
How can algae biology and 
biotechnology help to improve the 

efficiency of algae-to biofuels 
production strains?  

Sammy Boussiba 



Current Status 

ÅThe cheapest algal biomass production today is 
about $ 5000.- per ton; 
ÅPredicted price ranges for algal biofuels are 

between $ 8 and 20 per liter with todays 
technologies and yields; 
ÅMajor problems are low productivity, lacking 

stability of the cultures, lacking harvesting and 
processing technologies; 
ÅProduction costs are inflated due to high water, 

manpower and resource inputs, and yet unknown 
costs for harvesting and processing; 



A Wide range of R&D tasks are therefore required to 
improve efficiency of algae to biofuels pathways  

Å Ongoing strain selection and improvement for higher productivity, harvestability 
and processability remain a necessity; 

Å Continued supervision of cell physiology and growth conditions is required for 
maximizing biomass productivity. This is an iterative long term process that can 
yield yearly yield increases of several percent, similar to modern agriculture! 

Å This process is demonstrated impressively at the Qetura photobioreactor, where 
yields are continuously improved by ongoing R&D and engineering efforts! 

Å Profound and long term experience in algal mass cultivation, physiology, 
genetics, as well as continued investments into technology upgrading are 
required towards this goal; 

Å Improved and cheaper technologies have to be continuously monitored and 
evaluated to reduce production costs, manpower, and energy consumption! 

Å The Microalgal Biotechnology Laboratory at BGU has been centrally involved in 
such processes for over 30 years! 
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1. Construction of hectare scale raceway ponds in Eilat and 

Ein Yahav for the cultivation of Spirulina. Some of those 
ponds are still operated by NBT for cultivation of 
Dunaliella. 
 
 
 

2. Participation in the DOE Algal Biodiesel project, testing oil 
production by cultivation of Nannochloropsis and 
Isochrysis in 100 m2 raceways. 
 
 
 

3. Development of biotechnology and photobioreactors for 
production of astaxanthin from Haematococcus pluvialis, 
successfully applied by Algatechnologies in Qetura, Israel. 

Relevant BGU Projects: 



 
4. Development grant from Primafuel for algal 
biotechnology for biodiesel production: Strain 
selection, physiology, cultivation, genetic engineering 
and upscaling of cultivation. 

 
 

5.Participation in FP7 project Aquafuels,  Algae and 
aquatic biomass for a sustainable production of 2nd 
generation biofuels. 

 
 
 

6. Coordinator of FP7 project GIAVAP, Genetic 
improvement of Algae for Value Added Products. 



09/04/2011 BIOFAT - Kick off - Madrid 6 

Å For successful and sustainable  algal biofuels production, integration into 
appropriate CO2 and waste-nutrient or waste-water streams is essential; 

Å This poses new and untested challenges in strain selection and  culture 
management;  

Å BGU has participated in several project studies, e. g. integrated exploitation of 
agro-industrial emissions: bioethanol ςlivestock ςalgae superloop;  
 

System Integration 



7 

Standard media are often suboptimal!  
Replacing F2 medium (red) by an improved formulation (green) resulted in a 50% 

increase in biomass production! 

Optimization of growth media 
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Nutrient Management and Sustainability: 
Use and reuse of waste nutrients is essential to overcome potential nutrient 
limitations, can improve LCA and reduce production costs; 

A local Scenedesmus strain displays similar maximal growth rates in mBG11 
as in conditioned 1:20 diluted biogas effluent. No bacterial or other 
contaminations were observed in the effluent during 10 days of cultivation 
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One stage cultivation with nitrogen exhaustion is possibly the best option to achieve 
satisfactory oil, protein  and PUFA yields! 

Semi-continuous cultivation under nutrient exhaustion and increased oil content;  

Optimal Modes of Cultivation 
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Light intensity 

(mmol photons/m
2
·s) 

NaCl 

(%) 

DW (mg/ml) 

(7d) 

TFA %DW  

(7d) 

EPA %DW  

(7d) 

  + N - N + N - N + N 

 1.3 4.7 ± 0.3 3.9 ± 0.2 21.4 ± 1.7 42.0 ± 0.3 4.3 ± 0.4 

170 2.7 4.6 ± 0.1 3.7 ± 0.1 22.3 ± 0.3 43.4 ± 1.7 3.6 ± 0.3 

 4.0 7.0 ± 0.0 4.2 ± 0.2 27.3 ± 2.0 45.2 ± 0.2 3.3 ± 0.5 

       

 1.3 7.2 ± 0.3 5.6 ± 0.2 32.2 ± 0.5 47.7 ± 0.9 3.8 ± 0.2 

700 2.7 7.5 ± 0.6 5.1 ± 0.3 34.9 ± 0.3 41.5 ± 1.5 3.9 ± 0.0 

 4.0 8.1 ± 0.7 4.8 ± 0.4 35.1 ± 0.2 33.4 ± 1.4 3.1 ± 0.2 

       

Example: 
Optimization of Oil and EPA Production by Light and Salinity Management in 
one stage cultivation  

Applied&Environmental Microbiology: Khozin&   Boussiba 2011 
 



Economic Yield Optimization by Biorefinery 

0.0

0.1

0.2

0.3

0.4

0.5

A
v
e
ra

g
e
 li

p
id

 p
ro

d
u

c
ti
v
it
y
 (

g
/l/

d
)         170                               700 

Light intensity (µmol photons/m2 . s) 

 lipid extraction  

Oil = Biofuel  

(16:0, 16:1) 

High Value Residue:  

Protein plus EPA, DHA  

(+N)  



12 

 Flat panel  

 500 L  

 0.5 L column  

6000 l 

1. Hybrid two stage cultivation: dilution from PBRs into raceways for nutrient 
stress and lipid accumulation; 

2. Careful calibration of starter cultures and dilution conditions is required to 
optimize yields 

Two Stage Cultivation for Maximal Oil Content 
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Two Stage Nannochloropsis sp.2 
Every detail counts: density of inoculation, culture history, etc 

Normal Growth 

HL-N stress 

Chl.  Non Logarithmic Logarithmic 

DW prod.         m      Doubling time DW prod.             m        Doubling time 

1 mg/ml 0.11 g/L/day         0.85            19.57 hours 

1.5 mg/ml 0.30 g/L/day        0.79            21.05 hours 

5 mg/ml 0.37 g/L/day      0.65          25.6 hours 0.56 g/L/day          0.57            29.18 hours 

10 mg/ml 0.59 g/L/day          0.42            39.60 hours 

Chl.  Non Logarithmic Logarithmic 

DW prod.       Lipid prod.      Max TFA % DW DW prod.       Lipid prod.        Max TFA % DW 

15 mg/ml 0.24 g/L/day      0.08 g/L/day                   33.11 0.28 g/L/day      0.096 g/L/day                  34.31 

30 mg/ml 
0.47 g/L/day      0.18 g/L/day                   38.42 0.53 g/L/day      0.25 g/L/day                    47.23 

! 
! 
! 
! 



H. pluvialis 

Nannochloropsis sp. 

Metabolomics: 
Changes in cell constituents under nitrogen starvation  

Total fatty acid (TFA), Total carbohydrates (TC) and Proteins  
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Synthesis rates:  
Nitrogen starvation 

TFA synthesis rate (g/L/day) TC synthesis rate (g/L/day) 

Days Nannochloropsis sp. H. pluvialis Nannochloropsis sp. H. pluvialis 

0.57 0.18 0.29 0.72 1 

0.43 0.18 0.18 0.28 2 

0.38 0.15 0.13 0.20 3 

0.34 0.16 0.09 0.18 4 



Nannochloropsis sp.  

Nitrogen starvation and  HL 



Are genetically modified algae 
necessary for the development of 

algae based biofuels?  

Current effort on Genetic engineering of 
microalgae focus on the following subjects: 
Å Increase oil content under continued high growth rate; 

ÅReduce antenna size; 

Å Increased stress tolerance; 

ÅEasier harvestability or processability; 

ÅEnhanced carbon flow from carbohydrates to lipids; 

ÅEnhanced high value product accumulation; 

 



Futuristic approaches 

ÅIncreased photosynthetic efficiency; 

ÅSignificant modifications in Rubisco, PSII 
functions and efficiencies; 

ÅSynthetic biology (Joule); 





Participant no. Participant Organisation Name Participant 

Short Name 

Country 

1 (Coordinator) Ben Gurion University BGU Israel 

2 Rothamsted Research RRES UK 

3 J.W. Goethe University, Frankfurt GUF Germany 

4 Georg-August-University, Göttingen UGOE Germany 

5 University College London UCL UK 

6 AlgaFuel, SA AlgaFuel Portugal 

7 Rosetta Genomics, Rehovot RGen Israel 

8 University of Le Mans UM France 

9 CNRS/University Pierre et Marie Curie CNRS France 

10 University of Firenze UNIFI Italy 

11 Algatech ALGATECH Israel 

12 Nimrod Shaham & Amos Zamir Certified Public 

Accountants  

Shaham CPA Israel 

 



Project Objectives I 

Å Identification and cloning  of genes involved in biosynthesis of high value 

products such as LC- PUFA or Carotenoid 

Å Development and testing of tools for nuclear and chloroplast transformation in 

microalgae 

Å Testing of novel tools, such as short RNAs, microRNAs (miRNAs) and 

transposable elements for genetic modification 

Å Stable expression of transgenic enzymes or small regulatory RNAs to increase 

product biosynthesis 

Å Development and testing of universally applicable mutagenesis protocols 

Å Studying the metabolic pathways leading to accumulation of valuable products 

and identifying mechanisms involved in formation of lipid globules  



Project Objectives II 

Å Identifying the specific mechanisms by which some microalgae incorporate 

long-chain PUFA or Carotenoid into lipid globules 

Å Expression of medically active proteins in algae 

Å Upscaling of high value algal biomass production 

Å Production technologies for algal biofuel 



Target enzymes for modifyingulating carbon flows 
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Adapted from:  

Radakovits et al. 2010 



GPAT 

DAGAT 

PDH 

ACCase 

PK 

The only way to achieve acceptable PUFA- or  

carotenoid concentrations is their segregation into lipid 

globules! 

. 

Key enzymes of lipid metabolism 

under investigation 



 

ÅUnder nitrogen starvation 

Arachidonic acid (ARA, 

20:4 ɤ6) content reaches 

up to 35 % of dry weight 

equaling 60 % of TFA 

ÅOver 95 % of ARA is 

deposited in 

triacylglycerols (TAG) in 

cytoplasmic lipid bodies 

N- starved 

P. incisa is the only alga accumulating 

large amounts of LC- PUFA in lipid 

globules 



 

Autofluorescence oil globules 

Nile red staining of lipid globules in P. 

incisa 
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Example: Pyruvate kinase (PK) 

Schmid M. et al, 2005; Andre et al, 2007; *Baud et al., 2007  

ÅArabidopsis pkp2 deficient mutants showed 60% reduction  

in seed lipid content 

 Chlamydomonas_reinhardtii_2

 Volvox_carteri

 Dunaliella_salina

 Micromonas_sp.

 Ostreococcus_tauri

 Chlamydomonas_reinhardtii_3

 Phaeodactylum_tricornutum

 Thalassiosira_pseudonana

 Chlamydomonas_reinhardtii

 Chlorella_sp

Diatoms and Chlorophyta (nonplastid isoforms)

 Oryza_sativa

 Parietochloris_incisa

 Chlorella variabilis

 Arabidopsis_thaliana*

 Nicotiana_tabacum

 Ricinus_communis

Chlorophyta and higher plants (plastid isoforms)

50
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pUC19-NLS-GFP
4169 bp

NLS-GFP

CaMV 35S

Bgl II (956)

Sma I (1135)

Chloroplast localization (PK) 

PK (198 bp) GFPBglII -MetIII -Sma I

PK (423 bp) GFPBglII -MetII -Sma I

BglII -MetI PK (510 bp) GFP -Sma IcTP

PK (198 bp) GFPBglII -MetIII -Sma IPK (198 bp) GFPBglII -MetIII -Sma I

PK (423 bp) GFPBglII -MetII -Sma IPK (423 bp) GFPBglII -MetII -Sma I

BglII -MetI PK (510 bp) GFP -Sma IcTPBglII -MetI PK (510 bp) GFP -Sma IBglII -MetI PK (510 bp) GFP -Sma IcTP
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Chloroplast localization (PK) 

GFP 
Chlorophyll 

autofluorescence Overlay 

PK-M3 

PK-M2 

PK-M1 

MitoTracker 

 Red 

Scale bar corresponds to 5 µM 
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Real Time PCR 

SEE  

Expression pattern of PDC, PK and BC genes of P. incisa  

under N-starvation
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Restoration of impaired  

physiological functions 

Functional analysis  

Functional analysis  

Knockout or knockdown mutants 
(gene silencing in Chlamydomonas; 

E.coli mutants with impaired 

physiological functions ) 

Transformation with  

P. incisa genes 

Gene overexpression  

(non-oleaginous Chlamydomonas cell wall  

deficient mutant) Transformation with  

P. incisa genes 

Increased TAG accumulation  

under N-starvation or limitation  
(neutral lipid staining with Nile Red dye,  

GC analysis) 



A phenylalanine in DGAT is a key 

determinant of oil content in maize

PtDGAT activity confirmed in the yeast 

mutant (H1246) defective in triacylglycerols

PtDGAT gene similar to maize 

isolated in P. tricornutum

Genetic transformation of algae 

and large-scale production in 

closed photobioreactor and 

protected environment

A phenylalanine in DGAT is a key 

determinant of oil content in maize

PtDGAT activity confirmed in the yeast 

mutant (H1246) defective in triacylglycerols

PtDGAT gene similar to maize 

isolated in P. tricornutum

Genetic transformation of algae 

and large-scale production in 

closed photobioreactor and 

protected environment



F. Guihéneuf, S. Leu, A. Zarka, I. Khozin-Goldberg, I. Khalilov & S. Boussiba, 

 

Microalgal Biotechnology Laboratory, Jacob Blaustein Institutes for Desert Research,  

Ben-Gurion University of the Negev, Midreshet Ben Gurion, Israel 

E-mail: guihemeu@bgu.ac.il 

 

Characterization of a key enzyme in triacylglycerol biosynthesis: 

a novel acyl-CoA: diacylglycerol acyltransferase 1-like gene  

from the diatom Phaeodactylum tricornutum. 

ISAP - JUNE 2011 



Key enzymes for enhancing lipid accumulation as targets for  
genetic modifications (under investigation at BGU) 

Genetic manipulations of such enzymes are of high value for increasing the production 
and improving the fatty acid composition of microalgal oils 



 Formation of lipid bodies was restored upon expression of PtDGAT1 in Yeast H1246 

 TAG biosynthesis is restored upon expression of PtDGAT1 in Yeast H 1246 

 In vivo assays indicate the preference of PtDGAT1 to produce TAG species with high level of saturated 

fatty acids (16:0 and 18:0) in the recombinant S. cerevisiae 

Complementation of NL-deficient phenotype of the yeast mutant H1246 by expression of the PtDGAT1  

SE - 

TAG - 

FFA - 

1,2-DAG - 

B C A 

A  H 1246 empty plasmid 

C  H 1246 expressing  

 PtDGAT1short 

B  H 1246 not expressing PtDGAT1long 

(63 bp insert) 

   

A   

B   

C   

D   

E 

A 

B 

C 

Characterization of a key enzyme in TAG biosynthesis: 
a novel DGAT1 gene from P. tricornutum 



GPAT 

DAGAT 

PDH 

ACCase 

PK 

The only way to achieve acceptable PUFA- or  

carotenoid concentrations is their segregation into lipid 

globules! 

. 

Key enzymes of lipid metabolism 

under investigation 



Isolation of a novel oil 

globule protein from the 

green alga Haematococcus 

pluvialis 

 
Ehud Peled, Stefan Leu, Aliza Zarka, Meira Weiss, Uri Pick, 

 Inna Khozin- Goldberg and Sammy Boussiba  (Lipids 2011 in press) 

 



Å H. pluvialis is one of the few algal 

species sorting carotenoid into oil 

globules 



Oil globules 

sub-cellular organelles surrounded by a monolayer 

membrane that encircle a hydrophobic core of neutral 

lipids 

200

nm 




























