
Resource Pack AccessEd Research-Based Curricula
Bio- Chemistry Key Stage 5 
www.researchbasedcurricula.com

Microalgae in Society: Can They Change 
the World?

O
V

E
R

V
IE

W

CURRICULUM

B
Bio= Chemistry

OFQUAL

AO1
AO2
AO3

Assessment 
Objectives

CONTENTS

6 Resources
Extension Work

Subject IAG

Delivered in 
partnership

with:

AGE

17-18
Year 12 
Year 13



Contents

Part 1: Introduction

03 Welcome
04 University Skills
05 Information for Teachers
07 Introduction
09 Meet the PhD researcher
10 Glossary

Part 2: Resources

13 Resource 1
20 Resource 2
30 Resource 3
37 Resource 4
51 Resource 5
56 Resource 6

Part 3: Advice and Guidance

71 University Study Skills: Cornell Notes
73 University Study Skills: Key Instruction Words
75 University Guidance



P
A

R
T

 1
: IN

T
R

O
D

U
C

T
IO

N



03

To get into the best universities, you must demonstrate that you are 
intellectually curious, and will make the most of the wonderful 
academic opportunities available to you.

One of the best ways of demonstrating this, is by going above and 
beyond what is taught in school and studying something that is not on 
the curriculum.

This resource will give you exactly such an opportunity. You will have 
something interesting to write about in your application to university, 
something interesting to talk about in a university interview, and open 
whole new areas of study you might be interested in! 

You will develop valuable academic skills as you go, that we have 
marked out with gold badges (see the next page on university skills). 
As you work through the resource you can look out for these badges 
so that you can explain which skills you have developed and what you 
did to demonstrate them. Developing these skills will help you get 
university ready! 

If you have any questions while you are using the resources in this 
pack, you can contact your teacher or email us directly at 
schools@access-ed.ngo. 

Good luck with your journey to higher education!
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For Pupils
Welcome!

mailto:schools@access-ed.ngo


To complete this resource, you will have to demonstrate impressive 
academic skills. When universities are looking for new students, they 
will want young people who can study independently and go above 
and beyond the curriculum. All of these skills that you will see here 
will demonstrate your abilities as a university student – while you’re 
still at school!

Every time you have to look something up, or write up a reference 
you are showing that you can work independently. Every time that 
you complete a challenging problem or write an answer to a difficult 
question, you might demonstrate your ability to think logically or build 
an argument. Every time that you evaluate the sources or data that 
you are presented with, you are showing that you can “dive deep” 
into an unfamiliar topic and learn from it. 

Here are the skills that you will develop in this course:

For Pupils
University Skills

your ability to work on your own and find answers online or in 
other books

your ability to create something original and express your ideas

your ability to apply what you know to new problems 

your ability to logically express yourself

your ability to refer to sources that back up your opinions/ ideas

your ability to refer to what others have said in your answer, 
and credit them for their ideas

your ability to go above and beyond the school curriculum to 
new areas of knowledge

your ability to evaluate sources (e.g. for bias, origin, purpose) 

your ability to discuss the implications of what the numbers show

your ability to engage with what you are reading by highlighting 
and annotating

independent       research

creativity  

problem solving                      

building an argument        

providing evidence                

academic       referencing     

deep                       dive

source analysis                  

data interpretation                 

active reading

University 
Ready!



The Research-Based Curriculum aims to support student attainment 
and university progression by providing classroom resources about 
cutting-edge research at local universities. The resources are designed 
to:

ü promote intellectual curiosity through exposure to academic 
research

ü stretch and challenge students to think deeply about content that 
may be beyond the confines of the curriculum

ü develop core academic skills, including critical thinking, 
metacognition, and written and verbal communication

ü inform students about how subjects are studied at university, and 
provide information, advice and guidance on pursuing subjects at 
undergraduate level

The programme represents a unique collaboration between 
universities and schools. Trained by AccessEd, PhD Researchers use 
their subject expertise to create rich resources that help bring new 
discoveries and debates to students. 

The Research-Based Curriculum offers ten modules suitable for either 
KS4 or KS5 study. The modules span a range of disciplines, including 
EBacc and A-level subjects, as well as degree subjects like 
biochemistry. Each module includes six hours of teaching content, 
supported by student packs, teacher notes and slides. All modules are 
available online and free of charge for teachers at select schools. 

Resources are designed to be used flexibly by teachers. The resources 
can be completed by students individually or in groups, in or out of 
the classroom. 

For Teachers
RBC Guide

Programme                Aims

Content

Delivery
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Here are five examples of delivery options:

The resources can be completed in small groups (4-8 pupils) across a 
series of weekly lunch clubs or after-school clubs. Groups can reflect 
on their learning by presenting a talk or poster on the subject matter 
at the end of the course. 

The resources can be used by students to explore subjects that they 
are interested in studying at university. This can inform their decision 
making with regards to university degree courses, and allow students 
to write more effective personal statements by including reflections 
on the Research-Based Curriculum.

The resources can be used to ignite curiosity in new topics and 
encourage independent research. Schools could hold a research 
challenge across a class or year group to submit a piece of work based 
on the resources. Pupils could submit individually or in small groups, 
with a final celebration event.

Resource packs can function as ‘transition’ projects over the summer, 
serving as an introduction to the next level of study between KS3 and 
KS4, or KS4 and KS5. Students could present their reflections on the 
experience in a journal.

The Research-Based Curricula programme builds on the University 
Learning in Schools programme (ULiS), which was successfully 
delivered and evaluated through the London Schools Excellence Fund 
in 2015. The project was designed in a collaboration between 
Achievement for All and The Brilliant Club, the latter of which is the 
sister organisation of AccessEd. ULiS resulted in the design and 
dissemination of 15 schemes of work based on PhD research for 
teachers and pupils at Key Stage 3. The project was evaluated by 
LKMCo. Overall, pupils made higher than expected progress and felt 
more engaged with the subject content. The full evaluation can be 
found here: ULiS Evaluation.

For more information contact hello@access-ed.ngo
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For Teachers
RBC Guide

Extra-Curricular Subject 
Enrichment Clubs

University Access 
Workshops

Research Challenge

Summer Project

Evidence

Questions?

https://www.london.gov.uk/sites/default/files/achievement_for_all_university_learning_in_schools_ulis_final_report.pdf


Biochemistry is a critical scientific area that bridges the gap between 
Biology and Chemistry.  Researchers in this field are working on 
addressing key issues in the world such as alternative energy sources, 
conserving water sources, improving food crops, mitigating 
environmental damage and curing diseases.

Biochemistry research can offer insights the building blocks of cells 
and their metabolism through DNA, RNA, proteins and metabolites.  
Understanding the complex workings and interactions of these 
molecules requires an understanding of topics covered in Biology and 
Chemistry at GCSE and A Level.  The techniques and technologies 
required to elucidate this information are often complex and the data 
would not be meaningful without having an understanding of topics 
such as protein or DNA structure. It is essential as a researcher to 
have good knowledge of molecules and how they work and have an 
ability to interpret experimental data.  Studying biochemistry allows 
this to occur.

In this pack you will understand the role microalgae have in society 
and the potential they have for the future. You will understand what 
they are, how they formed, their complex photosynthetic system and 
their elemental and biochemical composition. You will understand 
how to extract compounds of interest from them and learn about 
genetic engineering for altering pathways to increase products of 
interest. Finally you will work on a problem which Algal 
Biotechnologists have been trying to solve since the 1980s.

Introduction to Topic
Microalgae biochemistry

The topics within this pack 
will include:

Algae evolution

Photosynthesis in 
microalgae 

Composition of microalgae

Applications of microalgae

Extracting microalgael
products

Microalgae genetic 
engineering



Introduction to Subject
Marine biology at University

University 
Ready!

In this hands-on degree you will explore the diversity of marine life in 
a range of habitats including undersea hydrothermal vents.  You will 
gain a thorough in depth knowledge of the biology of marine 
organisms.  You’ll have the opportunity to apply the theoretical 
knowledge you have learned in the laboratory and on field trips.  
During my course at Newcastle University I went to Bermuda which 
was an amazing opportunity and we looked at coral biology and  
investigated how anthropogenic impacts could affect coral health.

I thoroughly enjoyed studying Marine Biology for my undergraduate 
as there was a wide variety of fascinating subject areas including areas 
which are relevant for society such as marine pollution, understanding 
animal behaviour, taxonomy, and marine biotechnology.  Throughout 
my studies I developed a wide range of skills including data mining, 
analysis, critical thinking, the ability to work in a laboratory, and the 
ability to design my own projects which prepared me for going on to 
conducting a masters by research in Algal Biotechnology.  In my final 
year of my undergraduate I conducted a dissertation on determining if 
bacteria were responsible for degrading the thallus (leaves) of the 
seaweed Ulva lactuca (also known as sea lettuce which is 
commercially relevant for animal feed, food and biofuels).  

Generally after completing the Marine Biology BSc graduates move to 
both the marine environment sectors and non-related disciplines.  
Popular areas are teaching, law, consultancy and working for non-
governmental organisations (NGOs).  71 % of graduates were in work, 
19 % in further study and 5 % were in work from those who studied at 
Newcastle University.  I decided to conduct a masters by research in 
Algal Biotechnology at Aberdeen University/Scottish Association for 
Marine Science (SAMS) before then conducting a PhD also in Algal 
Biotechnology at Sheffield University. Good luck!



Meet the PhD Researcher
Thomas Butler

I was always interesting in Maths, Science and Business when I was in 
secondary school and I have always aspired to make a difference in 
the world. I chose to study Marine Biology and I felt with this 
qualification I could create impact through my work to help address 
global problems such as climate change, overfishing, marine pollution, 
and to investigate alternative energy sources. I was inspired by a 
lecturer at Newcastle University called Dr Gary Caldwell who 
showcased that algae have the potential to save the world.  

This is why I initially conducted an internship with a microalgal 
biotechnology company before being the first student to conduct  a 
Masters by Research in Algal Biotechnology investigating a novel 
approach for producing the pigment astaxanthin (used as a 
nutraceutical and for the pigmentation of salmon in aquaculture). This 
laid the foundations for becoming increasingly interesting in the algal 
sector to obtain more experience, working for a company who 
genetically engineered microalgae for products of commercial interest 
before undertaking a PhD and evaluating whether microalgae could 
be used as a chassis for a wide range of products using a biorefinery 
approach, similar to how multiple products are produced in the 
petroleum refinery.

Biology, Maths, Business Studies 

Marine Biology 

Algal Biotechnology

A-Level  Subjects

Undergraduate  

Postgraduate



Glossary

Term Definition

Antibiotic resistance

This occurs when bacteria change in response to the use of 
antibiotics.  The most well known resistant type in hospitals are 
methicillin-resistant Staphyloccus aureus which are a superbug.  
These genes can be transferred between the same species (vertical 
gene transfer) or to other species (horizontal gene transfer)

Biorefinery
This is a refinery that converts biomass into energy and other 
valuable byproducts (e.g. chemicals) and is equivalent to the 
petroleum refinery

Climate change

Often used to refer to specifically to anthropogenic climate change 
(also known as global warming) which is caused by human activity, 
compared with changes in climate as a result of part of Earth's 
natural processes

Constitutive promoter
Promoters that initiate mRNA synthesis independent of the 
influence of regulation and are active in all instances in the cell

Diatoms
Single celled algae.  They are the only organism on the planet with 
cell walls composed of silica.  They are broken up into two major 
groups; the pennates and centrates

Endosymbiotic gene transfer

Process through which chloroplasts and mitochondria relinquish the 
majority of their genes to the nucleus whist not surrendering the 
majority of proteins essential to the eubacterial nature of their 
metabolism

Epiphyte
An organism that grows on the surface of another plant

Expression cassette

A distinct component of the vector DNA which consists of a gene 
and regulatory sequence (promoter, open reading frame and 3' 
untranslated region) to be expressed in a transfected cell, directing 
the cell's machinery to produce RNA and protein

Genome
The complete set of genes or genetic material found in a cell (e.g. 
nucleus, mitochondria or chloroplast) or an organism

Heterotrophic
An organism that cannot manufacture its own food and therefore 
obtains food and energy by taking in organic substances e.g. glucose

Inducible promoter
Promoters that can switch genes on/off at certain stages of 
development



Glossary

Term Definition

Insert Piece of DNA that is inserted into a larger DNA vector by recombinant 
technology which can be manipulated in the host organism

Mixotrophic
An organism that can use a mixture of energy and carbon sources

Multiple cloning site
DNA region within a plasmid that contains multiple unique 
restriction enzyme cut sites for the insertion of foreign DNA

Nutraceutical
Another term for a functional food.  It is a dietary supplement and 
food additive that allegedly provides medical or health benefits

Origin of replication
Also called the replication origin.  Particular sequence in a genome 
at which replication is initiated

Photoautotrophic
Obtaining energy from sunlight to synthesise organic compounds for 
nutrition

Photorespiration A respiratory process where oxygen is taken up due to Rubisco acting 
on oxygen instead of carbon dioxide, competing with the Calvin cycle

Phylogenetic tree
A diagram that represents evolutionary relationships amongst 
organisms

Polymerase chain reaction
A method to make multiple copies of a DNA sequence, involving 
repeated reactions with a polymerase.  This is used in forensic 
science, early diagnosis of diseases, genetic engineering

Primer binding site
Region of the nucleotide sequence where an RNA or DNA single-
stranded primer binds to initiate replication

Recombinant protein

Protein encoded by a gene (recombinant DNA) that has been cloned 
into a system supporting the expression of the gene and translation 
of messenger RNA.  Modification of the gene by recombinant DNA 
technology can lead to the expression if a mutant protein

Selectable marker
Gene introduced into a cell that confers a trait suitable for artificial 
selection



Glossary

Term Definition

Symbiogenesis
An evolutionary theory of the origin of eukaryotic cells from 
prokaryotic organisms.  It was first articulated in 1905.  The process 
is where a eukaryote engulfs another living prokaryote

Symbiosis
A relationship between two or more organisms that live closely 
together.  There are three types of symbiosis: commensalism; 
mutualism and parasitism

Transcription unit

Sequences of nucleotides (ACTG) in DNA that code for a single RNA 
molecule along with the sequences required for transcription 
(normally contains a promoter, RNA-coding sequence and a 
terminator)

Transesterification

The transesterification of vegetable oils, animal fats, waste cooking 
oils or microalgal oils is the process behind conventional biodiesel.  A 
glyceride reacts with an alcohol (typically methanol or ethanol) in 
the presence of a catalyst (acid or base) forming fatty acid methyl 
esters and an alcohol (glycerol)

Transfection
Artificially introducing nucleic acids (DNA and RNA) into cells

Vaccine

A biological preparation that provides active immunity to a disease.  
It typically contains an agent that resembles the disease causing 
pathogen and is often manufactured from weakened or killed form 
of the microbe
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Resource One
Overview

After completing this resource, you should be able to:

ü Define what algae are, why they are important and how many 
species are believed to exist

ü Describe the difference between microalgae and macroalgae

ü Define endosymbiosis and how the diatoms differ from the green 
and red algal lineages

ü Understand how to barcode a new microalgal species

Objectives

What are algae and how did they evolve?Topic

Genetic information, variation and relationships between organisms. 
Species and taxonomy

A-Level Modules

1. Read the data source
2. Complete the activities

3. Explore the further reading

Instructions



Algae are a diverse group of polyphyletic, eukaryotic organisms 
(Figure 1) (Barsanti and Gualtieri, 2014), ranging from unicellular 
genera (microalgae), such as the green alga Chlorella and the brown 
microalgal diatoms, to multicellular forms (macroalgae - seaweeds), 
such as the kelp Laminaria, which can grow up to 50 m in length 
(Figure 2). Algae are predominantly oxygen-releasing photosynthetic 
organisms lacking many structures which characterise land plants such 
as roots, leaves, and stems. Algae are mostly marine organisms, but 
others will only grow in freshwater and they can attach as epiphytes, 
be free living, and can also form symbiotic relationships, the most 
notable case being zooxanthellae and corals (Pearce and Muscatine, 
1971). The total number of algal taxa is unknown, but there could be 
at least 72,500 species with around 30,000 species of microalgae 
(Priyadarshani and Rath, 2012). At the base of the food chain, other 
organisms depend on them for survival.  

Resource One
Data Source

Section A

Algae

Figure 1

From left to right: 
Chlorophyceae Chlorella

sp.,  Phaeophyceae diatom 
Phaeodactylum tricornutum

and Phaeophyceae
Laminaria digitata

Figure 2

A phylogenetic tree 
revealing the relationship 
between algae and other 

clades such as animals and 
land plants. Source: 

https://www. 
glycomar.com.



Resource One
Data Source

Section B

Microalgae

Figure 3 

Representation of the 
evolution of microalgae.  

The conventional primary 
endosymbiosis process 

leading to green and red 
algae is shown in the first 

panel.  The diatoms 
occurred from a secondary 

endosymbiosis event 
shown in panel 2; a green 
alga (and subsequently a 
red alga) were combined 

with a heterotrophic host 
(exosymbiont).  EGT = 

endosymbiotic gene 
transfer.  Source: Prihoda et 

al. (2012).

We will focus on microalgae which differ from macroalgae in that they 
lack complex multicellular structures and encompass a vast group of 
organisms which are capable of photoautotrophic, heterotrophic, and 
mixotrophic growth.  Microalgae are responsible for 50 % of the 
oxygen we breathe and provide a food source for many organisms in 
the ocean. The diatoms (Superphylum Heterokonta, Class 
Phaeophyceae) are responsible for 25 % of the global primary 
productivity and 40 % of global primary productivity in the oceans 
(Sumper & Brunner, 2006; Prihoda et al., 2012). Higher plants and 
green algae (Class Chlorophyceae) derived from primary 
endosymbiosis, whereas the diatoms and their relatives originated 
through secondary endosymbiosis (Figure 3). Primary endosymbiosis 
is thought to have occurred 1.8 billion years ago when a non-
photosynthetic eukaryote engulfed a cyanobacterium, acquiring the 
photosynthetic apparatus that became housed with an organelle 
surrounded by two membranes, resulting in the green (Class 
Chlorophyceae) and red (Class Rhodophyceae) algal lineages. 
Evolution of multicellularity in the green algal lineage resulted in the 
land plants. It was thought that 1.4 billion years ago a second non-
photosynthetic eukaryote engulfed a photosynthetic eukaryote 
resulting in secondary endosymbiosis (Prihoda et al., 2012). 



When a new species is found or a new isolate obtained it needs to be 
barcoded. Its DNA is analysed and compared to organisms in a 
database for similarities, using e.g. Basic Local Alignment Search Tool 
(BLAST). For this barcoding we a) extract the DNA, b) amplify the DNA 
using the polymerase chain reaction (PCR) c) purify the product to 
send for sequencing. There are many commercial kits which can do 
this and it is a method regularly used. To explore further you need to 
find out the genome of the organism or a strain of the same species. 
There are >60 algae with their genomes sequenced. The smallest 
genome belongs to Ostreococcus (13.2 MB) which is also a 
picoplankton and the smallest known free living eukaryote at 0.8 µm.

Figure 4 illustrates PCR. A) Initialisation required for DNA polymerases 
that require heat activation by hot-start PCR (94-96°C). B) 
Denaturation where the chamber is heated to 94-98°C for 20-30 
seconds causing the hydrogen bonds to break between the double-
stranded DNA template. C) Annealing of primers to each set of single-
stranded DNA template (50-65°C for 20-40 seconds). D) Extension/ 
elongation where the DNA pomerase e.g. Taq synthesises a new DNA 
strand complementary to the DNA template strand (72°C plus the 
time taken to polymerase a thousand base pairs per minute). Usually 
the process of denaturation, annealing and extension is repeated 
another 29 times and followed by a final extension to produce  a 
suitable DNA product for subsequent purification and sequencing. 

Resource One
Data Source

Section C 

Barcoding

Figure 4 

PCR. Source: 
https://en.wikipedia.org/wi
ki/Polymerase_chain_reacti

on



Resource One
Activities

1. What are algae?

2. When did they form?

3. What is the largest algae and how big is it?

4. What are the differences between macroalgae and microalgae; 
list two?

5. How many species of microalgae are there?

6. Draw the primary and secondary endosymbiosis event

7. What is the polymerase chain reaction (PCR) and what are the 
four stages?

8. Why does a DNA sequence have to be purified before 
sequencing? 

9. How would you barcode a newly isolated microalga?

10. What is a genome?  How is a genome sequenced?  How much 
does this cost?

Activities



Resource One
Further Reading

Evolution

https://www.ted.com/talks/prosanta_chakrabarty_four_billion_years
_of_evolution_in_six_minutes?language=en#t-62564

DNA extraction

https://wordpress.clarku.edu/debrobertson/laboratory-
protocols/dna-extraction-from-marine-algae-and-seagrasses/

Genome sequencing

http://www.genomenewsnetwork.org/resources/whats_a_genome/C
hp2_1.shtml

Microalgae diversity

Barsanti, L. and Gualtieri, P., 2014. Algae: anatomy, biochemistry, and 
biotechnology. CRC press. (PDF directly available)

Microalgal taxonomy

Guiry, M.D., 2012. How many species of algae are there?. Journal of 
phycology, 48(5), pp.1057-1063.

https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1529-
8817.2012.01222.x

Commercial and industrial applications of microalgae

Priyadarshani, I. and Rath, B., 2012. Commercial and industrial 
applications of micro algae–A review. J algal biomass utln, 3(4), pp.89-
100.

https://s3.amazonaws.com/academia.edu.documents/44276968/pap
er14vol3no4.pdf?AWSAccessKeyId=AKIAIWOWYYGZ2Y53UL3A&Expir
es=1553509663&Signature=qzka8ueUkHPnM9mbPXFsSKElNBg%3D&r
esponse-content-
disposition=inline%3B%20filename%3DCommercial_and_industrial_a
pplications_o.pdf

Explore

Independent
research

https://www.ted.com/talks/prosanta_chakrabarty_four_billion_years_of_evolution_in_six_minutes?language=en
https://wordpress.clarku.edu/debrobertson/laboratory-protocols/dna-extraction-from-marine-algae-and-seagrasses/
http://www.genomenewsnetwork.org/resources/whats_a_genome/Chp2_1.shtml
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1529-8817.2012.01222.x


Resource One
Further Reading

Phylogenetic tree for microalgae

https://www. glycomar.com/marinenatural_ products_mic
roalgae.htm

Diatoms

Sumper, M. and Brunner, E., 2006. Learning from diatoms: nature's 
tools for the production of nanostructured silica. Advanced Functional 
Materials, 16(1), pp.17-26.

https://onlinelibrary.wiley.com/doi/pdf/10.1002/adfm.200500616

Endosymbiosis

Prihoda, J., Tanaka, A., de Paula, W.B., Allen, J.F., Tirichine, L. and 
Bowler, C., 2012. Chloroplast-mitochondria cross-talk in 
diatoms. Journal of experimental botany, 63(4), pp.1543-1557.

https://academic.oup.com/jxb/article/63/4/1543/447720

Sequenced genomes

https://en.wikipedia.org/wiki/List_of_sequenced_ algae_genomes

Polymerase chain reaction

https://en.wikipedia.org/wiki/Polymerase_chain_reaction

Explore

Independent
research

https://onlinelibrary.wiley.com/doi/pdf/10.1002/adfm.200500616
https://academic.oup.com/jxb/article/63/4/1543/447720
https://en.wikipedia.org/wiki/Polymerase_chain_reaction


Resource Two
Overview

After completing this resource, you should be able to:

ü Define what photosynthesis is

ü Explain the light and dark reactions

ü Understand what pigments are involved in light harvesting and the
regions of light absorption

ü Determine why photosynthesis is not 100 % efficient

ü Understand P/I curves

Objectives

Photosynthesis in microalgaeTopic

Energy transfers in and between organisms, PhotosynthesisA-Level Modules

1. Read the data source
2. Complete the activities

3. Explore the further reading

Instructions



The earliest photoautotrophic organisms (anoxygenic photosynthetic 
bacteria were thought to have evolved 3.5 billion years ago.  
Eukaryotic photoautotrophs are usually classified according to their 
light-harvesting photosynthetic pigments: Rhodophyceae (red algae), 
Chlorophyceae (green algae), Phaeophyceae (brown algae) and 
Chrysophyceae (golden algae).  The photosynthetic apparatus is 
organised into chloroplasts, containing alternating layers of thylakoids 
(lipoprotein membranes) and the stroma (aqueous phase) (Masojidek
et al., 2014). Oxygenic photosynthesis is a redox reaction driven by 
light energy (chlorophyll molecules are the acceptors) whereby 
carbon dioxide and water are converted to carbohydrates and oxygen.  
The conversion is divided into two stages; light reaction (thylakoid) 
and dark reaction (light independent) (stroma).  In the light reaction, 
light energy is converted into chemical energy resulting in the 
formation of NADPH2 and ATP for the assimilation of inorganic carbon 
involving photosystem I and II (Figure 5). 

Resource Two
Data Source

Section A

Photosynthesis

Figure 5

The Z-scheme for 
photosynthesis. Source: 

Masojidek et al., 2004.



In the Z-scheme, the chlorophyll a (P680) of PSI is activated on 
receiving photons of light and so it expels electrons (chl-a becomes 
ionised to chl-a+) which are then accepted by plastoquinone (PQ).  
Electrons are then transferred along the electron transport system to 
be finally accepted by plastocyanin (PC).  The electrons are accepted 
by the ionised chl-a+ of PSI na dthe ionised PSI returns to ground 
state.  In PSII when photons of light are received, the chl-a (P700) gets 
activiated and expels electrons and is first accepted by ferredoxin 
reducing substance (Fe-S) and are transferred to coenzymes NADP via 
ferredoxin (Fd).  NADP retains the electrons and is reduced to 
NADPH+.

In the dark reaction NADPH2 and ATP are utilised for the reduction of 
carbon dioxide for conversion to carbohydrates.  Carbon fixation was 
elucidated by Calvin and Benson in the 1940s and early 1950s using a 
C14 radiolabelling technique and they received a Novel Prize in 1961.  
The Calvin Benson Cycle is made of four distinct phases with thirteen 
different enzymatic reactions with slight differences in C3 and C4 
microalgal pathways and can be observed in Figure 6:

1. Carboxylation phase: carbon dioxide is added to the 5-carbon 
sugar, ribulose bisphosphate to form two molecules of 
phosphoglycerate and is catalysed by the enzyme ribulose 
bisphosphate carboxylase/oxygenase (Rubisco)

2. Reduction phase: ATP and NADPH are used to convert 
phosphoglycerate to glyceraldehyde 3-phosphate.  

3. Ribulose bisphosphate is regenerated for further carbon dioxide 
fixation through a complex series of reactions combining 3-, 4-, 5-, 
6- and 7-carbon sugar phosphates

4. Production phase: primary end products are formed 
(carbohydrates) but fatty acids, amino acids and organic acids are 
also synthesised in photosynthetic carbon dioxide fixation.  The 
genetics, environmental factors and nutrients in the media all 
affect what products are produced through photosynthesis

Resource Two
Data Source



Resource Two
Data Source

Figure 6

Stages of light independent 
reaction for the production 

of glucose. Source: 
https://www.khanacademy.

org/

Section B

Pigments

A process to consider is photorespiration which organic carbon is 
converted into carbon dioxide without any metabolic gain.  Rubisco in 
this case functions as an oxygenase and catalyses the reaction of 
oxygen with ribulose bisphosphate to form phosphoglycolate.  
Rubisco is an inefficient enzyme and has a low affinity for carbon 
dioxide and under high irradiance, high oxygen and lower levels of 
carbon dioxide, the reaction equilibrium is shifted to photorespiration.  
In some species photorespiration can be responsible for 50 % of net 
photosynthesis.  To obtain maximum yields of biomass, 
photorespiration has to be minimised.

There are three major classes of pigments used for harvesting light 
energy; chlorophylls, carotenoids and phycobilins.  The chlorophylls 
and carotenoids are lipophilic and are associated with chl-protein 
complexes whilst the phycobilins are hydrophilic and water-soluble.  
Different classes of microalgae contain different pigments.  Chl a and 
b are found in Chlorophyceae, chl a and c in Phaeophyceae, and chl a 
and d in cyanobacteria.  All chlorophylls have major absorption bands; 
blue or blue-green (450-475 nm) and red
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(630-675 nm).  Chl a is present in all oxygenic photoautotophs as part 
of the core and reaction centre pigment-protein complexes.  The 
other chlorophylls are accessory pigments.  Carotenoids have an 
absorption range between 400-550 nm.  They have several roles in 
the photosynthetic apparatus; accessory light-harvesting pigments, 
structural function in the light-harvesting complex and act as 
photoprotectants against excessive irradiance and damaging oxidative 
species.  In cyanobacteria and Rhodophyceae the major antennae 
contain phycobilins (phycoerythrobilin, phycocyanin and 
phycourobilin) which absorb light in the 500-650 nm range.

Light is electromagnetic radiation which travels at ~3 x 108 m/s. It is 
divided into several components with visible light being 400-700 nm, 
corresponding to photosynthetically active radiation, radiation utilised
in photosynthesis.  Energy is inversely related to wavelength and a 
photon of blue light (~400 nm) is more energetic than red light (~700 
nm). Light is measured in different units; lumens/footcandles for flux, 
W/m2 for irradiance and µmol photons/m2/s for photosynthetic 
photon flux density. On a sunny day the average direct solar 
irradiance reaching the Earth’s surface is about 1800 µmol 
photons/m2/s or 400 W/m2 (Masojidek et al., 2004). The 
photosynthetic photon flux density can be measured with a PAR 
meter and these are often used in aquariums for growing aquatic 
plants or by phycologists to ensure there is enough light for 
maximising growth and biomass yields, and avoiding photoinhibition.  
The efficiency of the photosystem can be measured using a pulse 
amplitude fluorescence meter which operates on the basis of 
chlorophyll excitation.

The theoretical photosynthetic efficiency for microalgal conversion is 
10 % (Figure 7) (32 % in solar panels), under standard culturing 
conditions in the laboratory only 5 % is often achieved (Shockley and 
Queisser, 1961; Ooms et al., 2016) and in long-term cultivation a 
photosynthetic efficiency of less than 6.5 % can be achieved 
(Cuaresma et al., 2011). 
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Figure 7

Theoretical photosynthetic 
efficiency in microalgae and 

the resultant losses 
throughout light harvesting. 
Source: Ooms et al. (2016); 

As discussed above microalgal cells can only utilise light energy in the 
PAR (43 % of total solar energy) (Ooms et al., 2016) and the efficiency 
of photosynthetic efficiency is largely dependent on the quality and 
quantity of light, with warm white and yellow light being observed to 
be effective in the case of a Chlorophyceae (de Mooij et al., 2016).

The classic definition of photosynthetic activity has been modelled on 
the measurement of oxygen evolution in relation to light intensity 
(light response P/I curve) (Figure 8).  The initial slope (α) = Pmax/Ik

where Ik represents the saturation irradiance and Pmax equates to the 
maximum rate of photosynthesis.  Microalgal P/I curves generally 
reveal a linear increase in photosynthesis as a function of light 
intensity (irradiance).  The total amount of carbon fixed at a specific 
light intensity is termed Gross Primary Production and the amount of 
carbon fixed after taking into account respiration is Net Primary 
Production.  The light saturation point (Isat) occurs at the net primary 
production maximum where increased irradiance will no longer result 
in an increase, but photoinhibition may occur causing photooxidative 
damage and a resultant loss in biomass and damage to the 
photosynthetic apparatus.

Section C

Photosynthetic activity
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Figure 8: P/I curve.  α = photosynthetic efficiency, Ik = half saturation point, indicating the initiation of the 
saturation of photosynthesis.  In the absence of light, the rate of O2/CO2 gas exchange is equated to the 
microalga’s respiration rate.  The light compensation point is found at I0 where photosynthesis and 
respiration are equal to zero (carbon fixation and consumption are in equilibrium).  GPmax is the maximum 
gross primary production.  The net primary production maximum is obtained at the light saturation point 
(Isat). Source: Said (2017).
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Activities

1. Where do the light and dark reactions occur?

2. What is photosynthesis?

3. What pigments are involved in photosynthesis?

4. What range of light do microalgae utilise for photosynthesis?

5. How do you monitor photosynthetic efficiency?

6. What is the theoretical photosynthetic efficiency of microalgae?  
Why is photosynthesis not 100 % efficient?

7. Draw a PI curve and annotate appropriately?

8. What are the four stages of the dark reaction and briefly explain 
what happens in each?

9. Name three carotenoids found in microalgae and explain their 
role in light harvesting?

10. How could photosynthesis be improved and how could this result 
in increased biomass yields?

Activities
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Photosynthesis in microalgae

Masojıdek, J., Koblızek, M. and Torzillo, G., 2004. Photosynthesis in 
microalgae. Handbook of microalgal culture: biotechnology and 
applied phycology, p.20.

Mass cultivation of microalgae

Masojídek, J. and Torzillo, G., 2014. Mass cultivation of freshwater 
microalgae.

https://www.researchgate.net/publication/279946447_Mass_Cultivat
ion_of_Freshwater_Microalgae

The Calvin cycle

https://www.khanacademy.org/science/biology/photosynthesis-in-
plants/the-calvin-cycle-reactions/a/calvin-cycle

Characteristics of light

https://en.wikipedia.org/wiki/Light

Photovoltaic cells

Shockley, W. and Queisser, H.J., 1961. Detailed balance limit of 
efficiency of p-n junction solar cells. Journal of applied physics, 32(3), 
pp.510-519.

https://aip.scitation.org/doi/pdf/10.1063/1.1736034

Photosynthesis in microalgae; where is energy lost at each stage?

Ooms, M.D., Dinh, C.T., Sargent, E.H. and Sinton, D., 2016. Photon 
management for augmented photosynthesis. Nature 
communications, 7, p.12699.

https://www.nature.com/articles/ncomms12699?origin=ppub

Explore

Independent
research

https://www.researchgate.net/publication/279946447_Mass_Cultivation_of_Freshwater_Microalgae
https://www.khanacademy.org/science/biology/photosynthesis-in-plants/the-calvin-cycle-reactions/a/calvin-cycle
https://en.wikipedia.org/wiki/Light
https://aip.scitation.org/doi/pdf/10.1063/1.1736034
https://www.nature.com/articles/ncomms12699?origin=ppub
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Microalgal photobioreactors and their effect on photosynthetic 
efficiency

Carvalho, A.P., Meireles, L.A. and Malcata, F.X., 2006. Microalgal 
reactors: a review of enclosed system designs and 
performances. Biotechnology progress, 22(6), pp.1490-1506.

https://onlinelibrary.wiley.com/doi/full/10.1021/bp060065r

Photosynthetic efficiency in photobioreactors

Cuaresma, M., Janssen, M., Vílchez, C. and Wijffels, R.H., 2011. 
Horizontal or vertical photobioreactors? How to improve microalgae 
photosynthetic efficiency. Bioresource technology, 102(8), pp.5129-
5137.

https://www.sciencedirect.com/science/article/pii/S09608524110015
07

Impact of light colour on photosynthesis and biomass

de Mooij, T., de Vries, G., Latsos, C., Wijffels, R.H. and Janssen, M., 
2016. Impact of light color on photobioreactor productivity. Algal 
research, 15, pp.32-42.

https://www.sciencedirect.com/science/article/pii/S22119264163002
61

Photosynthesis-irradiance curve

Said, N., 2017. Effects of temperature and location on the 
photosynthesis-irradiance relationship of the seagrass Halophila 
ovalis.

https://ro.ecu.edu.au/cgi/viewcontent.cgi?article=3030&context=thes
es

Explore

https://onlinelibrary.wiley.com/doi/full/10.1021/bp060065r
https://www.sciencedirect.com/science/article/pii/S0960852411001507
https://www.sciencedirect.com/science/article/pii/S2211926416300261
https://ro.ecu.edu.au/cgi/viewcontent.cgi?article=3030&context=theses


Resource Three
Overview

After completing this resource, you should be able to:

ü Determine the main elements that microalgae are comprised of

ü Determine the key macronutrients required for growth

ü Explain the importance of media formulation

ü Explain the biochemical composition of microalgae – lipid, proteins,
carbohydrates, pigments, DNA and RNA

ü Determine how these products can be identified

Objectives

Elemental and biochemical composition of microalgaeTopic

Biological molecules, Physical chemistry, Shapes of complex ions,
Organic chemistry, Chromatography

A-Level Modules

1. Read the data source
2. Complete the activities

3. Explore the further reading

Instructions



Microalgae are composed of a variety of elements with the most 
predominant being carbon and oxygen (Figure 9).  According to 
Redfield’s stoichiometric ratio C:N:P should be 106:16:1 in 
phytoplankton (microalgae in the ocean) and throughout the deep 
ocean (Cleveland and Liptzin, 2007). When designing the media for 
microalgal cultivation this should be taken into account.  For 
microalgae cultured in a seawater environment a common media 
used is f/2 designed by Guillard (1975) and for freshwater microalgae 
Bolds Basal medium (BBM) is commonly used.  Nutrient uptake is 
dependent on several factors including the species, light, temperature 
and the concentration supplied.

For photoautotrophic cultivation there are around 30 elements 
(Grobbelaar, 2004) with the macronutrients carbon, nitrogen and 
phosphorus being essential.  Carbon is the most important in terms of 
gaseous carbon dioxide or bicarbonate.  Compared with land plants, 
atmospheric carbon dioxide cannot satisfy the carbon dioxide 
requirements of microalgae and needs to be added at greater than 
0.5 %.  As carbon dioxide is taken up OH- ions are accumulated in the 
solution resulting in a rise in pH. Organic carbon sources such as 
glucose, acetate and

Resource Three
Data Source

Section A

Elemental composition

Figure 9

Elemental composition of a 
microalga



glycerol can also be used for the cultivation of microalgae with a 
mixotrophic metabolism but this is not the case with all microalgae. 

After carbon, nitrogen is the second most important element.  
Nitrogen can be supplied to cells as nitrate, urea and ammonium.  
Phosphorus is essential for growth and many cellular processes such 
as synthesising nucleic acid i.e. DNA and RNS and for energy transfer.  
The preferred supplied form is as orthophosphate.  Although 
microalgal biomass often contains <4 % phosphorus it is often one of 
the growth limiting nutrients.  This is attributed to its high affinity to 
bind to other ions which can result in precipitation and can make the 
nutrient inaccessible for microalgal uptake.  Microalgae can 
sometimes store phosphate in polyphosphate bodies when the supply 
becomes limiting.    

Micronutrients include the trace elements such as silica, iron, 
manganese, sodium and magnesium.  Silica is essential for all diatoms 
for their outer shell (frustule) and without it they cannot survive with 
the exception of one.  Many of the trace elements are essential for 
enzymatic reactions and for the biosynthesis of many compounds 
such as cobalt for vitamin B12 production.  It has been found that 
adding metal chelators can be beneficial for microalgal growth 
through avoiding precipitation of metals.  An example of this is EDTA.

These elements can be monitored using different methods.  Carbon is 
often monitored as dissolving inorganic carbon (DIC) using a titration 
method to ensure there is enough carbon dioxide dissolved in the 
medium for the cells during photosynthesis.  Nitrate can be monitored 
using high performance liquid chromatography (HPLC), commercial 
kits, or for a more economical method some laboratories can use a 
spectrophotometric method using absorbance at a specific 
wavelength (220 nm).  Phosphate is monitored using commercial kits 
or a spectrophotometric colorimetric method where the more 
phosphate there is the more blue the colouration.  An elemental 
analyser can be used to identify the elements in a microalgal cell.
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Supplying different media components for microalgae results in a 
range of molecules which are produced.  The main building blocks of 
microalgae are carbohydrates, proteins, lipids and pigments 
(chlorophyll and carotenoids).  RNA and DNA are also present.  The 
typical composition of a microalga is shown in Table 1. 

In the Chlorophyceae the main carbohydrate store is starch in the 
chloroplast whereas in the Phaeophyceae it is chrysolaminarin which 
is stored in the vacuole of the cell.  Different amino acids make up the 
protein sequences in microalgae and the ten essential amino acids 
have been reported  in microalgae (threnonine, valine, methionine, 
isoleucine, leucine, phenylalanine, lysine, histidine, arginine and 
tryptophan).  High protein contents have been attributable to optimal 
cultivation conditions, high in nutrients and under optimal light 
intensity.  

Conversely higher levels of lipids are produced under high light and 
nitrogen/phosphorus starvation which has a resultant decrease in 
protein content. Lipids have been observed as neutral lipids 
(triacylglycerides) stored in the cytoplasm and polar lipids (glycolipids 
and phospholipids) stored as membrane bound lipids.

The pigments in the cell are very much dependent on the taxonomy of 
the microalga as discussed in Resource 2.  Chl a and b are found in 
Chlorophyceae, chl a and c in Phaeophyceae, and chl a and d in 
cyanobacteria.  In regards to the carotenoids lutein is generally found 
in Chlorophyceae (also found in the marigold plant) and fucoxanthin is 
found in the diatoms, but there are exceptions.  

Resource Three
Data Source

Section B

Biochemical composition

Table 1

Typical composition of 
microalga



Primary carotenoids which are directly involved in photosynthesis 
(e.g. lutein and fucoxanthin) are generally produced under low light 
and high nitrogen, but secondary carotenoids involved in 
photoprotection (e.g. Beta-carotene and astaxanthin) are generally 
formed under low nitrogen or complete depletion and/or high light in 
unfavourable conditions.  These macromolecules can be used to 
inform a scientist about the physiological state of the cell.

A variety of methods can be used to identify these molecules such as 
Gas Chromatography for particular lipids (Fatty acid methyl esters, 
also known as oil) or chromatography for qualitative analysis of 
pigments or HPLC for quantitative analysis of pigments.
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Resource Three
Activities

1. How many elements can be found in microalgae?

2. What is the Redfield ratio?

3. What are the main elements that microalgae are composed of? 
Hint: there are three

4. List five micronutrients that microalgae require?

5. Which diatom does not have an obligate requirement for silica?

6. What is the ratio of nitrogen to phosphorus in f/2 medium 
Guillard (1975) and BBM (Scottish Association for Marine Science 
website?

7. Name four microalgal carotenoids?  Which classes are they found 
in?

8. How are fatty acid methyl esters (oil) formed in microalgae? Hint: 
look up the transesterification process

9. Draw a cell diagram and show where each biochemical 
component is synthesised and stored?

10. How would I determine the carbohydrate content of a microalga?

Activities
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Further Reading

Biochemical composition of microalgae

http://www.oilgae.com/algae/comp/comp.html

How to grow algae, everything you need to know

Andersen, R.A. ed., 2005. Algal culturing techniques. Elsevier: 
https://www.researchgate.net/profile/Puganeswary_Sukumaran/post
/How_can_I_grow_a_marine_algae_in_lab_conditions_Can_I_know_
how_an_algae_revives_back_to_its_normal_green_colour_from_bro
wn_colour/attachment/5b2e8c034cde265cb64a590d/AS%3A6407459
79523072%401529777154699/download/Algal+Culturing+Techniques
+%281%29.pdf

Redfield ratio

Cleveland, C.C. and Liptzin, D., 2007. C: N: P stoichiometry in soil: is 
there a “Redfield ratio” for the microbial 
biomass?. Biogeochemistry, 85(3), pp.235-252.

https://link.springer.com/article/10.1007/s10533-007-9132-0

Scottish Association for Marine Science – culture collection and media 
recipes

https://www.sams.ac.uk/

Culturing marine phytoplankton – f/2 medium

Guillard, R.R., 1975. Culture of phytoplankton for feeding marine 
invertebrates. In Culture of marine invertebrate animals (pp. 29-60). 
Springer, Boston, MA.

https://link.springer.com/chapter/10.1007/978-1-4615-8714-9_3

Open vs closed ponds

Grobbelaar, J.U., 2009. Factors governing algal growth in 
photobioreactors: the “open” versus “closed” debate. Journal of 
applied phycology, 21(5), p.489.

https://link.springer.com/article/10.1007/s10811-008-9365-x

Explore

Independent
research

http://www.oilgae.com/algae/comp/comp.html
https://link.springer.com/article/10.1007/s10533-007-9132-0
https://www.sams.ac.uk/
https://link.springer.com/chapter/10.1007/978-1-4615-8714-9_3
https://link.springer.com/article/10.1007/s10811-008-9365-x


Resource Four
Overview

After completing this resource, students should be able to:

ü Understand why microalgae are sustainable

ü Describe the wastewater process and the role microalgae can play
for producing clean water

ü Understand the history of microalgal biofuels

ü Understand how biodiesel is produced

ü Know the range of products microalgae can produce and what the
potential is for these products in society

Objectives

Microalgae and their applications in societyTopic

Inorganic chemistry, Uses of chlorine and chlorate, Organic chemistry,
Energy transfers in and between organisms, Nutrient cycles, Alcohols,
Polymers

A-Level Modules

1. Read the data source
2. Complete the activities

3. Explore the further reading

Instructions



Microalgae have been suggested as a green, sustainable alternative to 
other cell factories (Figure 10) such as the bacterium Escherichia coli
or the yeast Saccharomyces cerevisiae, or to chemicals produced 
synthetically due to the fact that microalgae can remediate nutrients 
from wastewater (nitrogen and phosphorus) and that they can take 
up carbon dioxide eliminating carbon dioxide from the atmosphere 
and helping to mitigate climate change.  

Microalgae have been suggested for tertiary treatment of wastewater 
where new legislation has stated that phosphorus levels have to be 
reduced to <0.1 mg/L and nitrogen to <10 mg/L. The wastewater 
treatment process involves primary, secondary, and tertiary 
treatment. The aim of primary treatment is to remove 60 % of the 
suspended solids from the wastewater such as sand, coffee grounds 
and eggshells and secondary treatment aims to remove up to 90 % of 
the suspended solids using biological processes such as microbes to 
consume the organic impurities. Tertiary treatment then removes the 
nitrogen and phosphorus before it is discharged to the rivers. The 
wastewater process is shown in Figure 11.  

Resource Four
Data Source

Section A

Applications

Figure 10

Microalgal cell factory.  The 
building block 

macromolecules used for 
the formation of products 

of interest for society.  
Source: Rosenberg et al. 

(2008)



Section B

Biofuels

Resource Four
Data Source

Figure 11

Waste water 
treatment.Source: 

http://empoweringpumps.c
om/

Microalgae have been suggested for a wide range of products 
including cosmetics, nutraceuticals, pharmaceuticals (including 
vaccines), bioplastics and biofuels. Since the 1970s microalgal fuels 
have been the ambition with many large global players investing 
including BP, Chevron and, Exxon. The Aquatic Species Programme
summarised their findings and believed microalgae had the greatest 
potential for biodiesel of all the biofuels (Sheehan et al., 1998); 
however it has been determined that this was not cost competitive 
with oil refinery platforms. In Figure 12 the process for obtaining 
biodiesel from microalgae is showcased.

In 2009 as oil prices rose to US $100 per barrel, concerns over oil 
security due to peak oil being reached and high greenhouse gas 
emissions resulted in a new project investigating biofuels from 
microalgae involving a consortium of organisations forming the 
National Alliance for Advanced Biofuels and Bioproducts (NAABB).  
The price of producing oil from microalgae was reduced from 
$52.80/L to $1.65/L (Olivares et al., 2014).  Oil prices are now lower 
than what they
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Figure 12 a) Overview of obtaining biodiesel from microalgae and 
b) a diagram showing the transesterification process for the 
production of fatty acid methyl esters (FAMEs) (oil) from the 
specific triacylglyceride lipid fraction. Source; Mata et al., 2010.

have been in the past with the price of Brent crude oil at ~US$ 
50/barrel, equating to $0.26 per L. Although microalgal oil is 
sustainable and a better option than drilling for oil onshore and 
offshore, it is still not cost competitive. In addition in 2050 it has 
been proposed that diesel cars will no longer be sold on the road 
and will be replaced by electric cars and thus the requirement for 
biodiesel will be diminished (BBC News, 2017) and therefore other 
biofuels from microalgae may be of interest such as biogas and 
hydrogen which have already been shown as possibilities. 

For acceptance for biodiesel production microalgal biodiesel 
needs to comply with existing standards.  In the US the relevant 
standard is in compliance with the ASTM Biodiesel Standard D 
6751-15ce1 (Knothe, 2006). For the European Union different 
standards exist for vehicle use (Standard EN 14214) (Knothe, 
2006) and for heating oil (Standard EN 14213).  Fatty acid methyl 
esters (FAMES) with



Resource Four
Data Source

four or more double bonds are susceptible to oxidation during storage 
and their acceptability is reduced for application in biodiesel (Chisti, 
2007).  Linolenic acid methyl ester content in biodiesel is limited to 12 
% (mol) (Knothe, 2006).  A series of specifications for EN 14214 
biodiesel need to be satisfied in the EU such as the iodine content 
being below 120 and the polyunsaturated fatty acid (FA) content 
being below 1 % (mol) (Rutz and Janssen, 2006).  

Since then microalgal derived high value products have been 
suggested for commercial production (Table 2) including carotenoids 
that are unique to photoautotrophic organisms.  Many undefined 
diseases have been related to the use of synthetic products (Göçer et 
al., 2006) and synthetic ß-carotene has been related to increasing the 
risk of lung cancer and cardiovascular diseases in smokers and 
asbestos workers (Omenn et al., 1996). 

The applications of synthetic carotenoids are limited to animal feed, 
colourants and preservatives. Natural carotenoids are being 
increasingly used to satisfy consumer demand for natural ingredients 
(Yahia et al., 2017). Astaxanthin and ß-carotene are the two most 
recognised compounds in the carotenoid market (up to half of the 
carotenoid market) (Business Communications Company, 2015).  ß-
carotene is responsible for the prevention of toxic build up in the liver 
and can potentially improve immune system activity, with 
preventative roles in eye diseases such as night blindness and cataract 
formation (Gong and Bassi, 2016). 

As carotenoids are photosynthetic compounds involved directly or 
indirectly in the light harvesting complex, they are unique to 
photosynthetic organisms.  Other carotenoids that have potential to 
be produced from microalgae are lutein and zeaxanthin that are now 
understood to play a significant role in ocular health (Eisenhauer et 
al., 2017).  Lutein is the predominant pigment in the macula, clinically 
proven to prevent cataract and macular degeneration (Eisenhauer et 
al., 2017).  

Section C

Other applications
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Table 2

High value products 
obtained from microalgae 

which are commercially 
available or that have 

potential

Microalgal

species

High value

product

Application

Arthrospira spp. Allophycocyanin Research; fluorescence activated cell sorting (FACS), high-throughput screening 

(HTS) and microscopy

Arthrospira platensis

Galdieria sulphuraria

Phycocyanin Natural dye for health food and cosmetics, antioxidant

Porphyridium

cruentum

R- phycoerythrin

B-phycoerythin

Food pigmentation, 

Fluorescent dye

Dunaliella salina Β-carotene Colourant, additive for feed, food supplement, pro-vitamin A

Haematococcus

pluvialis

Astaxanthin Feed additive (aquaculture, agriculture), food supplement (antioxidant)

P. tricornutum

Mallomonas

Fucoxanthin Anti-obesity, nutraceutical

Muriellopsis sp.

Scenedesmus

almeriensis

Lutein Role in eye health, nutraceutical

Dunaliella salina Zeaxanthin Role in eye health, nutraceutical, additive to poultry feed

Chlorella zofingiensis Canthaxanthin Tanning agent,, nutraceutical

Porphyridium sp. ARA Nutritional supplement

Nannochloropsis sp.

Phaeodactylum sp.

Nitzschia sp.

EPA Food supplement (omega-3 fatty acid, cardiovascular health), aquaculture feed

Schizochytrium sp.

Cryptocodinium sp.

DHA Food supplement (omega-3 fatty acid, infant formula milk), aquaculture feed

Arthrospira sp. GLA Nutritional supplement
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Fucoxanthin is another carotenoid with market potential (Business 
Communications Company, 2015).  It has been marketed as an anti-
obesity functional food, with anticancer and anti-inflammatory 
properties (Heo et al., 2010; Gammone et al., 2015). 

One of the most successful microalgal products has been the 
carotenoid astaxanthin, which has been readily available as a dietary 
supplement and as a feed additive including for salmon which is 
responsible for the orange/red colouration.  It has potentially one of 
the greatest financial rewards for a microalgal company with a retail 
price of $7000/kg for natural astaxanthin (Nguyen, 2013), with 
reported prices for nutraceutical grade astaxanthin reaching 
$100,000/kg (Olaizola and Huntley, 2003). 

Advances are being accomplished for the application of microalgae as 
a tool in the biopharmaceutical industry or as a vaccine against 
diseases (Gangl, 2015). There is an increase in interest with regards to 
the research of microalgae as recombinant protein producers with an 
emphasis on Chlamydomonas reinhardtii (Rasala et al., 2010).  Several 
antibodies have been expressed in C. reinhardtii including against 
anthrax, B-cell lymphoma and the herpes simplex virus (Rasala and 
Mayfield, 2015).  Stable expression and high levels of protein 
accumulation have been demonstrated in the chloroplast genome in 
C. reinhardtii with levels as high as 21 % of total protein (Specht et al., 
2010; Gong et al., 2011).
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Activities

1. Why are microalgae sustainable cell factories compared to 
bacteria and yeast?

2. List the five areas of products produced from microalgae?

3. What are the aims of primary and secondary treatment?

4. What are the legal concentrations that nitrogen and phosphorus 
cannot exceed in wastewater?

5. Draw a diagram of the transesterification process?

6. Why are triacylglycerides utilised for biodiesel and not polar 
lipids?  

7. What are the most suitable fatty acids for biodiesel production?

8. How are microalgae cultivated and what are the advantages and 
challenges presented by each?

9. What is limiting biodiesel production from microalgae?

10. How is hydrogen produced from microalgae?

Activities



Resource Four
Further Reading

Algae biodiesel

https://www.youtube.com/watch?v=yCNkmi7VE0I

https://www.youtube.com/watch?v=m49VvKEhugo

Mata, T.M., Martins, A.A. and Caetano, N.S., 2010. Microalgae for 
biodiesel production and other applications: a review. Renewable and 
sustainable energy reviews, 14(1), pp.217-232.

https://www.sciencedirect.com/science/article/pii/S13640321090016
46

Chisti, Y., 2007. Biodiesel from microalgae. Biotechnology 
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Resource Five
Overview

After completing this resource, you should be able to:

ü Understand why we need to extract the products from microalgae

ü Determine what the microalgal cell wall is made of

ü Determine what methods can be used to break cells open and their
associated advantages and challenges to overcome

ü Determine which methods hold the most promise for green
extraction

Objectives

Extracting microalgal products of interestTopic

Organic chemistry, Polymers, Organic synthesisA-Level Modules

1. Read the data source
2. Complete the activities

3. Explore the further reading

Instructions



Microalgal cell walls often contain algaenan and are notoriously 
difficult to lyse, often being resistant to chemicals and weak 
acids/bases. Two difficult species of microalgae are Nannochloropsis
and Chlorella (commercially potential for biodiesel, protein and 
polyunsaturated fatty acids) which are small (1–2 µm) and spherical. 
Haematococcus (used for astaxanthin) cell walls contain a thick 
sporopollenin cell wall which even hinders acetolysis. To date, 
physico-chemical methods are widely employed for the isolation of 
intracellular microalgal products. However, they are usually time-
consuming and unless carefully controlled, are liable to cause 
degradation or unwanted chemical changes to the products, 
particularly carotenoids (Kapoore et al., 2018). 

The initial aim of the extraction process is to disrupt the microalgal 
cell wall with the extraction method dependent on the rigidity of the 
cell wall and the compound of interest to be obtained.  There are six 
broad categories of extraction method for obtaining products of 
interest from microalgae, each with their associated advantages and 
challenges to overcome (Figure 13 and Table 3).

A recent emphasis has been on green extraction processes without 
using toxic chemical solvents. Pressurised liquid extraction, microwave 
assisted extraction, pulse electric field lysis, steam explosion, deep 
eutectic solvents and biological enzymes have all been suggested as 
sustainable alternatives. In addition a novel concept is milking cells 
whereby the microalgae are cultivated, harvested (dewatered) and 
then the cell pores are temporarily opened to allow the products to 
leak into the media without killing the cells, similar in concept to 
milking a cow.
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Extraction methods

Figure 13

Cell disruption and 
extraction methods for 

microalgae.  Source: 
Kapoore et al. (2018).
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Method
Suitability for 
commercial 
application

Advantages Challenges

High pressure homogeniser -
Destruction of cell walls at room 
temperature, effective for neutral lipid 
extraction

High energy input, not effective for extraction of high 
molecular weight proteins

Mechanical cell press -
Industry standard for oil recovery from 
oilseeds

Inefficient cell disruption, high energy input

Hydrodynamic cavitation - Relatively low energy input Cavitation area limited

Horn sonication ++

Effective cell wall disruption, low 
maintenance cost, relatively rapid 
process, hazardous chemicals are not 
required

Multiple units required, cavitation area limited, high 
operational costs and energy input

Bath sonication +++
Effective cell wall disruption, minimal 
maintenance cost, relatively rapid, no 
hazardous substances required

High operational costs and energy input

Microwaves ++++

Effective cell wall disruption and 
excellent recovery of bioactives, 
relatively low energy input, fast heating 
and short reaction time, reduced solvent 
usage

Generates heat, high maintenance cost

Bead milling/beat beating ++ Effective cell wall disruption, rapid 
extraction

Varied efficiency across species, additional step 
required to remove beads, high maintenance costs 
and energy input

Osmotic shock - Low energy input, easier to scale-up Inefficient cell disruption, generation of waste 
saltwater, time consuming

Acid/alkali - Low energy input
Requires disposal of acid/alkali after extraction, 
carotenoid degradation

Enzymatic hydrolysis ++
Effective cell wall hydrolysis, high 
selectivity, mild treatment, carotenoid 
bioactivity not affected

High cost of enzymes, longer treatment time, 
enzymes must be disposed of after use

Autoclave + Low maintenance cost High energy input, not suitable for pigments

Steam explosion +++++
Effective cell wall disruption, low 
maintenance costs, relatively low energy 
input

Varied efficiency across species

Freeze drying +
Mild operating conditions, drying and 
extraction can be incorporated in one 
step, does not affect cellular components

Cell disruption variable and often the integrity of the 
cell wall is weakened but not disrupted, cost 
associated with pump maintenance, time consuming, 
expensive, high energy input

Nanoparticles - Non-toxic
Expensive, additional step required to remove 
nanoparticles, technology in its infancy

Supercritical fluid extraction +
Polarity of solvent is tunable, fast 
process, uses non-toxic solvents such 
CO2, effective for carotenoid extraction

Expensive, not suitable for scale-up

Grinding (with/without 
cryogens)

- Quick and efficient at a laboratory-scale
Time consuming, degradation of some of the 
bioactives 

Pulse electric field +
High selectivity, mild treatment, 
carotenoid bioactivity not affected, 
relatively low energy input

Still in its infancy

Hydrothermal liquefaction - Uses a wet feedstock
High variability in recovery, high energy input and 
temperature, requires expensive catalyst

Ionic liquids - Low cost Still in their infancy, issues over toxicity

Soxhlet extraction + Cost-effective, easy to scale-up
Long extraction time, uses large amounts of solvents 
(often toxic)

Table 3. Advantages and challenges of current cell disruption and extraction methods for 
microalgal biotechnology. Source: Kapoore et al. (2018).



Resource Five
Activities

1. What is the resistant biopolymer in the cells of microalgae?

2. What is the algaenan structure made of?

3. What are the six broad categories of cell wall disruption?

4. List five current cell disruption methods and two advantages and 
disadvantages of each?

5. Why are high temperature cell disruption methods unsuitable for 
extracting pigments?

6. List five methods of cell disruption which have promise for the 
future?

7. How does microwave assisted extraction work?

8. What method would be most suitable for liquid extraction?

9. Explain the mechanism of milking microalgal cells?

10. Would any of the methods be suitable for obtaining multiple 
products of interest in a biorefinery approach? 

Activities
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Kapoore, R., Butler, T., Pandhal, J. and Vaidyanathan, S., 2018. 
Microwave-assisted extraction for microalgae: from biofuels to 
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Extraction of high value bioactives

Sosa-Hernández, J., Escobedo-Avellaneda, Z., Iqbal, H. and Welti-
Chanes, J., 2018. State-of-the-Art Extraction Methodologies for 
Bioactive Compounds from Algal Biome to Meet Bio-Economy 
Challenges and Opportunities. Molecules, 23(11), p.2953.
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Resource Six
Overview

After completing this resource, you should be able to:

ü Explain the key cell factories used for genetic engineering

ü Understand which organelles are transformed

ü Annotate a plasmid

ü Understand codon bias

ü Describe how to transform microalgae

ü Describe reporter and marker genes

ü Explain advanced genome editing methods

Objectives

Genetic engineering of microalgaeTopic

Genetic information, variation and relationships between organisms,
The control of gene expression

A-Level Modules

1. Read the data source
2. Complete the activities

3. Explore the further reading

Instructions



Microalgal production is far behind farming where animal husbandry 
and selective breeding have led to domesticated strains adapted to 
monoculture. Microalgae as a genetic platform are lagging behind 
other cell factories such as E. coli, yeast and mammalian cells e.g. 
Chinese hamster ovary (CHO) cells. There is a requirement for 
domestication of species of microalgae for successful large-scale 
production; including biofuels, improving carbon fixation, producing 
novel bicompounds. Domestication of microalgae is often hindered by 
the absence of controllable sexual cycles that would allow combining 
desirable traits and the removal of unwanted alleles. To date the 
genetic toolkits developed for the Chlorophyceae Chlamydomonas
reinhardtiii and the diatom Phaeodactylum tricornutum are the most 
advanced, and both nuclear and chloroplast transformations have 
been achieved with mitochondrial transformation also possible in C. 
reinhardtii but these are all random insertion events(Gangl et al., 
2015).  Benefits of the nucleus and chloroplast as cell organelles for 
genetic transformation are revealed in Figure 14.
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Figure 14

Benefits of using the 
nucleus and chloroplast for 

genetic manipulation and 
producing recombinant 

proteins of interest.  
Source: Rasala et al. (2010)



Genetic engineering involves the assembly of a chimeric expression 
cassette comprising different DNA constituents that enable stable 
expression of transgenes into the microalgal host. Most work is 
conducted in the bacterium E. coli and then transfected into a 
microalgal cell. An example of a plasmid used for cloning and the 
elements are shown in Figure 15. 

A transcription unit is a length of DNA that is transcribed into an RNA 
molecule and includes a promoter, RNA coding region, and a 
terminator. For many microalgae endogeneous promoters have not 
been mapped and characterised and researchers have relied on the 
35S cauliflower mosaic virus promoter (Walker et al., 2005). In P. 
tricornutum the light regulated fcpA (LHCF1) and fcpB (LHCF2) 
promoters are most frequently used and are light dependent and 
inactive in the dark (Kroth, 2007). Although weaker than the fcpB
promoter H4P has been used for constitutive expression (Siaut et al., 
2007).  A nitrate reductase promoter (NR) has also been used in P. 
tricornutum, that is reportedly better than LHC1 in green fluorescent 
protein (GFP) expression (Chu et al., 2016). The NR promoter inhibits 
transcription in ammonium (Poulsen and
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Figure 15

Plasmid elements; Origin of 
replication, antibiotic 

resistance gene, multiple 
cloning site, insert, 

promoter region, selectable 
marker, primer binding site. 

Source: Addgene.



Kröger, 2005), but this has been reported to be ‘leaky’ (Chu et al., 
2016). Recently EF2 that encodes elongation factor 2 is a possible new 
constitutive promoter (Seo et al., 2015).  Currently a constitutive B12 
promoter is being developed at Cambridge. Introns can also be 
included in the expression cassette that contain transcriptional 
enhancers or sequences conferring enhanced mRNA stability or 
enhanced mRNA turnover.

Codon bias has been observed in algal genomes and consequently the 
design of the coding sequence is important. In C. reinhardtii nuclear 
genes show a strong preference for GC rich codons but chloroplast 
genes have revealed a strong preference for AT rich regions (Naya et 
al., 2001; Heitzer et al., 2007). In P. tricornutum codon usage of the 
fcp gene family reveals strong codon bias towards the use of 
pyrimidines in the third base of the codon (thymine and cytosine) 
(Devaki and Grossman, 1993). All six fcp genes use the same codon 
TAA as a stop codon (Devaki and Grossman, 1993).  Optimising the 
transgenic coding sequence to match codon preference has been 
revealed to improve translational efficiency (Rasala and Mayfield, 
2015). Synthetic DNA sequences that have been designed using 
codon-optimisation algorithms is preferred over cDNAs or native 
genes as the source of the coding sequence (Slocombe and 
Benemann, 2016).

Gene delivery by transformation is an essential technique for 
molecular biology applications, particularly in the production of non-
native proteins and for modifications of a pathway.  Transformation 
efficiency is defined as the number of colony forming units that would 
be produced by transforming 1 µg of plasmid into a given volume of 
competent cells. 

Competent cells (through the addition of calcium chloride) take up 
DNA after heat shock or electroporation which temporarily opens the 
pores in the cell membrane (Dagert and Ehrlich, 1979).  Microalgal 
insertion of DNA suffers simple setbacks such as low transformation 
yields, especially when compared to other microbial hosts such as E. 
coli which can
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have transformation efficiencies of 106-109 transformants/µg DNA 
with a heat shock (Dagert and Ehrlich, 1979) and 109-1010 
transformants with DH5α and pUC18 plasmids when using 
electroporation (Dower et al., 1988). For yeast 1 µg DNA can yield as 
many as 106 transformants per µg plasmid DNA per 108 cells/ml in 
1.5 hours (Gietz and Schiestl, 2007). Some microalgae have 
transformation efficiencies as low as 10-8 cells/ml (1 in 100 million 
cells stably transferred) and even the most routinely transformed 
species such as C. reinhardtii only attains a transformation efficiency 
of 10-3 cell/ml (1 in 1000).   Nuclear transformation is also contrained
by poor transgene integration, codon bias, positional effects, and gene 
silencing which can lead to poor or unstable transgene expression 
(Gangl et al., 2015).

A range of DNA delivery methods have been devised for the 
transformation of microalgae with the most common being agitation 
with glass beads, electroporation and microparticle bombardment 
(biolistics) . C. reinhardtii as a model organisms has been transformed 
using agitation with glass beads, agitation with silicone carbide 
whiskers , electroporation and Agrobacterium (Potvin and Zhang, 
2010). Agitation with glass beads requires cell wall-less mutants which 
has limited its potential in transforming other microalgae constrained 
by cell walls such as P. tricornutum.  Agitation with silicon carbide 
whiskers results in relatively high transformation efficiencies but 
inhaling the whiskers can pose a serious health risk for humans. 

Recently in C. reinhardtii an alternative method using positively 
charged nanoparticles has been suggested that resulted in a 
transformation efficiency of 5.03 x 102 transformants/µg DNA (Kim et 
al., 2014). Genetic transformation technologies are advanced for P. 
tricornutum using biolistics (Kroth et al., 2007) and electroporation 
(Miyahara et al., 2013).  Electroporation has even been successful for 
chloroplast transformation with DNA having to cross five membranes 
surrounding the secondary chloroplast (Xie et al., 2014). Both of these 
methods are effective but the procedures are expensive. 
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Another method which has more recently been reported and is 
unique to cyanobacteria and the two diatoms P. tricornutum and 
Thaliosira pseudonana has been conjugation where DNA is transferred 
from E. coli to P. tricornutum through a pilus (Karas et al., 2015). DNA 
is replicated stably within the nucleus as an episome. This presents an 
opportunity for artificial chromosome transfer into diatoms and could 
result in a one-step transfer of whole metabolic pathways. However, 
it must be noted that there have been issues with transposons where 
sequences of DNA have moved to new positions within the microalgal 
genome.

Transformation detection and efficiency are necessary parameters in 
a genetic transformation process and markers/reporter genes are 
essential to determine transformants from cells that remain 
untransformed. Markers and reporter genes are sequences that 
express for a specific set of traits that provide the transformed cells 
with different properties from untransformed cells. 

Selection markers affect the condition on which the transformed cell 
can grow such as, antibiotic resistant transformed cells growing in 
medium with antibiotics.  Reporter genes are more commonly used as 
genes for the verification of transformation giving distinctive visual 
traits under certain conditions. 

Frequently antibiotic markers have been used with the choice of 
marker determined by the antibiotic sensitivities of the target species.  
However, there have been concerns regarding horizontal transfer of 
marker genes to pathogenic bacteria. Only two commonly used 
antibiotic markers are authorised for use in outdoor applications of 
transgenic crop plants; nptII and hpt. 

A wide range of fluorescent reporter genes are available for gene 
expression and protein localisation studies (Rasala et al., 2013).  
Alternative selection markers have been suggested and include the 
use of dominant alleles of endogenous algal genes such as PDS that 
confers resistance to the herbicide
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Norflurazon (Walker et al., 2005).  Another alternative is to use 
affinity tags that consist of the expression of protein binding peptides 
with the objective of the detecting positively transformed cells based 
upon the specific proteins formed by the peptide bonded (Table 14).  
Novel regulated promoters such as the methionine synthase (METE) 
promoter have been developed that are repressed by vitamin B12 
(Helliwell et al., 2014).  

Genome editing has been suggested to target precise sites within a 
genome by introducing double strand breaks into that site and then 
this site is repaired resulting in a modest deletion of a few nucleotides 
of the native gene. Insertional activation is not required for mutations 
to be created through incorporation of a non-native gene encoding a 
selectable marker. 

Furthermore this method of molecular engineering is not subject to 
regulatory approval as the mutants are not stated as genetically 
modified (GM) (Pauwels et al., 2014). Mutations have been created 
within native genes (knockouts) and DNA sequences have been 
inserted with precision at specific sites (knockins). 

However, creating loss-of-function mutants by insertional 
mutagenesis appears difficult in P. tricornutum as it is diploid and does 
not appear capable of sexual reproduction (De Riso et al., 2009).  
There has been a recent report of the successful applications of 
genome editing tools in P. tricornutum incuding TALENS (Weyman et 
al., 2015) and CRISPR/Cas9 (Nymark et al., 2016).  However CRISPR 
Cas9 has posed toxicity issues in microalgal species as showcased with 
C. reinhardtii when the Cas9 was produced constitutively (Jiang et al., 
2014).  Using these techniques can result in marker free transgenic 
types. 

Resource Six
Data Source

Section E
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Resource Six
Activities

1. Which two microalgal species are the most well studied for 
genetic engineering?

2. Which organelles can be transformed?  Hint: there are three

3. What is an endogenous vs inducible promoter?

4. What is an intron?

5. What is codon bias?

6. List six methods of transfecting DNA into microalgae?

7. Why are molecular biologists transitioning away from using 
antibiotics as selectable markers?

8. What is genome editing?

9. Draw a plasmid?

10. Explain how CRISPR-cas9 works?

Activities



Resource Six
Further Reading

Molecular Biology

https://www.youtube.com/watch?v=yYIZgS-L5Sc

Microalgae for biopharmaceuticals

Gangl, D., Zedler, J.A., Rajakumar, P.D., Martinez, E.M.R., Riseley, A., 
Włodarczyk, A., Purton, S., Sakuragi, Y., Howe, C.J., Jensen, P.E. and 
Robinson, C., 2015. Biotechnological exploitation of 
microalgae. Journal of Experimental Botany, 66(22), pp.6975-6990. 

https://academic.oup.com/jxb/article/66/22/6975/2893289

Production of therapeutic proteins from microalgae

Rasala, B.A., Muto, M., Lee, P.A., Jager, M., Cardoso, R.M., Behnke, 
C.A., Kirk, P., Hokanson, C.A., Crea, R., Mendez, M. and Mayfield, S.P., 
2010. Production of therapeutic proteins in algae, analysis of 
expression of seven human proteins in the chloroplast of 
Chlamydomonas reinhardtii. Plant biotechnology journal, 8(6), 
pp.719-733. 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1467-
7652.2010.00503.x

Microalgae promoters

Walker, T.L., Purton, S., Becker, D.K. and Collet, C., 2005. Microalgae 
as bioreactors. Plant cell reports, 24(11), pp.629-641. 

https://link.springer.com/article/10.1007/s00299-005-0004-6

Molecular biology potential of diatoms

Kroth, P., 2007. Molecular biology and the biotechnological potential 
of diatoms. In Transgenic microalgae as green cell factories (pp. 23-
33). Springer, New York, NY. 

https://www.semanticscholar.org/paper/Molecular-biology-and-the-
biotechnological-of-
Kroth/323bb94e4f58a1df226a4ca79acd280ee614e218

Explore

Independent
research

https://www.youtube.com/watch?v=yYIZgS-L5Sc
https://academic.oup.com/jxb/article/66/22/6975/2893289
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1467-7652.2010.00503.x
https://link.springer.com/article/10.1007/s00299-005-0004-6
https://www.semanticscholar.org/paper/Molecular-biology-and-the-biotechnological-of-Kroth/323bb94e4f58a1df226a4ca79acd280ee614e218


Resource Six
Further Reading

Molecular toolbox for studying diatom biology

Siaut, M., Heijde, M., Mangogna, M., Montsant, A., Coesel, S., Allen, 
A., Manfredonia, A., Falciatore, A. and Bowler, C., 2007. Molecular 
toolbox for studying diatom biology in Phaeodactylum
tricornutum. Gene, 406(1-2), pp.23-35. 

https://www.sciencedirect.com/science/article/pii/S03781119070027
52

Nitrate reductase promoter

Chu, L., Ewe, D., Bártulos, C.R., Kroth, P.G. and Gruber, A., 2016. Rapid 
induction of GFP expression by the nitrate reductase promoter in the 
diatom Phaeodactylum tricornutum. PeerJ, 4, p.e2344. 

https://peerj.com/articles/2344/?utm_source=TrendMD&utm_campa
ign=PeerJ_TrendMD_1&utm_medium=TrendMD

Poulsen, N. and Kröger, N., 2005. A new molecular tool for transgenic 
diatoms: control of mRNA and protein biosynthesis by an inducible 
promoter–terminator cassette. The FEBS journal, 272(13), pp.3413-
3423.

https://febs.onlinelibrary.wiley.com/doi/full/10.1111/j.1742-
4658.2005.04760.x

A new constitutive promoter in a diatom

Seo, S., Jeon, H., Hwang, S., Jin, E. and Chang, K.S., 2015. Development 
of a new constitutive expression system for the transformation of the 
diatom Phaeodactylum tricornutum. Algal research, 11, pp.50-54.

https://www.sciencedirect.com/science/article/pii/S22119264150013
20

Explore
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research

https://www.sciencedirect.com/science/article/pii/S0378111907002752
https://peerj.com/articles/2344/?utm_source=TrendMD&utm_campaign=PeerJ_TrendMD_1&utm_medium=TrendMD
https://febs.onlinelibrary.wiley.com/doi/full/10.1111/j.1742-4658.2005.04760.x
https://www.sciencedirect.com/science/article/pii/S2211926415001320


Resource Six
Further Reading

Strong preference for GC rich codons

Naya, H., Romero, H., Carels, N., Zavala, A. and Musto, H., 2001. 
Translational selection shapes codon usage in the GC-rich genome of 
Chlamydomonas reinhardtii. FEBS letters, 501(2-3), pp.127-130.

https://febs.onlinelibrary.wiley.com/doi/full/10.1016/S0014-
5793%2801%2902644-8

Codon bias towards pyrimidines

Specht, E.A., 2014. Improving the genetic tractability of the green alga 
Chlamydomonas reinhardtii (Doctoral dissertation, UC San Diego).

https://link.springer.com/chapter/10.1007/978-0-387-75532-8_5

Codon optimisation improves translational efficiency

Rasala, B.A. and Mayfield, S.P., 2015. Photosynthetic 
biomanufacturing in green algae; production of recombinant proteins 
for industrial, nutritional, and medical uses. Photosynthesis 
research, 123(3), pp.227-239.

https://link.springer.com/article/10.1007/s11120-014-9994-7

Slocombe, S.P. and Benemann, J.R., 2016. Microalgal production for 
biomass and high-value products. CRC Press.

https://www.taylorfrancis.com/books/e/9781482219715

Competent cells

Dagert, M. and Ehrlich, S.D., 1979. Prolonged incubation in calcium 
chloride improves the competence of Escherichia coli cells. Gene, 6(1), 
pp.23-28.

https://www.sciencedirect.com/science/article/pii/037811197990082
9

Explore

Independent
research

https://febs.onlinelibrary.wiley.com/doi/full/10.1016/S0014-5793%2801%2902644-8
https://link.springer.com/chapter/10.1007/978-0-387-75532-8_5
https://link.springer.com/article/10.1007/s11120-014-9994-7
https://www.taylorfrancis.com/books/e/9781482219715
https://www.sciencedirect.com/science/article/pii/0378111979900829


Resource Six
Further Reading

Electroporation

Dower, W.J., Miller, J.F. and Ragsdale, C.W., 1988. High efficiency 
transformation of E. coli by high voltage electroporation. Nucleic acids 
research, 16(13), pp.6127-6145.

https://academic.oup.com/nar/article/16/13/6127/1046461

Yeast transformation

Gietz, R.D. and Schiestl, R.H., 2007. High-efficiency yeast 
transformation using the LiAc/SS carrier DNA/PEG method. Nature 
protocols, 2(1), p.31.

https://www.researchgate.net/profile/R_Gietz/publication/51383037
_High-
efficiency_yeast_transformation_using_the_LiAcSS_carrier_DNAPEG_
method/links/0046353b6da9624543000000/High-efficiency-yeast-
transformation-using-the-LiAc-SS-carrier-DNA-PEG-method.pdf

Microalgae transformation

Potvin, G. and Zhang, Z., 2010. Strategies for high-level recombinant 
protein expression in transgenic microalgae: a review. Biotechnology 
Advances, 28(6), pp.910-918.

https://www.sciencedirect.com/science/article/pii/S07349750100010
84

Miyahara, M., Aoi, M., Inoue-Kashino, N., Kashino, Y. and Ifuku, K., 
2013. Highly efficient transformation of the diatom Phaeodactylum
tricornutum by multi-pulse electroporation. Bioscience, 
biotechnology, and biochemistry, p.120936.

https://www.jstage.jst.go.jp/article/bbb/advpub/0/advpub_120936/_
pdf

Explore

Independent
research

https://academic.oup.com/nar/article/16/13/6127/1046461
https://www.sciencedirect.com/science/article/pii/S0734975010001084
https://www.jstage.jst.go.jp/article/bbb/advpub/0/advpub_120936/_pdf


Resource Six
Further Reading

Xie, W.H., Zhu, C.C., Zhang, N.S., Li, D.W., Yang, W.D., Liu, J.S., 
Sathishkumar, R. and Li, H.Y., 2014. Construction of novel chloroplast 
expression vector and development of an efficient transformation 
system for the diatom Phaeodactylum tricornutum. Marine 
biotechnology, 16(5), pp.538-546.

https://link.springer.com/article/10.1007/s10126-014-9570-3

Conjugation between bacteria and a diatom

Karas, B.J., Diner, R.E., Lefebvre, S.C., McQuaid, J., Phillips, A.P., 
Noddings, C.M., Brunson, J.K., Valas, R.E., Deerinck, T.J., Jablanovic, J. 
and Gillard, J.T., 2015. Designer diatom episomes delivered by 
bacterial conjugation. Nature communications, 6, p.6925.

https://www.nature.com/articles/ncomms7925

Reporter genes

Rasala, B.A., Gimpel, J.A., Tran, M., Hannon, M.J., Miyake-Stoner, S.J., 
Specht, E.A. and Mayfield, S.P., 2013. Genetic engineering to improve 
algal biofuels production. In Algae for biofuels and energy (pp. 99-
113). Springer, Dordrecht.

https://www.researchgate.net/profile/Elizabeth_Specht/publication/
265413766_Genetic_Engineering_to_Improve_Algal_Biofuels_Produc
tion/links/54985f790cf2eeefc30f9521/Genetic-Engineering-to-
Improve-Algal-Biofuels-Production.pdf

Vitamin B12 gene regulation in microalgae

Helliwell, K.E., Scaife, M.A., Sasso, S., Araujo, A.P.U., Purton, S. and 
Smith, A.G., 2014. Unraveling vitamin B12-responsive gene regulation 
in algae. Plant physiology, 165(1), pp.388-397.

http://www.plantphysiol.org/content/plantphysiol/165/1/388.full.pdf
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research

https://link.springer.com/article/10.1007/s10126-014-9570-3
https://www.nature.com/articles/ncomms7925
https://www.researchgate.net/profile/Elizabeth_Specht/publication/265413766_Genetic_Engineering_to_Improve_Algal_Biofuels_Production/links/54985f790cf2eeefc30f9521/Genetic-Engineering-to-Improve-Algal-Biofuels-Production.pdf
http://www.plantphysiol.org/content/plantphysiol/165/1/388.full.pdf


Resource Six
Further Reading

Regulatory side for genetic engineering

Pauwels, K., Podevin, N., Breyer, D., Carroll, D. and Herman, P., 2014. 
Engineering nucleases for gene targeting: safety and regulatory 
considerations. New biotechnology, 31(1), pp.18-27.

https://www.sciencedirect.com/science/article/pii/S18716784130009
40

Gene silencing in diatoms

De Riso, V., Raniello, R., Maumus, F., Rogato, A., Bowler, C. and 
Falciatore, A., 2009. Gene silencing in the marine diatom 
Phaeodactylum tricornutum. Nucleic acids research, 37(14), pp.e96-
e96.

https://academic.oup.com/nar/article/37/14/e96/1084203

What is TALENS?

Weyman, P.D., Beeri, K., Lefebvre, S.C., Rivera, J., McCarthy, J.K., 
Heuberger, A.L., Peers, G., Allen, A.E. and Dupont, C.L., 2015. 
Inactivation of P haeodactylum tricornutum urease gene using 
transcription activator-like effector nuclease-based targeted 
mutagenesis. Plant biotechnology journal, 13(4), pp.460-470.

https://onlinelibrary.wiley.com/doi/pdf/10.1111/pbi.12254

What is CRISPR cas-9?

Nymark, M., Sharma, A.K., Sparstad, T., Bones, A.M. and Winge, P., 
2016. A CRISPR/Cas9 system adapted for gene editing in marine 
algae. Scientific reports, 6, p.24951.

https://www.nature.com/articles/srep24951

CRISPR cas-9 toxicity

Jiang, W., Brueggeman, A.J., Horken, K.M., Plucinak, T.M. and Weeks, 
D.P., 2014. Successful transient expression of Cas9 and single guide 
RNA genes in Chlamydomonas reinhardtii. Eukaryotic cell, 13(11), 
pp.1465-1469.

https://ec.asm.org/content/eukcell/13/11/1465.full.pdf
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https://www.sciencedirect.com/science/article/pii/S1871678413000940
https://academic.oup.com/nar/article/37/14/e96/1084203
https://onlinelibrary.wiley.com/doi/pdf/10.1111/pbi.12254
https://www.nature.com/articles/srep24951
https://ec.asm.org/content/eukcell/13/11/1465.full.pdf


Final
Reflection

Using the knowledge you have learned over the last six resources
about microalgae, their products, applications in society, and how
they can be genetically manipulated you are going to create a poster
on how you could improve photosynthetic efficiency. There will be a
range of natural methods using environmental factors and also
through using genetic engineering. Please select your method of
choice and give a thorough evaluation. Whichever idea is chosen you
need to ensure the results are 1) not already known, 2) there is
already enough evidence for this area and 3) it is something you are
passionate about – scientific research can be tough and difficult at
times so that passion is what keeps scientists going!

Objectives

How can you manipulate a microalgal cell for enhanced
photosynthetic efficiency?

Topic

Structuring the poster:
1. Title. Ensure this is eye catching and makes the audience want to 

read on
2. Introduction. This will provide a background to photosynthesis, 

why it is inefficient and why it needs to be improved
3. Aim and objectives. The objectives are smaller checkpoints of 

success to achieve the overall aim

4. Materials and methods. In a research paper you would focus on 
what equipment and protocols you used but in this case you will 
mention that you conducted a literature review

5. Results and discussion. Explain why you have chosen the ideas 
you have devised for improving photosynthesis

6. Conclusion. Summarise your findings in a condensed form and 
project the key message

Referencing – at least 10 references should be included.  Harvard 
referencing should be used for including references at the end

Note: figures and tables will be used to compile data which you want 
to showcase to the audience.  Try and create your own figures rather 
than copying and pasting them

Instructions

Deep 
Dive
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Why is good note taking important?

If it feels like you forget new information almost as quickly as you hear it, even if you write it 
down, that’s because we tend to lose almost 40% of new information within the first 24 
hours of first reading or hearing it. 

If we take notes effectively, however, we can retain and retrieve almost 100% of the 
information we receive. Consider this graph on the rate of forgetting with study/repetition:

Learning a new system

The Cornell Note System was developed in the 1950s at the University of Cornell in the USA. 
The system includes interacting with your notes and is suitable for all subjects. There are 
three steps to the Cornell Note System. 

Retention: the act of 
absorbing, and 

continuing to keep 
information

Repetition: the act of 
repeating an 

interaction with the 
material / notes

Repetition 
increases 
retention

Drop in 
retention 
after 18 
minutes

Step 1: Note-Taking

1.   Create Format: Notes are set up in the Cornell 
Way. This means creating 3 boxes like the ones on 
the left.  You should put your name, date, and 

topic at the top of the page. 

2.  Write and Organise: You then take your notes in the 
‘note taking’ area on the right side of the page. You should 

organise these notes by keeping a line or a space 
between ‘chunks’ /main ideas of information. You 
can also use bullet points for lists of information to 
help organise your notes.

University 
Ready!

University Study Skills
Cornell Notes



Step 2 Note-Making

1.   Revise and Edit Notes: Go back to box 1, the note taking area and spend some time revising 
and editing. You can do this by: highlighting ‘chunks’ of information with a number or a colour; 
circling all key words in a different colour; highlighting main ideas; adding new information in 
another colour

2.  Note Key Idea: Go to box 2 on the left hand side of the page and develop some questions about 
the main ideas in your notes. The questions should be ‘high level’. This means they should 
encourage you to think deeper about the ideas. Example ‘high level’ questions would be:
• Which is most important / significant reason for…
• To what extent…
• How does the (data / text / ideas) support the viewpoint?
• How do we know that…
Here is an example of step 1 and step 2 for notes on the story of Cinderella:

Step 3 Note-Interacting

1.   Summary: Go to box 3 at the bottom of the page and summarise the main ideas in box 1 and 
answer the essential questions in box 2. 

Give the Cornell Note Taking System a try and see if it works for you!



These words will often be used when university tutors set you essay questions - it is a good 
idea to carefully read instruction words before attempting to answer the question. 

Analyse – When you analyse something you consider it carefully and in detail in order to 
understand and explain it. To analyse, identify the main parts or ideas of a subject and 
examine or interpret the connections between them.

Comment on – When you comment on a subject or the ideas in a subject, you say something 
that gives your opinion about it or an explanation for it.

Compare – To compare things means to point out the differences or similarities between 
them. A comparison essay would involve examining qualities/characteristics of a subject and 
emphasising the similarities and differences. 

Contrast – When you contrast two subjects you show how they differ when compared with 
each other. A contrast essay should emphasise striking differences between two elements. 

Compare and contrast – To write a compare and contrast essay you would examine the 
similarities and differences of two subjects. 

Criticise – When you criticise you make judgments about a subject after thinking about it 
carefully and deeply. Express your judgement with respect to the correctness or merit of the 
factors under consideration. Give the results of your own analysis and discuss the limitations 
and contributions of the factors in question. Support your judgement with evidence. 

Define – When you define something you show, describe, or state clearly what it is and what 
it is like, you can also say what its limits are. Do not include details but do include what 
distinguishes it from the other related things, sometimes by giving examples. 

Describe – To describe in an essay requires you to give a detailed account of characteristics, 
properties or qualities of a subject.

Discuss – To discuss in an essay consider your subject from different points of view. Examine, 
analyse and present considerations for and against the problem or statement.

University Study Skills
Key Instruction Words

University 
Ready!



Evaluate – When you evaluate in an essay, decide on your subject’s significance, value, or 
quality after carefully studying its good and bad features. Use authoritative (e.g. from 
established authors or theorists in the field) and, to some extent, personal appraisal of both 
contributions and limitations of the subject. Similar to assess.

Illustrate – If asked to illustrate in an essay, explain the points that you are making clearly by 
using examples, diagrams, statistics etc.

Interpret – In an essay that requires you to interpret, you should translate, solve, give 
examples, or comment upon the subject and evaluate it in terms of your judgement or 
reaction. Basically, give an explanation of what your subject means. Similar to explain.

Justify – When asked to justify a statement in an essay you should provide the reasons and 
grounds for the conclusions you draw from the statement. Present your evidence in a form 
that will convince your reader.

Outline – Outlining requires that you explain ideas, plans, or theories in a general way, 
without giving all the details. Organise and systematically describe the main points or 
general principles. Use essential supplementary material, but omit minor details. 

Prove – When proving a statement, experiment or theory in an essay, you must confirm or 
verify it. You are expected to evaluate the material and present experimental evidence 
and/or logical argument.

Relate – To relate two things, you should state or claim the connection or link between 
them. Show the relationship by emphasising these connections and associations. 

Review – When you review, critically examine, analyse and comment on the major points of 
a subject in an organised manner

University Study Skills
Key Instruction Words



Exploring Careers and Study Options
ü Find job descriptions, salaries and hours, routes into different careers, and more 

at https://www.startprofile.com/
ü Research career and study choices, and see videos of those who have pursued various 

routes at http://www.careerpilot.org.uk/
ü See videos about what it’s like to work in different jobs and for different organisations 

at https://www.careersbox.co.uk/
ü Find out what different degrees could lead to, how to choose the right course for you, and 

how to apply for courses and student finance at https://www.prospects.ac.uk/
ü Explore job descriptions and career options, and contact careers advisers 

at https://nationalcareersservice.direct.gov.uk/
ü Discover which subjects and qualifications (not just A levels) lead to different degrees, and 

what careers these degrees can lead to, 
at http://www.russellgroup.ac.uk/media/5457/informed-choices-2016.pdf

Comparing Universities

ü https://www.whatuni.com/
ü http://unistats.direct.gov.uk/
ü https://www.thecompleteuniversityguide.co.uk/
ü Which? Explorer tool – find out your degree options based on your A level and BTEC 

subjects: https://university.which.co.uk/

UCAS

ü Key dates and deadlines: https://university.which.co.uk/advice/ucas-application/ucas-
deadlines-key-application-dates

ü Untangle UCAS terminology at https://www.ucas.com/corporate/about-us/who-we-
are/ucas-terms-explained

ü Get advice on writing a UCAS personal statement 
at https://www.ucas.com/ucas/undergraduate/getting-started/when-apply/how-
write-ucas-undergraduate-personal-statement

ü You can also find a template to help you structure a UCAS statement, 
at https://www.ucas.com/sites/default/files/ucas-personal-statement-worksheet.pdf

ü How to survive Clearing: https://university.which.co.uk/advice/clearing-results-
day/the-survivors-guide-to-clearing

University
Guidance
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Biochemistry at University

ü Biochemists investigate the chemical processes that take place inside all living things. 

ü Biochemists will need a high level of skill and ability in science and be good at solving 
problems. Working accurately and having an eye for detail will help you when examining 
samples under a microscope. 

ü You can find out more about different courses and entry requirements by exploring the 
UCAS Biology Guide online:          https://www.ucas.com/ucas/subject-guide-
list/biological-sciences

ü You can find out more about the different careers by exploring the UCAS Biochemists 
Careers online;                                        https://www.ucas.com/ucas/after-gcses/find-
career-ideas/explore-jobs/job-profile/biochemist

Subject
Guidance
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A Deeper Look Into Algal Science

ü Watch: Call it "fuel without fossils": Jonathan Trent is working on a plan to grow new biofuel 

by farming micro-algae in floating offshore pods that eat wastewater from cities

https://www.ted.com/talks/jonathan_trent_energy_from_floating_algae_pods

ü Listen: Professor Alison Smith is a world expert on algae, which range from kelp to diatoms. 

She talks to Jim al-Khalili about their biology and their many uses, such as food and fuels.

https://www.bbc.co.uk/programmes/b08bzl8y

ü Read: How animal waste is helping turn China’s lakes green

https://www.theguardian.com/environment/2018/aug/31/eutrophication-algae-how-animal-

waste-is-turning-chinas-lakes-green

ü Do: Visit Kew Gardens and try to spot some algae:

https://www.kew.org/

https://www.ted.com/talks/jonathan_trent_energy_from_floating_algae_pods
https://www.bbc.co.uk/programmes/b08bzl8y
https://www.theguardian.com/environment/2018/aug/31/eutrophication-algae-how-animal-waste-is-turning-chinas-lakes-green
https://www.kew.org/
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