and APx1 have a greater role in enhancing the tolerance against oxidative, 
cold and drought stresses through improving ROS scavenging capability (Li et al., 
2017; Rossatto et al., 2017), the expression levels of Cu/Zn SOD,CatA and APx1 isoforms 
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were analyzed in primed rice seedlings exposed to different stresses in the present 
study. Seedlings from primed seeds (Ps) also showed the increase in the expression of 
SOD, CAT and APX genes under non-stresss conditions signifying the alertness of 
the enzymatic antioxidant system with UV-B priming.

Photosynthesis activities
Various abiotic stresses may cause a serious damage to photosynthetic machinery, of 
which PSII is the most vulnerable component that bears the brunt of abiotic stress. 
Over produced ROS damages the photosynthetic apparatus especially PSII which 
results in photoinhibition by an imbalance in photosynthetic redox signaling pathways 
and the inhibition of PSII repair (Sasi et al., 2018). In plants under stressed condition, 
the overproduction of superoxide on acceptor side of PSI results in the reduction of 
PSI activities. According to Jisha and Puthur (2016), the seed priming results in the 
enhanced activities of PSI and PSII by the increase in number of photosystem reaction 
centers or by the increases in efficiency of existing reaction centers.  In our results, 
significantly enhanced PSI and PSII activities was recorded in seedlings from primed 
seeds because of the efficient activity of antioxidant machinery, which reduces the 
photodamages and helps to sustain the essential count of active reaction centers as 
compared to non-primed stressed state. 

Conclusion
In our study, UV-B priming of seeds when imparted with mild stress, aid the plant 
to respond robustly to further stress exposure. The improved growth rate of primed 
rice seedlings exposed to UV-B stress conditions was as a result of reduced ROS 
production, retention of membrane integrity, enhanced activities of antioxidants and 
better performance in photosynthetic machineries. Enhanced activity of antioxidant 
enzymes in primed seedlings was attained by increased expression levels of SOD, CAT 
and APX genes. Under UV-B stress, the stress effects were efficiently encountered by 
seedlings from UV-B primed seeds. Thus it was proven that UV-B can induce as well 
as alleviate stress and it depends on the dosage of UV-B received by rice seedlings. 
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