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Demand driven by a growing and wealthier world 
population 

Over the last decades the human population on Earth has expanded exponen-
tially from approximately one billion people in 1800 to 7.3 billion in 2015 (United 
Nations, 2015) and is expected to reach more than 9 billion by 2050 (United Nations, 
2015; Lukovenkov et al., 2011). The rate of population growth is decelerating and 
a major driver of this deceleration is increased wealth (Godfray et al., 2010). Pro-
ducing sufficient food for the additional 1.7 billion people in the next 33 years will 
become a major challenge, whereas today still 12.9% of the global population is 
undernourished (FAO et al., 2015). Higher purchasing power additionally results in a 
higher consumption and a greater demand for meat, dairy, and fish (Godfray et al., 
2010; Speedy, 2003). The production of meat and dairy requires a 2.3 up to 13 fold 
input of grains as feed and thereby puts even more pressure on global food supply 
(Sabaté and Soret, 2014), whereas global fish stocks are declining due to overex-
ploitation (FAO, 2016). Not only does increased wealth results in higher demand for 
food and feed, also the consumption of energy (Ferguson et al., 2000) and materials 
(Wiedmann et al., 2015) have a positive correlation to wealth. Hence a growing and 
wealthier world population will boost future demand for food, energy and materials, 
increasing pressure on Earth’s ecosystem. 

Negative environmental impacts of current  
production systems

The negative environmental impacts of our production systems are becoming in-
creasingly well understood and more tangible. Since the start of the industrial revolu-
tion in 1760, mankind has used vast quantities of fossil fuels to power the production 
of food and commodities, as well as to provide for transportation, heat and, more re-
cently, electricity. Before the industrial revolution, CO2 drawdown by photosynthesis, 
weathering and ocean sedimentation, and CO2 emission from respiration, freshwater 
outgassing and volcanism were in balance (Ciais et al., 2013). The amount of carbon 
stored in the atmosphere is only small compared to the carbon locked in soils, fossil 
fuel reserves, and especially oceans (Ciais et al., 2013). However, due to a slow net 
exchange between the atmosphere and other reservoirs, it may take decades to 
thousands of years until atmospheric CO2 is relocated into terrestrial and ocean car-
bon resevoirs (Ciais et al., 2013). The burning of fossil resources within a limited time 
frame has therefore led CO2 piling up in the atmosphere. In 2015 the average CO2 
concentration measured at the Mauna Lao observatory station exceeded 400ppm, 
versus 317 ppm in 1960 and 200ppm during pre-industrial times (Keeling, 2008). 
The emission of CO2 and other greenhouse gasses (GHGs) by humans has caused 
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global temperature to rise 0.8 °C and resulted in more extreme weather events such 
as heat waves, droughts, floods, cyclones, and wildfires, melting of glaciers and sea 
ice and changing migration patterns for wildlife (IPCC, 2014). Consequently, these 
climatic changes have negative socio-economic impacts, such as loss of crop yields, 
material damage and decreased availability of drinking water (IPCC, 2014). If emis-
sions of greenhouse gasses are not reduced, global temperature may rise more than 
4°C compared to 1900, along with an exponential increase in associated impacts on 
environment and societies (IPCC, 2014).  

Between 1960 to 2000 global grain production increased from 1 billion to 2 billion 
tons per year, a period often referred to as the ‘green revolution’ (Khush, 2001). A 
major breakthrough enabling this ‘green revolution’ was the development of crop 
varieties with improved response to nitrogen fertilizer (Khush, 2001). Effectively, 
the use of artificial fertilizer has increased 7 fold over this period (Tilman, 1998). 
Concomitantly, the production of nitrogen fertilizer by the Haber-Bosch process has 
increased terrestrial N input by 71% and global N input by 34% (Figure 1) (Gruber 
and Galloway, 2008). The nitrogen fertilizer is only partly incorporated in the plant 
biomass, as 16% of the nitrogen input into croplands may leach into the freshwa-
ter hydrological cycle and another 20% is emitted to the atmosphere in gaseous 
form (Wang et al., 2017). Additionally, a large share of the nitrogen in the harvested  
biomass, which serves human consumption, is excreted and ends up in freshwater 
bodies (Gierlinger, 2014; Cease et al., 2015). 

The increased use of nitrogen fertilizer from 1960 onwards was accompanied 
by the use of phosphorous fertilizer. Unlike nitrogen, phosphorous is a much less 
mobile element. Volatilization is negligible and it is hardly present in a soluble form 
as it quickly precipitates (Smil, 2000). Run-off of phosphorous from land to oceans 
proceeds therefore mainly due to erosion and as particulate P (Smil, 2000). Once 
in the ocean, phosphorous is buried in marine sediments at rates of 25-35 M ton 
year-1 (Smil, 2000). The slow process of tectonic uplift is required to bring this P back 
to land surfaces. Effectively, natural ecosystems depend on very efficient recycling 
of the available phosphorous. By mining ancient phosphorous sediments, mankind 
adds 15 Mt year-1 of phosphorous fertilizer to the global phosphorous cycle, repre-
senting 52-58% of the total phosphate input of croplands (Smil, 2000). 

Intensive use of artificial fertilizers has more than doubled nitrogen and phos-
phorous run-off into freshwater, and eventually marine ecosystems (Figure 1) (Gru-
ber and Galloway, 2008; Smil, 2000). The run-off of phosphorous and nitrogen into 
fresh-water ecosystems promotes the growth of few species adapted to a high  
nutrient environment and inhibits growth of species that are limited by other factors, 
thereby decreasing biodiversity (Erisman et al., 2013). The same process occurs in 
coastal areas where high nutrient runoff entering the oceans causes algal blooms. 
By fueling microbial respiration, algal blooms can furthermore lead to coastal zones 
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becoming hypoxic or even anoxic, resulting in mass mortality among marine species 
(Diaz and Rosenberg, 2008). Such ‘dead zones’ occur in coastal areas on all con-
tinents and their frequency has doubled since 1960 (Diaz and Rosenberg, 2008).

Volatilization of ammonia is a major source of gaseous nitrogen emission (Wang 
et al., 2017). Additionally, ammonium salts can be oxidized (nitrified) into nitrate un-
der aerobic conditions. In low oxygen soils or waterways nitrate can serve as an 
oxygen donor for respiration of denitrifying bacteria, which produce the inert N2 gas 
accompanied by lower levels of gaseous NOx and N2O intermediates. In wastewater 
treatment facilities nitrification and denitrification are actively coupled to remove ni-
trogen from sewage and these facilities are therefore also a source of NOx and N2O 
(Kampschreur et al., 2009). Global ammonia and NOx emissions have more than 
tripled due to human activities (Figure 1; Gruber and Galloway, 2008). Ammonia and 
NOx are generally removed from the atmosphere within 1-5 days by precipitation or 
dry deposition downwind of the source (Holland et al., 2005). Deposited ammonium 
and nitrous oxides can thereby impact the biodiversity of waterways, grasslands and 
forests via acidification and eutrophication (Bobbink et al., 1998). The emitted N2O 
on the other hand, remains in the atmosphere for an average lifetime of 191 years 
where it acts as a greenhouse gas with nearly 300 times the global warming poten-
tial of CO2 (Hartmann et al., 2013). Human activities have increased N2O emissions 
with 33%, resulting in a 20% increase of atmospheric N2O concentrations up to 324 
ppb in 2011, currently making it the third most important GHG contributing to global 
warming (Gruber and Galloway, 2008; Hartmann et al., 2013).

The carbon cycle and the nutrient cycles are closely interconnected. The Haber-
Bosch process for the production of ammonium from atmospheric N2 is estimated to 
account for 1.2% of the global energy consumption (Fischedick et al., 2014). Burning 
of fossil fuels further directly emits 25 M ton of NOx into the atmosphere and thereby 
greatly contributes to nitrogen deposition and subsequent eutrophication (Gruber 
and Galloway, 2008). The uptake of CO2 by terrestrial and marine photosynthesis 
on the other hand is improved by increased availability of nitrogen and phosphorous 
(Reed et al., 2015).  

Apart from impacting global carbon and nutrient cycles, current production sys-
tems rely heavily on finite fossil resources, which makes them unsustainable by 
definition. Food production relies on the mining of phosphate rock. Recent reserve 
estimates indicate phosphate rock reserves represent 300-400 years of current pro-
duction (Dawson and Hilton, 2011). The production of transportation fuels and ma-
terials relies on oil reserves, which account for 40-150 years of current production, 
depending on whether unconventional sources such as oil shales and tar sands 
are included (McGlade and Ekins, 2015; Sorrell et al., 2010; IEA, 2016b; Zou et al., 
2015). Electricity and heat generation is mostly dependent on natural gas and coal, 
for which total recoverable resources equal 240 – 430 years of current production 
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(McGlade and Ekins, 2015; IEA, 2016c; IEA, 2016a). 
Scarcity of these finite resources may occur before resources are depleted, when 

a peak in production is followed by a decline due to asymmetry in resource discovery 
and decreased production efficiency because resources are depleted and/or lower 
quality resources are exploited (Bardi, 2009). When applying this concept of peak 
production, scarcity is predicted to occur within this century for oil, gas, coal, as well 
as phosphorous fertilizer (Maggio and Cacciola, 2012; Rhodes, 2013; Cordell et al., 
2009). When resource scarcity drives the exploitation of lower quality resources, 
this further affects energy requirements and associated environmental impacts. For 
example, life cycle GHG emissions of the recently expanding shale oil production 
are estimated between 97 – 271 kg CO2-eq GJ-1 versus 71-88 kg CO2-eq GJ-1 for 
conventional oil (Nduagu and Gates, 2015). 

Hence, not only are we faced with a growing world population with a higher de-
mand for food, fuels and commodities, the negative effects of our production sys-
tem need to be reduced. By disrupting global carbon and nutrient cycles, current 
production systems contribute to global warming and biodiversity loss. The reliance 
on finite resources further threatens the security of production systems. Policies to 
decrease (over)consumption and human population growth are obvious solutions, 
but are generally not initiated due to a lack of politically feasibility (Stephenson et 
al., 2010; Grasso, 2016; Bryant et al., 2009). Therefore we also need to develop 
technological solutions to improve productivity while decreasing impact on climate, 
biodiversity and reliance on finite resources. 

Roles of plants in future production systems

Using photosynthesis and the subsequent catalytic conversions by numerous 
enzymes, plants convert water, CO2 and nutrients into a vast set of complex organic 
molecules. Protein, carbohydrates, lipids and polyphenols represent major groups 
of plant compounds and differ from eachother by their fundamental building blocks. 
Protein are comprised of amino acid building blocks, carbohydrates include mono-
saccharides (sugars) and polysaccharides, lipids are composed of either long alkyl-
chains or cyclic compounds (terpenoids incl. sterols) with few functional groups and 
polyphenols consist of aromatic rings with often multiple hydroxyl groups and esters 
thereof (Figure. 2). Plant compounds are not limited to these major groups and nu-
merous variations exist in their specific chemical structure.

Food 

Plants are the basis of global food production by providing the carbohydrates, 
lipids and proteins and many essential vitamins required for a healthy diet. Although 
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some food ingredients can be chemically synthetized, the chemical complexity and 
variety of the nutrients synthetized by plants infers that plants will stay at the basis of 
food production in the foreseeable future. Increasing the variety of food textures and 
nutritive ingredients is now accomplished by conversion of plant biomass into animal 
or fungi biomass. Vitamin B12 is among the few compounds required for the human 
diet, which is not synthetized by plants. Although vitamin B12 can also be produced 
by algae and fungi (Watanabe et al., 2014; Nakos et al., 2017), its main source in the 
human diet is meat. Meat and dairy can be a more concentrated source of protein, 
fatty acids and iron than plants (McAfee et al., 2010). However, consumption of red 
meat and particularly processed meat in Western countries exceeds recommended 
values by 2-4 fold, negatively affecting health (McAfee et al., 2010; Rohrmann et al., 
2013). Given that the production of meat and dairy requires a 2.3 up to 13 fold input 
of plant biomass, a shift towards more direct consumption of plants is likely needed 
to sustain future food production (Sabaté and Soret, 2014; Aiking, 2014). In parallel, 
alternative feed sources may be sought that reduce the environmental impact of the 
dairy and meat production life cycles. 

Energy and fuel

As plants capture and reduce CO2 during their growth they can, in theory, be used 
as a carbon-neutral energy source. Since the energy harnessed by plants is stored 
as high density chemical energy, plants are especially interesting for the production 
of transportation fuels. Combustion of biomass to produce heat and electricity only 
partly uses the storability and high energy density of plant biomass. Additionally, 
there are many other renewable alternatives to generate electricity and heat, i.e. 
solar energy, wind energy, geothermal energy and hydropower, that have lower en-
vironmental impact in terms of GHG emissions (Ericsson et al., 2004; Cherubini and 
Ulgiati, 2010). Although electric vehicles and electrified public transport may become 
major modes of transport in densely populated areas, long distance transport over 
air and water and land transport in remote areas will remain dependent on high en-
ergy-dense fuels. In these cases biofuels may be tme most suitable replacements 
for fossil oil-derived gasoline, diesel or kerosene (GG-MOVE, 2011; de Jong et al., 
2017). 

Two dominant ways to produce biofuel are currently used commercially: the fer-
mentation of sugars into bio-ethanol by yeasts and the conversion of fats into fatty 
acid methyl esters, or biodiesel, using alkaline catalysts. More recently efforts have 
been directed towards lignocellulose: common plant cell wall matrices composed 
of lignin and polysaccharides, including cellulose, hemicellulose and pectin. To pro-
duce bio-ethanol from lignocellulosic feedstocks, pre-treatment is required to break 
down the strong lignocellulosic matrix, followed by chemical or enzymatic hydrolysis 
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into monosaccharides (Sarkar et al., 2012). Depending on their composition, these 
monosaccharides can then feed into the traditional bio-ethanol production process, 
whereas residual lignin is combusted to provide heat and electricity for the process-
ing plant. Lignocellulosic biomass, as well as organic waste, can also be used for 
the production of biogas by anaerobic fermentation. By upgrading, i.e. removing CO2 
and trace compounds such as H2S, bio-gas can be used in LPG vehicles (Rotunno et 
al., 2017). Although biogas has similar or greater environmental benefits compared 
to bio-ethanol and bio-diesel, it is much less widely adapted, likely due to higher 
costs and minimal infrastructure existing for gas-fuel vehicles (Börjesson and Mat-
tiasson, 2008). Alternatively, direct thermochemical conversion processes, includ-
ing pyrolysis, gasification and liquefaction, use high temperatures and/or pressures, 
to generate intermediates such as bio-oils by pyrolysis and syngas by gasification 
(Alonso et al., 2010). Intermediates are then upgraded chemically to produce drop-in 
hydrocarbons with characteristics similar to gasoline and diesel fuels (Alonso et al., 
2010).  

Chemicals and polymers

The petrochemical industry uses oil to produce various chemicals and polymers 
utilized in everyday commodities, including polyesters and nylon processed in cloth-
ing, soft plastic used as packaging material, soaps used in cosmetics, hard plastics 
applied in housing and synthetic rubbers used in the automotive industry (Roddy, 
2013). In 2014, 13% of the global oil production was utilized for non-energy uses 
(IEA, 2016b), mainly serving the petrochemical industry. To produce these chemicals 
and polymers from the non-functionalized oil hydrocarbons requires oxygenation 
steps and other chemical modifications to add functional groups that provide the 
desired function or enable polymerization (Zakzeski et al., 2010). A major advantage 
of plant biomass is that it already contains many functionalized molecules, which can 
in theory directly feed into production processes, but this requires the development 
of novel ‘green’ chemistry. In recent years many ‘green chemistry’ approaches have 
been developed using carbohydrates as the starting point. By microbial fermentation 
and catalytic conversions, plant carbohydrates can be converted into platform chem-
icals such as lactic acid, ethylene glycol, hydroxymethylfurfural (HMF), succinic acid 
and 1,4-butadiol (Madhavan Nampoothiri et al., 2010; van Uytvanck et al., 2014; Ro-
satella et al., 2011; Lee et al., 2011; Burgard et al., 2016). These platform chemicals 
subsequently serve as the basic ingredients for the production of (partly) bio-based 
polymers, including polylactic acid (PLA), polyethylene terephthalate (PET), polyeth-
ylene furandicarboxylate (PEF), polyamides (PA) and poly(butylene succinate (PBS) 
(van Uytvanck et al., 2014; Datta and Henry, 2006; Eerhart et al., 2012; Bechthold et 
al., 2008). These bio-based polymers currently represent a 4.16 million ton market, 
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replacing oil-based polymers in packaging, textiles, automotive, consumer electron-
ics, toys, etc. (European Bioplastics, 2016). 

Lipids are traditionally used in commodities such as soaps and candles, but can 
also be converted into bio-chemicals, also referred to as oleochemicals. Fatty ac-
ids can be hydrogenated into fatty alcohols, which are widely used as surfactants 
in washing and cleaning formulas (Behr et al., 2008; Biermann et al., 2011). Fatty 
acids with additional functional groups can be produced by catalytic conversion of 
unsaturated fatty acids, or extracted from specific plants that produce them naturally 
(Behr et al., 2008). For example, ricinoleic acid (12-hydroxy-9-octadenenoic acid) 
extracted from castor oil is used for the production of polyurethanes (PU), which rep-
resented 41.6% of the total bio-based polymer market in 2016 (European Bioplas-
tics, 2016). Glycerol is an abundant byproduct of the industrial conversion of plant 
triglycerides into fatty acids and biodiesel, and is used in cosmetics, paint, automo-
tive, food, tobacco, pharmaceutical, pulp and paper, leather and textile industries 
(Behr et al., 2008; da Silva et al., 2009). Using glycerol as the carbon source for in-
dustrial microbiology, further allows for bioconversion into platform chemicals, such 
as 1,3-propanediol, dihydroxyacetone, ethanol and succinate (da Silva et al., 2009). 

Plant polyphenols contain one or multiple aromatic rings, making them obvious 
replacements for fossil-oil derived benzene, toluene, and xylenes (BTX), which are 
important building blocks for the petrochemical industry (Bruijnincx and Weckhuysen, 
2013). Lignin is a complex insoluble polyphenol that is highly abundant in plants and 
therefore has been widely investigated for the production of aromatic chemicals by 
means of catalysis, fungal, enzymatic and thermochemical conversions (Zakzeski et 
al., 2010; Gupta et al., 2016). Soluble plant polyphenols are generally less abundant 
in plants, but are more easily extractable compared to lignin and are already widely 
utilized in industry. Soluble tannins are used in leather production and novel applica-
tions include insulating foams and adhesives (Pizzi, 2006; Kemppainen et al., 2014). 
Soluble hydroxycinnamic acids and esters thereof find applications as active ingredi-
ent in medicines and as formulation stabilizers in food, cosmetic and pharmaceutical 
industry (Silva et al., 2014). p-Coumaric and caffeic acid have further been proposed 
for the synthesis of bioplastics resistant to high temperature (Chauzar et al., 2012).

The search for novel, sustainable, plant feedstocks

Plants will remain at the core of global food production and plant based produc-
tion of fuels and chemicals is increasing due to concerns over global warming and 
oil scarcity. The oil crisis in 1973 stimulated several governments to formulate biofuel 
policies. As a result Brazil is now the largest producer of bio-ethanol from sugarcane, 
supplying 40% of its domestic transportation fuel and exporting another 100 million 
gallons annually (Solomon et al., 2007). The USA is the second largest producer of 
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bio-ethanol, mainly from corn, whereas the European Union is the largest producer 
of biodiesel, mostly from rapeseed (Solomon et al., 2007; Demirbas, 2009). 

The sustainability of producing fuels and chemicals from conventional crops, 
however, has been questioned. With a notable exception for sugarcane ethanol, life 
cycle assessment (LCA) of these biofuel production systems indicated lower GHG 
savings than expected due to direct and indirect use of fossil fuels, land-use change 
and fertilizer input (Cherubini and Ulgiati, 2010). Heavy reliance on fertilizers further 
impacts global nitrogen and phosphorous cycles and increases dependence on fi-
nite phosphate resources. Between 2005 and 2008 a spike in world prices of food 
commodities, including rice (+25%), wheat (+70%) and corn (+80%) further led to 
widespread, although not entirely substantiated, concern on the impacts of biofuel 
production on hunger and deprivation in poor regions (Timilsina, 2012; Sims et al., 
2010; Ivanic and Martin, 2008; Mitchell, 2008).  

Effectively, these developments in the biofuel sector have been underlying the 
search of novel plant feedstocks that do not compete with conventional crops for 
arable land and are efficient in terms of land-use, fossil fuel input and fertilizer inputs. 
These ‘second generation’ feedstocks include wastes from agriculture and forestry, 
such as rice and wheat straw, and wood chips (Sarkar et al., 2012). These wastes 
predominantly comprise of lignocellulose and can therefore be used to generate 
carbohydrates for bio-ethanol production and the production of bio-chemicals. Vege-
table oil wastes in the form of used cooking oil can be recycled to produce biodiesel 
(Mandolesi de Araújo et al., 2013). Due to its low costs, used cooking oil has become 
the second largest biodiesel feedstock in the EU (Flach et al., 2015)

Second generation feedstocks further include novel crops that can be cultivated 
on marginal lands, unsuitable for conventional agriculture. Perennial grasses such 
as Miscanthus (Miscanthus giganteus as well as other species of the genus) and 
switchgrass (Panicum virgatum) have been widely studied as lignocellulosic feed-
stocks for bioethanol production. Miscanthus can obtain high yields of 20-44 t dry 
weight (dw) ha-1 year-1, whilst requiring minimal fertilization by efficiently reallocating 
nutrients to its root system during the winter (Lewandowski et al., 2016; Tubeileh et 
al., 2016; Lewandowski et al., 2000). For switchgrass yields between 10-27 t dw ha-1 
year-1 have been reported, requiring 50 kg N ha-1 year-1 for optimal growth (Tubeileh 
et al., 2016; Carriquiry et al., 2011). Additionally non-edible oil crops, such as Jat-
ropha, have been suggested to produce biodiesel on marginal lands (Atabani et al., 
2012). Jatropha growing on semi-arid wasteland yields 0.5-1.7 t dw ha-1 year-1 of 
dry seeds, which generally contain 50% of oil (Wani et al., 2016; Yong et al., 2010). 
Higher yields up to 5 t dw ha-1 year-1 have been reported, but rely on active irrigation 
and fertilization, which increases its competition with food crops (Wani et al., 2016; 
Yong et al., 2010). 

For lipid and biodiesel production, microalgae have been the most researched-

Chapter 1 19



novel feedstock. Being aquatic organisms, algae can be produced independently 
of arable land. Cultivation of marine algae can further be expanded to the world’s 
oceans. For both freshwater and marine microalgae productivities of over 100 t dw 
ha-1 year-1 have been reported under ideal growth conditions (Mata et al., 2010). 
Most common algae have lipid contents between 20-50%, although lipid content is 
generally inversely related to productivity (Mata et al., 2010; Yang et al., 2011). Still, 
oil yields per hectare are estimated at 10 to 20 fold that of conventional oil-crops 
(Mata et al., 2014). Due to the combination of high productivity and land-independent 
production algae are often referred to as a third generation feedstock (Yang et al., 
2011). Microalgae do require substantial amounts of nutrients to grow, which con-
tributes to the disruption in global nitrogen and phosphorous cycles when supplied 
as synthetic fertilizer. However, by cultivating algae with nutrient-rich runoff from 
conventional agriculture or wastewater treatment facilities, a positive effect on both 
nutrient cycles can be obtained (Woertz et al., 2009). Macroalgae, or seaweeds, can 
also reach yields above 100 t ha-1 year-1 (Gao and McKinley, 1994). Lipid contents 
of macroalgae are generally in the order of 1-6% of the biomass, making seaweeds 
less attractive for biodiesel production than microalgae (Suutari et al., 2015; Chen 
et al., 2015). However, seaweeds contain 20-30% carbohydrates that may serve as 
feedstock for bioethanol or the production of various bio-chemicals via carbohydrate 
conversions (Suutari et al., 2015; Chen et al., 2015; Bikker et al., 2016).  

Although the search for alternative crops has been mainly driven by the biofuel 
sector, many of the crops were later investigated for food or feed production. Rape-
seed was traditionally used for the production of fuel oil and commodities such as 
soaps and candles and only later used for feed and food when (canola) varieties 
were bred with reduced amounts of anti-nutritional erucic acid and glucosinolate 
(Loganes et al., 2016). Similarly researchers are now breeding Jatropha to produce 
edible oilseeds (King et al., 2009). Some seaweeds are interesting alternatives for 
conventional protein crops, due to their high protein content, i.e.  26.6% 18.9% and 
22.6% in Porphyra, Undaria and Ulva, respectively, as well as a high content of 
essential amino acids (Bikker et al., 2016; Dawczynski et al., 2007). A bio-refinery 
concept, i.e. the generation of multiple value-adding products from a biological feed-
stock, may be used to produce a combination of food/feed, fuels and chemicals from 
these feedstocks (Bikker et al., 2016; Bruins and Sanders, 2012) 

Free-floating aquatic plants

Although limited by freshwater availability, free-floating aquatic plants share many 
of the beneficial properties attributed to algae, including land-independent produc-
tion, rapid growth and potential for nutrient removal from waste streams. 

Free floating aquatic plants are land plants that adapted to an aquatic environ-
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ment with a very high nutrient availability. By assimilating nutrients directly from the 
water, they do not require to be rooted in the soil. Their position on top of the wa-
ter, allows them to outcompete submerged macrophytes and phytoplankton for light 
(McCann, 2016; van Gerven et al., 2015; Janse, 1998).  This specific adaptation 
has occurred multiple times during evolution since free floating aquatic plants can 
be found among several land plant lineages (Chambers et al., 2008). Azolla and 
Salvinia are aquatic ferns, believed to have evolved 90 million years ago (Metzgar 
et al., 2007). Duckweeds are small monocotelydon seed plants belonging to the 
Lemneaceae family, further subdivided into Spirodela, Lemna, Wolffiella and Wolffia 
species (Les et al., 2002; Tippery et al., 2015). Water lettuce, or Pistia stratioles, is 
closely related to the Lemna species as both belong to the order of Araceae (Les et 
al., 2002). Water hyacinth, or Eichhornia crassipes, is also a monocotelydon seed 
plant, but part of the order of Commelinales (Ness et al., 2011).  

Free-floating aquatic plants are renowned for their rapid exponential growth. In 
general, Azolla and Salvinia fern species were reported to double their biomass in 2 
to 4 days, although for Azolla species doubling times lower than 2 days have been 
reported (Cary and Weerts, 1992; Sah et al., 1989; Cheng et al., 2010; Jampeetong 
and Brix, 2009; Maejima et al., 2001). Doubling times below 2 days, have been re-
peatedly observed for duckweeds, including Lemna gibba (1.4-1.7 days), Wolffiella 
hyaline (1.3 days) and Lemna minor (1.6 days) (Ziegler et al., 2015; Gale et al., 
1989; Yilmaz, 2007). Productivity per unit of surface area was reported to range 
between 30-50 t dw ha-1 year-1 for Azolla, Salvinia, Lemna and Pistia (Becerra et al., 
1990; Henry-Silva et al., 2008), while Eichhornia crassipes stands out with produc-
tivities of over 80 t dw ha-1 year-1 being reported (Tucker and Debusk, 1981; Reddy 
and D’Angelo, 1990).

Several free floating aquatic plants are invasive weeds because of their rapid 
colonization of water surfaces (Pieterse and Murphy, 1993). Dense floating mats 
can lead to decreased oxygen exchange, while enhancing oxygen consumption by 
microbial decomposition of the dead sinking biomass in the dark water body under-
neath, leading to anoxic waters and associated loss of aerobic life (Janse, 1998). 
Also the physical obstruction of waterways can negatively impact local communities 
(Opande et al., 2004). The rapid spread of species originating from South America 
upon introduction in Africa and Australia is a testimony of their invasive character, 
taking Salvinia molesta and Eichhornia crassipes as prime examples (Coetzee and 
Hill, 2008; Kriticos and Brunel, 2016; Sands and Kassulke, 1986; van Thielen et al., 
1994). As a result, several free floating plant species are listed as noxious invasive 
weeds in Europe, China, US and South America (Gassmann et al., 2006; Wang et 
al., 2016; Lozano and Brundu, 2016; Truernit et al., 2008)

However, the rapid growth and efficient uptake of nutrients from eutrophic water-
ways also make aquatic plants ideal candidates to mitigate human effects on global 
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nitrogen and phosphorous cycles. Free floating aquatic plants can recover nutri-
ents close to emission sources, unlike marine algae, while generating large amounts 
of biomass per unit of surface area. Various studies indicated successful removal 
of nitrogen and phosphorous from manure waste, domestic and industrial waste- 
waters, agricultural runoff and eutrophic natural freshwater ecosystems (Muradov et 
al., 2014; Zhao et al., 2014; Olguín et al., 2003; Ozengin and Elmaci, 2007; Wang 
et al., 2012). However, to exploit the full potential of floating aquatic plants safely, 
control over their invasive traits will need to be gained. 

Azolla, a special free-floating aquatic plant

The aquatic fern Azolla is a special case among free-floating aquatic plants be-
cause it has evolved a symbiosis with the cyanobacterium Nostoc azollae, which 
fixes atmospheric nitrogen (N2). The N2-fixing cyanobacteria are located in a special 
pocket in the upper leaf lobe of Azolla, where they develop heterocysts at high fre-
quency over vegetative cells (Figure 3) (Becking, 1987). The nitrogenase enzyme 
complex, which is inactivated by O2, is well enough protected in heterocysts from 
O2 produced by photosynthesis of the fern leaves. Gas exchange is ensured via a 
pore in the leaf pocket, visible at the back side of the upper leaf (Becking, 1987). 
Fixed N2 is likely provided to the plant in the form of ammonia (Peters and Meeks, 
1989; Meeks et al., 1987) and research suggests that in return the plant provides 
sugars to the cyanobacteria (Rozen et al., 1986; Ran et al., 2010). Although such an 
exchange between microbes and plants is common, the Azolla-Nostoc symbiosis is 
special due to the high interdependency between symbiont and host. Cyanobacteria 
are vertically transmitted to new generations by nesting into the female sporocarps, 
which are the disseminated reproductive organs of Azolla ferns (Figure 3) (Becking, 
1987; Ran et al., 2010; Zheng et al., 2009). The cyanobacteria within the female re-
productive organs differentiate into akinete resting forms (Figure 3) (Ran et al., 2010; 
Zheng et al., 2009). Upon germination, the cyanobacteria akinetes develop into a 
colony of vegetative cells that associates with the fern shoot meristem (Becking, 
1987). As the plant grows, cyanobacteria are dispensed in the leaves where they 
start to form heterocyst cells and perform N2 fixation (Becking, 1987). Long-lasting 
co-evolution has led the genome of the cyanobacteria to degrade and lose functions 
that are crucial for free living Nostoc relatives, such as an operational glycolysis and 
phosphate storage pathways (Ran et al., 2010). Nostoc azollae therefore likely lost 
its ability to live outside of the plant.  

This unique symbiosis allows Azolla to thrive in both N-depleted waters as well 
as N-rich waters, broadening its habitat compared to other free-floating plants. Azol-
la ferns occur across many continents and across various climates. Currently sev-
en species are recognized: A. filiculoides, A. rubra, A. caroliniana, A. microphylla,  
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A. mexicana, A. pinnata and A. nilotica (Metzgar et al., 2007; Pereira et al., 2011). 
A. filiculoides is widely distributed, occurring in temperate climates in North Amer-
ica and Europe as well as (sub)tropical climates in South America, Africa and Asia 
(Watanabe et al., 1992). A. caroliniana, A. microphylla and A. mexicana predom-
inantly occur in South America and southern Northern America, although A. caro-
liniana has also been observed in temperate climates in USA and the Netherlands. 
(Watanabe et al., 1992). A. pinnata is distributed in tropical regions in Asia, Africa 
and Australia (Watanabe et al., 1992). A. rubra, is endemic to Australia and New 
Zeeland and N. nilotica is confined to mid-eastern Africa from Sudan to Tanzania 
(Watanabe et al., 1992; Wagner, 1997). 

Fossil records of well-preserved spores indicate that Azolla species have been 
widespread on planet Earth for millions of years. The oldest fossils of Azolla ances-
tors date back to the Campanian and Maastrichtian (66-84 million years ago) and 
have been found in current Argentina, Bolivia, USA and India (Vajda and McLough-
lin, 2005; Cúneo et al., 2014; Hall, 1969; Hall and Swanson, 1968; Nambudiri and 
Chitaley, 1991). Younger fossils dating from the middle Eocene (49 million years 
ago) have been found in massive amounts in sediments of the Arctic Ocean and 
surrounding Nordic seas (Brinkhuis et al., 2006; Barke et al., 2012). At that time 
the Arctic was enclosed by land masses forming a gigantic lake, with a top layer of 

Figure 3. Characteristic features of Azolla filiculoides. (A) Sporpohyte photographed from the 
top (Ran et al., 2010). (B) Close-up of sporophyte (Ran et al., 2010). (C) Vegetative filaments 
of Nostoc azollae with bigger heterocysts (HC) cells (Ran et al., 2010). (D) Section of an Azol-
la leaf showing the upper leaf lobe containing the leaf pocket (LP) and the supporting lower 
leaf lobe (Lumpkin and Plucknett, 1980). (E) Megasporocarp (Me) and microsporocarp (Mi) 
containing the female and male spores, located on the bottom of the sporophyte (Becking, 
1987). (F) Nostoc azollae akinete (ak) resting located in the tip of the megasporocarp, above 
the megaspore (sp), documented by fluorescence microscopy (Ran et al., 2010).
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fresh water to support Azolla growth (Brinkhuis et al., 2006). The high abundance 
of Azolla fossils and their correlation with high levels of total organic carbon in the 
sediments, suggest Azolla blooms episodically covered this gigantic artic lake dur-
ing a period of 0.8-1.2 million years (Brinkhuis et al., 2006; Speelman et al., 2009a).
This period is referred to as the Azolla event (Brinkhuis et al., 2006). Interestingly, 
the timing of this period correlates with a reduction in global atmospheric CO2 that 
initiated a cooldown of the Earth to its current climate (Speelman et al., 2009a). It 
was estimated that the Azolla event would have contributed a 55- 470 ppm reduction 
of global CO2 concentration (Speelman et al., 2009a). In laboratory studies, yields 
of exponentially growing Azolla responded positively to elevated CO2 concentrations 
as biomass yields increased 32-79% when CO2 concentrations were increased from 
ambient levels to 680-1000 ppm (Cheng et al., 2010; Speelman et al., 2009a; van 
Kempen et al., 2016). Increasing CO2 concentrations further to 1600-1920 ppm, re-
sulted in a 200-250% yield increase over ambient CO2 (Speelman et al., 2009a; van 
Kempen et al., 2016). Azolla may therefore be very effective at capturing CO2 from 
concentrated sources.

Its unique N2-fixing capability further makes Azolla particularly suitable for the 
recovery of excessive phosphorous from wastewater, since nitrogen is often limiting 
the efficiency of biological removal of phosphorous from waste streams. In a study 
on diluted swine manure, Azolla removed 100% of the ammonia and 100% of the 
phosphate, whereas Lemna could remove all ammonium, but only 60.1% of the 
phosphate (Muradov et al., 2014). By efficiently capturing excess CO2 and nutrients, 
Azolla cultivation may contribute to prevent further disruption of global carbon, nitro-
gen and phosphorous cycles and associated negative impacts, depending on how 
the produced biomass is utilized. 

Azolla biomass has been applied as a bio-fertilizer in Rice fields in south-east 
Asia for over multiple centuries (Wagner, 1997). Azolla plants are generally inter-
cropped with Rice and after an initial period of growth plants are incorporated into 
the soil and upon their decomposition release fixed nitrogen to the rice plants (Wag-
ner, 1997). Using Azolla biomass as a bio fertilizer to replace artificial nitrogen fer-
tilizer reduces pollution by nitrogen losses of rice cultivation and provides added 
value to farmers (Mishra and Dash, 2014; Mian and Stewart, 1985; Watanabe et al., 
1989). Additionally, recent investigations have indicated that dual cropping of rice 
with Azolla reduces CH4 emissions of paddy’s (Liu et al., 2017), although this may 
strongly depending on local conditions as increases of CH4 emissions have also 
been reported for waterways dominated by free-floating plants (Kosten et al., 2016). 
Although the application of Azolla as biofertilizer has clear advantages, direct use 
of Azolla biomass as feedstock for food, energy and materials may result in greater 
environmental impact as well as higher added value to farmers. 

Azolla species are reported to contain between 16.4% and 28.9% crude protein 
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(Becerra et al., 1990; Costa et al., 1999; Datta, 2011; Basak et al., 2002; Alalade and 
Iyayi, 2006; Fasakin and Balogun, 2001). Several researchers investigated the use 
of Azolla as an alternative protein feed supplement for various animals, including 
pigs, chicken, ducks, fish and sheep (Becerra et al., 1990; Datta, 2011; Basak et al., 
2002; Alalade and Iyayi, 2006; Cherryl et al., 2014; Leterme et al., 2010; Naghshi et 
al., 2014; Abdel-Tawwab, 2008; Ahmed et al., 2016; Acharya et al., 2015). The rate 
at which Azolla could be included into the diet of these animals without causing ad-
verse effects on their body weight, or digestibility, ranged from 6% in sheep to 25% in 
fish (Table 1). What limits the inclusion rate of Azolla has been speculated upon, i.e. 
suboptimal amino acid composition, high fiber content and high lignin content have 
been suggested as possible causes, but not elucidated further as of yet. 

Apart from feed, Azolla biomass can serve as a feedstock for the production of 
bio-energy and biomaterials. Anaerobic fermentation of whole Azolla yielded 188.5 L 
of biogas per kg dry biomass (Jain et al., 1992). Depending on the growth season, A. 
caroliniana biomass contained 12.7-16.4% of lipids which may be used for the pro-
duction of biodiesel or oleochemicals (Paoletti et al., 1987). Special wax lipids with 
mid-chain hydroxyl groups have been reported in Azolla in the context of biomarkers 
in geochemical studies (Speelman et al., 2009b), but may also be of interest for 
the chemical industry. A. caroliniana was reported not to contain lignin, but tannins 
instead (Nierop et al., 2011). Depending on their composition and concentration, 
tannins as well as other soluble (poly)phenols identified in Azolla, could be extracted 

Table 1. Summary of feeding trials conducted with Azolla biomass.

Azolla species Fresh / dried Animal
Inclusion 
rate1 Source

A. pinnata Sun-dried Chicken 10% Alalade & Iyayi 
(2006)

A. pinnata Sun-dried Chicken 5% Basak et al. (2002)

A. pinnata Dried Chicken 5% Naghshi et al. (2014)

A. pinnata / A. microphylla 
(1:1) Dried Fish, Rohu 25% Datta et al. (2011)

A. pinnata Sun-dried Fish, Tilapia 25% Abdel-Tawwab (2008)

A. pinnata Fresh Perkin Ducks 10% Acharya et al. (2015)

A. pinnata Sun-dried Pigs 20% Cherryl et al. (2014)

A. filiculoides Dried Pigs 15% Leterme et al. (2010)

A. filiculoides Drained overnight Pigs 11% Becerra et al. (1990)

A. (cristiata) Sun-dried Sheep 6% Ahmed et al. (2016)
1Inclusion rate refers to the percentage of Azolla in the diet (on a dry weight basis) that could be fed to 
the animals without negatively affecting weight gain or digestibility with respect to a reference diet.
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and purified to replace oil-derived aromatic compounds used by various industries 
(Teixeira et al., 2001; Ishikura, 1982). Rough chemical analyses have further indicat-
ed that Azolla biomass contains 16.0% of cellulose and 14.3% hemicellulose, which 
may be used for the production of bioethanol fuel or platform chemicals (Costa et al., 
1999; Alalade and Iyayi, 2006; Ahmed et al., 2016). 

The combination of land-independent production, high growth rate, N2-fixing ca-
pability and valuable chemical composition makes Azolla a potential novel crop for 
the production of food, fuel and/or materials. However, to utilize this potential in 
a production system several challenges need to be addressed. These challenges 
relate to three crucial elements of a future production chain: generation of starting 
material, cultivation and processing. Challenges in each part of the production chain 
need to be addressed in parallel as the strength of the entire production chain will 
depend on the weakest link. Hence the aim of this thesis is to research these major 
technological challenges and fill knowledge gaps to enable development of an Azol-
la production chain.

Challenges for developing an Azolla production 
chain

Providing reliable starting material

At the basis of the Azolla production chain is the starting material. For a plant 
based production chain to function, sufficient starting material needs to be provid-
ed to the cultivation system. Firstly to commence cultivation and secondly to re-
start cultivation in case the cultivation system fails intermittently. Furthermore, the  
starting material needs to be reliable in generating reproducible yields and respond 
reproducibly to the biotic and abiotic environment. A way to physically store varieties 
suited for production needs is therefore required. Currently, vegetative propagation 
is used to maintain Azolla accessions (Wagner, 1997; Watanabe et al., 1992). Main-
taining accessions by vegetative reproduction is both laborious and prone to mixing 
errors, and therefore an unreliable way to store varieties suited for production needs 
or wild relatives to conserve biodiversity. Furthermore, vegetative reproduction does 
not allow for breeding and selection of superior varieties. The latter has been para-
mount in the yield improvement of major crops. For major crops, such as wheat, the 
domestication process started 10,000 years ago when humans developed methods 
to control the sexual reproduction of seed plants and selected varieties with favora-
ble traits (Zeder, 2015; Wang et al., 1999; Diamond, 2002; Allard, 1999). In the last 
decades breeding has been accelerated by the development of new techniques, 
starting with mutagenesis to rapidly expand the pool of genetic variation to select 
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from, followed by targeted approaches involving gene insertion and recently gene 
modification by CRISPR/CAS (Hilscher et al., 2017; Schiml et al., 2014; Oladosu et 
al., 2016). The development of new breeding techniques runs in parallel with a rapid 
development of next generation sequencing techniques, that allows to target breed-
ing approaches (Mir et al., 2012; Scheben et al., 2016; Varshney et al., 2013; Jacob 
et al., 2016; Salgotra et al., 2014). 

In the case of Azolla, as well as most ferns, the sexual life cycle is not yet fully 
understood and methods for controlling progression through the life cycle are still 
lacking. Ferns produce spores instead of seeds, which may lack key characteristics 
that facilitated domestication of seed plants, such as ease of collection and long-
term storability of reproductive organs (Li and Olsen, 2016; Purugganan and Fuller, 
2009). Controlling the reproduction of ferns requires a reliably timed reproduction, or 
sporulation, and the capability to harvest, store, disseminate and germinate spores. 
Hence, to provide reliable starting material for Azolla cultivation and further improve 
this starting material by domesticating Azolla, we need to develop methods to control 
its sexual reproduction. In parallel, a better understanding of fern molecular biology 
will be needed, firstly to help develop these methods, and secondly to accelerate the 
subsequent breeding process.

Growth and nitrogen fixation in continuous production systems

The cultivation of Azolla requires a different approach than conventional land-
based cropping systems. Conventional cropping systems operate as a batch pro-
cess, where plants transgress through an exponential growth phase, followed by 
a linear growth phase and are harvested in the last asymptotic growth phase. In 
the exponential growth phase plants are not competing for light since the standing 
crop per unit of surface area is low. As plants grow bigger, competition for light and/
or nutrients kicks in and growth becomes linear. Although in the exponential growth 
phase, the relative growth rate (RGR) is highest, in the linear growth phase the abso-
lute growth rate (AGR) per surface area is at its maximum. Azolla is well studied for 
its phenomenal RGRs during exponential growth (Cary and Weerts, 1992; Sah et al., 
1989; Cheng et al., 2010; Maejima et al., 2001; Speelman et al., 2009a; van Kempen 
et al., 2016; van Kempen et al., 2013; Arora and Singh, 2003). However, to maximize 
yields per unit of surface area, continuous harvesting and nutrient supply is needed 
to keep plants in the linear growth phase. Becerra et al. (1990) are among the few 
that analyzed Azolla growth in a continuous production system, reaching a produc-
tivity of 39 t dw biomass ha-1 year-1 in an open pond system in Colombia (Becerra et 
al., 1990). Methodologies on how to set up such a continuous production system are 
lacking, but are required to advance Azolla cultivation to a next level.

Similarly, effects of nitrogen fertilizer and CO2 addition have been studied in 
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the context of batch-wise exponential growth, but not in the context of continuous 
production systems (Cary and Weerts, 1992; Cheng et al., 2010; Speelman et al., 
2009a; van Kempen et al., 2016). The effects of nitrogen fertilizer and CO2 addition 
may be very different in a continuous production system wherein plants are compet-
ing for light (energy limitation for CO2 fixation at high CO2 concentrations) and nutri-
ents. Batch experiments have indicated that N2 fixation in Azolla is providing all the 
nitrogen required during exponential growth, i.e. exogenous nitrogen fertilizer do not 
greatly improve RGRs. Whether N2 fixation by N. azollae also sustains high growth 
rates in a continuous production system awaits experimental confirmation. 

From chemical composition to potential products

The specific chemical composition of Azolla biomass will determine which prod-
ucts may be produced from Azolla biomass and the overall feasibility of an Azolla 
production chain versus current production systems and other alternatives. Thus far 
only rough chemical compositions of Azolla have been reported. Crude protein con-
tents frequently reported for Azolla are based on multiplying Azolla’s nitrogen con-
tent with a standard conversion factor of 6.25, but a complete analysis of the amino 
acid composition is lacking. Lipids have been investigated by Paoletti et al. (1987), 
but quantitative contributions of other lipid groups, such as sterols or special func-
tionalized wax lipids have not been investigated (Paoletti et al., 1987; Speelman et 
al., 2009b). Concentrations of cellulose, hemicellulose and lignin reported for Azol-
la are based on gravimetrical differences between neutral detergent fiber and acid 
detergent fiber and sulfuric acid hydrolysis (Costa et al., 1999; Alalade and Iyayi, 
2006; Ahmed et al., 2016). Lignin contents of Azolla based on these methods range 
from 5.7-41.0% of the dry weight, which would be even higher than lignin-rich tis-
sues such as wood, whilst analysis by pyrolysis coupled to gas chromatography and 
mass spectrometry (GC-MS) revealed no true lignin in A. caroliniana (Nierop et al., 
2011). Instead A. caroliniana contained tannins, but its quantitative contribution to 
Azolla biomass remains to be determined. Several other soluble polyphenolic com-
pounds have been independently detected in Azolla biomass, but a comprehensive 
overview is lacking (Teixeira et al., 2001; Ishikura, 1982). Therefore, more precise 
methods may be employed to further elucidate the chemical composition of Azolla. 
With a better insight into the exact chemical composition we can start to develop 
processes to produce sustainable and value-adding products from Azolla biomass. 

Turning the aquatic weed Azolla into a sustainable crop

28



Outline of this thesis 

Chapter 2 aims to provide more insight into the reproductive biology of A. filiculoi-
des. Methods to harvest, store, fertilize and germinate A. filiculoides spores are de-
veloped. By comparing profiles of RNA sequences obtained from sporophytes and 
sporocarps, molecular pathways are identified that are similar to those controlling 
the transition to sexual reproduction in seed plants. 

In Chapter 3 focusses on the N2-fixation in Azolla. It is investigated to what extent 
N2-fixation by the cyanobacteria can sustain the high productivity of A. filiculoides 
and how the plant-cyanobacteria symbiosis responds to nitrogen fertilizer. The diur-
nal nitrogen supply by N. azollae is evaluated and RNA sequencing is used to gain 
insight into the molecular basis of metabolic and structural adaptations of the fern to 
facilitate N2-fixation by N. azollae.

In Chapter 4 a methodology to grow Azolla continuously at high productivity is 
developed  This methodology is then used to compare the growth potential of the 
temperate species A. filiculoides with the tropical species A. pinnata, and determine 
the effect of CO2 concentration on their growth. Growth analysis is combined with 
analysis of chemical composition to obtain more realistic insight into the potential 
applications of Azolla as a novel crop. In particular, the amino acid composition 
of Azolla is investigated in the context of using Azolla as a protein feed to replace 
soybean meal. Additionally, first insights into lipid and polyphenol content of rapid 
growing Azolla are presented.

Chapter 5 elaborates on the lipid composition of A. filiculoides grown under the 
highly productive conditions introduced in Chapter 4. The fatty acid content of A. 
filiculoides is investigated to determine the potential of Azolla lipids to serve as feed-
stock for the production of biodiesel. Functionalized wax lipids, previously reported 
as Azolla biomarkers, are investigated in the context of their potential as oleochem-
icals. 

Chapter 6 elaborates on the polyphenol composition of Azolla. In Chapter 4, 
(poly)phenols were found to be remarkably abundant in Azolla species, which may 
affect biomass digestibility depending on the type of (poly)phenols present. Hence, 
this chapter provides a comprehensive overview of soluble and insoluble phenolic 
compounds in Azolla. Genome sequence annotation of A. filiculoides is combined 
with RNA sequencing data from Chapters 2 and 3, to identify biosynthetic pathways 
leading to the production of (poly)phenolic compounds. 

Chapter 1 29



In Chapter 7 extraction methods are developed to produce protein concentrates 
from Azolla. Alkaline protein extraction followed by acid precipitation of protein 
serves as a starting point due to its low complexity and compatibility with high water 
content feedstocks; preferred for local on-farm processing. Findings from Chapter 4 
and Chapter 6 strongly point to (poly)phenols as limiting factors for the digestibility of 
Azolla feed. Therefore extraction methods that maximize protein yields and minimize 
polyphenol content are developed. 

Lastly, I discuss limitations and implications of the work presented in this thesis. 
I evaluate how the content of this thesis may contribute to overcoming challenges in 
the development of an Azolla production chain and which key challenges remain to 
be tackled in future Azolla research. 
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Chapter 2
Azolla domestication towards a  

biobased economy?
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Abstract

Due to its phenomenal growth requiring neither nitrogen fertilizer nor arable 
land and its biomass composition, the mosquito fern Azolla is a candidate crop to 
yield food, fuels and chemicals sustainably. To advance Azolla domestication, we  
research its dissemination, storage and transcriptome. 

Methods for dissemination, cross-fertilization and cryopreservation of the sym-
biosis Azolla filiculoides–Nostoc azollae are tested based on the fern spores. To 
study molecular processes in Azolla including spore induction, a database of 37 649 
unigenes from RNAseq of microsporocarps, megasporocarps and sporophytes was 
assembled, then validated.

Spores obtained year-round germinated in vitro within 26 d. In vitro fertilization 
rates reached 25%. Cryopreservation permitted storage for at least 7 months. The 
unigene database entirely covered central metabolism and to a large degree cov-
ered cellular processes and regulatory networks. Analysis of genes engaged in tran-
sition to sexual reproduction revealed a FLOWERING LOCUS T-like protein in ferns 
with special features induced in sporulating Azolla fronds.

Although domestication of a fern–cyanobacteria symbiosis may seem a daunting 
task, we conclude that the time is ripe and that results generated will serve to more 
widely access bio-chemicals in fern biomass for a biobased economy.
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Introduction

In the coming decades we anticipate a rapid increase in world population that 
will greatly increase global demand for food, although this is constrained by the 
limited availability of arable land. With the depletion of fossil resources, plants will 
need to provide an increasingly large proportion of our requirements for energy and 
chemicals in addition to food (EPSO, 2005). Intensive agriculture using conventional 
crops is often associated with high inputs and negative climate impacts (Jensen et 
al., 2012). For example, periodic application of excess nitrogen fertilizer leads to 
high nitrous oxide (N2O) emissions (Smith et al., 1997). N2O has a global warming 
potential 310-fold higher than CO2 and is, in terms of impact, the third most important 
greenhouse gas, after CO2 and CH4 (IPCC, 2007). To meet the challenges of low-
ering N2O emissions and increasing production, novel crops that require less or no 
nitrogen fertilizer, use nonarable land with high biomass yields, and feed both food 
and chemical industries, are much sought after.

Azolla is one such potential crop: it is an aquatic fern that may be cultivated in 
closed systems on nonarable land as well as in freshwater basins. It is known for 
its high growth rates, doubling biomass in 2 d under favorable conditions (Wagner, 
1997). Azolla thrives without the addition of nitrogen fertilizer to sustain its growth 
because it harbors symbiotic nitrogen-fixing cyanobacteria; this has led to its use as 
a nitrogen fertilizer in paddy fields of South-east Asia (Wagner, 1997). It is an accu-
mulator of heavy metals and its use in waste water treatment has been demonstrat-
ed on a small scale (Costa et al., 1999; Antunes et al., 2001). Azolla is a high-pro-
tein animal feed, but its limited digestibility (Alalade and Iyayi, 2006; Abdel-Tawwab, 
2008) may be the result of it containing tannins not lignin (Nierop et al., 2011), to-
gether with other polyphenols (Fasakin, 1999). Compared to algae and free-living 
diazotrophic cyanobacteria, Azolla requires no mixing of the water body and is eas-
ier to harvest. To fully harness the potential of Azolla, however, its domestication 
is a prerequisite. Domestication requires protocols for the collection, storage and 
dissemination of reproductive structures (Willemse, 2009). In addition, breeding va-
rieties adapted to specific uses and permitting containment of this otherwise invasive 
weed requires control over sexual reproduction. To accelerate the breeding process, 
genetic and sequence information is required. As with most ferns, Azolla is currently 
neither domesticated nor bred (Meyer et al., 2012). Sequence information is lacking 
except for the genome sequence of its endosymbiotic cyanobacteria Nostoc azollae 
(Ran et al., 2010).

Azolla is a member of the Salviniaceae and heterosporous:megaspores and mi-
crospores each form gametophytes bearing the gametes that mate to form the spo-
rophyte, the dominant diploid phase of Azolla. A very small gametophyte yielding a 
single megaspore develops inside the megasporocarp (Peters and Perkins, 1993). 
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By contrast many microsporangia with microspores packaged in several pseudo-
cellular massulae develop in the microsporocarp (Herd et al., 1985). Azolla spores 
inside the sporocarps generally exhibit strong resistance to external stresses, such 
as drought (Becking, 1987) and subzero temperatures (Janes, 1998). Using sporo-
carps to preserve biodiversity may seem a logical approach; however, sporocarps 
have not been generally available for Azolla species and the preservation methods 
will need to be improved to reach long-term and high viability. Long-term storage 
by preservation of whole sporophytes or only small parts of the meristems was not 
reported for Azolla. Instead, Azolla varieties are currently maintained by in vitro sub-
culture in biodiversity collections such as the Biofertilizer Collection of the Interna-
tional Rice Research Institute (IRRI; Watanabe et al., 1992). Continuous subculture, 
however, is laborious and thus prone to human error, and may promote somaclonal 
variation and adaptation of the specimens to the artificial environment under which 
they have been cultured during the past 25 yr. A more reliable method to preserve 
varieties needs to be developed that allows selection and breeding efforts. 

Control over Azolla sexual reproduction will be of paramount importance for dis-
seminating existing varieties or breed new varieties. Controlling the production of 
spores and fertilization will be most critical. A number of authors have described  
sexual reproduction in Azolla species (Becking and Donze, 1981; Becking, 1987; 
Peters and Meeks, 1989; Wagner, 1997; Zheng et al., 2009; Carrapico, 2010). These 
studies mainly focused on the vertical transfer of the cyanobacterial symbiont during 
the reproduction process. Methods were described that used sporocarps to raise 
new sporelings field plots, relying on the natural processes of fertilization on the 
floor bed (Quin-Yuan et al., 1987; Shuying, 1987). None of the publications on sex-
ual reproduction in Azolla described fertilization in a controlled laboratory environ-
ment, and none described the induction of spore formation in vitro. Knowledge of the  
environmental cues and molecular mechanisms controlling sporulation in Azolla is 
very scarce. Studies have reported outdoor conditions under which sporulation has 
occurred in different species, such as high population density (Becking, 1987; Janes, 
1998), shorter days and colder nights (Kar et al., 2002), high light intensity and high 
temperature (Becking, 1987). Herd et al. (1989) showed the effect of temperature 
regime on the sporulation of a large variety of Azolla species and strains, but could 
not establish a clear link with sporulation frequency. Also different growth-regulating 
substances could not induce sporulation in A. pinnata and A. filiculoides (Herd et al., 
1989). Kar et al. (2002) later showed that a combination of hormones could increase 
sporulation frequency and promote megasporocarp formation, but only in cultures 
that were already sporulating. As Azolla species adapted to differing environments 
over time, they likely evolved differential environmental cues triggering sporulation. 
To develop a reliable protocol to induce sporulation in several species, a strategy fo-
cusing on more downstream, molecular, processes controlling the transition to sexu-
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al reproduction will likely be more effective than studying environmental clues alone. 
In flowering plants, the transition to sexual reproduction is controlled by multiple 

input pathways which measure day length, temperature, nutritional status and age 
of the plant. FLOWERING LOCUS T (FT) signals environmental cues perceived in 
leaves as it moves via the vasculature to the shoot meristems; there, FT activates 
LEAFY (LFY) and with it the transition to sexual reproduction. FT was not found in 
the genomes of the nonvascular lower plants Physcomitrella and Selaginella (Banks 
et al., 2011) and has not previously been described in ferns, which were the first 
plants to evolve highly developed vasculature. 

In lower plants LFY is thought to promote vegetative development of the ga-
metophyte, and Floyd & Bowman (2007) proposed that LFY repression after  
fertilization would be required for development of the extended vegetative growth 
of the sporophytes in higher plants. LFY from the fern Ceratopteris was capable of 
partially suppressing the phenotype of the Arabidopsis lfy mutant but LFY from the 
moss Physcomitrella did not (Maizel et al., 2005). Some targets of LFY are therefore 
conserved in ferns and higher plants. LFY activates the ABC genes in angiosperms 
and gymnosperms, thus promoting the transition to sexual reproduction. What in-
duces the transition to sexual reproduction in ferns and other lower plants is mostly 
unknown. 

Azolla belongs to an under-sampled group with regard to transcriptome or ge-
nome sequence resources. Studying molecular components that may control the 
transition to reproductive development in Azolla is therefore difficult. RNA sequenc-
ing of species without a sequenced genome provides a valuable resource. While 
the assemblies remain far from perfect (Schliesky et al., 2012), both unigene data-
bases (Brown et al., 2011; Kajala et al., 2012; Sommer et al., 2012) and quantitative 
gene expression data (Brautigam et al., 2011a; Gowik et al., 2011) have successfully 
been used to explore the physiology and gene regulation in species without prior 
sequence resources. 

In order to provide the basis needed for domestication of Azolla, we begin by de-
scribing a method to collect large amounts of A. filiculoides spores all year round. We 
define and illustrate key stages in the germination process then demonstrate in vitro 
fertilization and germination of Azolla spores. We further show that cryopreservation 
of fertilized megaspores using a drying pretreatment is effective for preserving A. fil-
iculoides while also preserving the N. azollae symbiont, opening the way to genomic 
characterization of the cryopreserved variety. From sequencing reads of RNA from 
megasporocarps, microsporocarps and sporophytes we assemble a database of  
37 649 unigenes which we annotate so as to provide a resource to molecular re-
search. We then describe genes in Azolla possibly involved in inducing spore forma-
tion based on what is known from induction of the reproductive phase in flowering 
plants.   
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Materials and Methods

Collecting Azolla sporocarps

Sporulating A. filiculoides Lam. was collected in mid-October 2012 from a ditch in 
Utrecht, the Netherlands (52°04′24″N; 5°08′53″E) and kept in demineralized water in 
a glasshouse at 5–15°C and 14 h days with  a  light  intensity  of  at  least 70 µmol 
m-2 s-1 Photosynthetic Photon Flux Density (PPFD).

Unfertilized megasporocarps were collected according to Toia et al. (1987) with 
modifications: sporulating plants were placed on top of a stack of sieves with 1000, 
500 and 200 µm mesh sizes and megasporocarps were detached from the stems 
using a strong water jet. Residue recovered on the 200 µm mesh size sieve was then 
layered on a 3 M sorbitol:water step gradient and centrifuged at 400 g for 10 min, 
resulting in a clear layer of pure megasporocarps. Megasporocarps were washed 
three times by centrifugation with 50 ml water. To collect mostly fertilized megasporo-
carps, sediment accumulating at the bottom of the containers in which sporulating 
cultures were kept was used in the above procedure, except that the sorbitol: wa-
ter step gradient was layered on top of the residue of the 200 µm mesh size sieve 
to obtain a clear layer of fertilized megasporocarps. Mature microsporocarps were 
plucked manually from the plants.

Documenting megaspore germination

A mixture of megasporocarps and microsporangia was germinated in 400 µl of ei-
ther Azolla growth medium at pH 5.5 (Watanabe et al., 1992) or demineralized water 
in a growth cabinet set at  25°C  day: 15°C  nights  with  12 h  light  (40– 70 µmol s-1 
m-2 PPFD). Spores were scored for  germination over a period of 6 wk. Morphologi-
cal changes to the megasporocarps were tracked under a binocular Leica Axioskop 
light microscope, using either x10 or x5 objectives, and key events documented by 
digital imaging in dark field using a Leica PFC 420C Camera (Carl Zeiss BV, Sliedre-
cht, Netherlands). Images of sporulating Azolla plants and Azolla sporelings were 
made using a Nikon DXM12000 camera (Nikon Instruments Europe BV, Amsterdam, 
Netherlands) on either a Zeiss Axiovert 35M reversed microscope or a Zeiss Stemi 
SV11 stereo microscope (Carl Zeiss). Mature Azolla plants were photographed us-
ing a Nikon D300S DSLR camera with a 60 mm macro objective.
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Documenting Nostoc azollae

Nostoc azollae phycobilisomes differ in their spectral emissions from plant pig-
ments (Rigbi et al., 1980), therefore, a Leica SP2 confocal fluorescence microscope, 
equipped with either x16 or x40 objectives and a helium–neon laser with excitation 
wavelength of 543 nm, was used to visualize N. azollae fluorescence in the range 
630–670 nm. Plant tissue fluorescence was visualized in the range 560–630 nm 
and/or 680–750 nm. During capture, images were frame-averaged over 16 frames. 
To determine the presence of cyanobacteria in sporelings, two glass plates were-
pressed against each other, thereby squeezing the cyanobacteria cells out of the 
leaf pockets.

Fertilizing A. filiculoides spores in vitro

Fifty megasporocarp batches were mixed during 20 s with microsporangia at 
various ratios in 1 ml water, then incubated in darkness and  room  temperature 
(RT) for  2–13 d  (fertilization periods), before megasporocarps (without free  micro-
sporangia and massulae) were transferred to Azolla growth medium (8 ml) and left 
to develop in 25°C day: 15°C nights with 12 h light (40–70 µmol m-2 s-1 PPFD). After 
2 wk development germination was scored at regular intervals. All conditions were 
tested in triplicate.

Testing and optimizing cryopreservation protocols for long-term 
storage of A. filiculoides

The cryopreservation protocols summarized in Table 1(a) were tested on batches 
of 20 megasporocarps. Each condition was evaluated in duplicate. For cryopreser-
vation involving cryoprotectant pretreatment, 1 ml of the cryoprotective solution was 
added to the megasporocarps immediately before snap-freezing in liquid nitrogen 
(LN). Batches were kept for 5 min in LN, then thawed on a heating plate set at 30°C 
for 1.5 min and washed thrice in 1 ml medium. To test cryopreservation using a dry-
ing pretreatment, megasporocarps were dried for 1, 4 and 8 d in the fume hood at RT 
and then snap frozen in LN without added fluid. Batches were kept for 5 min in LN 
then thawed for 1.5 min at 30°C before adding 1 ml medium. For each cryopreserva-
tion protocol, a treatment control was included that was not frozen but still exposed 
to the cryopreservation pre-treatment; additionally two controls were included that 
received no treatment. Germination was as for documenting megaspore germination 
section.
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In order to optimize cryopreservation involving drying as pre-treatment, me-
gasporocarps with attached massulae were collected from sediment and the number 
of megasporocarps in each batch was increased to 250–600 megasporocarps. Dry-
ing conditions tested included 1, 4, 7, 16 and 32 d drying at RT in the fume hood as 
above. Additional batches were dried for 1, 4 and 7 d at constant temperature (CT) 
of 26°C. For each cryopreservation pre-treatment a control batch was included that 

Table 1. Cryopreservation protocols tested on Azolla filiculoides spores. (a) Cry-
opreservation pre-treatment definitions1 and (b) Germination rate and viability for 
unfrozen and frozen megasporocarps after cryopreservation pre-treatment2

Cryopreservation 
pre-treatments Concentration/treatment time Previously reported use

(a)

DMSO + Glycerol 2M DMSO, 3.2M Glycerol Tree fern, Dicksonia Sellowiana, 
Rogge et al. (2000)

DMSO + EG + PVP 2M DMSO, 4.8M EG, 2% PVP Zebrafish embryo, Riesco et al. 
(2012)

Sucrose 0.4M Sucrose Fern, Pteris adscensionis,  
Barnicoat et al. (2011)

Trehalose 0.4M Trehalose Fern, Pteris adscensionis,  
Barnicoat et al. (2011)

DMSO + EG + Glucose + 
Trehalose

2M DMSO, 2.4M EG, 3.2M 
Glucose, 0.4M Trehalose

Duckweed, Lemna Minor, Parsons & 
Wingate (2012)

Drying 1 d, 4 d, 8 d Tree fern, Dicksonia Sellowiana, Rogge et al. 
(2000)

Pre-treatment

No freezing Freezing

N
Viability 
(%)

Germination 
(%) N

Viability 
(%)

Germination 
(%)

(b)

None (control) 32 67 23 42 0 0

DMSO + Glycerol 29 93 7 34 0 0

DMSO + EG + PVP 36 79 23 41 0 0

Sucrose 37 92 29 49 0 0

Trehalose 50 82 57 70 0 0

DMSO + EG + Glu-
cose + Trehalose 35 71 48 71 0 0

1 d drying 31 51 9.40 36 19 0

4 d drying 24 24 21 27 30 0

8 d drying 31 38 10 36 25 6
1Dimethyl sulfoxide (DMSO), ethylene glycol (EG) and Polyvinyl pyrrolidone (PVP). 
2Viability is the percentage of megasporocarps with floats. Freezing was in liquid nitrogen. Each condi-
tion was tested in duplicate. N, number of megasp- orocarps tested
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was exposed to the cryopreservation pre-treatment only. Two batches were included 
that were not subjected to any cryopreservation treatment. These batches served as 
controls and allowed comparison of germination rates between megaspores collect-
ed from plant material and spores collected from growth container sediments. The 
freezing, thawing and germination of the batches was as above.

In order to test long-term storage, batches of spores collected from sediment 
and dried for 7 d at RT were frozen in LN, then transferred to -80°C and stored for 
1 d, 1, 2, 5 and 7 months. Another set of dried batches was frozen at -20°C and 
then stored for only 1 and 2 months. A final set of batches was not subjected to a 
drying treatment, but directly frozen in the -20°C freezer, but these repeatedly had 
zero germination. Zero and 7 months storage were tested in duplicate and triplicate, 
respectively.

RNA sequencing and quantitative RT-PCR (qRT-PCR)

Ferns, in general, and heterosporous ferns like Azolla, in particular, represent 
a particularly under-sampled group with regard to sequence information. Tissues 
from three different developmental phases of the complex lifecycle were therefore 
chosen for RNA sequencing (RNA-seq) to capture the transcriptome of Azolla.  
Microsporocarps and megasporocarps were plucked from sporulating Azolla grown 
on demineralized water in the glasshouse. Sporophytes were sterile, nonsporulat-
ing, grown in medium with and without nitrogen, and collected at 6 h intervals over 
24 h starting 1 h before dawn. Total RNA was extracted (Spectrum Plant Total RNA 
Kit; Sigma-Aldrich) from megasporocarps, microsporocarps and sporophytes, then 
digested with  DNase  I. Two replicate extractions were pooled for each of the repro-
ductive tissues and eight replicate extractions were pooled for the sporophyte tissue 
(corresponding to four time points and growth with/without nitrogen). Poly(A+) RNA 
was enriched using oligo (dT) Dynabeads (Ambion). To enrich capped transcripts 
cDNA was synthesized using the Clontech SMARTer kit (Takara Bio Europe SAS, 
Saint-Germain-en-Laye, France). Libraries were made from 100 ng template inde-
pendently for each of the three tissues using the Ion Plus Fragment Library Kit with 
Ion Xpress™ Barcode Adapters (BC12, BC13 and BC01; Life Technologies). PCR 
amplifications and emulsions were generated using the Ion PGM™ Template OT2 
400 Kit and Ion OneTouch™ 2 System (Life Technologies) with emulsions at 8 pM. 
Sequencing was completed with the Ion 316™ Chip v2 on a Ion PGM™ sequencer.

The resulting sequencing reads were inspected with the Fast-QC tools (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). Using fastx tools (http://han-
nonlab.cshl.edu/fastx_toolkit/), reads were trimmed by removing bases with a Phred 
score < 20; reads which were pruned to < 50% of their original length by this step 
were discarded. The remaining reads were filtered for those which had < 90% of 
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bases with a Phred score above 20 and reads shorter than 50 bases were discard-
ed. The trimmed and filtered reads were assembled using CLC Genomics Work-
bench software (CLC Bio, Aarhus, Denmark) with default parameters (Brautigam et 
al., 2011b). Quality was assessed based on read length distribution and unigene an-
notation (Schliesky et al., 2012). The unigene database was annotated using BLAT 
(Kent, 2002) against proteins from Selaginella moellendorffii, Arabidopsis thaliana 
and Nostoc azollae to identify the proportion of genes similar to those in plant and 
symbiont genomes (Supporting Information Notes S1).

The unigene database was uploaded to the KEGG Automated Annotation Server 
(KAAS, http://www.genome.jp/tools/kaas/) to test the coverage of common pathways 
(Moriya et al., 2007). The resulting maps were exported from the server, curated for 
pathways not present in plants, and sorted according to content (proteins present in 
the unigene database in green colour; see Notes S2–S4).

All reads were then mapped onto the unigene database with default parame-
ters using CLC Genomics Workbench (Table S1). The relative read counts for each 
unigene were normalized by the total read counts in each tissue (reads per million 
mapped reads; rpm). To find signature genes for the microsporocarp, megasporo-
carp and sporophyte, a small group of unigenes (1%, 3%, and 3%, respectively) 
with read coverage above 100 rpm were identified for each tissue. Annotation of 
the highly read unigenes against A. thaliana served to assign ontology terms in the 
ontology list derived from MapMan (Usadel et al., 2006, Usadel et al., 2009) in Excel. 
Fisher’s Exact test was then applied to evaluate whether the highly read unigenes 
were enriched in any one ontology term of pathways (Fisher, 1922); P-values were 
corrected for multiple hypothesis testing by the Bonferroni method.

In order to validate the unigene sequences and quantify gene expression, RNA 
was extracted from A. filiculoides nonsporulating sporophytes grown in the cabinet, 
sporulating sporophytes collected from the wild (September 2013) and microsporo-
carps, and then cDNA synthesized. The primers for qRT-PCR were for the refer-
ences AfTUBULIN (AfTUBF: CCTCCGAAAACT CTCCTTCC;   AfTUBR:    GGG-
GGTGATCTAGCCAAAGT) and AfADENINE PHOSPHORIBOSYLTRANSFERASE 
(Af-APTF:  TAGAGATGCATGTGGGTGCAGT;  AfAPTR:  AAAAGCGGTTTAC-
CACCCAGTT) (Salmi and Roux, 2008). Further qRT-PCR primers were for AfFT 
(AfFTF: AAGAGATTTG GCAAGCTGGA; AfFTR: TAGCAACCACCAACAGCATC), 
AfSOC1 (AfSOCF: ATGGGATCGTAAGGCTTCAAAA; AfSOCR: AGCAGAGCACA-
CAGGTCTCAAC), AfLFY (AfLFYF: GCGGCAAGAGGAAGAGATAGA; AfLFYR: AGT 
GGATGTGCTCTTGCTGAA) and AfCAL (AfCALF: TTTGCATCTTTCGCTCTCT-
CA; AfCALR: CCAAGCTGCACAATGTAAGGA). Data was from three biological  
replicates, significance was assessed by t-test with P < 0.05.
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Results

Azolla filiculoides spores can be collected year round

A difficulty for researching sexual reproduction in Azolla is access to sporulat-
ing populations. Storage of sporulating A. filiculoides in rainwater at temperatures 
varying from 5 to 15 °C and 14 h light with minimum intensity of 40 µmol m-2 s-1 
PPFD d-1 resulted in a constantly sporulating population. Megasporocarps were col-
lected by subsequent sieving and purification. Yields from plants varied from 2890  
(December 2012) to 55 190 (June 2013) megasporocarps purified from 1 m2 of  
Azolla mat (standing crop density 2.1–2.8 kg FW m-2). By contrast, yields from the 
sediment were much higher, ranging from 157 600 (December 2012) to 343740 
(August 2013) purified from 1 m2  of Azolla mat. Sediment FW increased as organic 
material accumulated, reaching an average of 14 kg m-2 in August 2013. Year-round 
access to large amounts of spores allowed testing of in vitro germination, in vitro fer-
tilization and preservation methods, and allowed extraction of RNA from sporocarps.

Cotyledon emergence, not float emergence characterizes me-
gaspore fertilization

Key stages in the sexual reproduction of Azolla were documented by three di-
mensional reconstruction of digital images from dark-field microscopy. Sporocarps 
developed  under  the sporophyte (Figure 1a) in pairs, first as microsporocarp pairs, 
then as the sporophytes reached maturity as micro and megasporocarp  pairs (Fig-
ure 1b). The megasporocarp (Figure 1c), containing  the female megaspore and 
cyanobacteria akinetes, quickly sunk. Detached microsporocarps generally burst 
open, releasing the microsporangia  (Figure 1d);  once  these  burst,  massulae  
were  released  and entangled in filamentous appendages of the epispore wall of the 
megaspore (Figure 1e). 

To study spore fertilization and preservation, morphological changes denoting 
successful fertilization and germination were characterized.The first morphological 
change to the megasporocarp was elongation of the megasporocarp and emergence 
of floats from underneath the indusium cap (Figure 1f). Nonfertilized megaspores 
also developed floats, especially when nutrients were present in the medium. Float 
development could be the result of independent development of the female gameto-
phytes, or rapid proliferation of the cyanobacteria pushing the floats outward. Hence, 
megasporocarps with floats did not automatically imply that fertilization had taken 
place but instead revealed whether or not the megaspores were viable. Fertilized 
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viable megaspores developed further into sporelings with a cotyledon (Figure 1g). 
Root development was visible  shortly  after  (Figure 1h).  Sporelings  became  suf-
ficiently buoyant to float at the surface when first leaves appeared (Figure 1i). Ger-
mination rates up to 30% were achieved after in vitro fertilization, of which 95% 
occurred within 26 d (Figure 2a). Nutrient availability promoted germination, but was 
not essential: when a 1 : 1.5  mixture  of  megasporocarps  and  microsporangia  was 
placed  in  medium  or  demineralized  water,  germination  rates reached 30.1% and 
8.1%, respectively. In both cases no nitrogen was present, indicating that sufficient 
nitrogen reserves were present to allow germination.

To conclude, observations on spore germination revealed that the emergence of 
cotyledons but not of floats was a reliable measure of megaspore fertilization.

Figure 1. Key stages in the sexual reproduction of Azolla filiculoides. (a) Sporophyte; bar, 10 
mm. (b) Megasporocarps (mec) and microsporocarp (mic) at the underside of a sporulating 
plant; bar, 1 mm. (c) Detached megasporocarp with indusium cap (id); bar, 0.2 mm. (d) Micro-
sporangium containing four massulae; bar, 0.2 mm. (e) The massulae’s (mas) glochidia allow 
it to attach to the megasporocarp; bar, 0.2 mm. (f) Megasporocarp floats (fl) emerge from 
beneath the indusium cap; bar, 0.2 mm.(g) Cotyledons  push away indusium cap and emerge 
from the megasporocarp; bar,0.5 mm. (h) Sporeling with root detaches from the megasporo-
carp; bar,0.5 mm. (i) Azolla sporeling floating; bar, 1 mm.
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Azolla megasprores can be fertilized in vitro

Controlled fertilization is a prerequisite for breeding. We therefore set out to test 
whether Azolla spores could be fertilized in vitro and how much time would be re-
quired for this process. Megasporocarps collected from sporophytes were incubated 
for various durations with microsporangia, from burst microsporocarps, then trans-
ferred to fresh medium in the absence of massulae and left to germinate. Germina-
tion frequencies obtained varied from 7% to 27% (Figure 2b). Megasporocarps with-
out added microsporangia did not develop sporelings, confirming that megaspores 
were not fertilized when attached to the sporophytes nor during collection. Incuba-
tion for fertilization beyond 6 d from 9 to 13 d increased germination frequencies 
above 20%. Useful A. filiculoides spore fertilization rates were thus obtained in vitro, 
within a practicable time span.

Drying rather than cryoprotectant pre-treatment permits spore 
survival to cryopreservation

In order to preserve the diversity of natural varieties or varieties developed for 
breeding and further dissemination, various stages of Azolla will need to be pre-
served over long periods of time without loss of viability or genetic alterations. Since 
spores are the natural dissemination stages of Azolla, we tested whether these 

Figure 2. Azolla filiculoides germination and 
in vitro fertilization. (a) Germination frequen-
cies over a 5-wk period: germination was 
scored when cotyledons had emerged from 
megasporocarps, data from several exper-
iments, frequencies were normalized by di-
viding the number of germinated megasporo-
carps at given time points by the number of 
germinated megasporocarps after 40 d for 
each experiment. The trend-line is the best-fit 
sigmoid function with b = 0.4 and T0.5 = 18 
d. (b) Germination rate as a function of ferti-
lization period, for different megasporocarp: 
microsporangia ratios. Spores were mixed, 
incubated in darkness at room temperature 
(RT) for 2, 6, 10 and 13 d for fertilization, then 
megasporocarps only transferred to growth 
medium for germination. Germination was 
scored after 40 d. Error bars, ± SE.
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could be simply preserved by drying, but 
spores in dried macrosporocarps  were  
never  viable  when  extending  storage  
to  4 wk. Alternatively spores were frozen 
directly in -20°C or liquid nitrogen (LN), 
either in medium or without, but neither 
gave viable spores.

We then tested cryopreservation 
protocols (Table 1a) employing cryopro-
tectants. Cryoprotectant mixtures did 
not generally affect the viability of me-
gaspores or germination frequencies 
(Table 1b, No freezing). Cryoprotectant 
mixtures, however, did not permit sur-
vival to the freeze/thaw cycle (Table 1b, 
Freezing). Sporelings were solely recov-
ered when spores had been dried in a 
fume hood for 8 d at RT before freezing. 
Drying pre-treatments moreover allowed 
10–30% of the megasporocarps to de-
velop floats, an indication for viability, 
whilst all other pre-treatments did not (Table 1b, No freezing- viability). The low ger-
mination of 23% in the untreated control megasporocarps revealed that only about 
a quarter of the megaspores used for this screening experiment were fertilized. We 
concluded that drying pre-treatment changed the physiology of fertilized A. filiculoi-
des megaspores so as to resist freeze/thaw cycles.

We extended the drying pre-treatment at RT to  32 d  and tested drying at high-
er temperature of 26°C, simulating natural drought conditions. To improve the  
percentage of fertilized megaspores, megasporocarps from sediment were used 
which also allowed using greater numbers of megasporocarps per condition to  
increase the sensitivity of our test. A germination frequency of 51% in the untreated 
control revealed that half of the megasporocarps from sediment were fertilized and 
viable (Table 2). The optimal duration of drying at RT was 7 d, after which the fre-
quency of survival decreased. Constant temperature (CT)  at 26°C during the drying 
improved survival over the lower and fluctuating RT tremendously: the batch dried 
at CT 26°C for 7 d before the freeze/thaw cycle reached 50% germination, which 
was nearly equal to that of the untreated control (51%) and almost 10 times higher 
compared to 7 d drying at RT (6%). Spores dried for 7 d at RT and 26°C had a water 
content of 18.0% and 13.1%, respectively. Hence, drying at 26°C was more efficient 
and improved survival rates of cryopreserved spores up to a level nearly equal to 

Table 2. Survival of Azolla filiculoides 
spores to the freeze/thaw cycle after 
various drying pre-treatments

Pre-treatment Freezing N
Germination 
(%)

None (control) No 281 50.96

RT 1 d LN 391 0.00

RT 4 d LN 382 0.79

RT 7 d LN 247 5.66

RT 16 d LN 283 1.06

RT 32 d LN 305 2.62

CT 26°C 1 d LN 371 4.86

CT 26°C 4 d LN 340 26.50

CT 26°C 7 d LN 279 50.62

Megasporocarps collected from sediment were 
dried 1–32 d at either fluctuating room temperature 
(RT) of constant temperature (CT) of 26°C. N, 
number of megasporocarp tested. Megasporo-
carps were either not frozen (No) or frozen in liquid 
nitrogen (LN), thawed and then germinated as 
described in the Materials and Methods section.
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that of untreated spores.

Nostoc azollae symbionts survive and cryopreservation of the 
symbiosis is possible without loss of viability for at least  
7 months

Survival of the N. azollae symbionts residing within the megasporocarp cone 
tip is especially important as the symbionts fix nitrogen, which is of agronomic im-
portance. Filamentous cyanobacteria were present in Azolla fronds recovered from 
cryopreserved megasporocarps (Figure 3a) and exhibited heterocysts at equal fre-
quency to untreated controls (Figure 3b). In addition, all cryopreserved batches from 
drying optimization experiments yielded sporelings that grew on nitrogen-free medi-
um  except those batches subjected to < 4 d drying pre-treatment at RT.

In order to test whether spore viability persisted when frozen over longer periods, 
batches of fertilized megasporocarps were dried for 7 d at RT, then snap frozen in LN 

Figure 3. Survival of the symbiont Nostoc 
azollae and long-term cryopreservation of the 
Azolla symbiosis. (a) N. azollae filaments in 
7 wk Azolla fronds developing from a fresh 
megasporocarp (control) and a megasporo-
carp cryopreserved for 2 months at -80°C 
(cryo); bar,0.15 mm. Confocal fluorescence 
microscopy with excitation 534 nm and fluo-
rescence recorded at 680–750 nm (green) 
and 630–670 nm (blue). (b) Close-up of the 
filaments as in (a) depicting heterocysts (ar-
rows); bar,37.5 μm. (c) Germination of cry-
opreserved spores stored up to 7 months.  
Megasporocarps with massulae attached 
were dried for 7 d at room temperature (RT), 
batches of c. 200 megasporocarps were fro-
zen in liquid nitrogen then stored at -80°C 
or frozen and stored at -20°C. Thawed me-
gasporocarps were scored for germination af-
ter 5 wk. Batches stored at-20°C were not vi-
able beyond the first month storage with zero 
germination after 2 and 5 months. Error bars, 
± SD, n = 3 batches for 7 months storage.
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and stored at -80°C (or frozen and stored at -20°C) for up to 7 months (Figure 3c). 
Germination rates varied between 2.72% and 19.20% and after 7 months averaged 
13%. Although a large amount of variation was observed there was no loss in viabil-
ity related to the storage period over at least 7 months.

In our hands cryopreservation of neither sporophytes nor small explants was suc-
cessful and therefore if the cryopreservation of Azolla varieties were to be contingent 
on the availability of spores, a method to reliably induce sporulation will need to be 
developed. Given the absence of reports on successful induction of sporulation, we 
chose to investigate molecular pathways that may control transition to sexual repro-
duction.

A 37 649 unigene database of A. filiculoides covers metabolism, 
cellular processes and regulatory networks extensively

A. filiculoides belongs to a particularly neglected phylogenetic group of hetero-
sporous ferns, the Salviniaceae, for which no sequence resource exists. To provide for 
phylogenetic and molecular studies, sequencing reads were obtained independent-
ly from three differing stages of the complex lifecycle of Azolla: microsporocarps, 
sporophytes and megasporocarps. Microsporocarps did not contain contaminating 
N. azollae but were not aseptic. Sporophytes were aseptically grown but contained 
contaminating N. azollae. Megasporocarps, central for Azolla reproductive biology, 
contained contaminating N. azollae and were not aseptic. Sequencing reads were 
cleaned and assembled into a unigene database. Because the assembly could not 
be benchmarked against closely related species, reads were aggressively cleaned 
to preclude erroneous assemblies removing two-thirds of all reads (Table S1, Read 
cleaning). The resulting reads were then assembled into a database comparable with 
previous assemblies (Notes S1; Brautigam and Gowik, 2010). Annotation against A. 
thaliana, S. moellendorffii and N. azollae matched two-thirds of the unigene data-
base against the plants but less than one-fifth against the symbiont (Table S1). All 
but 41 unigenes matched by the symbiont also matched the plants, in most cases 
with better Expectation values (e-values; Table S2). mRNA purification and cDNA 
library synthesis thus efficiently discriminated against bacterial transcripts.

Without a close relative with a sequenced genome, the unigene database was 
benchmarked against core plant pathways as represented in KEGG. Unigenes in 
the database covered all nuclear encoded genes of both the light and dark reac-
tion of photosynthesis, all but two genes required to synthesize all 20 amino acids, 
all genes required to synthesize both purine and pyrimidine nucleotides, and the 
genes for sulfur and ammonia assimilation (Notes S2). Starch and sucrose syn-
thesis, the TCA cycle and glycolysis were completely covered. The synthesis and 
modification of fatty acids and lipids were largely represented; phenylpropanoid 

Turning the aquatic weed Azolla into a sustainable crop

46



metabolism including lignin precursors, 
terpenoid synthesis including carote-
noids, porphyrin and chlorophyll syn-
thesis were completely covered. Gene 
groups involved in cellular maintenance 
such as peroxisomes, the proteasome, 
the ER including ER trafficking, DNA 
replication and repair, RNA synthesis 
and processing were well represented 
(Notes S3). The regulatory pathways of 
circadian rhythm, hormone perception 
and pathogen perception were essen-
tially complete (Notes S4). In summary, 
the unigene database of A. filiculoides 
containing 37k unigenes covers central 
metabolism entirely, and cellular pro-
cesses and regulatory networks to a 
large degree.

All reads were then mapped on the  
unigene  database: 77%, 76% and 74%  of reads from for megasporocarps,micro-
sporocarps and sporophytes, respectively, matched unigenes of the database. Uni-
genes were labeled ‘expressed’ if at least one read could be detected. The majority 
of unigenes - 20 598 out of 37 649 - were expressed in all tissues, while only 7% 
at most were specific to sporophyte  tissue (Figure 4a). mRNA  extracted from the 
differing tissues were thus reproducibly from the fern A. filiculoides.

The reproducibly high proportion of mapped reads in all tissues allowed us to test 
whether highly abundant reads from each tissue reflect tissue biology: when only 
unigenes with rpm > 100 were considered, the different tissues revealed little inter-
section and thus expression was characteristic (Figure 4b). Sporophytes exhibited 
highly read unigenes enriched for Calvin cycle, core nitrogen metabolism, photores-
piration, photosystem I and chlorophyll synthesis over other pathways (Table 3); a 
read signature typical of leaf tissues (Brautigam et al., 2011a,b; Gowik et al., 2011). 
By contrast, highly read megasporocarp unigenes were enriched in storage protein 
synthesis, in mitochondrial electron transfer, and ATPase, and in the syntheses of 
sterols and derivatives (Table 3). Highly read unigenes from microsporocarps were 
similarly enriched in mitochondrial electron transfer including ATPase and synthesis 
of sterol and sterol derivatives, and in addition, in proteasome, in cytosolic ribosomes 
as well as lipid synthesis and transfer proteins. Signatures of highly read unigenes 
therefore confirmed that both reproductive tissues engaged in storage compound 
synthesis fueled by catabolic metabolism, which was consistent with collection of 

Figure 4. Distribution of unigenes over me-
gasporocarps, microsporocarps and sporo-
phytes. mRNA was extracted from megasporo-
carps, microsporocarps and nonsporulating 
sporophytes, sequenced, then sequences as-
sembled in a unigene database as described 
in the Materials and Methods section. 77%, 
76% and 74% of reads matched unigenes and 
were used to assign unigene distribution over 
the differing tissues: microsporocarp (blue), 
megasporocarp (red), sporophyte (yellow). (a) 
Distribution taking all unigenes into account. 
(b) Distribution of highly expressed unigenes 
counting at least 100 reads per million reads.
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the reproductive organ when still on the sporophyte to minimize microbial  contam-
ination.

Pathways leading to the onset of reproductive organ formation 
in Arabidopsis are present in Azolla

Genes controlling the onset of flowering in Arabidopsis may possibly also be 
involved in the transition to the reproductive phase in ferns: 165 unigenes from the 
A. filiculoides database were most similar to Arabidopsis genes involved in flower-
ing and correspond to 64 different Arabidopsis genes (Table S2). Table S3 scores 
the presence of proteins associated with control of flowering in genomes of higher 
and lower plants and in the transcriptomes of the ferns Ceratopteris richardii and A. 
filiculoides. All major proteins associated with circadian rhythm and the photoperiod 
flowering pathways had homologs in Azolla tissues. Furthermore a large proportion 
of proteins associated with the vernalization or autonomous pathway in Arabidopsis 
had homologs in Azolla. LFY was identified in Azolla, and a number of SQUAMOSA 
BINDING PROTEIN-like (SPL) proteins were identified in both Azolla and Ceratop-
teris, including SPL1, SPL2 and SPL9-like in Azolla. A total of nine MADS-box like 
proteins in Azolla include potential homologs of SUPPRESSOR OF OVEREXPRES-
SION OF CO 1 (SOC1) and CAULIFLOWER (CAL1).

FT was not found in lower plant genomes and possibly, the integrating role of FT 
might have evolved along with (lignified) vasculature in ferns. An FT-like protein is 
present in both Azolla and Ceratopteris (Figure 5a). The Azolla FT-like protein con-
tains the motifs D-P-D-x-P-S-P-S (Figure 5a, Box I) and G-x-H-R (Figure 5a, Box IV) 
conserved for PEBP-like proteins (Hedman et al., 2009). The amino acid associated 
with FT/TFL switching differs in the fern FT-like proteins: fern FT-like proteins have 
F, while Y and H are characteristic for FT and TFL1, respectively (Figure 5a, Box 
II). Furthermore MFT has a characteristic P at box VI, whereas fern proteins have a 
corresponding D instead. In the conserved region indicated by box I both Azolla and 
Ceratopteris have an A at the fourth position, similar to MFT and BROTHER OF FT 
(BFT), instead of a V found in FT and TFL. The Azolla FT-like protein was repeatedly 
detected in microsporocarps and megasporocarps but not in the sporophyte. qRT-
PCR further confirmed high expression of Azolla FT-like in microsporocarps com-
pared to sporophytes (not shown) and revealed induced expression in sporulating 
sporophytes compared to nonsporulating sporophytes (Figure 5b) along with SOC1 
and LFY (Figure 5c). We conclude that an FT-like protein, neither characteristically 
FT nor MFT, is induced as sporophytes undergo reproductive development.

Mapping the Azolla proteins to Arabidopsis flowering pathways reveals that whole 
Arabidopsis pathways towards flowering are not obviously induced in reproductive 
tissues of Azolla (Figure 6). Nonetheless Azolla proteins like FT, SPL1 and CAL1 are 
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commonly detected in the reproductive organs whilst they were not detected in the 
sporophyte. By contrast, Azolla proteins like SPL9 and SPL2 seem to be restricted 
to the sporophyte (Figure 6) as is the Azolla protein like Class II KNOX reported to 
repress gametophytic development in Physcomitrella (Table S2; Sakakibara et al., 
2013).

Figure 5. Azolla FT-like. (a) Alignment of fern FT-like proteins with FT and MFT from Arabi-
dopsis. Read IDs were extracted from the A. filiculoides database matching a theoretical DNA 
encoding the FT from Ceratopteris using BLAST then assembled using CAP3. The longest 
resulting contig covers the query FT for 94% of the sequence. Features are boxed: I, PEBP 
conserved D-P-D-x-P-S-P-S motiv; II, His/Tyr residues involved in FT/TFL switching; III, con-
served MFT/FT region; IV, PEBP conserved G-x-H-R motif; V, B-region; VI, box with P char-
acteristic for MFT (Hedman et al., 2009). (b) AfFT expression relative to TUBULIN or APT 
in sporophytes sporulating (dark gray) from the wild or nonsporulating (light gray) from the 
growth cabinet. qRT- PCR was as described in the Materials and Methods section, n = 3, ± 
SD. (c) Expression of AfFT, AfSOC1, AfLFY and AfCAL relative to APT in sporophytes as in 
(b), n = 3, ± SD.*, P < 0.05.
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Discussion

Methods that may be invaluable for the domestication and breeding of Azolla 
are presented using the species A. filiculoides as a starting point. Collecting large 
amounts of clean fertilized megaspores will be critical for dissemination. Fertilizing 
spores in vitro will be important for breeding. Cryopreserving Azolla will be essential 
to preserve biodiversity and store varieties particularly suited for production. Impor-
tantly, cryopreservation of an A. filiculoides variety now opens the way to genomic 
investigations with the safety of cryopreserving the plant genotype sequenced. Our 
first RNAseq experiment showed that Azolla mRNA was mostly devoid of contam-
inating N. azollae RNA and generated a 37 649 unigene database that extensively 
covered plant metabolism, cellular processes and regulatory networks. Networks 
controlling the transition to reproductive development in higher plants were present 
in Azolla and included an FT-like protein induced in sporulating Azolla.

In order to establish the above methods, we supplemented existing documen-
tation on Azolla germination from Becking (1987), Peters & Meeks (1989), Wagner 
(1997) and Carrapiço (2010). Our conditions for in vitro fertilization and germination 
of the A. filiculoides megaspores resembled those described for Marsilea vestita, an-
other heterosporous fern from the Marsileaceae, a family related to the Salviniaceae 
(Mahlberg and Yarus, 1977), although the time span required for Azolla germination 
is much greater.

Cryopreservation in ferns was achieved previously and is generally based on 
the desiccation and frost tolerance of the spores (Pence, 2008).  Janes  (1998)  
reported  successful storage of A. filiculoides spores by freezing, in tap water, at 
-10°C, for at least 19 d. We were unable to reproduce this with material collected in 
the Netherlands, but this may be due to our material from plants being grown in the 
relatively protected environment of the glasshouse, where they were not exposed to 
stressful conditions. A different method for preserving Azolla  varieties, not relying 
on the spores, consists of keeping a stem-tip culture of an Azolla frond under ster-
ile conditions at low temperature (0–10°C), allowing preservation up to 12 months 
(Xu et al., 2011). Preserving stem-tip cultures is laborious and precludes scaling up 
of the procedure. Cryopreservation is potentially more reliable and our results for 
spores subjected to a controlled drying pre-treatment open the way to long-term high   
efficient cyopreservation of varieties of A. filiculoides. Whether cryopreservation of 
spores from other species of Azolla will be similarly successful will require further 
investigation.

Because spores are the natural dissemination form of ferns, the control of spore 
induction for reliable and mass scale production of dissemination stages of any fern 
variety is a prerequisite to its domestication. However, very little knowledge on fern 
spore induction was available as research on ferns lags far behind that of angio-
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sperms and even lycophytes and bryophytes (Muthukumar et al., 2013). There is as 
yet no single fern genome sequenced and transcriptomes have been published from 
only two ferns, Ceratopteris richardii (Bushart et al., 2013) and Pteridium aquilinum 
(Der et al., 2011). Insight from these was limited, however, due to the evolutionary 
distance and specific ecological niche of the floating fern family of Salviniaceae.

RNA-seq from three different tissues of Azolla, the sporophyte and both micro- 
and megasporocarps, yielded a unigene database. Analysis of the database showed 
that Azolla shares core metabolism and regulation with genomic model plants (Notes 
S2). The Unigene database completely covers primary metabolism and mostly cov-
ers cellular processes and regulatory pathways. The unigene length distribution and 
annotation was comparable to that produced in other sequencing efforts (Brautigam 
and Gowik, 2010). To test whether the unigene database is in principle suitable for 
future quantitative RNA-seq, the reads from the three different tissues were mapped 
onto the assembly. 

Two thirds  of  reads  could  be  mapped.  Considering  that  during mapping of se-
quenced reads onto the corresponding genome 90% of the reads map (Hamisch et 
al., 2012) and that during cross-species mapping between 60% (Gowik et al., 2011) 
and 80% (Brautigam et al., 2011b) of reads map on the reference sequence data-
base, the mapping was efficient. The long read technology of Ion Torrent sequencing 
employed in this study thus proved to be a cost-effective way to produce a unigene 
database for a species without sequence resources. The low annotation frequency 
of the unigene database of Azolla (Notes S1) compared to the annotation frequen-
cies of flowering plant RNA-seq efforts (Brautigam et al., 2011b) demonstrates the 
evolutionary distance of Azolla from genomic models and indicates a large potential 
for new gene discovery, particularly in the light of Azolla’s unusual secondary metab-
olism (Nierop et al., 2011).

Assigning ontology terms of the differing pathways to the highly read unigenes 
indicated that read counts for the pathways reflected the biology of the tissues. Both 
reproductive tissues are catabolic in nature: the energy-consuming mitochondrial 
electron transfer chain and its ATPase were overrepresented among the highly read 
unigenes. The microsporocarp is very rich in lipids and in protein as judged by micro-
scopic stains; the megasporocarp is also very rich in protein but only moderately rich 
in lipids (Lucas and Duckett, 1980). Microsporocarps are still in the process of ma-
turing when attached to the plant and meiotic development has not been completed 
(Lucas and Duckett, 1980). Hence, the prevalence of proteasome and cytosolic ribo-
some components among the highly read unigenes in microsporocarps may reflect 
the maturation process. Meiosis as a category was not tested but selected genes 
involved in meiotic processes could be detected in microsporocarp mRNA, but not 
in the other two (Table S2).

Similar to other RNA-seq efforts, the Azolla transcriptome database will serve 
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to elucidate Azolla biology, for example the transition to sexual reproduction and 
sporocarp formation. The Azolla unigene database contained candidate homologs 
of many genes controlling sexual transition in Arabidopsis. Whether these actually 
have a function in regulating sporulation in Azolla, however, is uncertain as many 
of the flowering-related genes have been associated with multiple developmental 
functions in seed plants. Several flowering-related genes were only identified be-
cause multiple tissues were included in the initial sequencing: Azolla proteins like 
FT, CAL and SPL1 were reproducibly read in the Azolla reproductive tissues but not 
in the sporophytes. By contrast, Azolla proteins like SPL9 and SPL2 were reproduc-
iby read in the sporophyte whilst absent in the reproductive organs. Azolla FT-like 
expression was confirmed by qRT-PCR to be induced in sporulating as opposed to 
nonsporulating sporophytes. A crucial future step will be to attempt transformation 
of Azolla to test the function of genes identified in the unigene database. Only very 
recently, Muthukumar et al. (2013) reported successful transformation of the ferns P. 
vittata and C. thalictroides using spores as the transformation targets.

In conclusion, we present for the first time methods for storage and dissemination, 
as well as an annotated database of genes that may contribute to the domestication 
of Azolla, a candidate crop that is highly productive, reaching 40 tons ha-1 year-1 dry 
weight yield (Becerra et al., 1990), requiring no nitrogen fertilizer and growing in 
areas not previously used as arable land. The domestication of a fern/cyanobacteria 
symbiosis may seem like a daunting task, but we feel that the time is ripe. In addition, 
results generated will serve more widely to access the wealth of biochemicals in bio-
mass hidden within the pteridophytes for the bio-economy of the future.
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Abstract

Sustainable agriculture demands reduced input of man-made nitrogen (N) fer-
tilizer, yet N2 fixation limits the productivity of crops with heterotrophic diazotrophic 
bacterial symbionts. We investigated floating ferns from the genus Azolla that host 
phototrophic diazotrophic Nostoc azollae in leaf pockets and belong to the fastest 
growing plants. Experimental production reported here verified N-fertilizer independ-
ent production of nitrogen-rich biomass that surpassed productivity of canonical 
crops reaching annual yields per ha of 1200 kg-1 N fixed and 35 t dry biomass. Stable 
15N isotope labelling showed that N2 fixation peaked at noon, reaching 0.4 mg N g-1 
dry weight h-1, indicating that nitrogenase of the heterocystic bacteria thriving in the 
peculiar leaf pocket organs is entirely protected from O2 released by photosynthesis. 
Azolla ferns therefore merit consideration as protein crops in spite of the fact that 
little is known about the fern’s physiology to enable domestication. The integration 
of fern specific transcript profiling and microscopic observations reported here show 
that the ferns adapted to the phototrophic N2-fixing symbionts Nostoc azollae by 1) 
adjusting metabolically to nightly absence of N supply using responses ancestral to 
ferns and seed plants; 2) developing a specialized xylem-rich vasculature surround-
ing the leaf pocket organ; 3) responding to N-supply by controlling transcripts of 
genes mediating nutrient transport, allocation and vasculature development. Unlike 
other non-seed plants, the Azolla fern clock is shown to contain both the morning 
and evening loops; the evening loop is known to control rhythmic gene expression 
in the vasculature of seed plants and therefore may have evolved along with the 
vasculature in the ancestor of ferns and seed plants.
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Introduction

Large yield increases have been achieved by selecting crop varieties particularly 
responsive to fertilizer applications (Evenson and Gollin, 2003). Yet nitrogen use ef-
ficiency of crops when inorganic nitrogen salts are applied to soil is low: as much as 
50% of the applied fertilizer is not utilized resulting in often unwanted eutrophication 
of surrounding ecosystems. Chemical synthesis of nitrogen (N) fertilizer is presently 
consuming 1-2% of the yearly fossil fuel derived energy and thus is a major contrib-
utor to CO2 pollution (Erisman et al., 2008). In addition, denitrification of the wasted 
N fertilizer leads to release of N2O, with greenhouse warming effects up to 300 fold 
those of CO2 (Galloway et al., 2004). Taken together, although spectacular yield 
increases obtained during the past century with most crops are founded on N fertiliz-
ers, their extensive use is unsustainable, and alternatives must be found to mitigate 
environmental impact of agriculture.

Reducing N-fertilizer applications without yield penalty may be possible with im-
proved nitrogen use efficiency of crops combined with a more precise application of 
N-fertilizer (Xu et al., 2012) or by using crops fixing N2 from the atmosphere. N2 fixa-
tion is generally carried out by bacteria associated with the plants, as in root nodules 
of leguminous crops and in extracellular spaces of sugar cane, or by bacteria freely 
living in the soil and waterways (dos Santos et al., 2012; Pankievicz et al., 2015). 
The most established N2-fixing crop symbiosis is the soybean (Glycine max) reach-
ing 230 million metric tonnes annual production in 2008, ranking 4th in production 
area after wheat, rice, and maize (Hartman et al., 2011). Soybean harbours rhizobia 
which, after a complex communication between plant and bacteria is triggered, live 
in nodules of plant roots in facultative symbiosis (Freiberg et al., 1997). Rhizobia in 
the nodules are fed by plant sugars and secrete ammonium in return (Udvardi and 
Poole, 2013). Soybean plants reject colonization by rhizobia if nitrogen fertilizer is 
available. Modern high yield cultivars, are generally more responsive to N-fertilizer 
which contributes some 40% to protein in the seed (Wilson et al., 2014). Similar 
trends are found with the high yielding N2-fixing forage alfalfa (Medicago sativa), that 
yields 21 t ha-1 year-1 dry weight  upon addition of 150 kg N  ha-1 year-1 (Anglade et 
al., 2015). To further emancipate plant protein production from N-fertilizer, fixation 
rates of symbionts in established crops will need to be improved (Oldroyd and Dixon, 
2014). Alternatively, plant/bacteria symbioses that fix N2 more efficiently will need to 
be domesticated. The latter will counter threats associated with increasingly reduced 
biodiversity on farm land (Stamp et al., 2012). Development of new or orphan crops 
is timely due to recent advances in genetics that tremendously speed up breeding.  

N2-fixing ferns from the genus Azolla have been used as bio-fertilizer in taro and 
rice cultivation in China, Vietnam and Senegal (Shi and Hall, 1988; Wagner, 1997); 
Azolla species distribution is global from temperate to tropical regions. N2 fixation 

Chapter 3 59



of these ferns is generally thought to be carried out by the phototrophic bacterium 
Nostoc azollae, which was reported to have an eroded genome as a consequence 
of its symbiotic lifestyle (Ran et al., 2010). The notion that N. azollae are the only 
symbionts in Azolla has been challenged based on electron microscopic observa-
tions and this raises questions concerning their role in N trafficking within the symbi-
osis (Carrapiço, 1991; Zheng et al., 2009). Azolla-Nostoc symbioses have probably 
evolved some 90 M years ago (Metzgar et al., 2007), before the legume-rhizobia 
symbioses that evolved 64 M years ago (Herendeen et al., 1999; Kistner and Parn-
iske, 2002). N. azollae are transmitted vertically during the fern life cycle and thrive 
inside specialized leaf pockets of the fern that close fully upon maturation after  
motile hormogonia have infected young leaves (Kaplan and Peters, 1981; Rai et al., 
2000; Zheng et al., 2009). Leaves of A. filiculoides are arranged in two rows, each 
leaf has two lobes, one lobe rests on the water surface holding the other upper lobe 
in an aerial position exposed to light (Supplementary Figure 1). The upper leaf lobe 
exhibits a single leaf pocket with a single adaxially located pore (Supplementary 
Figure 1) presumed to mediate exchanges of gasses (Veys et al., 1999). 

It is hypothesized that the fern contributes sugars while N. azollae releases 40% of 
the fixed nitrogen into the leaf pocket as ammonia (Peters and Meeks, 1989), which 
is then fixed by the glutamate synthase and glutamine synthetase (GS/GOGAT) cy-
cle of the fern (Meeks et al., 1987). Molecular mechanisms underpinning the fern 
responses to N supplied by N. azollae are entirely lacking, yet a gene database was 
recently established from transcriptome sequencing (Brouwer et al., 2014). Azolla 
ferns were reported to reach doubling times as low as 2 days in their exponential 
growth phase without reduced nitrogen source, yielding an N-content of 4-5% of the 
dry weight (Peters et al., 1980). The ferns therefore ought to be considered as high 
protein crops in their own right. Data on productivities without N fertilizer is lacking 
for ferns grown in the linear growth phase in closed-canopy cultures, the latter being 
crucial to supress algae and outgrow fungal and insect pests. 

Here we set out to examine the productivity of A. filiculoides under continuous 
production conditions over 138 days. The effect of various inorganic N-fertilizers on 
the productivity in terms of biomass, the N-content of the biomass and expression of 
key fern and bacterial marker genes were analysed simultaneously. Confocal laser 
scanning microscopy was used to reveal features of the leaf pocket important for 
metabolic connectivity of the symbiosis. A. filiculoides clones with and without N. 
azollae were used to verify the contribution of N. azollae to the fern growth rates. 
15N2-fixation rates were measured during the diel cycle and after acclimation to  
2 mM NH4NO3. Diel transcriptome analysis was used to probe the fern diel physiolog-
ical response to different nitrogen sources. RNA sequence assemblies were further 
used to examine ammonium transporters and markers of vasculature development. 
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Materials and methods 

Plant materials 

Azolla filiculoides Lam. was collected in Utrecht as described by Brouwer et al. 
2014. A. pinnata R. Br. was from the International Rice Research Institute Biofer-
tilizer Collection (code PI 0535, originally from Siguriya in Sri Lanka provided by  
S. Kulasooriya in 1984; (Watanabe et al., 1992)).

Growth conditions

In continuous production conditions, the Standard Azolla Medium (SAM) was liq-
uid IRRI medium  (Watanabe et al., 1992) with the following modifications: 0.32 μM, 
CuSO4, 0.835 μM ZnSO4 and 17.9 μM Fe-EDTA. Light was 300 µmol m-2 s-1 for 12 h 
and day time temperature was 22 °C whilst night-time temperature was 15 °C with 
the exception in the 15N2-fixation experiment where temperature was kept a constant 
21 °C. Mat density before the continuous harvest commenced reached 2-3 kg m-2 
fresh weight (FW) biomass.

To obtain sterile cultures of the symbiosis, frond pieces (<1mm3) of A. filiculoides 
were surface sterilized using bleach at 1% available chlorine for 40 s and four con-
secutive rinses in sterile water before culture on agar solidified SAM medium. SAM 
was solidified with 0.6% agarose (Duchefa, Netherlands). Fern clones without N. 
azollae were selected on agar solidified SAM with 60 µg ml-1 Erythromycin as pre-
viously described (Forni et al., 1991); absence of N. azollae was routinely verified 
by confocal microscopy using the characteristic bacterial fluorescence as a marker 
(Brouwer et al., 2014).

Sterile cultures of surface sterilized plants (1 L liquid medium with and without  
2 mM NH4NO3) were grown in enclosed glass containers with a stream of air  
(78 L h-1) pumped through 0.45 µm filters using aquarium pumps (SuperFish Air flow 
mini); these sterile cultures were used in all of the DNA and RNA sequencing exper-
iments. Sterile cultures were also used for the 15N2-fixation experiments.

Confocal laser scanning microscopy

Propidium iodide/periodic acid staining and mounting of the tissues were essen-
tially as described by Truernit et al. (2008). A Leica SP2 laser scanning confocal 
fluorescence microscope, equipped with either × 10 or × 40 objectives and a laser 
with excitation wavelength of 405 nm, was used to visualize propidium iodide at  
530-560 nm and auto-fluorescence at 515-530 nm.
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RNA extractions and quantitative RT-PCR 

Plant material was dry blotted, 50 mg FW snap frozen in liquid N2, then ground 
frozen with two glass beads using the Tissue Lyzer II (Qiagen) set for 2x1.5 min at 
maximum speed. RNA was extracted with the Spectrum Plant Total RNA kit apply-
ing protocol B (Sigma-Aldrich). RNA was then treated with DNase (5 units for 3 µg 
RNA) 30 min at 37 °C and the reaction stopped by 10 min at 65 °C in the presence 
of EDTA (2 mM). 

Primers (polyT and random hexamers at 0.030 and 0.074 µg μl-1 final concen-
trations respectively in the reverse transcription reaction) and 1 μg DNase treated 
RNA were denatured 5 min at 72 °C before reverse transcription with MLV reverse 
transcriptase (5 Units, Fermentas) for 10 min at 37 °C then 40 min at 42 °C. Primers 
used for q-RT PCR are listed in Supplementary Table 1. Quantitative RT-PCR was 
performed as described in Brouwer et al. (2014).

RNA sequencing and bioinformatic analyses

Surface sterilized A. filiculoides were grown in excess sterile SAM with and with-
out 2 mM NH4NO3 for 7 days in triplicate replicate cultures. Growth was in a chamber 
with light set to start at 06:00 for 12 h. On day 8 samples were collected, snap frozen 
at 2, 8, 14 and 20 h of the diel cycle, then total RNA extracted and DNAse treated 
as above. RNA integrity, sequencing library quality, and fragment size were verified 
on a 2100 Bioanalyzer (Agilent). Libraries were prepared using the TruSeq RNA 
Sample Prep Kit v2 (Illumina), and library quantification was performed with a Qubit 
2.0 (Invitrogen). All libraries were sequenced on the HISEQ2000 Illumina platform in 
paired-end mode.

Paired-end reads were mapped against the transcriptome database (Brouwer 
et al., 2014) using CLC genomics workbench® (CLC bio, Denmark) using default 
parameters (mismatch cost 2, insertion cost 3, deletion cost 3, length fraction 0.8, 
similarity fraction 0.8, auto-detect paired distance, strand specific both and maxi-
mum number of hits for a read 30). Only paired matches were counted. Read counts 
were used for statistical analysis with edgeR in classic mode (Robinson et al., 2010) 
using the Bioconductor package. Results were corrected for multiple hypothesis 
testing using Benjamini Hochberg FDR correction (Benjamini and Hochberg, 1995) 
and considered significant if q<0.01. Read counts were normalized to total mapped 
reads for each sample and expressed as reads per million reads (rpm; Supplemen-
tary Tables 2 and 4). Principle component analysis and clustering were conducted 
on all transcripts which being summed exceeded 10 rpm using the MultiExperiment-
Viewer (http://www.tm4.org/). 

Clock genes were annotated as the closest homologue to the Arabidopsis clock 
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genes (Nakamichi, 2011). The diel transcripts were identified by isolating transcripts 
which display differential expression between at least one pair of two adjacent time 
points then loaded into Mapman for visualization and enrichment tests (Thimm et 
al., 2004). Functional annotations were imported using the Mercator Pipeline (Lohse 
et al., 2014) based on the Azolla transcriptome sequences (Brouwer et al., 2014). 
K-means clusters were built using the MultiExperimentViewer with Pearson distance 
metric.

N-content determinations and 15N2 fixation rates

Ferns (100 mg FW) were grown in pots with 43 ± 4 ml of sterile SAM and a re-
maining air space of  262 ± 4 ml. To the air space 25 ml of 15N2 was added using air-
tight syringes; overpressure was slowly brought to ambient pressure using a release 
needle. Plants were subsequently grown in these conditions for 2 h at the following 
time-points: 8, 14, 20, 2 and 8 h in the diel cycle where the 12 h day started at 7 h. 
Ferns devoid of cyanobacteria at the 14 h time-point, in the light, were used as the 
no fixation control. In addition, the effect of 7 day acclimation to 2 mM NH4NO3 on 
ferns with cyanobacteria was tested at the 14 h time-point. Samples were frozen at 
-20°C, homogenized and freeze-dried before analysis of the dry weights and isotope 
abundance determinations. All data points represent the average of triplicate biolog-
ical samples.

Total N content and stable nitrogen isotope ratios (δ15N) were analyzed on a 
ThermoScience Delta Plus isotope ratio mass spectrometer connected online to a 
Carlo Erba Instruments Flash 1112 elemental analyzer. The δ15N of each sample 
was expressed relative to atmospheric dinitrogen as (‰) and calculated as the fol-
lowing ratio: 

with [15Nsample] the concentration of 15N isotope in the sample, [15Nair] the con-
centration of 15N in standard air. Instrumental precision was better than 0.2‰, based 
on analytical standards with known isotope composition. N2 fixation rates were de-
termined using the following calculation: 

with [15Nti] the concentration of 15N before (i=0) or after 2 h incubation (i=2) with 
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15N2 enriched air in the bottle, [Nbiomass ti] the N content in the biomass before (i=0) 
and after 2 h incubation (i=2) and [15Nairspace] the ratio of 15N over total N in the air 
space. We assumed no isotope discrimination during the fixation process and there-
fore rates of fixation calculated may be somewhat underestimated.

Results

Azolla filiculoides yielded 35 t dry weight ha-1 year-1 in an  
experimental continuous harvest system 

To evaluate the potential of species from the genus Azolla as high protein bio-
mass crops, A. filiculoides was grown under continuous production conditions for 
138 days (Figure 1A). When harvesting 33% of the surface twice per week, ac-
cumulated biomass increased linearly (Figure 1B). From the slope of dry biomass 
accumulation, productivity was calculated at 97.2 kg ha-1 day-1, corresponding to 

Figure 1. Azolla filiculoides yield potential 
under continuous production conditions. 
Ferns were grown with 300 μmol s−1 cm−2 
photosynthetic active radiation at 25°C for 
the 12 h day and at 22 °C during the 12 h 
night. (A) Closed-canopy cultures with plants 
in the linear growth phase for continuous har-
vest. (B) Cumulative dry biomass harvested. 
Once standing crop formed a closed mat at 
160 g dry weight m-2, continuous harvest was 
at a rate of 33% of the biomass twice per 
week. Linear regression equation is shown 
along with its fit; n = 6, standard deviations 
were smaller than the labels.
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an annual productivity of 35.5 t ha-1 biomass dry weight (DW) for A. filiculoides. 
Very similar results were obtained with A. pinnata (data not shown). To test whether 
yield performance of these ferns was influenced by N-fertilizers often encountered 
in runoff from agricultural land, we examined the effect of several inorganic nitrogen 
sources in the media used for continuous production. Growth of A. filiculoides was 
in standard Azolla medium (SAM) without nitrogen or with 4 mM NaNO3, NH4Cl or 
2 mM NH4NO3. We harvested 33% of the culture area twice weekly over a period 
of 4 weeks, whilst replenishing nutrients weekly. Cumulative harvest over 30 d indi-
cated slight benefits with N fertilizer (up to 15%, Figure 2A). N fertilizers moreover 
increased N accumulation in the biomass, from 3.41 up to maximally 4.36 % w/w N  

Figure 2. Azolla filiculoides response to N-fertilizer under continuous production conditions. 
Ferns were grown as in Figure 1 but this time in medium without (no N) or with 4 mM NaNO3, 
or 2 mM NH4NO3, or 4 mM NH4Cl. Biomass harvested was split to determine cumulative har-
vest (A) nitrogen content (B) and to extract mRNA. Reverse transcription of the RNA was with 
an excess random hexamers to analyze levels of A. filiculoides and Nostoc azollae transcripts 
by quantitative PCR: A. filiculoides nitrate reductase Afcontig_35782 (C), N. azollae secA (D) 
and nifH (E). Standard deviation is for n = 3, T-test significance with reference to no N for  
P < 0.05 is marked with *
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with NaNO3 (Figure 2B) and to induced expression of nitrate reductase from the fern 
(Figure 2C). NaNO3 as well as NH4NO3 did not affect transcript abundance of the 
bacterial housekeeping gene N. azollae secA suggesting that bacterial growth was 
not affected by NO3-containing media (Figure 2D). In contrast, NH4Cl reduced A. 
filiculoides productivity and led to a reduction of N. azollae secA and nifH transcript 
detection (Figure 2D,E). NifH encodes the catalytic subunit of the nitrogenase en-
zyme and is intact in N. azollae (Ran et al., 2010). The above results demonstrate 
that A. filiculoides does not require N fertilizer to sustain high productivity but that it 
reacts to and benefits from additional N sources in the medium. 

Growth of A. filiculoides without N. azollae entirely relied on 
exogenous N fertilizer 

To evaluate the contribution from N. azollae to fern productivity we raised sur-
face sterilized A. filiculoides, then for every fern, fronds were grown without and 
with erythromycin so as to obtain clonal material with and without cyanobacteria. 
Complete absence of N. azollae was verified using confocal microscopy, quantitative 
PCR on, and sequencing of the extracted plant DNA (data not shown). A. filiculoi-
des without N. azollae failed to grow without a source of N (Figure 3A). Growth in 
all other conditions was exponential. Optimum supplementation of ferns without N. 
azollae was obtained using 4 or 8 mM NaNO3, or 2 mM NH4NO3, and yielded growth 
rates approaching those of ferns with N. azollae (Figure 2A, Figure 3A). Given the 
possibility of amino acids as exchange substrates between fern and symbiont in 
addition to ammonia (Kaplan and Peters, 1981; Meeks et al., 1987), amino acids 
were tested for their ability to restore growth keeping the total N supplied in the ami-
no acids at 2 mM in the medium (Figure 3B). Whilst arginine and proline supported 
highest average growth rates that were not significantly different from ferns with N. 
azollae, growth rates on amino acids mostly correlated with those from the seed 
plant Arabidopsis thaliana (Forsum et al., 2008) and, therefore, unlikely reflected 
trafficking inside leaf pockets. Close-up inspection confirmed that the leaf pockets 
were well removed from the medium and enclosed entities except for the leaf pock-
et pore open to air (Figure 3C and Supplementary Figure 1). Confocal microscopy 
further revealed a conspicuous vasculature curving around the pockets that was 
closely connected to the pocket fluid (Figure 3C). This vasculature differed from that 
in leaf lobes without leaf pocket: it was made of several layers of tracheid cells with 
reinforced cell walls containing pectin brightly stained by the propidium iodide/peri-
odic acid stain (Supplementary Figure 3). 
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N2-fixation rates reached 0.4 mg N g-1 dw h-1 at noon and dropped 
7.5 times in the dark

N. azollae are phototrophic bacteria, therefore, we set out to measure diel 15N2 
fixation in Azolla. We first established that N2-fixation rates were constant over at 
least 12 h when keeping light, temperature and CO2 concentrations constant (data 
not shown). Ferns were exposed to 15N2-enriched air for 2 h starting at 8, 14, 18, 20 
and 8 h in the diel cycle of a growth chamber with 12 h light starting at 7 h. Ferns 
without N. azollae constituted the control non-fixing ferns at the 14 h time point. The 
relative enrichment of 15N over air (‰15N) in Azolla biomass at 20 and 2 h in the dark 
was up to 7.5 times lower than that measured at noon (Figure 4A). N. azollae, there-
fore, fixed the bulk amounts of N2 during daytime. 

We further assessed 15N2-fixation rates in ferns acclimated for a week to +N (2 
mM NH4NO3) or –N (SAM) during peak N2 fixation at 14 h (Figure 4B). Whilst the 

Figure 3. Role of N. azollae in sustaining fern growth and specific structures of the leaf pock-
et. Clonal ferns with (+cyano) and without N. azollae (-cyano) were grown on agar solidified 
Standard Azolla Medium (SAM). (A) Growth in inorganic N-fertilizer ranging from 2 to 8 mM. 
(B) Growth with 2 mM nitrogen in differing amino acids, or with 4 mM NaNO3 (NO3), and +cy-
ano on SAM for comparison. Growth was measured as leaf area. Ferns without N. azollae 
failed to grow on SAM but in all other conditions growth fitted an exponential curve. Standard 
deviations with n = 3, T-test significance with reference to ferns +cyano on SAM for P < 0.05 is 
marked with *. (C) Structures revealed by propidium iodide staining using confocal microsco-
py 405 nm excitation, 560 nm emission (orange); auto-fluorescence at 515–530 nm emission 
(blue). v, vasculature; p, pore; cy, N. azollae bacteria; m, mesophyll cells; scale bar: 200 μm.
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N2-fixation rate in ferns grown without nitrogen reached 0.394 mg N g-1 DW h-1, 
N-fertilizer reduced 15N2-fixation rates four fold. This large decrease in fixation rates 
further indicated that responses studied in ferns +N resulted from N-uptake rather 
than the combination of fixation and uptake.

Transcriptional patterns of the diel cycle dominate over the  
response to N-fertilizer

The fern’s ability to react to N-fertilizer prompted an analysis of the transcrip-
tional mechanisms underpinning these responses; the specificity with which cDNA 
libraries were generated afforded stringent spatial resolution thus distinguishing for 
the first time processes in the fern from those in the cyanobacteria. Given the diel 
behavior of nitrogen assimilation genes in the angiosperm A. thaliana (Cheng et 
al., 1991; Gutierrez et al., 2008), we chose to compare the diel transcript profiles of 
ferns acclimated for a week to SAM without nitrogen (-N) or with 2 mM NH4NO3 (+N). 
Ferns were sampled from triplicate cultures at 2, 8, 14 and 20 h within the 24 h cycle 
of a growth cabinet with 12 h light starting at 6 h in the morning. RNA-seq resulted in 
17.3 to 37.8 million read pairs per sample of which between 47 to 55% mapped as 
read pairs and 63 to 65% mapped as single end reads to the transcriptome database 
((Brouwer et al., 2014); Supplementary Table 2_mapping_stats). Transcriptional in-
vestments in functional categories were similar in A. filiculoides and Arabidopsis 

Figure 4. 15N2 fixation during the diel cycle 
and after acclimation to 2 mM NH4NO3. (A) 
Raw 15N enrichment after 2 h exposure to 15N2 
averaged for the time points 8, 14, 20, and 
2h during the diel cycle. Ferns were on SAM 
without nitrogen, the 12 h day started at 6 h. 
Temperature was kept a constant 21°C. Ferns 
with N. azollae (+Cyano, black) and without 
(–Cyano, light gray). (B) 15N2-fixation rates av-
eraged over 2 h at the timepoint 14 h in the 
diel cycle after a week acclimation on SAM 
without [No nitrogen (+Cyano), black and with 
2 mM NH4NO3 (NH4NO3 (+Cyano), dark gray]; 
control ferns without N. azollae [NH4NO3 (–
Cyano), light gray]. Standard deviations with 
n = 3. T-test significance marked with * was P 
< 0.05 for +Cyano data points with reference 
to ferns –Cyano on SAM for (A); and with ref-
erence to +Cyano ferns on no N in (B).
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Figure 5. Diel transcript profiles in A. filiculoides grown with and without 2 mM NH4NO3. Ferns 
were acclimated to SAM without (–N, in blue) and with 2 mM NH4NO3 (+N, in red) for a week 
then harvested from triplicate cultures at 2, 8, 14, and 20 h with 12 h day-light starting at 6 
h. RNA was extracted, sequenced and sequences analyzed as described in the section “Ma-
terials and Methods.” (A), Principal Component Analysis (PCA) and (B), K-means clustering 
included all genes with a read count > 10 rpm for all time points and conditions. K-means clus-
ters were built with Pearson distance metric. (C) Clock components from the morning (above) 
and evening (below) loops with their respective read counts in rpm, on medium without N (in 
blue) and with N (in red) at 2, 8, 14, and 20 h in each box, respectively.
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(Supplementary Figure 3). Principle component analysis indicated four groups that 
corresponded to the different time points during the day which separated in both the 
first and second dimension and explained 38% of the variation in the dataset (Figure 
5A). The first two dimensions also resolved the N-fertilized samples: +N samples 
projected apart from the –N samples in the same direction at all time points. 

Diel transcripts were defined as transcripts with read counts significantly changed 
in at least two adjacent time points in either the +N or –N series. Of all transcripts 
detected, 4872 or 13% were diel (Supplementary Table 2_diel_transcripts). K-means 
clustering of diel genes identified clusters (Figure 5B; Supplementary Table 2_clus-
ters) with genes peaking at 2 h (8h into the dark, cluster 1 and 2), genes peaking at 
8 h (2h into the light, cluster 3 and 4), genes peaking at 14 h (8h into the light, cluster 
5 and 6) and genes peaking at 20 h (2h into the dark, cluster 7) with no difference 
between the –N and +N samples, indicating that diel rhythms of transcription were 
unresponsive to N-fertilizer, with the exception of genes in cluster 10 (369 contigs) 
that sharply decreased 2 h into dark if N was supplemented (Figure 5B; Supplemen-
tary Table 2_cluster_10). Cluster 10 genes included genes from the Calvin-Ben-
son cycle, PS1 and PS2 light harvesting complexes, and glycine decarboxylase  
P-protein 2 (Af_7035) from photorespiration; in addition it included the amino acid 
sensor ACT domain repeat 3-like protein (Af_11070) and three sugar transporters 
(Af_3233, Af_17210 and Af_14354).

Clock-gene expression patterns corresponded to those in Arabidopsis with the 
morning loop peaking at 2 h and 8 h and the evening loop peaking at 14 h and 20 
h although the number of isoforms did not correspond to the numbers in Arabidop-
sis; clock-gene transcripts did not respond to N fertilizer (Figure 5C; Supplementary 
Table 2_clock_genes). Diel transcripts were enriched in starch and sucrose metab-
olism, pathways of photosynthesis, nutrient assimilation and selected pathways in 
secondary, lipid and amino acid metabolism (Supplementary Table 3). Diel rhythms 
of gene expression and clock components in A. filiculoides ferns were hence similar 
to those in angiosperms. In the fern, moreover, diel rhythms of gene expression 
dominated over the response to N fertilizer.

Transcriptional profiles of ferns grown without N fertilizer  
reflected early morning recovery from night-time N deficiency 

Acclimation to +N (2 mM NH4NO3) compared to –N changed the amounts of 526 
transcripts significantly when all contigs were counted that were changed in at least 
one time point (Supplementary Table 2_N_responsive). The changes were, howev-
er, not uniform throughout the day: most changes occurred during darkness at 20 
and 2 h with 250 and 240 changed contigs respectively (Figure 6A). In contrast only 
28 contigs were changed at noon (14 h; Figure 6A). 
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To visualize N-dependent transcriptional investments in central metabolic path-
ways, transcript read counts were submitted to the Mapman software (Figure 6B; 
Thimm et al., 2004). In the middle of the night (2 h) and in the morning (8 h), +N con-
ditions led to accumulation of transcripts involved in tetrapyrrol synthesis (q<10-9), 

Figure 6. Metabolic responses of A. filiculoides to diurnal supply of reduced N from N. azol-
lae. (A) Number of genes differentially transcribed comparing log 2-fold change of the read-
count ratios in ferns with 2 mM NH4NO3 (+N) over without (–N). Yellow, time points in the light; 
green, time points in the night. (B) Mapman overview of transcriptional changes in metabolism 
comparing transcription +N over –N. Noon (14 h), evening (20 h; 2 h into dark), night (2 h), and 
morning (8 h; 2 h into the 12 h day). Upregulation in –N is depicted in red, downregulation is 
depicted in blue, maximal coloration is set at twofold changes.
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the Calvin-Benson cycle (q<10-20), and in the morning transcripts of the light reaction 
(q<10-9). In contrast, transcripts from flavonoid (q<10-3), phenylpropanoid synthe-
sis (q<10-3) and trehalose metabolism (q<10-2) accumulated in –N conditions, most 
strongly in the morning at 8 h (Figure 6B; Supplementary Table 4). This pattern es-
sentially reflected the pattern reported in N-starved Arabidopsis upon nitrate addition 
(Scheible et al., 2004) and therefore suggested N deficit at night in ferns grown in 
the absence of N. 

Pathways for the assimilation of N into amino acids remained 
unchanged but ureic acid metabolism changed with N supply

Transcriptional investment in N-assimilation pathways into amino acids, remained 
unchanged when comparing +N with –N with very few exceptions: transcripts accu-
mulated for two contigs of glutamine dehydrogenase (af2747 and af3257) in ferns 
on +N but were much less abundant than transcripts of GOGAT and GS enzymes 
(Table 1; Supplementary Figure 4), and therefore may represent enzymes in specific 
tissues exposed to +N from the medium. 

At night in plants grown –N, stored ureides may have been remobilized by al-
Table 1. Transcripts associated with N metabolism that responded to +/−N condi-
tions at the time points 2, 8, 14, or 20 h of the diel cycle.

Protein

Average read abundance in rpm at each time point of the diel cycle

-N +N

2 8 14 20 N2 N8 N14 N20 

Allantoate amidohydrolase 475 712 101 57 166 170 73 48

Allantoate amidohydrolase 85 123 20 11 35 33 13 7

Ammonium transporter 2 4 3 4 4 0 1 0 1

Urea transporter 69 56 96 69 20 25 50 34

Aspartate aminotransferase 5 16 17 19 17 15 10 16 0

Ureide permease 2 36 43 30 24 22 26 27 21

Glutamine synthase clone R1 97 128 110 107 113 88 106 1

NADH-GOGAT 147 136 153 172 167 153 163 239

Aspartate aminotransferase 1 18 19 16 21 30 28 17 21

Glutamate dehydrogenase 1 20 21 9 16 67 46 25 47

Glutamate dehydrogenase 1 3 4 2 2 14 10 4 10

Nitrate reductase 1 24 6 3 8 38 35 22 48

Nitrite reductase 1 20 16 18 24 85 141 90 238

Nitrite reductase 1 27 22 24 31 133 199 126 289

* q-value was corrected for multiple hypothesis testing by Benjamini Hochberg, significant changes are 
bold.
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lantoate amidohydrolase as reads from this enzyme were abundant. Reads of this 
enzyme were low at night in ferns grown +N (Table 1). Consistently in ferns grown 
+N at night, N-remobilization likely was decreased since transcripts of a transporter 
of urea and ureide permease were fewer whilst urea biosynthesis likely was main-
tained since transcripts of the aspartate aminotransferase 1 and NADH-dependent 
GOGAT accumulated (Table 1). 

Genes affected by +N throughout the day included the nitrite and nitrate reductase 
genes (Table 1) and confirm that fern metabolism responded to nitrate in the medi-
um. Similarly increased transcript of the HPP family nitrite transporter (af1275; Sup-
plementary Table 2_N_responsive) in ferns +N suggested increased nitrite transport 
to chloroplasts in fern cells. This nitrate transporter is believed to be cyanobacterial 
origin and was reported absent in mosses (Maeda et al., 2014) Increased transcript 
abundance in ferns –N of an AMT2 type ammonium transporter (AMT; Table 1), two 
phosphate transporters homologous to AtPHT1 and AtPHT3 (af380, af1508; Supple-
mentary Table 2_N_responsive), and a Nodule INception (NIN) transcription factor 
with homology to AtNLP7 (af7964; Supplementary Table 2_N_responsive) suggest 
that ferns with active N2 fixation regulate P and N transport coordinately as known 
from the angiosperm symbioses with arbuscular mycorrhiza (Breuillin-Sessoms et 
al., 2015). Manual assembly of AMT transporter sequences allowed construction 

Continuation of Table 1.

Fold change +/- N* Q-value +N versus –N*

2 8 14 20 2vsN2 8vsN8 14vsN14 20vsN20

-1.51 -2.06 -0.46 -0.25 2.0E-04 3.4E-03 1 1

-1.27 -1.88 -0.56 -0.56 9.2E-03 5.2E-03 1 3.7E-01

-1.65 -1.25 -1.93 -1.25 1.5E-06 1.2E-03 2.8E-07 3.0E-03
-1.73 -1.10 -0.92 -1.00 3.6E-16 4.1E-02 7.0E-01 3.9E-03
-0.11 -0.75 -0.24 -4.03 1.0E+00 7.6E-01 1 4.9E-29
-0.66 -0.72 -0.16 -0.13 3.9E-03 1.1E-01 1 1

0.21 -0.54 -0.05 -5.87 1 9.9E-01 1 8.1E-92
0.19 0.16 0.09 0.47 8.6E-01 8.1E-01 1 7.2E-03
0.72 0.55 0.10 0.04 2.0E-03 1.1E-01 1 1

1.69 1.12 1.42 1.50 3.0E-11 1.1E-02 8.3E-07 2.2E-08
1.96 1.23 0.98 1.78 2.0E-09 2.4E-02 1.6E-01 7.9E-15

0.64 2.36 2.63 2.49 7.7E-02 2.8E-11 2.2E-14 6.3E-45
2.01 3.03 2.22 3.27 1.5E-14 1.5E-15 6.6E-11 1.4E-33
2.25 3.11 2.36 3.16 3.5E-14 3.5E-23 3.1E-17 2.8E-38
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of a phylogenetic tree showing that the fern AMT transporters are both of the MEB 
(AMT2 type in Arabidopsis which is electroneutral) and AMT (AMT1 type in Arabi-
dopsis) clades (Figure 7; McDonald and Ward, 2016; Neuhäuser et al., 2009); AMT2 
had increased read counts in ferns with actively N2-fixing cyanobacteria (Table 1). N. 
azollae AMT clustered with the bacterial AmtB clade, yet the N. azollae AmtB that is 
functional was not in the genome location of closely related strains which was inac-
tivated by a mobile element (Supplementary Figure 5). 

Key genes of the vasculature were upregulated under –N growth 
conditions

Xylem was a prominent feature of the vasculature curving around the leaf pocket 
(Figure 3C). This specialized vasculature may have as much a structural function 
as a nutrient and water transport function. In ferns –N compared to +N, transcripts 
of fern homologues of the xylem cystein peptidase accumulated (XCP3, af1829) 
and of the CYTOKININ OXIDASE decreased (Azfi34233), suggesting active xylem 
formation (Supplementary Table 2_N_responsive). Further investigation of xylem 
specific genes revealed homologues of VND6 and LBD15 as well as IRX3 in the A. 
filiculoides sequences. Phloem cells lined the xylem cells for most of the vasculature 
curving around the leaf pocket (Figure 3C and Supplementary Figure 2B,C). To test 
a possible role of vasculature in the response to differential N supply, full length 
gene-homologues characteristic for the vasculature were manually assembled then 
reads mapped to quantify differential accumulation of the mRNA with more accura-
cy. Transcripts of a fern homologue to AtGL22 were amongst the most differentially 
accumulating transcripts (13 x averaged over all time points) under conditions -N 
compared to +N, GL22 is known from Arabidopsis to regulate allocation of phloem 
nutrient contents. 

Discussion 

Light-driven N2 fixation by N. azollae entirely supported the  
high yields of Azolla biomass

Clones of A. filiculoides without N. azollae required N fertilizer for growth and 
inorganic nitrogen sufficed to reach growth rates nearing those of clones with sym-
bionts (Figure 3A). N. azollae supplied sufficient N to support high biomass yields 
with little gain from N-fertilizer (Figure 2A). N2-fixation rates for Azolla on medium 
without N-fertilizer peaked at 0.4 mg N g-1 DW h-1 during midday but averaged  
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0.17 mg g-1 DW h-1 over the diel cycle; this corresponded to the N increase in the 
biomass observed in our in growth experiments (Figure 2), reaching 0.33 g m-2 d-1 
or 0.15 mg g-1 DW h-1. To compare, N2-fixation rates in soybean averaged 0.08 mg 
g-1 DW h-1 (Hung et al., 2013). Diel variation of N2 fixation in clover (Medicago trun-
catula-Sinorhizobium meliloti) was small and entirely dependent upon temperature 
(Cabeza et al., 2015). The diel variation reported here for A. filiculoides was meas-
ured under constant temperature and therefore the high N2-fixation was diurnal, and 
depended on light. 

N. azollae is a filamentous cyanobacterium. Typically N2-fixation is sequestered 
to heterocysts in filamentous cyanobacteria and occurs mostly during the day when, 
firstly, cells of the filament supply carbon to fuel heterocyst glucose-6-phosphate 

Figure 7. The origin of ammonium transporters from A. filiculoides and N. azollae. Sequences 
were manually assembled (Supplementary List of AMT Protein Sequences) then aligned with 
MUSCLE, the phylogenetic tree calculated using PhyML with 100 bootstraps (Dereeper et al., 
2008) and then visualized using iTol (Letunic and Bork, 2016), bootstrap values ranging from 
70 to 100% are represented by the increasing red star sizes.
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dehydrogenase (G6PDH) providing reductant NADPH and, secondly, light energy 
captured by heterocyst photosystem I supplies ATP; G6PDH was required for N2-fix-
ation and growth of Nostoc sp. in the dark (Gallon, 1981; Summers et al., 1995). 
N. azollae lack glycolysis pathway enzymes and therefore may channel all carbon 
through G6PDH to generate NADPH required to reduce N2; the N. azollae genome 
retained PS1 for ATP production in light (Ran et al., 2010). In contrast, heterotrophic 
Rhizobium meliloti fixes N2 in the darkness of root nodules and therefore requires 
carbohydrates to synthesize NADPH as well as ATP: malate provided by the plant 
provides NADPH via malic enzyme, and is further respired via oxidative phospho-
rylation specialized for micro-aerobic environments. The malic enzyme gene is re-
quired for N2 fixation by R. meliloti (Driscoll and Finan, 1993). These differences may 
underlie the higher N2-fixation rates observed here with phototrophic diazotrophic 
symbionts in Azolla compared to heterotrophic diazotrophic symbionts in legumes.

Azolla yields without N-fertilizer input compete favorably with 
established plant protein crops 

Nitrate fertilizer at 4 mM increased productivity of Azolla by merely 15% (Figure 
1C) compared to 175% and 132% increase reported when 5 mM NO3

- was adminis-
tered to elite breed soybeans 40 and 60 days after planting (Yashima et al., 2003). 
RNAseq and quantitative RT-PCR revealed that the fern responded to exogenous 
NO3

- with the accumulation of transcripts from nitrite and nitrate reductase (Figure 
2C; Table 1), and a nitrite transporter (Supplementary Table 2) consistent with pre-
vious data of A. pinnata showing that labelled NO3

- is incorporated in roots and then 
is seen to move slowly to shoots (Ito and Watanabe, 1983). Exogenous NH4NO3 
at 2 mM resulted in a 78.4% decrease in 15N2-fixation by the symbiont (Figure 4B). 
Similarly, N2 fixation decreased by 20% to 70% in 99 different strains of Azolla on 
2.86 mM (NH4)2SO4 (Okoronkwo et al., 1989).  This may be due to diffusion of exter-
nal NH4 into the leaf pocket: complete inhibition of N2 fixation took place with 1 mM 
NH4

+ but not NO3
- in the related free-living Anabaena cylindrica (Ohmori and Hattori, 

1974). Alternatively, the fern may contribute to actively regulate N2-fixation in the 
symbiont by controlling gas exchange via the leaf-pocket pore (Veys et al., 1999) 
and O2 release. Increased O2 exposure as evidenced by increased PS2 and hemo-
globin expression in ferns +N further suggest this (Supplementary Table 2); NO3

- or 
urea from the fern unlikely affect N2 fixation in the symbiont directly since genes for 
import and assimilation of NO3

- and urea were reported missing in N. azollae (Ran 
et al., 2010). N2 fixation by rhizobia in the nodules of legumes is also inhibited by 
NH4

+: NH4SO4 at 5 mM rapidly decreased N2 fixation in alfalfa roots exposed over a 
period of 5 days (Cabeza et al., 2015). In plant symbioses with either cyanobacteria 
or rhizobia, therefore, the N-substrate exchanged when present in the surrounding 
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medium inhibits N2-fixation of the bacteria.
In contrast to the large majority of agricultural crops, Azolla species grow in fresh 

shallow surface water. Once the surface of the water was covered by exponential 
growth, our experimental farming system produced biomass linearly and stably over 
periods exceeding 130 days (Figure 1B). Given a measured N-content of 3.5% w/w 
biomass DW and 35 t ha-1 annual productivity without any N-input (Figure 1), A. fili-
culoides fixed over 1200 kg N ha-1 year-1 and therefore has potential as plant protein 
crop in temperate regions. Established forage crops that still require some 150 kg 
ha-1 year-1 N-fertilizer to reach 25 t ha-1 year-1 fix some 600 kg N ha-1 year-1 in the 
harvested material (Anglade et al., 2015; de Visser et al., 2014). Modern soybean 
varieties yielding 5 t beans ha-1 with no added fertilizer to the soil fixed up to 300 kg 
N ha-1 per crop (Gelfand and Robertson, 2015). Our experimental system aimed at 
industrialization and thus was closed and entirely controlled, but promising yields 
have been reported in an open system of 468 m2 in the tropics (Colombia), where 
A. filiculoides yielded 39 t ha-1 year-1, albeit in this study nitrogen-containing chicken 
manure was supplied to the fern (Becerra et al., 1990). Feeding Azolla biomass 
to pigs as protein-rich admixtures to soymeal supported growth as well as control 
soymeal diets (Becerra et al., 1990; Leterme et al., 2009; Leterme et al., 2010). 
Continuous production is particularly suited for on-farm processing as it requires 
processing units of smaller capacity. Azolla ferns efficiently use run-off water from 
fields and remove both nitrogen and phosphate (Shilton et al., 2012), thereby pre-
venting eutrophication if harvested regularly and contributing to closing the nitrogen 
and phosphate cycles. If grown as dense mats the ferns may help re-solve iron ox-
ides, while releases adsorbed phosphate and therefore be an alternative to mining 
increasingly rare phosphate fertilizer from sediments of shallow freshwater (Cordell 
et al., 2011). The findings reported here warrant a detailed assessment of potential 
(agro-) ecosystem benefits and services of Azolla farming, including potential threats 
to protected wetland ecosystems. 

How do the ferns deal with the diurnal cyanobacterial N2  
fixation?

If hosting cyanobacteria is such an efficient solution to fixing large amounts of N2, 
we wondered why taxa hosting cyanobacterial N2 fixation are comparatively rare and 
what adaptations would be required by the host plants. 

Since N2 fixation was mostly light driven, the fern host alternated between high 
N availability during the day and low N availability during the night; low N availability 
may be restricted to the later part of the night due to buffering by the high NH4

+ con-
centrations in the N. azollae and leaf pocket fluid (Kaplan and Peters, 1981; Meeks 
et al., 1987). Consequently, the transcriptional patterns differed in A. filiculoides 
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supplemented with NH4NO3 and without. The morning time point without NH4NO3 
(Figure 5B) displayed transcripts highly reminiscent of those in A. thaliana when sup-
plied with nitrate after N-starvation (Scheible et al., 2004). The responses to low N 
availability were therefore conserved between ferns and seed plants. The transcrip-
tional response to low nitrogen availability disappeared during the day with the noon 
time point having the fewest changes between +N and –N conditions and the highest 
N. azollae N2-fixation rates. The magnitude of the fern transcriptional response to N 
fertilizer was therefore much lower than that reported for spermatophytes entirely 
dependent on externally available N (Wang et al., 2003; Vidal et al., 2013). As N 
supply was short during the night, it is likely that Azolla possess a storage system 
for N which balances availability during the day and the night, this could have been 
reflected by the prominence of urea transporters in the list of genes accumulating in 
ferns without N-fertilizer. Night-time accumulation of transcripts encoding enzymes 
of allantoin metabolism in ferns without N fertilizer points to allantoin as an interme-
diate in N storage. To host phototrophic diazotrophic cyanobacteria, therefore, ferns 
adapted existing responses required to cope with irregular supply of N-fertilizer from 
the environment that evolved in ancestors common to ferns and seed plants.

What features ensure metabolic connectivity between host and 
cyanobacteria?

Streptophyte algae and bryophytes were found to regularly associate with N2-fix-
ing cyanobacteria as well as rhizobia, suggesting that evolution of land plants, in-
cluding the fern Azolla, happened after mechanisms important for both these inter-
actions evolved (Knack et al., 2015). Recognition of specific cyanobacteria evolved 
with chloroplast endosymbiosis, but recognition competency may have been lost 
and subsequently acquired again with a novel mechanism by the common ancestor 
of vascular plants. Mechanisms employed by the seed plants Gunnera and Blasia 
to control development of N. punctiforme hormogonia may therefore also occur in 
Azolla ferns (Liaimer et al., 2015). Specific regulators and transporters for the ex-
change of nutrients with intracellular organelles such as the chloroplasts may not 
have been recruited for extracellular symbiosis, but instead have evolved from ex-
tracellular interactions such as those with arbuscular mycorrhiza, rhizobia or, Nos-
toc species. This would allow differential regulation of the transport processes. The 
AMT2 and PHT1 family transporters and the NIN transcription factor transcripts seen 
to accumulate in Azolla actively fixing N2 could therefore play a role in the interaction 
with N. azollae. Active mobile elements inside N. azollae likely contributed to novel 
regulation of the ammonium transporter expression required for the symbiosis (Sup-
plementary Figure  5) in addition to the metabolic adaptations such as the lacking 
glycolysis pathway reported earlier (Ran et al., 2010).  
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The most striking adaptation of the fern to N. azollae is the enclosed leaf-pocket 
organ with its specific pore, leaf-pocket hair cells, and extensive curving xylem-rich 
vasculature (Figure 3C; Supplementary Figure 2B,C). The pore structure is likely 
important for gas exchange; it is lined with specific teat cells possibly having a role 
in defense against invading organisms and water repulsion (Veys et al., 2002; Veys 
et al., 1999). The hair cells have been proposed to resemble transfer cells based on 
EM-cytology detection of dense cytoplasm adjacent to wall ingrowths and abundant 
ER with ribosomes and mitochondria, and therefore play a role in nutrient exchange 
(Duckett et al., 1975) consistent with their close contact with the phloem (Supple-
mentary Figure 2B). Finally, the prominent and specific development of xylem cells 
surrounding the leaf pockets was consistent with a water conducing function; stark 
reinforcement of the tracheids furthermore revealed a structural role of the xylem 
cells not generally described in ferns (Figure 3C). Presence of VND6 in Azolla sug-
gested that these NAC factors control secondary wall thickening in ferns as in seed 
plants (Lucas et al., 2013). Accumulation of transcripts related to vasculature, and 
nutrient transport under conditions requiring N2 fixation (manually assembled ho-
mologs to AtGL22, 13 x, and AtXCP1, 9 x) suggested that vasculature functions 
are essential for nutrient supply to cyanobacteria, given that the leaf pockets are 
enclosed structures that do not communicate with surrounding medium. Hosting cy-
anobacteria in a leaf therefore may require exquisite control over water and nutrient 
supply as well as structural reinforcements and a specialized pore structure so as 
to hold the heavy pool with bacteria in the air whilst at the same time ensuring light 
and gas supply.

The evening loop of the clock is ancestral to ferns and seed 
plants

Differential diel transcript accumulation was found for 13 % of the fern genes. The 
types of genes which changed and the magnitude of changes observed here were 
comparable to those changing in diel cycles in spermatophytes (Blasing et al., 2005) 
and occurred in all diel patterns (Figure 6), hence the combined output of clock and 
diel signals such as temperature and light results in similar outputs among vascular 
plants. Among the transcription factors, the CONSTANS-like group of C2C2 transcrip-
tion factors was enriched in both A. filiculoides and A. thaliana diurnal transcripts con-
firming their ancient role in diurnal gene expression. The best blast match to the C2C2 
CONSTANS type transcription factor of Chlamydomonas reinhardtii Cre06.g278159, 
is also diurnal ((Zones et al., 2015) in Supplemental Table 16). Nitrogen fertilizer 
does not influence the diurnal gene expression in A. thaliana (Blasing et al., 2005) 
and did so only for a very limited number of transcripts in A. filiculoides (Figure 5B), 
which may have been a result of diel variability in N-supply in –N ferns rather than 
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less N availability per se (Figure 4). The similarity also points to an evolutionary 
origin of the diel patterns before the split of fern and seed plants. While no diel tran-
scriptome analyses from mosses were available for comparison, the analyses of 
the single celled C. reinhardtii show both different and overlapping patterns. Gene 
expression in the alga was largely diel with ~80% of genes in diel rhythms (Zones et 
al., 2015) compared to only 13% in this study and 10-30% depending on criteria in 
A. thaliana (Blasing et al., 2005); the difference may reflect asymmetric coupling of 
tissue specific clocks in multicellular organisms (Endo et al., 2014). 

A. filiculoides harboured the classical clock of seed plants (Figure 5C). Mosses 
have been shown to only contain a single loop of the clock comprising the morn-
ing but not the evening loop (Holm et al., 2010), while some algae contain various 
clock components including those of the evening loop (Noordally and Millar, 2014). 
In Arabidopsis vasculature transcripts were mostly controlled by the evening loop, 
whilst the mesophyll cell transcripts were mostly controlled by the morning loop; also 
the vasculature clock was shown to override that of mesophyll cells (Endo et al., 
2014). In the ferns, whilst the evening loop was complete with TOC1, ZTL, GI and 
PRR3, some detected with multiple transcripts in the original assembly (Brouwer et 
al., 2014), the morning loop was less complex compared to Arabidopsis (Figure 5C). 
Possibly, therefore, the ancestor of vascular plants evolved an evening loop with a 
function in the vasculature.
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Abstract

Since available arable land is limited and nitrogen fertilizers pollute the environ-
ment, future production systems may be developed with crops that do not rely on 
them. Using growth modeling, we established a continuous harvest system with 
Azolla species yielding 90.0-97.2 kg dry weight (DW) ha-1 d-1. Under ambient CO2, 
N2-fixation by the fern’s cyanobacterial symbionts accounted for all nitrogen in the 
biomass. Proteins made up 17.6-20.8 %DW (4.9 x total nitrogen), depending on spe-
cies and CO2 treatment, and contained more essential amino acids than protein from 
soybean. Elevating the atmospheric CO2 concentration (800ppm) boosted biomass 
production by 36-47%, without decreasing protein content. Choice of species and 
CO2 concentrations further affected the biomass content of lipids (7.9-10.0 %DW) 
and (poly)phenols (2.1-6.9 %DW). Further research is needed to investigate the role 
of the high (poly)phenol content in limiting in the inclusion rate of Azolla in animal 
diets, whereas breeding and bio-refining strategies may be used to further improve 
biomass value. 
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Introduction

Growing worldwide demands for food, feed, energy and industrial products 
threatens natural ecosystems and global climate. Emissions by industry and agricul-
ture increase concentrations of atmospheric greenhouse gasses (GHGs) and pollute 
surface waters (IPCC, 2013). Alternatives are sought to reduce climate impact and 
dependency on fossil resources, for example by fostering a sustainable bio-based 
economy. In a bio-based economy biomass not only provides food and feed, but 
also a major part of our materials, chemicals, and energy (Scott et al., 2007; Dorn-
burg et al., 2010; Bos and Sanders, 2013; Sheldon, 2014). The main challenge for 
a bio-based economy is to produce sufficient biomass without encroaching on the 
arable land required for food and feed crops and without leaching nutrients into the 
environment. Novel agro-systems are therefore considered using alternative highly 
productive crops that use nutrients efficiently, contain valuable compounds and do 
not compete for arable lands. These include land based crops, such as Miscanthus, 
grown on marginal lands with minimal fertilizer input for the production of e.g.  
ethanol fuel or chemical building blocks (Brosse et al., 2012). Also algae are widely 
considered as novel bio-based agro-systems due to their high production potential, 
land-independent production and chemical composition suited for the production of 
fuel, chemicals and food (Brennan and Owende, 2010; Neveux et al., 2015). Many 
macrophytes share the advantageous traits of algae and demand less energy to har-
vest, but investigations have mainly focused on utilizing their fast growth for waste-
water treatment by removing nutrients and/or heavy metals (Mohedano et al., 2012; 
Wagner, 1997; Dhote and Dixit, 2009). Although highly relevant, their potential for the 
industrialized production of food, fuels and/or chemicals has not yet been explored.

Here we consider the floating fresh-water fern Azolla for industrialized feedstock 
production. While species diversity was higher in episodes in the geologic past (Col-
linson et al., 2013), the genus Azolla today consists of 6 species worldwide (Wagner, 
1997) that thrive in tropical to temperate regions of the world (Lumpkin and Pluck-
nett, 1980; van Hove, 1989; van Hove and Lejeune, 2002). Growth of Azolla is sus-
tained by nitrogen (N2)-fixing cyanobacteria, Nostoc azollae, that reside in cavities of 
the fern leaves and supply ample nitrogen for both the endophyte and its host (Ran 
et al., 2010; Peters and Meeks, 1989). N2 fixed is likely released as NH4

+ in the leaf 
cavities and taken up by the ferns (Meeks et al., 1985). N2 fixation rates vary greatly  
and values of 1-3.6 kg nitrogen (N) ha-1 d-1 have been reported with rates up to 1100 
kg N ha-1 year-1 (Watanabe, 1982; Hall et al., 1995). Azolla ferns may therefore 
be farmed commercially without nitrogen fertilizer, thereby reducing the production 
costs of the Azolla biomass and mitigating GHG emissions associated with the pro-
duction and application of nitrogen fertilizer.
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Azolla ferns exhibit extremely high growth rates when grown individually in an 
open canopy. Relative growth rates (RGR) of over 0.5 d-1, or doubling times of less 
than 2 d have been reported, making Azolla one of the fastest growing plants on 
Earth (Maejima et al., 2001; cf. van der Werf et al., 1998). In batch experiments, 
elevated atmospheric CO2 concentrations were reported to increase the speed of 
exponential growth of A. filiculoides (Speelman et al., 2009; Cheng et al., 2010; van 
Kempen et al., 2016). RGRs, however, cannot be extrapolated to productivity of a 
farming system since they represent exponential growth in a situation where surface 
area is not limiting and no inter- and intra-species competition for light and nutrients 
occurs. In a production system surface area is limiting, making that productivity per 
surface area needs to be maximized and not relative growth. Since considerable 
competition between individual Azolla plants occurs, environmental conditions may 
affect plant growth and chemical composition differently in a production system com-
pared to exponential growth conditions. 

 Azolla biomass crude protein content was reported at 20-40%DW (% for the 
remainder of the chapter), making it useful as a protein feed (Buckingham et al., 
1978; Reddy and D’Angelo, 1990; Cary and Weerts, 1992; Alalade and Iyayi, 2006; 
Leterme et al., 2010; Datta, 2011). Azolla biomass was further reported to contain 
7.9-16 % lipids (Paoletti et al., 1987; Abou et al., 2007; Brouwer et al., 2015) and 
up to 5% (poly)phenolic compounds (Dewanji, 1993; Sánchez-Viveros et al., 2011; 
Forni et al., 2012; Deval et al., 2012). Lipids determine the caloric value of whole 
Azolla feed, whereas (poly)phenolic compounds, in particular condensed tannins, 
may decrease digestibility of whole Azolla feed (Nierop et al., 2011; Skrabanja et al., 
2000; Bravo, 1998). However, the previous studies use Azolla grown exponentially 
in batch culture or obtained from its natural environment as subject for analysis. 
Analysis of protein, lipids and (poly)phenol content of biomass grown under pro-
ductive conditions is needed to assess the true potential value of Azolla for the bio-
based economy. 

Here we aim to provide the methodologies and data required for developing Azol-
la farming systems. We investigate two Azolla species that differ in habitat and ge-
netic makeup, i.e. A. filiculoides growing in temperate climates in Europe and A. pin-
nata growing in tropical climates in Asia. We first characterize growth parameters for 
these species and use modelling to devise protocols for continuous harvesting. We 
then use these protocols to estimate yield potential for each species and investigate 
the effect of elevating CO2 (to 800ppm) on yield potential. Lastly, protein, amino acid, 
crude lipid and total (poly)phenol contents were determined for both species grown 
under ambient and elevated CO2 and are discussed in relation to the application of 
biomass as feed.
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Methods

Growth conditions

Azolla filiculoides and A. pinnata were obtained from the International Rice Re-
search Institute under accession numbers 1052 and 534, respectively. Plants were 
grown in a growth room with the following conditions: average photosynthetic flux 
density 300 µmol m-2 s-1 for a 16 h light period. Light was provided by fluorescent 
tubes and incandescent lamps. Unless mentioned otherwise, day temperature was 
set at 23 °C and night temperature at 20 °C resulting in an average day-time water 
and air temperature (1 cm above the canopy) of 24.8 and 24.6 °C, respectively. Av-
erage night-time temperature of water and air were 23.3 and 21.1 °C, respectively. 

Growth analysis and modelling

Plants were grown in aerated 30 L containers with a surface area of 1505 cm2  con-
taining a non-limiting nutrient solution, including nitrate: KNO3 2 mM, Ca(NO3)2.4H20 
0.34 mM, KH2PO4 0.42 mM, MgSO4.7H2O 0.21 mM, MnSO4.H2O 3.6 µM, H3Bo3 13.4 
µM, ZnSO4.5H2O 0.53 µM, CuSO4.5H20 0.10 µM, Fe-EDTA 3.6 µM, Na2Mo4·2H2O 
0.16 μM. The solution was replaced every two weeks; pH varied between 6 and 7, 
and when necessary pH was adjusted using H2SO4. CO2 concentration in the growth 
room was maintained at ambient concentrations (400-450 ppm). Each container 
was divided into 15 compartments using a Plexiglas construction. In each compart-
ment two plants were inserted. Twice a week one randomly chosen compartment, 
per species and per container (n=6), was destructively harvested. Plants were ov-
en-dried for 3 days at 30-35 °C and subsequently their dry weight was determined. 
In the analysis two growth phases were distinguished: exponential growth and linear 
growth. Plant growth was modelled by:

Where  t = time (d), te→l = time point when the growth phase shifts from exponen-
tial to linear phase (d), yt = standing crop at time t (kg ha-1), y0 = standing crop at the 
start of the experiment (kg ha-1), RGR = relative growth rate (d-1) ,b = standing crop at 
the start of the linear growth phase (kg ha-1) and AGR = absolute growth rate (kg ha-1 
d-1). Standing crop under continuous harvesting was modelled by:
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Where yn = standing crop after harvest n (kg ha-1) p = harvest period (d) and Ah 
= harvest area (%). When the culture is in equilibrium, standing crop is a function of 
growth, harvest period and harvest area, i.e:

Harvest experiments

A. filiculoides and A. pinnata were grown indoors using 30 L containers similar 
to growth analysis experiment (n=5 for each species). The net surface area of each 
container was 1495 cm2. Depending on the harvest scheme, 14% or 33% of the sur-
face area was harvested daily or respectively twice a week. Medium replenishment 
and nutrient composition were optimized by calculating nutrient depletion: 

Where Nt = Nutrient concentration at time t (mg L-1), N0 = Nutrient concentration 
of the initial solution (mg L-1), AGR = average growth rate (g DW m-2 d-1), t = time (d), 
A = culture area (m2), V = medium volume (m3), pn = period after which nutrients are 
added (d). Nr = Nutrients added (mg L-1). The AGR was obtained from our growth 
analyses and biomass nutrient composition was based on literature data (Alalade and 
Iyayi, 2006). The growth medium contained 0.7 mM KNO3, 0.1 mMCa(NO3)2.4H2O, 
0.13 mM KH2PO4 and 0.1 mM MgSO4·7H2O of macronutrients and 4.7 μM Fe-EDTA, 
2.2 μM MnSO4·H2O, 0.1 μM Na2Mo4·2H2O, 8.1 μM H3B3, 0.06 μM CuSO4·5H2O and 
3.1 μM ZnSO4·5H2O of trace elements. The complete 30 L solution was replaced 
every two weeks, in between these periods, medium concentrate was supplied to 
1x concentration every 3.5 d. CO2 concentration in the growth room was maintained 
at ambient level (400-450 ppm). Harvested biomass was dried, weighed and stored 
until further analyses.

In the outdoor experiment, A. filiculoides was grown from June 23 until august 4 
2014 in Wageningen, the Netherlands, in 6 m2 outdoor ponds with each a volume 
of 3500 L (n=6). Every week 40% of the total surface area was harvested. Compo-
sition of the growth medium and nutrient replenishment were identical to the indoor 
harvest experiments. 

Nitrogen and phosphorus uptake

Nitrogen and phosphorus concentration in the growth medium were analyzed 
during the harvest experiments at ambient CO2, using a DR5000 Analyzer (Hach-
Lange). Shortly after the solution was replaced aliquots of the solution were tak-
en from each container and analyzed for nitrate-N and ortho-P concentrations. The 
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same procedure was followed three days later shortly before harvest of 33% of the 
surface area. After harvesting, water samples were taken and fresh nutrients were 
added as described above. This provided data for nutrient depletion over the course 
of three harvest intervals. 

Protein and amino acid analysis

Plant material was ground after freezing with liquid nitrogen and subsequently 
freeze-dried. Total biomass nitrogen was analyzed in all growth replicates using the 
Dumas method (Silliker, Merieux Nutriscience, Netherlands). Total amino acid analy-
ses were performed in triplicate and using three different methods: 1) acid hydrolysis 
for most of the amino acids, 2) oxidation followed by acid hydrolysis for cysteine and 
methionine, 3) alkaline hydrolysis for tryptophan. Amino acids in acid hydrolysates 
were determined using ion-exchange liquid chromatography with post-column Nin-
hydrin derivatisation and photometric detection (BiochromAAA) and Li-Citrate and 
Na-Citrate buffer system elution. Tryptophan was quantified by reversed phase 
HPLC. Amino acids were expressed as mg g-1 total amino acids (AA). Protein con-
centrations were estimated by correcting total AA for the gain of a water molecule 
during hydrolysis. 

Crude lipid and total phenol analysis

Plant material of each batch was dried for three days at 30 °C, then ground 
(Retsch ZM200 grinder equipped with a 1 mm sieve). One gram of material was 
used for dry weight determination after further oven drying at 105°C for 24h followed 
by 1h cooling in an exsiccator with activated silica. The remainder of the materi-
al was Soxhlet extracted with a 9:1 dichloromethane (DCM) to methanol (MeOH) 
solution for 24 hours with a water-bath temperature of 80°C. The collected extracts 
were dried using a rotary evaporator and weighed to determine the amount of ‘crude 
lipids’.

After Soxhlet extraction plant residues were collected and dried. Total phenol was 
determined in triplicate after extraction of 100 mg biomass with 10 mL of aqueous 
acetone (30:70, v/v) for 24 h at 20 °C using the Folin-Ciocalteu assay (Waterman 
and Mole, 1994) in two technical replicates. Tannic acid was used as the calibration 
standard. Literature data, used for comparison, presented in gallic acid equivalent 
was converted to tannic acid equivalent according to the relative reactivity with the 
Folin-Ciocalteu reagent (Everette et al., 2010).
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Results and discussion

Growth analyses for modelling of a continuous harvest system

To model a continuous production system for Azolla species, we determined 
growth rates experimentally in a temperate species, A. filiculoides, and a subtropical 
species, A. pinnata. Ferns were cultured in excess and well aerated medium and 
their growth analyzed at 300 µmol m2 s-1 in a 16h, 23°C, day-cycle reducing the 
temperature to 20°C at night (Figure 1a, b). Growth was exponential for the first 8 
d (R2=0.999 and R2=1.000 respectively), then shifted to linear 8-12 d after the start 
of the experiment, when cultures reached a standing crop i.e. the total dry weight 
biomass present on the surface area, between 300-600 kg ha-1. Growth remained 
linear at least until a standing crop of 1800 kg ha-1. 

Figure 1. Growth analyses and derived model predictions. Standing crop as dry weight (DW) 
over time is given for growth analysis of A. filicuoides (a) and A. pinnata (b) cultures (n=6). 
Model predictions are given for standing crop before harvest (circle), standing cropafter har-
vest (diamond) (c) and daily biomass harvest (d) for three harvest schemes: 40% once a week 
(black) , 33% twice a week (red) and 14% daily (blue).
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Relative growth rates (RGR) calculated over the first three time points of expo-
nential growth were 0.337±0.078 d-1 for A. filiculoides and 0.317±0.034 d-1 for A.pin-
nata and were within the range 0.12 to 0.5 d-1 previously reported (van Kempen et 
al., 2013; Speelman et al., 2009; Sah et al., 1989; Cary and Weerts, 1992; Cheng 
et al., 2010; Debusk and Reddy, 1987; Maejima et al., 2001). RGRs obtained com-
pared with those from the macrophytes Salvinia natans (0.28 d-1) (Jampeetong and 
Brix, 2009) and Eichhornia crassipes (0.23 d-1) (Xie et al., 2004), but were somewhat 
lower than those reported for duckweeds Wolffiella hyaline (0.52 d-1) and Lemna gib-
ba (0.50 d-1) (Ziegler et al., 2015). The high RGRs reflect the ability of Azolla plants, 
and other floating macrophytes, to expand horizontally on the surface avoiding com-
petition as long as the surface is not fully covered, opposed to the vertical growth of 
land plants for which competition for light starts shortly after emergence (Goudriaan 
and Monteith, 1990). 

However, by definition, the highest growth per unit of surface area is not obtained 
in the exponential growth phase but in the linear growth phase, as the slope of 
standing crop versus time reaches is maximum (Figure 1). Hence when considering 
Azolla species, and other macrophytes, for their potential biomass yields, absolute 
growth rates (AGR) relative to production surface needed to be considered instead 
of RGRs. AGRs were at a maximum during the linear growth phase when increases 
of 119±14 kg dry weight (DW) ha-1 d-1 and 111±7 kg DW ha-1 d-1 were determined for 
A. filiculoides and A. pinnata respectively (Figure 1a, 1b). Growth rates of the two 
species did not differ significantly (p<0.05) from each other.

Using the absolute growth rates derived experimentally, production in a contin-
uous harvest system was modelled varying input parameters: initial standing crop, 
harvest period and harvest area (Material and Methods). The model predicted that 
equilibrium conditions would be independent of initial standing crop. That is, although 
a high initial standing crop results in short term high yields, the long term cumulative 
harvest is unaltered. Our model indicated that, once in equilibrium, standing crop is 
a direct function of harvesting period and harvest area. Assuming an initial standing 
crop of 1000 kg ha-1 and an absolute growth of 109 kg DW ha-1 d-1, the model was 
used to predict outcome in terms of standing crop before and after harvest in three 
harvesting schemes: 14% daily, 33% twice a week and 40% once a week (Figure 
1c). When harvesting 14% daily, standing crop after harvest was close to the lower 
limit of the linear growth phase, whereas when harvesting 40% once a week the 
standing crop before harvest was around 1800 kg ha-1. The daily harvest, however, 
was equal for all harvesting schemes once the standing crop had reached its equi-
librium phase (Figure 1d). Therefore the model predicted that harvesting period and 
harvest area may be chosen freely without loss in yield as long as standing crop 
remains in the linear growth phase before and after harvest. 
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Harvest experiments to verify the growth model and determine 
productivity

Preliminary experiments showed that standing crop evolves over time as predict-
ed by the model (Supplemental data A). However, productivity could not be deter-
mined since cultures were close to equilibrium only at the end of the experiments. 
Determining productivity would either require experiments to be performed over 
longer time periods such that initial perturbations become negligible, or require start-
ing the experiment with an initial standing crop close to the expected equilibrium. 
The former approach was taken by maintaining cultures of A. filiculoides and A. 
pinnata for over 100 d, while harvesting 33% of the surface area twice a week. A. fil-
iculoides cultures equilibrated at around 1000 kg ha-1 before harvest and 670 kg ha-1 
after harvest (Figure 2a). A. pinnata cultures reached a lower equilibrium, i.e. 900 
kg ha-1 before harvest and 600 kg ha-1 after harvest (Figure 2b). For both species, 

Figure 2. Continuous harvest experiments in controlled and outdoor conditions. Standing 
crop DW is given before (circle) and after (diamond) harvest of A. filicuoides (a) and A. pinna-
ta (b) cultures (n=5).(c) The outdoor growth setup. (d) Outdoor standing crop before harvest, 
after harvest and cumulative harvest (triangle) (n=6).
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equilibrium was reached later than expected due to perturbations in the standing 
crop caused by delaying two harvests at days 27 and 67. However, at all time points, 
standing crop remained within the linear phase defined in the growth analysis. 

To test whether this approach was applicable to a larger scale and an outdoor 
climate, A. filiculoides collected from a local ditch was grown in 6 m2 open ponds in 
June 2014 in the Netherlands (Figure 2c). Each week 40% of the pond’s total surface 
area was harvested. To determine productivity, initial standing crop was chosen such 
that it was close to the expected equilibrium. Standing crop remained stable during 
the experiment, varying around 1740 kg ha-1 before harvest and 1040 kg ha-1 after 
harvest. Cumulative harvested biomass increased linearly over a period of 42 d (Fig-
ure 2d), resulting in a productivity of 97.1±4.1 kg DW ha-1 d-1 (n=6). 

We therefore conclude that a continuous harvest system can be used to maintain 
cultures in the linear growth phase and to get predictable biomass yields, both under 
controlled conditions and outdoors in the Dutch temperate climate, at least for the 
period and light intensities tested.

Nutrient input during indoor growth experiments

Monitoring nitrogen and phosphate nutrients in the medium during indoor growth 
experiments revealed that phosphate was, as expected, depleted during growth and 
replenished when adding nutrients. The nitrate in the medium, however, was not 
depleted and as a consequence increased stepwise reaching 3.4 mM after 2 weeks 
(Figure 3b,d). The N2-fixing symbiont N. azollae apparently provided all nitrogen 
incorporated in both species, and nitrate concentrations up to 3.4 mM did not inhibit 
N2-fixation. This is consistent with 80-97 % of the N incorporated in A. pinnata bio-
mass deriving from N2 fixation at 1 mM NO3 (Sah et al., 1989). At concentrations of 
nitrate and, especially, ammonium above 5 mM, however, N2-fixation was inhibited in 
Azolla ferns (Ito and Watanabe, 1983). We conclude that Azolla ferns have particular 
potential for production systems without N-fertilizer, consistent with their long-estab-
lished use as bio-fertilizers in rice paddy fields (Shi and Hall, 1988; Wagner, 1997). 

Biomass yields in ambient and elevated CO2

The cumulative harvested biomass from the indoor experiments is depicted in 
Figure 3a,c.  Harvested biomass accumulated linearly over time, yielding 97.2±4.0 
kg DW ha-1 d-1 and 90.0±6.2 kg DW-1 ha-1 d-1 for A. filiculoides and A. pinnata respec-
tively. These yields were somewhat lower than expected from the growth analysis, 
which could be attributed to frequent handling of the plants and susceptibility to path-
ogens. Productivity of A. filiculoides grown outdoors in the Dutch summer climate, 
i.e. 97.1±4.1 kg DW ha-1 d-1 over 42 d, was close to the productivity predicted by 
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indoor experiments at ambient CO2 concentrations.
The only previously reported continuous harvest pilot using Azolla, carried out over 

154 d in outdoor ponds recycling chicken farm waste in Colombia, reached similar  
productivities (107 kg DW ha-1 d-1) (Becerra et al., 1990). For two other floating mac-
rophytes: Salvinia molesta and Pistia stratioles, average productivities reached 94 
and 117 kg DW ha-1 d-1 over a period of 122 d in an outdoor facility in Saõ Pao-
lo, Brazil (Henry-Silva et al., 2008); Eichhornia crassipes (water hyacinth) was yet 
more productive at 245 kg DW ha-1 d-1 when harvested over a one-year period in an 
outdoor system in Florida, USA (Reddy and D’Angelo, 1990). Compared to arable 
crops, the biomass productivity of Azolla was not exceptionally high: maximum bio-
mass increases for Zea mays and Brassica napus of over 200 kg DW ha-1 d-1 have 
been observed (Rajcan and Tollenaar, 1999; Diepenbrock, 2000). In these crops, 
however, high growth rates are restricted to vegetative growth after seedling estab-
lishment. In contrast, Azolla ferns exhibit continuously fast vegetative growth as long 

Figure 3. Biomass yields and nutrient use of A. filiculoides and A. pinnata in productive con-
ditions. Cumulative harvest in dry weight (DW) for ambient (red) and elevated (800ppm) CO2 
conditions (green) (n=5) (a,b). Nitrate (black lines) and phosphate (grey lines) concentrations 
in the medium over a monitoring period of 11 d during the ambient CO2 experiment (n=3) (c,d).
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as they are regularly harvested and given sufficient nutrients.  
The possibility that productivity could be increased further by adding CO2 was test-

ed by elevating CO2 concentrations in the growth chamber to 800 ppm, while keep-
ing all other environmental factors constant. Again, harvested biomass accumulated 
linearly over the 40 d tested; the productivities, however, increased to 132.4±4.0 kg 
DW ha-1 d-1 for A. filiculoides and 132.3±5.4 kg DW ha-1 d-1 for A. pinnata (Figure 3 
a,b), corresponding to an increase of 36% and 47% for A. filiculoides and A. pinna-
ta respectively. This yield increase was only slightly lower than observed for ferns 
growing exponentially in batch experiments (50%) (Speelman et al., 2009), hence 
adding CO2 can also considerably boost yields of continious production systems.  

Nitrogen & protein content in Azolla biomass 

Given the need for sustainable protein crops, we measured total nitrogen and 
amino acid (AA) contents in the biomass of A. filiculoides and A. pinnata, obtained 
from the indoor harvest experiments. Nitrogen concentrations in Azolla biomass var-
ied between 3.7-4.1% (Table 1). The sum of amino acids (AA) ranged from 20.8 to 
24.4% and the AAs contained 82-88% of the total nitrogen in the biomass. Protein 
concentration was estimated at 17.6-20.8% (Table 1). The ratio of protein concentra-
tion over nitrogen concentration in AA ranged from 5.6 to 5.7, revealing that Azolla 
proteins contain more nitrogen than the reference protein bovine albumin serum 
(BSA), which has a ratio of 6.25. Since a considerable fraction of the nitrogen was 
not incorporated in amino acids, the overall ratio between protein and total nitrogen 
was calculated at 4.9-5.0. The simplified estimation of crude protein by multiplying 

Figure 4. Concentration of nitrogen (n=6), total amino acids (AA) and protein (n=3) (as % 
of the dry weight) and derived ratio’s for A. filiculoides and A. pinnata grown at ambient and 
elevated CO2 (800 ppm).

Ambient CO2  Elevated CO2

A. filiculoides A. pinnata A. filiculoides A. pinnata

Total nitrogen 4.0 ± 0.3 a 3.7 ± 0.3 b 4.1 ± 0.2 a 3.7 ± 0.1 b

Total AA 22.7 ± 2.1 a 20.5 ± 1.9 b 24.3 ± 1.5 a 21.2 ± 0.3 b

AA nitrogen 3.5 ± 0.5 a 3.1 ± 0.3 b 3.6 ± 0.2 a 3.2 ± 0.0 b

Non-AA nitrogen 0.4 ± 0.1 a 0.5 ± 0.1 a 0.6 ± 0.1 a 0.6 ± 0.1 a

Protein estimate 19.5 ± 1.8 a 17.6 ± 1.6 b 20.8 ± 1.3 a 18.2 ± 0.3 b

Ratio protein  :  
AA Nitrogen 5.6 ± 0.9 a 5.7 ± 0.7 a 5.8 ± 0.5 a 5.7 ± 0.1 a

Ratio protein  : 
total nitrogen 4.9 ± 0.1 a 4.9 ± 0.1 a 5.0 ± 0.1 a 4.9 ± 0.1 a

Superscript letters indicate possible significant differences(p<0.05), based on a two-way ANOVA.
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total nitrogen with 6.25 is therefore unsuitable for Azolla biomass, which has also 
been reported for leaves of Nigerian crops (3.24-5.17), duckweed (4.8), water hya-
cinth (4.6), and Ulva lactuca (4.6) (Magomya et al., 2014; Zhao et al., 2014; Bikker 
et al., 2016). In Azolla, the additional nitrogen may be present as inorganic nitrogen, 
such as ammonium in the leaf pockets (Canini et al., 1990), or as nitrogen-contain-
ing organic compounds other than amino acids. 

Statistical analyses indicated that A. filiculoides contained significantly more ni-
trogen and protein (P<0.05) than A. pinnata. This significant difference also held 
for the total AA and AA-nitrogen, whilst the amount of non-AA nitrogen was similar 
across species and treatments. Increasing CO2, although increasing growth rates, 
did not lead to a decrease in nitrogen, nor in protein content. Although not significant 
(P>0.05) the ferns grown under elevated CO2 seem to have had a slightly increased 
protein and nitrogen content, in addition to their increased biomass productivity ob-
served in Figure 3a,c. Since more biomass was produced under elevated CO2 net 
nitrogen-assimilation increased as well. Increased nitrogen fixation under elevated 
CO2 has been reported in the N2-fixing legumes Galactia elliottii (Hungate et al., 
1999) and Medicago sativa (Luscher et al., 2000), which was attributed to increased 
transport of photosynthates to the nodules (Soussana and Hartwig, 1996). Alterna-
tively, increased CO2 may have directly increased N2-fixation by cyanobacteria in the 
fern leaf cavities. This is in line with previous studies showing nitrogenase activity 
being increased 2.6 fold when the cyanobacterium Anabaena fertilissima was grown 
at 6% CO2 compared to ambient CO2 (Chinnasamy et al., 2009) and 900 ppm CO2 
increasing nitrogen fixation rates 1.5-3 fold compared to ambient CO2 in the marine 
cyanobacterium Trichodesmium (Levitan et al., 2007). Still, experiments carried out 
here did not rule out enhanced nitrate-uptake at elevated CO2. Irrespective, the ad-
dition of CO2 from industry, electricity or heat generation to an Azolla production sys-
tem is expected to boost biomass productivity with no reduction of protein content.

Based on the productivities obtained in this study, annual yields of 32.8-35.5 t DW 
ha-1 year-1 and 48.3 t DW ha-1 year-1 can be expected from a fully controlled indoor 
production system using ambient CO2 and 800 ppm CO2 concentrations, respec-
tively. Depending on the species, the annually harvested biomass contains 6.8-7.9 t 
protein ha-1 year-1 for a controlled system at ambient CO2 and 10.3-11.8 t protein ha-1 
year-1 at elevated CO2. Given the productivity of A. filiculoides in the outdoor system, 
the stable monthly photosynthetically active radiation during the growth season in 
the Netherlands from May to September and the lack of response of A. filiculoides 
productivity to lower temperatures (Supplemental data A), minimum productivity out-
doors of 15 t DW ha-1 year-1 appears feasible in a temperate climate, corresponding 
to 3.6 t protein ha-1 year-1. Protein yields obtained in tropical regions of up to 9 t pro-
tein ha-1 year-1 (Becerra et al., 1990) were considerably higher than those predicted 
in a temperate climate and close to yields of 6.8-7.9 t protein ha-1 year-1 obtained in 
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controlled conditions. Also thriving in the (sub)tropics, water hyacinth exhibited fast-
er growth rates (54.93 t DW ha-1 year-1), but contained only 12.7% protein, thereby 
reaching production rates of 7.0 t protein ha-1 year-1, in a field test in China (Zhao et 
al., 2014). In the same experiment duckweed grew slower (26.5 t DW ha-1 year-1), but 
had a high protein content of 25.8 %, thus yielding 6.8 t protein ha-1 year-1 (Zhao et 
al., 2014). Depending on growth rates, marine algae, such as Derbesia tenuissima, 
have produced even higher protein yields i.e. 9.3 – 15.8 t protein ha-1 year-1 (Neveux 
et al., 2015). The most established protein crop, soybean (Glycine max) can yield 
2 t protein ha-1 year-1 in subtropical regions, but only fixes 50% of the organic nitro-
gen exported from the field as seed (Salvagiotti et al., 2008) and legumes used for 
protein feed in Europe whilst yielding 15-21 t DW ha-1 year-1 or 2.2 t N ha-1 year-1 still 
require at least 150 kg N fertilizer ha-1 year-1 (Anglade et al., 2015; Pugesgaard et al., 
2015). The major advantage of Azolla over other floating plants and green algae, we 
conclude, is that it does not require N-fertilizer input. Its advantage over established 
crops derives from the combination of no N-input, no requirement for arable land and 
high yields. 

Azolla biomass amino acid profile suits feed applications 

In feeding trials Azolla could be included in diets at rates of 10% for poultry, 
15% for sows and 25% for tilapia fish, but higher inclusion rates negatively affected 
animal weight and overall digestibility, meaning that commercial soybean meal or 
fishfeed could not be fully replaced by Azolla (Leterme et al., 2010; Abdel-Tawwab, 
2008; Becerra et al., 1990; Alalade and Iyayi, 2006). The amino acid composition of 
Azolla was previously suggested to limit the inclusion rate (Alalade and Iyayi, 2006; 
Sanginga and van Hove, 1989). To determine whether the Azolla biomass from the 
productive system was suitable as a source of feed we analyzed individual amino 
acids for all species and treatments. Although concentrations of several individual 
amino acids differed between species and CO2 treatment, differences were small 
(<10%) (Table 2). Noteworthy exceptions include concentrations of tryptophan and 
alanine, which increased by 18% and 17% when A. filiculoides was grown in elevat-
ed versus ambient CO2 concentrations. Concentrations of cysteine and histidine in 
A. filiculoides decreased by respectively 14% and 11% in ferns grown at elevated 
versus ambient CO2 (Table 2).

Compared to soybean meal, Azolla contained a higher proportion of all essential 
amino acids except for histidine (Figure 4a). Histidine is, however, not the limiting 
amino acid in many feeds (Figure 4b). For Nile tilapia and chicken the sulfur con-
taining AA (SAA) were limiting (Figure 5). Levels of methionine were 68-72% of the 
level recommended for Nile tilapia and 91-97% of those for laying hens. Levels of 
combined methionine and cysteine equaled 92-95% of the recommended concen-
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tration for Nile Tilapia, 77-79% of that for laying hens and 82-85% of that for broilers. 
For dairy cows, lysine (79-85 %), methionine (91-97 %) and threonine (93-102%) 
were slightly limiting (Figure 4b). But when compared to soybean meal Azolla was 
superior because of its higher relative concentrations of methionine and threonine 
(Figure 5a). As Becerra et al. (1990) reported, an improved composition of essential 
amino acids, including methionine and cysteine, was consistently seen in pig diets 
of which 15-30% of soy protein was replaced by Azolla (Becerra et al., 1990). Azolla 
essential amino acid composition, furthermore, met all requirements for growing pigs 
(50-88 kg) and adult humans (Figure 5b) (NRC, 1998; FAO, 2013). We conclude that 
slight deficiencies in specific essential amino acids with respect to recommended 
levels for chicken, tilapia and dairy cows cannot explain the limited inclusion rate 

Table 1. Amino acid concentrations in biomass of A. filiculoides and A. pinnata 
grown at ambient and elevated (800 ppm) CO2 concentrations (n=3).

Amino acid

Amino acid concentration, mg g-1 total amino acids

Ambient CO2  Elevated CO2

A. filiculoides A. pinnata A. filiculoides A. pinnata

Arginine (Arg) 69.5 ± 5.2 b 66.9 ± 4.7 b 71.4 ± 7.3 a 69.7 ± 1.4 b

Histidine (His) 21.4 ± 1.9 b 18.9 ± 1.1 b 21.7 ± 1.7 a 21.6 ± 0.3 b

Isoleucine (Ile) 50 ± 4.2 a 51.8 ± 3.4 a 49.7 ± 5.6 b 50.2 ± 0.9 a

Leucine (Leu) 88.6 ± 8.1 ab 88.1 ± 5.5 b 90.3 ± 9.5 a 92.2 ± 1.5 c

Lysine (Lys) 57.6 ± 6.0 b 54.2 ± 3.3 a 55.2 ± 6.9 a 53.6 ± 0.5 a

Methionine (Met) 18.1 ± 0.6 a 19.2 ± 1.5 a 19.1 ± 1.2 a 19.5 ± 0.5 a

Phenylalanine (Phe) 59.2 ± 5.4 b 54.2 ± 2.8 b 59.4 ± 5.8 a 58.9 ± 0.8 b

Threonine (Thr) 50.8 ± 4.9 b 53.2 ± 3.3 a 49.1 ± 4.3 c 50.7 ± 0.8 b

Tryptophan (Trp) 15.5 ± 1.0 a 18.3 ± 0.9 bc 17.2 ± 1.0 c 16.6 ± 0.5 ab

Valine (Val) 60.3 ± 5.2 a 60.4 ± 3.5 a 60.3 ± 6.3 a 60.3 ± 0.8 a

Alanine (Ala) 63.7 ± 5.9 a 74 ± 5.5 b 69.3 ± 6.0 d 71.6 ± 1.4 c

Aspartic acid (Asp) 
+ Asparagine (Asn) 104 ± 8.2 b 104 ± 6.5 a 99.6 ± 8.4 b 101 ± 1.8 a

Cysteine (Cys) 11.6 ± 0.3 b 9.98 ± 0.5 b 11.8 ± 0.6 a 11.2 ± 0.1 b

Glutamicacid (Glu) 
+ Glutamine (Gln) 144 ± 18 b 137 ± 7.4 a 137 ± 9.8 ab 131 ± 2.0 a

Glycine (Gly) 54.9 ± 4.6 a 55.2 ± 3.1 a 55.2 ± 5.3 a 55.5 ± 0.6 b

Proline (Pro) 42.9 ± 4.2 a 42.6 ± 2.4 b 45.6 ± 5.3 a 45 ± 0.3 b

Serine (Ser) 49 ± 4.6 a 51.6 ± 3.4 b 50.3 ± 4.3 c 51.8 ± 0.8 c

Tyrosine (Tyr) 38.9 ± 3.9 ab 40.8 ± 3.0 a 38.3 ± 4.0 c 39.7 ± 1.1 bc

Superscript letters indicate possible significant differences (p<0.05), based on two-way ANOVA and a 
fischer LSD post hoc test.
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of Azolla biomass in feeding trials. To domesticate Azolla as a protein crop, there-
fore, other components affecting biomass digestibility need to be characterized, then  
either bred or extracted out.

Figure 5. Essential amino acid (AA) concentrations in protein from Azolla compared to soy-
bean (Glycine max) meal and their suitability for feed. (a) Depicts the ratios of the average AA 
concentration in Azolla species over the average of soybean meal, over three independent 
studies (Ravindran et al., 2014; Eweedah et al., 1997; Karr-Lilienthal et al., 2005). The sum 
of sulfur containing amino acids (Sum SAA), the sum of the aromatic amino acids (Sum AAA) 
and the combinations of Phe+Tyr and Glyc+Ser are also compared. In (b) ratios are shown of 
amino acid concentrations in Azolla over concentration-minima required in food for humans 
and feed for pigs, dairy cows, laying hens, broilers and tilapia (FAO, 2013; NRC, 1998; NRC, 
2001; NRC, 1994; Santiago and Lovell, 1988) Standard deviations indicate variation between 
Azolla biomass of both species and treatments.
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Selecting species and growth conditions on (poly)phenol- and 
lipid-content to improve biomass value

Suggested causes for lowering digestibility of Azolla biomass also included high 
lignin and low energy content (Becerra et al., 1990; Leterme et al., 2010; Abdel-Taw-
wab, 2008; Alalade and Iyayi, 2006). Lignin is, however, not present in Azolla, which 
instead contains (poly)phenolic tannins (Nierop et al., 2011). These tannins likely 
decrease digestibility when binding to proteins upon digestion of the biomass (Skra-
banja et al., 2000; Bravo, 1998). Total soluble (poly)phenols and crude lipids were 
therefore measured in biomass harvested from A. filiculoides and A. pinnata grown 
at ambient and elevated CO2 (Figure 5). Soluble (poly)phenol levels, assayed as tan-
nic acid (TA) equivalents per unit of dry weight, were high (20.9-69.1 mg g-1; Figure 
5a) compared to foodstuff, such as fruits (1.47-6.22 mg g-1), beans (1.26-6.67 mg 
g-1) and nuts (0.56-9.2 mg g-1) (Nicoletto et al., 2013; Martínez et al., 2012; Wolosiak 
et al., 2011; Malencic et al., 2007; Kornsteiner et al., 2006; Everette et al., 2010). 
Soluble (poly)phenols were 3.3 times more abundant in A. pinnata reaching 6.91 % 
(TA-eq.) at ambient CO2 (Figure 5a). Crude lipid yields represented roughly 10 % 
of the dry weight when ferns of either species were grown at ambient CO2 (Figure 
5b). Hence, besides higher yield and protein content, A. filiculoides contained less 
(poly)phenols than A. pinnata when grown at ambient CO2, making it a more suitable 
protein feed.

In A. pinnata, elevated CO2 altered neither lipids nor soluble (poly)phenols sig-
nificantly. In A. filiculoides, however, elevated CO2 decreased (0.78 fold) crude lipid 

Figure 6. The effect of Azolla species and CO2 concentration on total phenol and crude li-
pid content. Total phenol is expressed as mg Tannic Acid (TA) equivalent (a) and Lipids are 
measured by weight (b) in dry biomass of A. filiculoides  (Af) and A. pinnata (Ap) grown under 
ambient (Ap-A, Af-A) and elevated (800 ppm) CO2 (Ap-E, Af-E) (n=3).
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and increased (2.1 fold) total soluble (poly)phenols (Figure 5a,b). Although adding 
CO2 increased protein yield in A. filiculoides, it reduced cysteine and lipid content 
and increased total (poly)phenol content, which may reduce caloric value and di-
gestibility of the Azolla biomass. More research is needed to confirm the effects of 
polyphenol and lipid content on biomass digestibility. This knowledge may then be 
used to increase biomass value further, by using breeding and selection to produce 
Azolla varieties with more favorable (chemical) properties, which is now possible 
due to recent advances in cryo-preservation and in vitro fertilization of Azolla spores 
(Brouwer et al., 2014). Alternatively, or additionally, multiple products may be refined 
from Azolla biomass thereby increasing the value of the production chain. Protein 
extraction would ideally yield a more concentrated product free of any anti-nutritional 
factors. Besides extracting proteins, lipids may be isolated and converted into high 
quality biodiesel (Brouwer et al., 2015). Various (poly)phenolic compounds are of 
interest as food additives due to their health-promoting effects (Bravo, 1998; Yo-
kohira et al., 2008) or are useful as chemical building blocks for various aromatic 
compounds, which are currently synthetized from the benzene, toluene and xylene 
fraction of fossil oil (Bruijnincx and Weckhuysen, 2013). In particular, caffeic acid 
from Azolla (Ishikura, 1982) may be used for synthesis of bioplastics resistant to high 
temperatures (Chauzar et al., 2012). Efficient and economical extraction processes, 
however, need to be developed for Azolla to enable such bio-refining in the future. 

Conclusions

Production systems using continuous harvesting allow to obtain high biomass 
yields for A. filiculoides and A. pinnata, without using nitrogen fertilizer. The high 
levels of protein and favorable amino acid content with respect to soybean suit ap-
plication of the biomass as feed. However the high content of (poly)phenols (up to 
7% of the dry weight) is likely responsible for the reported limits in the inclusion rate 
of Azolla in the diet of animals. In terms of biomass yield, protein content and (poly)
phenol content, A. filiculoides is a more suitable species for the use as animal feed 
than A. pinnata. Our results show a clear case for combining Azolla cultivation with 
CO2 waste streams, as elevating CO2 concentrations to 800ppm boosted productiv-
ity to 48.3 t DW ha-1 year-1 without loss in protein content. Increasing CO2 concen-
trations did increase (poly)phenol content and decreased lipid content. The effects 
of (poly)phenols on applicability of Azolla as protein feed need further investigation. 
Breeding and selection for more favorable Azolla strains as well as bio-refining to 
produce multiple value-adding products may be used to further enhance the value of 
an Azolla production chain. 
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Abstract 

The aquatic fern Azolla is one of the fastest-growing nitrogen-fixing plants on 
Earth and therefore considered as a potential source of biomass for bioenergy  
production. The lipid fraction from Azolla filiculoides was analyzed to investigate wheth-
er it suited biodiesel production. Since the productivity of Azolla is further increased 
at higher CO2 concentrations, A. filiculoides biomass was produced at 800 ppm CO2 
mimicking a cultivation system utilizing CO2 waste from industry. The harvested 
biomass contained 7.92±0.14 % dry weight (dw) crude lipids. Drying conditions did 
not significantly affect lipid composition or yields, indicating that drying conditions 
may be energetically optimized without the risk of product loss. Total lipid extracts 
contained 4.2±0.38 % free fatty acids. Of the crude lipid fraction, 41±13 % consisted 
of fatty acids that were converted into fatty acid methyl esters upon saponification 
in methanol. Unique mid-chain (di)hydroxy compounds constituted 7.2±2.8 % of the 
crude lipids. Based on the fatty acid profile, it was estimated that Azolla biodiesel 
meets requirements set by the EN14214 standard on fuel density, cetane number, 
and iodine value. The cold filter plugging point (CFPP), however, is expected to be 
too high due to relatively high concentrations of lignoceric acid and the presence of 
the mid-chain (di)hydroxy compounds. To produce high-quality biodiesel from Azolla 
lipids a fractionation step will be required removing these compounds. As an advan-
tage, the long-chain alcohols and (di)hydroxy fatty acids obtained after fractionation 
may provide a valuable secondary product stream with applications to chemical in-
dustry and nutrition.
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Introduction

Since fossil resources are finite and their large-scale use as fuels has a negative 
impact on global climate, alternative resources for energy and materials are needed. 
It is expected that, with the depletion of fossil resources, plants will need to provide 
an important proportion of our requirements for fuels and chemicals (EPSO, 2005).

However, not all plant-based alternatives are equally sustainable. Current bio-
diesel feedstocks, i.e., soybean, rapeseed, palm, and sunflower oil, suffer from low 
land use efficiency, high input requirement (de Vries et al., 2010), and competition for 
arable land with food production. Hence, to produce fuels and chemicals in a more 
sustainable way, novel crops are sought that are lowinput, land-efficient, and highly 
productive. The floating water fern Azolla is one such potential novel crop. It can be 
cultivated in closed systems on non-arable land or in natural occurring freshwater 
basins. It is known for its high growth rates: In a 154-day outdoor growth experiment, 
Becerra et al. (1990) estimated the annual productivity of Azolla filiculoides to be 39 t 
dry weight per hectare. Moreover, Azolla reaches high growth rates without inorgan-
ic nitrogen in its growth medium (Sah et al., 1989), due to its symbiotic relationship 
with nitrogen-fixing cyanobacteria (Nostoc azollae). Active CO2 supply may increase 
the productivity of Azolla even further by 53% at 760 ppm CO2 compared to that at 
340 ppm (Speelman et al., 2009a).

Until now, Azolla has been applied as biofertilizer in rice paddy fields, investigat-
ed as a biosorbent of heavy metals (Wagner, 1997), and evaluated as raw animal 
feed (Abdel-Tawwab, 2008; Alalade and Iyayi, 2006; Leterme et al., 2010) or protein 
feed (Fasakin, 1999). For biofuel or bioenergy production, so far, anaerobic fermen-
tation to produce biogas (Abassi et al., 1990; Jain et al., 1992) and pyrolysis of whole 
Azolla biomass have been suggested (Muradov et al., 2014).

In the present study, we focus on the lipid fraction of Azolla as a source of bio-
diesel. The lipid fraction contains ester-bound fatty acids (FAs) which may be con-
verted into biodiesel using standard alkaline trans-methylation. Biodiesel quality can 
be predicted from the FA profile of the feedstock (Moser and Vaughn, 2012). There-
fore, various researchers have developed, and used, numerical models to estimate 
biodiesel quality indicators including density, cetane number, iodine value, and cold 
filter plugging point (CFPP), using FA profiles (Ramos et al., 2009; Lapuerta et al., 
2009; Lapuerta et al., 2010; Arias-Peñaranda et al., 2013; Yadav et al., 2012; Hus-
sain et al., 2014). To assess the quality of biodiesel produced from Azolla using 
these numerical models, quantitative information on its lipid composition is required.

Existing reports on Azolla lipids either were incomplete (Paoletti et al., 1987) or 
did not focus on compound quantification (Speelman et al., 2009b). Therefore, we 
aimed to analyze all major lipids of A. filiculoides. To mimic the situation in a pro-
duction system utilizing CO2 waste, biomass was obtained from productive cultures 
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grown at two times the atmospheric CO2 concentration, i.e., 800 ppm CO2, compa-
rable to Speelman et al. (2009a).

Quantification of compounds derived from dried biomass may be affected by the 
drying condition (Deinum and Maassen, 1994). Since Azolla is an aquatic crop with 
a high water content, drying will be a likely step in any biomass processing system 
and needs to be performed with the least energy costs, without affecting extracta-
bility and composition of lipids. Therefore, this study first investigates the lipid yields 
and composition of A. filiculoides in relation to drying conditions. Second, we eval-
uate the implications for biodiesel production, using numerical models to estimate 
biodiesel quality.

Materials and methods

Biomass production and pre-treatment

A. filiculoides was obtained from the International Rice Research Institute (IRRI) 
under accession number 1052. Details on the original site of collection are provided 
in the IRRI germplasm collection catalogue (Watanabe et al., 1992). Plants were cul-
tivated in a growth chamber at Wageningen University. Growth in continuous culture 
was performed, in five separate 30L containers, at a CO2 concentration of 800 ppm, 
a day/night temperature of 23/20 °C, a 16-h day length, and a photosynthetic flux 
density of 325 μmol m-2 s-1. Fresh nutrients were supplied every 3 days with the  
following concentrations: 0.7 mM KNO3, 0.1 mM Ca(NO3)2, 0.13 mM KH2PO4, and 
0.1 mM MgSO4·7H2O of macronutrients and 4.7 μM Fe-EDTA, 2.2 μM MnSO4·H2O, 
0.1 μM Na2Mo4·2H2O, 8.1 μM H3B3, 0.06 μM CuSO4·5H2O, and 3.1 μM ZnSO4·5H2O 
of trace elements.

The entire medium was refreshed every 2 weeks. Every 3 or 4 days, one third of 
the surface area of each container was harvested. From all five containers, a batch 
of fresh Azolla biomass was harvested for the analysis. Each batch was divided 
into three aliquots which were dried for 3 days at 30 °C, dried for 1 day at 65 °C, 
or freeze-dried, respectively. After drying, the biomass was ground using a Retsch 
ZM200 grinder equipped with a 1-mm sieve.

To determine the dry weight of each aliquot after drying and grinding, 1 g of bio-
mass was pre-weighed in alumina cups, which were placed into an oven set at 105 °C.  
They were left to dry for 24 h after which they were transferred into an exsiccator. 
After cooling for 1 h inside the exsiccator, the alumina cups were taken out and im-
mediately weighed using a Bosch SAE 200 scale with a sensitivity of 0.1 mg.
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Total lipid extraction and saponification

The freeze-dried and ground Azolla biomass was Soxhlet-extracted with a 7.5:1 
dichloromethane (DCM) to methanol (MeOH) solution for 24 h. The collected ex-
tracts were dried using a rotary evaporator and weighed to determine the amount of 
crude lipids. Subsequently, these total lipid extracts (TLEs) were re-dissolved in 9:1 
DCM/MeOH and ran over a Na2SO4 column to remove any traces of water. After-
ward, the TLEs were dried under continuous nitrogen flow.

For TLE analysis, an aliquot was methylated using diazomethane at room tem-
perature, which was subsequently purified over a silica (60-Å pore size) column. 
Next, the extract was silylated by bis(trimethylsilyl)trifluoroacetamide (BSTFA) in 
pyridine at 60 °C for 20 min. Five to ten micrograms of squalane was added as an 
internal standard.

A selection of lipid extracts was saponified in 2 N KOH in MeOH (96 %) at 70 °C 
for 2 h. After this, the solution was acidified to pH<5.5 using 2 N HCl. One milliliter of 
ultrapure water (from Milli-Q water purifier) was added, and the solution was three 
times extracted by 1 ml of DCM. The DCM fractions were combined and dried un-
der continuous nitrogen flow. From these saponified extracts (SEs), traces of water 
were removed using a Na2SO4 column, after which the same derivation steps were 
conducted as for the TLEs.

Lastly, TLEs and SEs were run on a Hewlett Packard Gas Chromatograph–Flame 
Ionization Detector (GC-FID) and Thermo-Finnigan TraceGC ultra-Trace DSQ Gas 
Chromatograph–Mass Spectrometer (GC-MS). Both machines were equipped with 
a Varian CP-Sil5CB column (30 m, 0.32 mm i.d., and film thickness of 0.10 μm). 
The GC was operated at constant pressure of 100 kPa, whereas the GC-MS was  
operated at constant flow of 1.6 ml min-1. Temperature profiles were identical for 
each analysis, i.e., 70 °C during on-column injection, increasing to 130 °C at a rate 
of 20 °C min-1, then increasing to 320 °C at a rate of 4 °C min-1, and finally, an 
isothermal hold for 20 min. The MS operated within a scanning range of m/z 50–800.

Identification of the compounds was carried out by their mass spectra using a 
NIST library or by interpretation of the spectra, by their retention  times, and/or by 
comparison with literature data. Quantification was conducted by integration of peak  
areas of each individual peak/compound relative to that of the internal standard. In 
the case of co-eluting peaks, peak separation was achieved by comparing relative 
intensities of specific fragment ions and using their ratio to quantify each of the com-
pounds identified. Dotriacontane was added as a tracer before Soxhlet extraction to 
analyze losses during the extraction and subsequent workup procedure and allow to 
correct compound concentrations obtained  from  GC and GC-MS analysis. In total, 
11 TLEs were analyzed, 4 of which were extracted from biomass batches dried at 
30 °C, 4 extracted from batches dried at 65 °C, and 3 extracted from freeze-dried 
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batches. Nine SEs were analyzed, three for each drying condition.

Analysis of variance

To determine whether drying conditions affect lipid yields and composition, a one-
way analysis of variance (ANOVA) was performed using SPSS 20 statistics soft-
ware. As we were interested in the specific effect of predefined drying conditions, 
i.e., freeze-dried, 3 days at 30 °C, and 1 day at 65 °C, we used a straightforward 
fixed effects model: 

where yij = lipid or compound concentration (%), μ = common value, αi = treat-
ment effect, and εij = residual error due to variation between biomass batches and 
variations introduced during analysis. For determining the effect of drying conditions 
on crude lipid yield, all five replicates were used (j=5), whereas for determining the 
effect of drying conditions on individual compounds, a random subset of at least 
three replicates were used (j=3). For individual compounds, computing was done on 
the basis of normalized concentrations to eliminate the effect of the variance in total 
compound detection. In cases that the F test provided a value with p<0.05, Tukey’s 
test was used to determine which drying condition showed significant deviation. 

Estimation of biodiesel properties

Fatty acid methyl ester (FAME) composition was used to estimate biodiesel prop-
erties, i.e., density, cetane number, iodine value, and cold filter plugging point (CFPP) 
of Azolla biodiesel. To estimate these properties, numerical models are available in 
the literature. The density (ρ) was calculated by Eq. (1) by assuming a perfect mix-
ture of FAMEs. The densities of pure FAMEs were estimated using Eq. (2) (Lapuerta 
et al., 2010): 

where Xi = relative content of the FAME (%), db = number of double bonds in the 
FAME, m = number of carbon atoms in the alcohol used for esterification, and  
n = number of carbon atoms in the original fatty acid. Similarly, the cetane number 
(CN) is calculated in Eq. (3) by assuming a perfect mixture of FAMEs, and cetane 
numbers of pure FAMEs are estimated using the formula in Eq. (4) (Lapuerta et al., 
2009):

(1)

(2)
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where CNB = cetane number of the blend and CNi = cetane number of pure FAME. 
Iodine value and cold filter plugging point were estimated using formulas derived 
by Ramos et al. (2009). Equation (5) provides the iodine value as a function of the 
degree of unsaturation (DU), whereas DU is given by Eq. (6) (Ramos et al., 2009):

The CFPP was estimated with Eq. (7) using the long chain saturation factor  
LCSF(A), as defined in Eq. (8) (Ramos et al., 2009):

where MPi = melting point of the saturated FAME (in degrees Celsius).
For comparison with other biodiesel feedstocks, cetane number, iodine value, 

and CFPP of rapeseed, soybean, and palm were obtained from Ramos et al. (2009), 
whereas reported FAME distributions were used to calculate biodiesel density. For 
the green algae Scenedesmus incrassatulus, all biodiesel parameters were calculat-
ed using the FAME distribution reported by Arias-Peñaranda et al. (2013). European 
standards for biodiesel properties were drawn from EN 14214 (CEN, 2008).

Results and discussion

Lipid yield, general composition, and effects of drying  
conditions

Cultures of A. filiculoides grown at 800 ppm CO2 had an average productivity of 
13.24 g m-2 d-1 over a period of 40 days. The harvested biomass was either dried 
for 3 days at 30 °C, dried for 1 day at 65 °C, or freeze-dried, before lipid extraction. 
Table 1 provides the crude lipid yields from biomass dried at each of these condi-
tions. Small differences were observed between drying conditions, but differences 
between groups were not found to be significant by ANOVA as shown in Table 2. The 
average crude lipid yield of all extractions equals 7.92±0.14% of the dry weight (dw).

(3)

(4)

(5)

(6)

(7)

(8)
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Online Resource 1 provides the av-
erage compound concentrations of 
the TLEs and SEs. Based on the SEs, 
4.6±1.4% dw of lipids could be account-
ed for using quantification on the GC/
GC-MS, whereas only 0.84±0.40% dw of 
lipids are detected in TLEs. Differences 
between the TLEs and the SEs are sum-
marized in Figure 1 for all major (groups 
of) compounds in Azolla. Saponification 
in methanol converted the ester-bound 
fatty acids into fatty acid methyl esters 
(FAMEs). Similarly, phytol was derived 
from chlorophyll upon saponification. The amount of sterols did not change signifi-
cantly. Saponification further resulted in the detection of higher amounts of mid-chain 
(di)hydroxy compounds, due to the hydrolysis of esters of C26-C36 (di)hydroxy fatty 
acids ((di)OH FAs).

Variations in the concentrations of individual compounds can mainly be explained 
by the variation in total compound detection, as indicated by the much lower var-
iations in normalized concentrations. The ANOVA test only showed a significant 
(p<0.05) difference between drying conditions for 9,10-dihydroxynonacosane (C29 
20,21(ω9,ω10)diol) in TLEs and phytol in SEs, as indicated with an asterisk in Online 
Resource 1. All results of the ANOVA test on TLEs and SEs are provided in Online 
Resource 2. For SEs, most phytol was detected in batches dried at 65 °C and least 
in freeze-dried batches. This may indicate that extraction of chlorophyll and deriv-
atives is less efficient from freeze-dried material. Overall, the effect of drying con-
ditions on the lipid yield and composition appears to be of minor importance within 
the scope of this study. Therefore, it was decided not to distinguish between drying 
conditions for the further analysis.

Table 1. Crude lipid yield of Azolla 
batches exposed to different drying 
conditions and results of analysis of 
variance

Drying condition N
Crude lipid yield 

(% dw)

30 °C, 3 days 5 7.75±0.49

65 °C, 1 day 5 7.94±0.22

freeze drying, 3 days 5 8.16±0.30

Average 5 7.92±0.14

N denotes the number of replicates. Crude lipid 
yield is given as average ± standard deviation

Table 2. Results of analysis of variance (ANOVA) in crude lipid yield
Sum of 
squares

Degrees of 
freedom Mean square F p-value

Between groups 4.53·10−5 2 2.27·10−5      1.936  . 187

Within groups 1.40·10−4 12 1.17·10−5

Total 1.86·10−4 14

F provides the result of the Fisher test. The p value gives the likelihood of the found F value for the 
given degrees of freedom
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Fatty acid distribution

The FAs were estimated to consti-
tute 3.2±1.0% dw of Azolla biomass and 
41±13% of the crude lipid fraction. The 
average FA profiles of TLEs and SEs of 
Azolla are given in Figure 2. Palmitic acid 
(C16:0 FA), linoleic acid (C18:2 FA), and 
linolenic acid (C18:3 FA) are by far the 
dominating FAs. Furthermore, the con-
centration of lignoceric acid (C24:0 FA) in 
Azolla is relatively high compared to that 
in other plant species, such as soy, palm, 
and rapeseed (Ramos et al., 2009).

In TLEs, free fatty acids (FFAs) 
amounted to 4.2±0.38% of the crude 
lipid fraction. Many of the FAs iden-
tified in SEs could not be detect-
ed in TLEs. These include pentadecylic acid (C15:0 FA), palmitoleic acid 
(C16:1 FA), hexadecatrienoic acid (C16:3), arachidic acid (C20:0 FA), eicosa-
trienoic acid (C20:3 FA), nervonic acid (C24:1 FA), and cerotic acid (C26:0 FA). 

Mid-chain (di)hydroxy compounds

The mid-chain (di)hydroxy compounds in Azolla are characterized by their long 
chain, i.e., 26 to 52 carbon atoms, and the presence of at least one mid-chain hy-

Figure 1. Concentrations of major (groups of) 
compounds. Error bars indicate standard de-
viation (N=5, N=4 for TLEs and SEs, respec-
tively).

Figure 2. Fatty acid concentrations in TLEs and SEs. Error bars indicate the standard devia-
tion, N=5 for TLEs and N=4 for SEs.

Chapter 5 109



droxy group located at either the ω20 or ω9 position on the carbon chain. This allows 
the methyl and trimethylsilyl (TMS) derivatives to be identified using typical fragment 
ions at m/z 369 and m/z 215, respectively (Speelman et al., 2009b). As illustrated in 
Figure 3, they can be further subdivided in (di)OH alkanes and (di)OH alcohols, and 
(di)OH FAs and (di)OH wax esters. For each of these classes, examples of struc-
tural formulas are given in Figure 3a–h. The (di)OH alkanes consist of alkanols and 
diols with solely mid-chain hydroxy groups and thus have an alkane backbone. In 
contrast, the (di)OH alcohols are diols and triols, both have a hydroxy group at the 
1-position as mid-chain hydroxy group(s) and are therefore termed (di)OH alcohols. 
Similarly, the (di)OH fatty acids possess a carboxylic acid group at the 1 position and 
mid-chain hydroxy group(s). All (di)OH wax esters identified are palmitate esters of 
(di)OH alcohols. Four of the mid-chain (di)hydroxy compounds identified were not 
previously reported (Speelman et al., 2009b). In Online Resource 3, the mass spec-
tra of the methyl ester and TMS ethers of these compounds are displayed. Some 
compounds identified by Speelman et al. (Speelman et al., 2009b) were not detected 
in the TLEs or in SEs, including 7-hexacosanol (C26 7(ω20) alkanol), 9-octacosanol 

Figure 3. a–h Examples 
of structural formulas of 
each compound type and 
class: a 12- hentriacontanol 
(C31 12(ω20) alkanol), b 
9,10- dihydroxynonacosane 
(C29 20,21(ω9,ω10) diol), 
c 1,13-dotriacontanediol 
(C32 1,13 (1,ω20) diol), d 
1,20,21-nonacosanetriol 
(C29 1,20,21 (1,ω9,ω10) 
triol), e 11- hydroxytriacon-
tanoic acid (C30 11(ω20) 
OH FA), f 20,21-dihydrox-
ynonacosanoic acid (C29 
20,21(ω9,ω10) diOH FA), 
g 11-hydroxytriacontane 
palmitate ester (C46 (ω20)
OH wax ester), h 20,21- di-
hydroxynonacosane palmi-
tate ester (C45 (ω9,ω10) 
diOH wax ester). i Concen-
trations of major classes 
of mid-chain (di)hydroxy 
compounds in TLEs and 
SEs. Error bars indicate the 
standard deviation, N=5 for 
TLEs and N= 4 for SEs.
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(C28 (ω20) alkanol), and 17-hydroxyhexadotriacontane palmitate ester (C52 (ω20) 
OH wax ester). Small quantities of odd-numbered OH FAs were detected but provid-
ed too little signal to be quantified.

In Figure 3i, the concentrations are summarized for all types of mid-chain (di)
hydroxy compounds. In TLEs, 0.31±0.028% dw of mid-chain (di)hydroxy compounds 
were detected, consisting of even amounts of (di)OH alkanes and (di)OH alcohols 
and a slightly lower amount of (di)OH wax esters. The most abundant compounds 
in TLEs are the 20,21-dihydroxynonacosane palmitate ester (C45 (ω9,ω10) diOH 
wax-esters) and the C29 20,21(ω9,ω10) diol. In SEs, the mid-chain (di)hydroxy 
compounds amounted to 0.57±0.22% dw of the biomass and 7.2±2.8% of the crude 
lipid fraction, respectively. Upon saponification, the (di)OH wax esters were efficient-
ly hydrolyzed, which is apparent from their absence from SEs and the increase in 
the concentration of their breakdown products: C16:0 FA and (di)OH alcohols, i.e., 
C30-C34 1,ω20 diols, C30-C32 1,ω20,ω21 triols, and in particular, 1,20,21-nona-
cosanetriol (C29 1,20, 21 (1,ω9,ω10) triol). Surprisingly, (di)OH FAs turned out to be 
the dominant compounds in SEs, whereas in the TLEs, only C29 20,21 (ω9,ω10) 
diOH FA was faintly detected. The increase in (di)OH FAs after saponification sug-
gests that they are part of lipid esters that are too large to be GC amendable and 
thereby undetected in TLEs. The estimated mass of all (di)OH FAs was approxi-
mately 0.22±0.092% dw. Overall, the compounds with a hydroxy group at position 
ω20 occur in more diverse chain lengths compared to the compounds with hydroxy 
groups at positions ω9 and ω10, whereas both types occur in equal amounts.

Implications for biodiesel production

The ester-bound FAs are by far the dominant lipids in A. filiculoides, i.e., 3.1±1.0% 
dw. Other Azolla species might have a higher lipid content, such as A. caroliniana, 
for which a crude lipid fraction of 12.7–16.4% dw was reported (Paoletti et al., 1987). 
However, this difference may as well be caused by adjustment of the biomass com-
position to the growth rate and/or a shift in carbon allocation under high CO2 con-
centrations, as observed in higher plants (Poorter et al., 1997). Due to its continuous 
productivity, considerable amount of oil can be produced from an Azolla production 
system on an annual basis. In a controlled production system with active CO2 supply, 
we achieved an oil production equivalent to 1500 kg ha-1 year-1. In an outdoor sys-
tem, Becerra et al. (1990) obtained a biomass productivity of 39,000 kg ha-1 year-1, 
corresponding to an oil production of approximately 1200 kg ha-1 year-1, assuming 
a similar lipid content. Common biodiesel feedstocks such as soybean, rapeseed, 
and palm have annual oil productivity of 406, 1307, and 5462 kg ha-1 year-1, respec-
tively (Karmakar et al., 2010). As an example of other novel biodiesel sources, the 
annual oil productivity of the microalgae S. incrassatulus can be estimated between 
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2300 and 3900 kg ha-1 year-1, mainly depending on annual productivity (Petkov et 
al., 2012). Hence, with oil as the sole product, Azolla cultivation is likely outcom-
peted by palm oil and microalgae. Utilizing whole Azolla biomass can yield higher 
amounts of bioenergy. Muradov et al. (2014) obtained 33 % of bio-oil after pyrolysis 
of whole Azolla biomass that can be directly used as diesel fuel supplement. In their 
approach, all biomass components, including protein, polyphenols, and carbohy-
drates, are converted into pyrolysis products. The advantage of using only the lipid 
extract for biodiesel production is that other biomass components can be extracted 
separately and commercialized as higher-value products. This holds in particular 
for the protein fraction which is a major (20-25%) component of Azolla biomass and 
potentially valuable as feed (Alalade and Iyayi, 2006; Leterme et al., 2010; Fasakin, 
1999). If we compare Azolla to current protein crop soy, the amount of biodiesel that 
can be produced from the Azolla lipid fraction is nearly three times higher.

Production of biodiesel from Azolla lipids will require a conversion process that 
tolerates a high FFA content. As with many other biodiesel feedstocks, the FFA con-
tent of Azolla, i.e., 4.2±0.38%, is higher than the limit, i.e., 2.5%, for base-catalyzed 
conversion (Leung et al., 2010). The FFA content can be reduced by using acid-cata-
lyzed methylation of the FFAs prior to alkaline hydrolysis (Berchmans and Hirata, 
2008). Alternatively, high FFA tolerating methylation methods can be employed, such 
as the use of sulphonated synthetic carbon catalysts (Toda et al., 2005).

Biodiesel quality indicators: density, cetane number, iodine value, and cold filter 
plugging point (CFPP) estimated using FA profile and available numerical models 
are provided in Figure 4, along with (estimated) values for a selection of other bio-
diesel sources and the limits set by the EN 14214 standard. Values were calculated 
from the average fatty acid profile in SEs (n=4). The biodiesel has an estimated 
density of 880±2.9 kg m-3, a cetane number of 63±4.0, and an iodine value of 80±15. 
The values are all well within limits set by the EN 14214 standard. Although no Euro-
pean-wide limits are provided for the CFPP, it can be seen that the estimated CFPP 
for Azolla biodiesel, i.e. 7.5 ± 1.4 °C, is too high for general operating conditions. 
This is mainly the result of the relatively high content of lignoceric (C24:0) in Azolla 
biomass, i.e., 3.4±0.32% of the FAME fraction.

As the numerical models employed are limited to the FA profile, they do not take 
into account the effects of other lipid constituents. The mid-chain (di)hydroxy com-
pounds amount to 7.2±2.8% of the crude lipid fraction. Although exact temperature 
characteristics are unknown, the high chain length, lack of double bonds, and GC 
behavior indicate that these compounds have high melting points and can therefore 
be a serious source of filter plugging and wax settling issues. Hence, fractionation 
into a FAME fraction and a fraction containing the high melting point mid-chain (di)
hydroxy compounds will be necessary to ensure biodiesel quality in terms of cold 
temperature characteristics. To enhance the CFPP, this fractionation step may be 
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extended to remove the C24:0 FA. Removal of C24:0 by crystallization fractionation 
and solvent fractionation was demonstrated by Pérez et al. (2010) in the case of 
peanut biodiesel. In the case of Azolla, full removal up to C24:0 FA would lead to a 
drastic decrease in CFPP to -12±1.83 °C, while density, cetane number, and iodine 
value would change only slightly and remain within EU limits at 880±5.2 kg m-3, 
61.0±3.9, and 82±16, respectively. Hence, with added processing, high-quality bio-
diesel can be produced from the Azolla lipid fraction. Although an additional fraction-
ation step infers additional costs, the second fraction rich in mid-chain (di)hydroxy 
compounds may also provide a second product stream, when the unique long-chain  
fatty  alcohols, i.e., (di)OH  alcohols, and(di)OH FAs find applications as biochemi-
cals. Surfactants, often applied as detergents in washing and cleaning formulas, and 
various specialty chemicals are manufactured on the basis of fatty alcohols (Bier-
mann et al., 2011; Behr et al., 2008). However, the alcohols in Azolla have multiple 
hydroxy groups and a typical chain length of C26–C36, which is much longer than 

Figure 4. Estimated density, cetane number, iodine value, and cold filter plugging point 
(CFPP) for biodiesel derived from Azolla compared to other feedstock sources. Dotted lines 
indicate limits set by the EN 14214 European standard. Parameters for rapeseed, soybean, 
and palm were taken from Ramos et al. (2009) and parameters for green algae (Scenedesmus 
incrassatulus) were calculated from the fatty acid distribution obtained from Arias-Peñaranda 
et al. (2013).
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that of the long-chain alcohols produced from FAs or petroleum (C14– C24). In food 
industry, fatty alcohols with a more similar chain length, such as octacosanol, are 
currently sold as food additive, due to their cholesterol-lowering effect in animals and 
humans (Hargrove et al., 2004). If the Azolla fatty alcohols exhibit a similar function, 
such an application could be of commercial interest. 

OH FAs are, among others, used as surfactants, lubricants, and synthetic precur-
sors in the polymer industry (Mutlu and Meier, 2010; Cao and Zhang, 2013). They 
are difficult to synthesize via chemical routes due to inertness of the fatty acid chain 
(Cao and Zhang, 2013). Currently, the main commercially produced OH FA is ricin-
oleic acid (12-hydroxy-9-octadenenoic acid), which is extracted from castor oil and 
used for, among others, the synthesis of polyurethanes (PUs) and diacids (Mutlu and 
Meier, 2010).

Hence, various possible applications of these compounds exist. Whether, in addi-
tion to biodiesel production, further separation of the fatty alcohols and (di)OH FAs is 
worthwhile depends on the value of the biochemical versus its processing costs. The 
fact that they have longer chain length and more hydroxy groups compared to cur-
rently commercialized compounds may result in a high product value but also makes 
it difficult to assess the commercialization potential of these compounds beforehand 
and therefore requires further research.

Conclusions

The lipid fraction of Azolla was investigated in the context of biodiesel production. 
Biomass drying conditions do not affect lipid yield or composition, indicating that 
drying conditions may be freely chosen so that they are energetically optimal. After 
saponification in methanol 3.2±1.0% dw of FAMEs are obtained. From the lipid com-
position, it is predicted that high-quality biodiesel can be produced from the Azolla 
lipid fraction but requires an additional fractionation step to decrease the CFPP. The 
unique long-chain (di)hydroxy fatty acids and fatty alcohols that are separated in this 
fractionation step may provide a valuable secondary product stream when purified 
into biochemicals, with possible applications to chemical industry and nutrition.
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Abstract

The aquatic fern Azolla is a potential source for the production of feed, fuels 
and chemicals, due to its high growth rates, symbiosis with the nitrogen-fixing Nos-
toc azollae and production being independent of arable land. Here we investigated  
(poly)phenolic compounds in Azolla relevant to applications of Azolla biomass as 
feed or feedstock for the production of bio-chemicals. Condensed tannins (CTs) were 
the most abundant soluble (poly)phenols in Azolla species, accounting for 4.0% and 
5.8% of the biomass of A.filiculoides and A. pinnata, respectively. Azolla biomass 
further contained high amounts of dicaffeoylquinic acids, with minor contributions 
of chlorogenic acid and tricaffeoylquinic acid. Caffeoylquinic acids and, particularly, 
tricaffeoylquinic acids were more abundant in A. pinnata, whilst A. filiculoides con-
tained more insoluble phenolic compounds. Insoluble phenolic compounds in A. fili-
culoides consisted of coumaric and ferulic acid building blocks, with a small contribu-
tion of guiacyl (G) type lignin. Fluorescence typical of insoluble phenolic compounds 
was observed in the vasculature, likely deposited in tracheid cells of the xylem.

Analysis of the A. filiculoides genome and gene-expression data from sporo-
phytes revealed Azolla homologues of genes encoding core enzymes in the phe-
nylpropanoid and flavonoid pathways. Conserved lignin biosynthesis genes were 
present in A. filiculoides, but lowly expressed with respect to downstream AzfiHCT/
HQT-like genes that may have a role in the production of dicaffeoylquinic acids. A 
Leuco-Anthocyanidin Reductase (AzfiLAR-like) gene was the most abundantly ex-
pressed gene in secondary metabolism and likely responsible for the high content of 
condensed tannins in Azolla biomass. AzfiLAR-like represents a key invention in the 
common ancestor of ferns and seed plants. Manipulating (poly)phenol biosynthesis 
in this remarkable fern will permit further development of Azolla as a sustainable 
novel crop.  
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Introduction

The aquatic fern Azolla is a potential source for the production of feed, fuels and 
chemicals, due to its high growth rates in the absence of nitrogen fertilizer and in-
dependence of arable land. Growth in the absence of nitrogen fertilizer is supported 
by Nostoc azollae cyanobacteria, that reside in specialized leaf pockets where they 
fix atmospheric nitrogen and supply the fixed nitrogen to the plants (Becking, 1987; 
Meeks et al., 1986). Since proteins are the main component of Azolla biomass, ap-
plication as feed was explored as a local substitute to conventional protein sources 
such as soybean meal. While Azolla was fed to a number of domestic animals, diet 
inclusion rates were lower than of commercial feeds, such as soybean meal (Le-
terme et al., 2010; Abdel-Tawwab, 2008; Becerra et al., 1990; Basak et al., 2002; 
Alalade and Iyayi, 2006). Recent investigations have pointed towards phenolic com-
pounds in Azolla as a possible cause for this limited inclusion rate. A. caroliana was 
shown to contain condensed tannins (CTs) (Nierop et al., 2011) which are known to 
limit protein digestibility via polyphenol-protein interactions (Bravo, 1998). In addi-
tion, A. filiculoides and A. pinnata contain more phenolic compounds than generally 
encountered in foods (Chapter 4). 

Phenolic compounds are also known to have important functions within the plant, 
i.e. protecting it from herbivores, UV-light and oxygen radicals and are therefore 
beneficial to Azolla cultivation by reducing the impact of abiotic and biotic stress 
(Barbehenn and Peter Constabel, 2011; Coley, 1988; Stafford, 1991; Pollastri and 
Tattini, 2011; Demkura et al., 2010). Specific phenolic compounds, such as were 
found to be health-enhancing and may be extracted as high value products. (Boudet, 
2007; Clifford, 2000). Additionally, phenolic compounds may find use as chemical 
building blocks for the production of aromatic compounds now synthetized from oil 
(Bruijnincx and Weckhuysen, 2013). 

Hence the development of an Azolla production chain as a novel source of feed 
and/or chemicals requires more knowledge of the phenolic compounds present in 
Azolla biomass. Additionally, understanding of the biosynthesis pathways leading to 
the production of these compounds may allow targeted breeding and selection to 
increase the value of the biomass. 

Several phenolic compounds have been identified in Azolla in separate stud-
ies, including deoxyanthocyanidins (luteolinidin-5-glucoside), coumarins (asecule-
tin, 6-(3’-glucosylcaffeoyl)-aesculetin),  hydroxycinnamic acids (caffeic acid esters, 
chlorogenic acid, p-coumaric acid), flavonols (rutin, quercetin), flavones (homoorien-
tin, saponarin) and proanthocyanidins comprised of (epi)catechin subunits (Nierop 
et al., 2011; Ishikura, 1982; Teixeira et al., 2001). However, a comprehensive inven-
tory of phenolic compounds in Azolla has not yet been performed. 

Liquid Chromatography – Mass Spectrometry (LC-MS) has been widely used to 
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analyze soluble phenolic compounds (Flamini, 2013; Parejo et al., 2004; Moco et al., 
2007; Bravo et al., 2006). Specifically, high resolution accurate mass MS enables the 
detection of large numbers of compounds in a single extract and provides valuable 
information on the chemical composition and thereby the identity of the metabolites 
(Moco et al., 2006). However, the detection of large (poly)phenols such as CTs by 
LC-MS is limited by poor column separation and low ionization efficiency of larger 
complexes (Kalili et al., 2013). An alternative for determining the basic composition 
of CTs is thermal degradation via flash pyrolysis followed by separation of the small 
pyrolysis products by Gas Chromatography (GC) and detection by MS. By Ther-
mally assisted Hydrolysis and Methylation (THM), i.e. pyrolysis in the presence of 
tetramethylammonium hydroxide (TMAH), carboxylic acid and hydroxyl groups are 
transformed in situ to their corresponding methyl esters and methyl ethers, allowing 
higher compound detection and resolution of phenolic compounds versus conven-
tional pyrolysis. THM has therefore been widely used to study the basic composition 
of plant CTs (Nierop et al., 2005; Galletti et al., 1995; Garnier et al., 2003). Since py-
rolysis and THM can be performed on both extracts and intact biomass, it has further 
been used to study insoluble (poly)phenols such as lignins (Rencoret et al., 2016; 
Filley et al., 1999; Kuroda et al., 2002; Clifford et al., 1995). Although conventional 
pyrolysis provides less information for the identification of (poly)phenols than THM, 
it also breaks down polysaccharides and protein which can be used as references 
to derive semi-quantitative information on (poly)phenol abundance in plant biomass. 

Many genes encoding enzymes in the (poly)phenolic biosynthesis pathways 
have been described in seed plants (Fraser and Chapple, 2011; Saito et al., 2013) 
and have been used as a basis for comparative genomic studies to predict pathway 
changes during land plant evolution (Weng and Chapple, 2010; Tohge et al., 2013). 
However, little is known on pathways in ferns because a fern genome sequence 
has until now not been available. Ferns are a sister lineage to seed plants and like-
ly have many secondary metabolism pathways in common to all vascular plants. 
Genes at the start of phenylpropanoid pathway, responsible for the production of the 
essential substrate: p-coumaroyl-CoA, evolved before the emergence of land plants, 
presumably from enzymes of primary metabolism (Tohge et al., 2013; Nelson, 2006; 
Muradov et al., 2014). Additionally many genes required for the synthesis of hy-
droxycinnamic acids and lignin have been identified in mosses (Tohge et al., 2013). 
Hence we may expect that many components of the phenylpropanoid pathway are 
also present in the fern Azolla.

Here we set out to characterize both soluble and insoluble (poly)phenolic com-
pounds present in A. filiculoides and A. pinnata by combining high mass resolution 
LC-OrbitrapFTMS, flash pyrolysis-GC-MS and THM-GC-MS analyses. Using the re-
cently assembled A. filiculoides genome we investigate conserved phenolic biosyn-
thesis pathways using homology searches, phylogenetic computations and analyses 
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of previously published expression profiling experiments (Chapter 3) (Brouwer et al., 
2014). The obtained data is used to identify candidate genes in the A. filiculoides 
genome responsible for the production of the major phenolic compounds in Azolla.  

Materials and methods

Materials

Phenolic compounds used as references, i.e. caffeic acid, chlorogenic acid, cat-
echin, naringin, tannic acid and quercetin were purchased from Sigma Aldrich. An-
hydrous acetone (90%) was obtained from Merck. Ethyl acetate, dichloromethane 
(DCM) and methanol (MeOH), graded for trace element analysis, were obtained 
from VWR international.  Black spruce tannins were provided by Caroline M. Preston 
(Lorenz and Preston, 2002) and characterized by Nierop et al. (2005). 

Plant material and growth conditions

A. filiculoides was obtained from a pond near Galgenwaard, Utrecht, the Neth-
erlands (Brouwer et al., 2014). A. pinnata was obtained from the International Rice 
Research Institute (IRRI), under accession number 535. Plants used for chemical 
analysis were grown in a growth chamber providing 16 h light at an intensity of 100 
µmol m-2 s-1, a stable temperature of 21°C and 70% humidity. The growth medium 
for Azolla species consisted of 0.65 mM NaH2PO4·H2O, 1.02 mM K2SO4, 1 mM Ca-
Cl2·2H2O, 1.65 mM MgSO4·7H2O, 17.9 µM Fe-EDTA, 9.1 µM MnCl2·4H2O, 1.6 µM 
Na2MoO4·2H2O, 18.4 µM H3BO3, 0.8 µM ZnSO4·7H2O, 0.3 µM CuSO4·5H2O, 0.2 µM 
CoCl2·6H2O.  For each species, two cultures were maintained and harvested weekly 
to remain in the linear growth phase over a period of five weeks. Harvested biomass 
was freeze-dried and the consecutive harvests were pooled into one batch for each 
culture. These two batches were used for further analysis. 

Extraction and separation of phenolic compounds 

Freeze-dried plant material was first extracted with DCM:MeOH 9:1 in a Soxhlet 
device to remove lipids. After lipid extraction, residual Azolla was dried at room tem-
perature, weighed and aliquots were taken for dry weight determination and chem-
ical analysis. The residual biomass was extracted in aqueous acetone (70 v/v%) 
at room temperature in a rotary shaker set at 200 rpm. After 24 h the extract was 
removed by centrifugation (5000 g) and extracted again with aqueous acetone. A 
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small aliquot of the extract was taken for total phenol analysis. The extraction was re-
peated three times, after which  the extracts were pooled. The acetone was removed 
from the pooled extracts using a rotary evaporator. The residual aqueous fraction 
was firstly extracted with ethyl acetate yielding the ethyl acetate soluble fraction 
(Figure 1). Subsequently the aqueous fraction was combined with an equal volume 
of methanol and loaded on a Sephadex LH20 column. The column was eluted with  
methanol:water (1:1) until the eluens turned colorless to yield the methanol-water 
fraction. Lastly a tannin fraction was obtained by eluting with aqueous acetone (70 
v/v%) (Figure 1). The ethyl acetate fraction was dried under continuous nitrogen 
flow, whereas the organic phases of the methanol-water and tannin fractions were 
removed by rotary evaporation, after which the water phases were freeze-dried. All 
three fractions were split into 6 aliquots used for C/N, Py-GC-MS and THM, total 
phenol, acid butanol and dw analysis. 

Chemical analyses

To determine total carbon and  total nitrogen content (C and N), 1-2.5 mg of 
material was weighed in tin cups and C/N content determined using an elemental 
analyzer (Fison NA 1500 CNS), connected to a mass spectrometer (Finnigan Delta 
Plus). For dry weight analysis samples were placed in an oven at 105°C for 24 h, 
cooled in an exsiccator for 1 h and weighed.  

Total phenol was determined by extracting samples with aqueous acetone (70 
v/v%) for 24 h at 21 °C, followed by reacting the extract with the Folin-Ciocalteu 
reagent (Waterman and Mole, 1994). Tanninc acid (TA) was used as the reference 
standard. To detect condensed tannins, the acid butanol assay was performed on 
the dried biomass, residues and (poly)phenolic fractions. This was conducted by 
adding 1.2 ml of n-butanol-HCl solution (5 v/v%) and 20 µl of 2% ferric ammonium 
sulfate in 2N HCl to the sample, followed by vortexing and heating at 95 °C for 50 
minutes. Afterwards, samples were allowed to cool down and absorbance at 550 nm 
was determined using a spectrophotometer. Black spruce tannins were used as ref-
erence for the acid-butanol assay. 

A modified vanillin assay was used to determine the degree of polymerization of 
Azolla tannins (Butler et al., 1982). In short, purified tannins were dissolved in either 
methanol or glacial acetic acid, containing 4% concentrated HCl and 0.5% vanillin. 
Samples were allowed to react for 20 minutes at 30°C, after which absorbance was 
read at 500 nm using a spectrophotometer. The degree of polymerization was calcu-
lated from the ratio of absorbance in methanol over glacial acetic acid. 

Analyses of (poly)phenols using LC-MS was essentially as described previously 
(van der Hooft et al., 2012). Biomass was extracted with aqueous methanol (75 v/v%) 
acidified with formic acid (0.1 v/v%). Separation was on a C18 column (150 x 2.0 
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mm; 3 μm particles) and detection was by both photodiode array (PDA; 200-700 nm; 
Waters) and LTQ-Orbitrap FTMS (Thermo) with negative electrospray ionization, 
using a scan range of m/z 100-1.300 at a resolution of 60,000. Compounds identi-
fication was by matching their observed accurate masses, retention times and UV/
Vis-spectra, if available, with in-house generated LCMS-based phenolic compound 
libraries from different plant species such as tomato fruit (Moco et al., 2006; Ballester 
et al., 2016 ), broccoli (Lopez-Sanchez et al., 2015) and strawberry (Carbone et al., 
2009).

Conventional flash pyrolysis was carried out using a Horizon Instruments Cu-
rie-Point pyrolyser. Samples were heated for 5 s at 600 °C. The pyrolysis unit was 
connected to a Carlo Erba GC8060 gas chromatograph and the products were sep-
arated with a fused silica column (Var-ian, 25 m, 0.32 mm i.d.) coated with CP-Sil5 
(film thickness 0.40 µm). Helium was used as carrier gas. The oven temperature 
programme was: 40 °C (1 min) to 180°C at 7 °C min-1 followed by a ramp at 20 °C 
min-1 to 320 °C (held 15 min) The column was coupled to a Fisons MD800 mass 
spectrometer (range m/z 45–650, ionization energy 70 eV, cycle time 0.7 s). 

For THM analysis samples were pressed onto Curie-point wires, a droplet of a 
25% solution of TMAH was added and samples were dried under a 100W halogen 
lamp. Analysis of the THM products by way of GC–MS was performed as described 
for conventional pyrolysis. Compound identification was carried out by way of mass 
spectral comparison using a NIST library interpretation of the spectra, retention 

Figure 1. Schematic rep-
resentation of the (poly)
phenol extraction and sep-
aration procedure. Lipid ex-
traction was performed with 
DCM:MeOH 9:1, and (poly)
phenol extraction was per-
formed with aqueous ace-
tone (70 v/v%).
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times and/or comparison with literature data.

Bioinformatics analysis

Sequence assembly data and annotation data from the A. filiculoides accession 
Galgenwaard was made available to this study by the Azolla Genome Sequenc-
ing Consortium. To identify candidate enzymes from the biosynthesis pathways of 
phenolic compounds we submitted the Azolla protein candidates from the Azolla 
genome annotation (version 1) to KEGG and Mercator for automatic annotation. For 
KEGG a reference set representative for Eukaryotes was used. In case automat-
ic annotation yielded no candidate enzymes, we used BLAST searches to identify 
protein-candidates highly similar to functionally annotated proteins. The candidate 
enzymes of the phenylpropanoid and flavonoid biosynthesis pathways were aligned 
with known enzymes from other species using MAFFT. Protein candidates with 
highly conserved amino acid sequences to other plant species were considered as 
possible homologs. Subsequently, polygenetic trees were obtained by checking the 
alignment with Gblocks and construction of phylogenetic trees using Fyml (Dereeper 
et al., 2008). Proteins that that grouped with functionally annotated genes from other 
plants species, were considered as homologs. 

RNA-sequencing data from A. filiculodies accession Galgenwaard was available 
from previous studies (Brouwer et al., 2014) (Chapter 3). Raw reads of RNA se-
quencing were screened for quality using fastQC, adapters were removed by fastx 
and reads were trimmed using Trimmomatic (Bolger et al., 2014). Subsequently, 
trimmed reads were aligned to coding sequences derived from gene models from 
to the annotation using bowtie2 in ‘single end’ mode allowing for 1 mismatch for a 
seed sequence length of 20. The amount of reads per million of reads (RPM) was 
calculated over the total mapped reads for each sample. 
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Results

Combining LC-MS and pyrolysis techniques to characterize 
(poly)phenols in Azolla 

Complementary detection of hydroxycinnamic acid esters and flavonoids by 
LC-MS and pyrolysis techniques

A series of phenolic compounds detected by LC-MS in acidic methanol extracts of 
A. filiculoides and A. pinnata are provided in Table 1 and a chromatogram indicating 
major peaks is depicted in Figure 2. Hydroxycinnamic acids were detected at high 
intensity in both A. filiculoides and A. pinnata  extracts and predominantly comprised 
of dicaffeoylquinic acids accompanied by lower intensity signals of caffeoylquinic ac-
ids (including chlorogenic acid) and tricaffeoylquinic acid. Additionally, both species 
contained coumaroylquinic acids, whereas feruloylquinic acid was only detected in 
A. filiculoides (Table 1). Procyanidins consisting of three and two (epi)catechin sub-
units were detected in both species, as well as the epicatechin monomer (Table 1).  
In addition, A. pinnata contained a number of flavonol-glucosides: quercetin-3-O-ru-
tinoside (rutin), quercetin-3-O-glucoside and kaempferol-3-O-rutinoside, while only 
traces of quercetin-3-O-glucoside were detected in A. filiculoides (Table 1, Figure 2). 

The ratio between the intensity of [M-H]- ions of each phenolic compound in A. 
filiculoides and A. pinnata extracts, provided in Table 1, indicates that A. pinnata 
generally contains higher levels of phenolic compounds. In particular, A. pinnata is 
more rich in tricaffeoylquinic acids and has broader distribution of dicaffeoylquinic 
acid isomers than A. filiculoides.

Major THM products of Azolla biomass are provided in Figure 3 and a full list of 
identified peak and their relative abundance is provided in Supplemental Table A.  In 
line with the LC-MS data indicating a series of caffeoylquinic acids, for both A. filicu-
loides and A. pinnata methylated caffeic acid was a major THM product (Ca) next to 
1,4 dimethoxybenzene (Q), which is derived from quinic acid (Supplemental data A) 
(Wang et al., 2013). Additionally, THM products typical of flavonoids: 1,3,5-trimeth-
oxybenzene (A), 1-methyl-2,4,6-trimethoxybenzene (A) and 3,4-dimethoxybenzoic 
acid methyl ester (B2), were highly abundant in both A. filiculoides and A. pinnata 
(Supplemental Table A) (Nierop et al., 2011; Garnier et al., 2003). 

Conventional pyrolysis of whole Azolla ferns (Supplemental Table B) yielded 
catechol in a ratio of 2.0 to (poly)saccharide pyrolysis products, versus 2.8 for A. 
pinnata. Additionally, 4-vinylphenol, indicative of coumaric acid, was detected at a 
ratio of 0.46 to (poly)saccharide pyrolysis products in A. filiculoides versus 0.22 for 
A. pinnata. 4-vinylguaiacol, typical of ferulic acid, was obtained at a ratio of 0.15 to 
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(poly)saccharide pyrolysis products in A. filiculoides versus 0.03 in A. pinnata (Sup-
plemental Table B). 

Fractionation of soluble (poly)phenols reveals CTs as most abundant com-
pounds

To test whether the THM and pyrolysis products obtained from Azolla biomass, 
typical of flavonoïds and hydroxycinnamic acids, originate from soluble compounds, 
we performed an extraction of phenolic compounds followed by separation into three 
soluble fractions i.e. an ethyl acetate fraction, a tannin fraction and a methanol-water 
fraction. In Table 2 we provide the dry weight and the content of total phenols, CTs, 
carbon and nitrogen in the three fractions compared to the initial biomass (Table 2). 

Biomass of A. pinnata contained nearly 1.5 times as much total phenol compared 
to A. filiculoides. Although the ethyl acetate and tannin fraction weighed less than 
the methanol-water fraction they were more enriched in phenolic compounds as 
indicated by the total phenol assay. For both species, most of the soluble phenolic 
compounds were retained in the tannin fractions. 

Results of the acid butanol assay indicated that the soluble tannin fraction con-
sisted purely out of CTs. Additionally, some CTs were dissolved by ethyl acetate and 
consequently ended up in the ethyl acetate fraction. In total, CTs represented 5.3% 

Figure 2. LC-MS chromatogram of methanolic extracts of A. filiculoides and A. pinnata. Ab-
breviations refer to: Caffeoylquinic acid (CaQ), (Epi)catechin trimer (CT3), Quercetin-3-O-ru-
tinoside (rutin) (QuR), Quercetin-3-O-glucoside (QuG), Kaempferol-3-O-rutinoside (KaR), 
dicaffeoylquinic acid (diCaQ) and tricaffeoylquinic acid (triCaQ)
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of the dry weight of A. filiculoides, of which 4.3% could be extracted by aqueous 
acetone. In A. pinnata, CTs represented 8.0% of the dry weight, of which 6.9% was 
extractable. The vanillin assay was used to determine the average degree of polym-
erization of the tannin fraction, which was 7.2±1.2 and 6.7±0.7 for A. filiculoides and 
A. pinnata respectively. 

The carbon content of the tannin fractions of A. filiculoides and A. pinnata was 
55.7% and 60.5%, respectively, close to the carbon content of pure CTs: 59-66%. 
Some nitrogen was measured in the tannin fractions suggesting minor contamina-
tion with nitrogen-containing compounds. The low concentration of organic matter 
of the methanol-water fraction (1% of nitrogen and 23% of carbon) indicates a high 
content of soluble ash.

To link the data from Table 2 to specific (poly)phenolic compounds, each fraction 

Table 1. List of (poly)phenolic compounds identified by LC-MS
Compound RT [M-H]- Fragment ions2 A. fil : A. pin3

1-caffeoylquinic acid 8.55 353.0874 179;191 1 : 1.2

5-caffeoylquinic acid 12.09 353.0875 191 1 : 1.1

3-caffeoylquinic acid 12.86 353.0875 173;179;191 1 : 3.2

Procyanidin, (epi)catechin dimer 13.64 577.1346 - 1 : 0.8

4-caffeoylquinic acid 15.11 353.0875 191 1 : 1.8

Epicatechin 15.28 289.0715 - 1 : 6.9

4-coumaroylquinic acid 16.04 337.0927 191 1 : 1.5

Procyanidin, (epi)catechin trimer 16.64 865.1876 - 1 : 2.3

Feruloylquinic acid 18.17 367.1031 191 1 : 0

5-Coumaroylquinic acid 18.97 337.0928 191 1 : 1.2

Quercetin-3-O- rutinoside (Rutin) 22.12 609.1455 - 1 : 0.1

Quercetin-3-O- glucoside 23.18 463.0877 - 0 : 1

Kaempferol-3-O-rutinoside 25.20 593.1504 - 1 : 22

Dicaffeoylquinic acid I 25.67 515.1192 353 0 : 1

Dicaffeoylquinic acid II 26.32 515.1192 353 1 : 4.8

Dicaffeoylquinic acid III 27.07 515.1192 353 1 : 0.8

Dicaffeoylquinic acid IV 28.48 515.1192 353 1 : 0.7

Dicaffeoylquinic acid V 32.64 515.1192 - 1 : 2.7

Tricaffeoylquinic acid I 37.41 677.1503 515 1 : 4.5

Tricaffeoylquinic acid II 38.82 677.1503 - 1 : 63

Tricaffeoylquinic acid III 39.46 677.1503 - 1 : 99
1 RT = retention time 
2 Fragments resulting from unintended in-source fragmentation 
3 based on the relative intensity of the [M-H]- ions, corrected for the input weight; extracts were treated 
identically.  
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was analyzed by LC-MS, THM and conventional pyrolysis GC-MS. In Figure 4, we 
provide a selection of chromatograms for each of the fractions of A. filiculoides. A full 
set of chromatograms for both A. filiculoides and A. pinnata is provided in Supple-
mental Figure S1-3. 

The ethyl acetate fraction of A. filiculoides contained high intensity signals of 
dicaffeoylquinic acids, with lower intensity signals of caffeoylquinic acids (Figure 4). 
The ethyl acetate fraction of A. pinnata contained higher levels of tricaffeoylquinic 
acids than A. filiculoides and further contained a procyanidin trimer and flavonol-glu-
cosides. Results of THM supported the predominance of caffeic acid esters in these 
fractions, as the relative abundance of methylated caffeic acid and the quinic acid 
derived 1,4-dimethoxybenzene accounted for 66-73% of all (poly)phenolic com-
pounds. The dominance of dicaffeoylquinc acids versus monocaffeoylquinic acids in 
the ethyl acetate fraction suggested by LC-MS, was also apparent from THM results: 
the ratio of methylated caffeic acid to 1,4-dimethoxybenzene was twice as high as 
observed for pure chlorogenic acid (Supplemental Table A). In line with the results 
from the acid-butanol assay, THM products representing the A-ring of condensed 
tannins were observed in the ethyl acetate fraction, especially in the case of  A. pin-
nata (Supplemental Figure S2, Table A). Conventional pyrolysis of the ethyl acetate 
fraction yielded predominantly catechol and phenol, derived from caffeic acid and 
quinic acid, respectively (Supplemental Table B). 

Figure 3. Partial chromatrograms of THM products  of A. filiculoides and A. pinnata biomass. 
Labels indicate origin of THM products: flavanoïd A-ring (A), flavanoïd B-ring  with n hydroxyl 
groups (Bn), Quinic acid (Q), Caffeic acid (Ca), p-Coumaric acid (Co) and Cinnamic acid (Ci).
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LC-MS analysis of the tannin fraction yielded (epi)catechin monomers, dimers, 
trimers and tetramers, but not higher molecular weight CTs due to a mass detection 
limit of m/z 1300. A minor contribution of tricaffeoylquinic acids to the tannin fraction 
was observed for both species. In the tannin fraction of A. pinnata flavonol-gluco-
sides were also detected. THM of the tannin fractions yielded the same typical flavo-
noid products as for the whole biomass. THM products from the flavonoid A-ring, i.e. 
1,3,5-trimethoxybenzene and 1-methyl-2,4,6-trimethoxybenzene were most abun-
dant, followed by THM products from a flavonoid B-ring containing two hydroxyl 
groups, i.e. 3,4-dimethoxybenzoic acid methyl ester and 1,2-dimethoxybenzene. A 
THM product indicative for a flavonoid B-ring containing one hydroxyl groups, i.e. 
4-methoxybenzoic acid methyl ester, was also detected upon THM of the tannin 
fraction, although roughly 3-4 times less abundant than 3,4-dimethoxybenzoic acid. 
THM products indicative of a B-ring with three hydroxyl groups were only found in 
trace amounts. As expected, catechol was also the dominant pyrolysis product from 
the tannin fraction. The Azolla tannin fraction therefore predominantly consisted CTs, 
or pro-anthocyanidins, comprised of (epi)catechin units, with a lesser contribution of 
(epi)afzelechin (containing one hydroxyl group at the B-ring). 

The methanol-water fractions mainly contained hydroxycinnamic acids, similar to 
the ethyl acetate fractions. Although dicaffeoylquinic acids remained the major com-
pounds, the fractions were enriched with caffeoylquinic acids and coumarylquinic 
acids, but depleted of tricaffeoylquinic acids, when compared to the biomass (Fig-
ure 4). The methanol-water fraction of A. filiculoides further contained most of the 
feruloylquinic acid. (Epi)catechin dimers and trimers were absent from the metha-
nol-water fractions, but monomeric epicatechin as well as flavonol-glucosides were 

Table 2. Chemical composition of the whole Azolla biomass and soluble (poly)
phenolic fractions.

A. filiculoides Mass (%) 
Total phenol 
(% TA-eq)

Condensed 
tannins 
(% CT-eq) Nitrogen (%) Carbon (%)

biomass   3.4 ± 0.4 5.3 ± 0.2 3.7 ± 0.1 42.8 ± 0.4

Ethyl acetate 1.3 ± 0.4 49 ± 3 10 ± 3 n/a n/a

Tannin 4.0 ± 0.8 63 ± 11 101 ± 23 0.4 ± 0.1 55.7 ± 3.6

Methanol-water 13.0 ± 1.1 10 ± 7 1.6 ± 0.7 1.0 ± 0.0 19.3 ± 0.5

A. pinnata

biomass 5.0 ± 1.2 8.0 ± 0.1 2.9 ± 0.0 41.6 ± 0.7

Ethyl acetate 2.7 ± 0.1 53 ± 2 38 ± 15 n/a n/a

Tannin 5.8 ± 2.6 60 ± 3 97 ± 12 0.3 ± 0.1 60.5 ± 2.2

Methanol-water 9.3 ± 1.1 9.1 ± 5.3 2.3 ± 2.0 1.0 ± 0.1 23.0 ± 2.6
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detected in A. pinnata. In line with LC-MS data, THM of the methanol-water fractions 
mainly yielded caffeic acid and quinic acid derived THM products (Supplemental 
Table A). THM of the methanol-water fraction of A. pinnata  further yielded  p-cou-
maric acid at an abundance of 1.7% in A. pinnata and flavonoid A-ring products 
at 1.29% relative to all detected phenolics compounds. These THM products were 
less abundant for the methanol-water fraction of A. filiculoides, i.e. 0.6% and 0.8% 
respectively. (Supplemental Table A). Consistent with the low level of total phenols in 
the methanol-water fraction (Table 2), conventional pyrolysis yielded products from 
(poly)saccharides at similar abundances compared to products from (poly)phenols 
as well as amino acid related products: indole and 3-methylindole. The relative abun-
dances of pyrolysis products of ferulic acid, i.e.  4-vinylguaiacol, and coumaric acid, 
i.e. 4-vinylphenol, were higher in the methanol-water fraction compared to the other 
fractions, but low compared to the initial biomass. 

Figure 4. Partial chromatograms of fractions of soluble (poly)phenols of A. filiculoides analyz-
ed by LC-MS (A,C) and TMH (B). Labels as in Figure 2 and 3.
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We conclude that CTs consisting of (epi)catechin, and to a lesser extent, (epi)
afzelechin monomers are the most abundant soluble phenolic compounds in Azolla, 
followed by dicaffeoylquinic acids.

Detection of small amounts of lignin in Azolla
To identify insoluble (poly)phenolic compounds in Azolla we analyzed the res-

idues after lipid extraction and subsequent (poly)phenol extraction for their mass, 
C/N content, condensed tannin content, pyrolysis and THM products, and compared 
this with the original biomass. 

Lipid extraction removed 13.4% and 13.1% of the initial biomass, corresponding 
to 9.4-6.9% of the carbon content, for A. filiculoides and A. pinnata, respectively, but 
did not decrease the nitrogen content (Table 3). Subsequent (poly)phenol extraction 
solubilized 22.6% and 21.9% of the biomass for A. filiculoides and A. pinnata re-
spectively. Apart from 5.8% and 7.3% carbon, (poly)phenol extraction also removed 
0.4% and 0.3% of nitrogen for A. filiculoides and A. pinnata, respectively (Table 3). 
Although tannin concentrations by the acid-butanol assay showed some variation 
between the biomass and residue after lipid extraction, lipid extraction did not de-
crease tannin content significantly. After (poly)phenol extraction 15% and 9% of the 
tannins remained in the residue of A. filiculoides and A. pinnata, respectively.

Conventional pyrolysis was used to track the effect of the subsequent extractions 
on the relative abundance of proteins, lipids and (poly)phenols. Figure 5 depicts the 
yield of the pyrolysis products in the extracted residues versus the start material 
and a complete list is provided in Supplemental Table B. The abundance of protein 
pyrolysis products was similar for the biomass and the lipid extracted residue, in line 
with the nitrogen content (Figure 5, Table 3). Additionally after (poly)phenol extrac-
tion there is little difference in the yield of protein pyrolysis products, suggesting the 
nitrogen extracted is mainly non amino acid nitrogen. Lipid pyrolysis products were, 
as expected, much less abundant for the lipid extracted residue and remain similarly 
abundant after subsequent (poly)phenol extraction. The abundance of catechol is 
not affected by lipid extraction, but is reduced by (poly)phenol extraction to 33% for 
A. filiculoides and 22% for A. pinnata. THM analysis of the (poly)phenol extracted 
residue revealed that catechol may be obtained from both caffeic acid esters and 
(epi)catechin type CTs (Supplemental Table A). 

The relative abundance of coumaric acid derived 4-vinylphenol is not influenced 
by lipid extraction for both species, and also not by (poly)phenol extraction in the case 
of A. filiculoides. The latter extraction, however, reduced the relative abundance of 
4-vinylphenol to 45% for A. pinnata. Unexpectedly, the abundance of feruloyl derived 
4-vinylguaiacol was reduced by lipid extraction to 56% and 69% in A.filiculoides and 
A. pinnata respectively (Figure 5). Subsequent (poly)phenol extraction did not de-
crease its abundance further for A. filiculoides and only slightly for A. pinnata. 
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The occurrence of 4-vinylguaiacol is also linked to lignin. Although it was previ-
ously reported that A. caroliniana did not contain lignin (Nierop et al., 2011), specific 
lignin peaks were detected in residues of A. filiculoides biomass subjected to lipid 
extraction followed by sodium hydroxide extraction at high temperature. The pyrol-
ysis chromatogram of this residue was devoid of signals from soluble (poly)phenols 
and protein, but contained clear signals from (poly)saccharides as well as G-type 
lignin specific compounds: 4-(1-propenyl)guaiacol, cis-4-(2-propenyl)guaiacol and 
trans-4-(2-propenyl)guaiacol. (Figure 6A) (Kuroda et al., 1995; Kuroda et al., 1990). 
THM of the same residue further revealed the presence of two stereoisomers of 
1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane, which are believed to be indica-
tive of intact β-O-4 linkages, the main bond type in G-type lignin (Figure 6B) (Filley 
et al., 1999; Kuroda et al., 2002). In untreated biomass, pyrolysis products of the 
abovementioned compounds were often below the detection limit. For those sam-
ples for which pyrolysis did provide signals of three 4-propenylguaiacols, we com-
puted the ratio between them and (poly)saccharide pyrolysis products (Figure 6C). 
Typical lignin pyrolysis products were only detected in two samples of A. pinnata 
biomass, although at low and varying levels. In A. filiculoides biomass we repeatedly 
detected lignin pyrolysis products at around 1.5% the intensity of (poly)saccharide 
pyrolysis products (Figure 6C). For comparison, in the DCM and NaOH extracted 
residue, lignin peaks were detected at 1.6% of the intensity of (poly)saccharide py-
rolysis products. In A. caroliniana lignin pyrolysis and THM products did not reach 
the detection limit (Nierop et al., 2011) even after renewed analysis of the same 
sample. Lignin was also not detected in A. nilotica and A. rubra.

Copper oxide (CuO) of the biomass of A. filiculoides was performed to confirm 
the presence of G-type lignin. Upon CuO oxidation of Azolla biomass, the vanillyl 
phenols vanillin, vanillic acid and acetovanillone were produced, typical of G-type 
lignin. (Supplemental Table C). Small amounts of syringaldehyde and acetosyrin-

Table 3. Chemical composition of the whole Azolla biomass and the residues after 
lipid extraction and consecutive (poly)phenol extraction.

A.filiculoides Mass (%) Nitrogen1 (%) Carbon1 (%)

Condensed 
tannins1 (% 

CT-eq)

Biomass - 3.7 ± 0.1 42.8 ± 0.4 5,3 ± 0,2

Lipid extracted residue 86 ± 0 3.7 ± 0.0 33.4 ± 0.4 4.7 ± 0.0

(Poly)phenol extracted residue 62 ± 5 3.3 ± 0.5 27.6 ± 1.7 0.8 ± 0.2

A.pinnata             

Biomass - 2.9 ± 0.0 41.6 ± 0.4 8.0 ± 0.1

Lipid extracted residue 87 ± 0 2.9 ± 0.0 34.7 ± 0.3 8.3 ± 0.8

(Poly)phenol extracted residue 65 ± 0 2.6 ± 0.2 27.1 ± 0.1 0.7 ± 0.3
1 Concentrations refer to the percentage of the initial biomass
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gone were detected in a few samples at a ratio of 0.017±0.021 to vannilyl phenols 
(Supplemental Table C). 

Confocal imaging of A. filiculoides biomass stained with propidium periodide shiff 
stain and destained for soluble phenolic compounds (Truernit et al., 2008), revealed 
the occurrence of insoluble (poly)phenols around the vascular tissue. The signal was 
especially located in the stem and less in the vascular loop in the leaf (Figure 6D).   

Biosynthesis pathways in Azolla filiculoides

Transcriptional investment in (poly)phenol biosynthesis is high compared to 
Arabidopsis 

In the Azolla genome we identified seven PAL-like genes, two C4H-like genes and 
seven 4CL-like genes, that make up the starting point for (poly)phenol biosynthesis 
via the phenylpropanoid and flavonoid pathway (Supplemental Figure S4, Supple-
mental Table D). All AzfiPAL-like proteins had a high identity with known PAL from 
plants, i.e. 61 to 69%. The two proteins resembling the cytochrome P450 enzyme 
C4H were near-identical. The AzfiC4H-like protein were 68-83% identical to known 
C4H in plants and distinctly different from other Azolla CYP-like protein. Azfi4CL-like 
proteins showed more variation, with Azfi4CL-like1-4 being 37-41% identical and 
Azfi4CL-like 5-8 being 55-63% identical to 4CL from vascular plants.

Expression of PAL-, C4H- and 4CL-like genes in Azolla sporophytes was high 

Figure 5. The effect of lipid and (poly)phenol extraction on the abundance of pyrolysis prod-
ucts indicative of proteins, lipids and (poly)phenols in residues of A. filiculoides (A) and A. 
pinnata (B). The abundance of pyrolysis products in lipid extracted (dark) and (poly)phenol 
extracted (light) residues is relative to the initial biomass (set at 100%).
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when compared to 20 d old Arabidopsis plants (Coolen et al., 2016). The high ex-
pression of PAL genes in Azolla was mainly due to AzfiPAL-like 1, that reached an 
average expression level of 1185 reads per million of reads (RPM), making it the 
56th most expressed gene in the Azolla diel RNA-seq experiment (Chapter 3). In 
comparison, Arabidopsis AtPAL1 was the 2057th most expressed gene in similar 
diel RNA-seq experiment (Coolen et al., 2016).

Several isoenzymes were differentially expressed in the tissues (Supplemental 
Table D). For example, AzfiPAL-like 2 was predominantly expressed in the sporo-
phyte, AzfiPAL-like 5,6 and 7 were mainly expressed  in the megasporocarp and 
AzfiPAL-like 4 was predominantly expressed in the microsporocarp. Expression 
of Azfi4CL-like 8 was completely restricted to the spores. The diel expression pat-
terns of AzfiPAL-like 1,2, AzfiC4H-like 1 and Azfi4CL-like 6,7 peaked at 2 h in the 
night, when plants were grown without nitrogen fertilizer. In contrast, expression of  

Figure 6. Identification of lignin in Azolla biomass (A,B,C) and localization of insoluble (poly)
phenols (D). (A) Mass chromatogram (m/z 164) showing the three 4(propenyl)guiacol isomers 
characteristic of lignin obtained by conventional pyrolysis of A. filiculoides biomass subjected 
to DCM-extraction followed by sodium-hydroxide extraction (pH 12.5) at 95°C. (B) Mass chro-
matogram (m/z 181) showing cis- and trans-1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypro-
pane characteristic of lignin obtained by THM of the same material. (C) Ratios between lignin 
and (poly)saccharide pyrolysis products of Azolla biomass. (D) Autofluoresce in the xylem 
cells of A. filiculoides. The image was taken using confocal scaning fluorescence microscopy 
by excitation at 405 nm and capturing emission at 505-515 nm (blue autofluorescence) and 
>560 nm (orange, propidium periodide shiff stain as in Truernit, et al. (2008).
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Azfi4CL-like1,2 peaked during mid-day, whereas Azfi4Cl-like 3,4,5 were expressed 
evenly during the day (Supplemental Table D). 

Identification of a highly expressed AzfiLAR-like gene 
Annotation of flavonoid biosynthesis genes from A. filiculoides yielded four CHS-

like genes, one CHI-like gene, one FNSII-like gene, two F3H-like genes, eight F3’H-
like genes, two DFR-like genes, and one LAR-like gene (Figure 7, Supplemental 
data D). Additionally we identified one FLS/ANS-like gene with similarity to genes 
encoding FLS and ANS proteins in seed plants; phylogenetic analysis of 2OGD 
genes placed this Azolla gene within the branch of ANS and FLS, but before their 
diversification (Supplemental Figure S5). The placement of AzfiF3’H-like genes by 
phylogenetic analysis was not well-supported, in contrast to the conserved CYP 
AzfiC4H-like and AzfiC3H-like genes (Supplemental Figure S6). Annotation of the 
eight AzfiF3’H-like genes was therefore mainly based on their higher similarity to 
F3’H genes than to the F3’5’H and F5H genes. Furthermore the phylogenetic anal-
ysis suggested a divergence of F3’5’H from F3’H in seed plants, which was well  
supported by bootstrapping (Supplemental Figure S6).

Analysis of gene expression in the sporophyte revealed a high average expres-
sion of AzfiCHS-like genes compared to Arabidopsis, mostly by AzfiCHS-like 2 
(1010 RPM) and AzfiCHS-like 3 (575 RMP). Although AzfiCHI-like is not highly ex-
pressed (100 RPM), its expression was high compared to Arabidopsis. Additionally, 
expression of AzfiF3H-like genes (260 RPM) and AzfiF3’H-like genes (230 RPM) 
suggest that in Azolla substrate is dominantly directed towards the production of 
dihydroflavonols with two hydroxyl groups on the B-ring. In Arabidopsis, expression 
levels of AtFNSI and AtFLS were higher than AzfiFNSII-like and AzfiALS/FLS-like, 
suggesting more flux towards the production of flavones and flavonols. In both Azol-
la and Arabidopsis the expression of DFR-like genes was high, promoting conver-
sion of dihydroflavonols into leucoanthocyanidins. The AzfiFLS/ANS-like in Azolla 
was expressed as much lower levels than AtANS in Arabidopsis, in line with the 
absence of anthocyanidins in the extracts of Azolla. Instead Azolla highly expressed 
AzfiLAR-like at an average of 1362 RPM making it the most highly expressed sec-
ondary metabolism gene and the 44th most expressed gene in the Azolla diel RNA-
seq. experiment. The expression pattern of AzfiLAR-like matched that of other highly 
expressed genes in the flavonoid biosynthesis pathway, characterised by a peak in 
gene expression at 8 h in the morning when plants were grown without nitrogen and 
an even expression during the day when grown with nitrogen constantly available in 
the medium (Supplemental Table D). 

Phylogenetic analysis of the AzfiLAR-like gene suggest close relatedness func-
tionally annotated LAR genes from gymnosperms and angiosperms, while clearly 
distinct from DFR-like genes and the fungal LAR outgroup (Figure 8). 
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Expression of the lignin biosynthesis pathway is halted after caffeoyl and 
feruloyl intermediates

Annotation of the phenylpropanoid pathway (leading up to lignin biosynthesis) in 
A. filiculoides yielded 26 identified genes encoding proteins with similarity to known 
enzymes for the synthesis of lignin and lignin intermediates (Figure 9). These includ-
ed three HQT/HCT-like genes, one C3H-like gene, seven COMT-like genes, four 
CCoAMT-like genes, four CRR-like genes and four CAD-like genes. Phylogenetic 
analysis indicated a possible homology of AzfiF3’H-like protein to seed plant F5H, 
but due to the low confidence the presence of an Azolla F5H-like protein was left 
unresolved. 

Given the high concentrations of dicaffeoylquinic acids in Azolla we investigated 

Additional information Figure 7
In seed plants, coumaryl-Coa is converted to naringin or isoliquiritigenin chalcone via chal-
cone synthase (CHS), followed by conversion into naringenine or liquiritigenin by chalcone 
isomerase (CHI). Naringenine and liquiritigenin can then be converted by a set of hydroxyl-
ating enzymes into isoflavonoids, flavones and/or dihydroflavonols. The substrate for isofla-
vonoid biosynthesis, 2-hydroxy-isoflavanone, is produced by the cytochrome P450 (P450) 
enzyme isoflavonoid synthase (IFS). Flavones are also generally produced by a P450 en-
zyme, i.e. flavanone synthase II (FSII), although in some angiosperms, including Arabidopsis, 
the hydroxylation is done by the 2-oxoglutarate-dependent (2OGD) enzyme flavanone syn-
thase I (FSI) (Kawai, et al., 2014). Dihydroflavonols are produced by the . enzyme flavanone 
3-hydroxylase (F3H). The hydroxylation pattern of the dihydroflavonol B-ring depends on the 
action of two P450 enzymes: flavonoid 3-hydroxylase (F3’H) and flavonoid 3,5-hydroxylase 
(F3’5’H), which produce dihydroflavonols with two and three hydroxyl groups on the B-ring, 
respectively. The conversion of these dihydroflavonols into flavonols is done by the . enzyme 
flavonol synthase (FLS). To produce anthocyanidins dihydroflavonols are first reduced to leu-
coanthocyanidins by dihydroflavanonol reductase (DFR) and hydroxylated by the . enzyme 
anthocyanidin synthase (ANS). Lastly the flavan-3-ol monomers of CTs can be produced by 
two ways, either by reduction of anthocyanidins by anthocyanidin reductase (ANR) or by 
direct reduction of leucoanthocyanidins by leucoanthocyanidin reductase (LAR).Naringenine 
and liquiritigenin can then be converted by a set of hydroxylating enzymes into isoflavonoids, 
flavones and/or dihydroflavonols. The substrate for isoflavonoid biosynthesis, 2-hydroxy-iso-
flavanone, is produced by the cytochrome P450 (P450) enzyme isoflavonoid synthase (IFS). 
Flavones are also generally produce d by a P450 enzyme, i.e. flavanone synthase II (FSII), 
although in some angiosperms,  including Arabidopsis, the hydroxylation is done by the 2-ox-
oglutarate-dependent (2OGD) enzyme flavanone synthase I (FSI) (Kawai et al., 2014). Dihy-
droflavonols are produced by the enzyme flavanone 3-hydroxylase (F3H). The hydroxylation 
pattern of the dihydroflavonol B-ring depends on the action of two P450 enzymes: flavonoid 
3-hydroxylase (F3’H) and flavonoid 3,5-hydroxylase (F3’5’H), which produce dihydroflavo-
nols with two and three hydroxyl groups on the B-ring, respectively. The conversion of these 
dihydroflavonols into flavonols is done by the enzyme flavonol synthase (FLS). To produce 
anthocyanidins dihydroflavonols are first reduced to leucoanthocyanidins by dihydroflavanon-
ol reductase (DFR) and hydroxylated by the . enzyme anthocyanidin synthase (ANS). Lastly 
the flavan-3-ol monomers of CTs can be produced by two ways, either by reduction of antho-
cyanidins by anthocyanidin reductase (ANR) or by direct reduction of leucoanthocyanidins by 
leucoanthocyanidin reductase (LAR).
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the amino acid sequence of AzfiHCT/HQT-like protein by alignment to HCT/HQT 
enzymes known to synthesize dicaffeoylquinic acids (Figure 10) (Lallemand et al., 
2012; Moglia et al., 2014). All AzfiHQT/HCT-like proteins had the Trp-733 and Gly-
238 residues important for hydroxycinnamoyl binding and conserved in many BAHD 
members, as well as the  Thr-660 residue, important for binding of the acyl acceptor. 
The catalytic His-233 was present in all AzfiHCT/HQT-like proteins. In addition cata-
lytic His-59 was present in AzfiHCT/HQT-like 2 and 3 (Figure 10).  

Figure 8. Phylogenetic tree of oxioreductases (DFR and LAR) identified in Azolla (Azfi). Align-
ment was performed at the protein level using MAFFT. The consensus tree was constructed 
by Fyml using 100 times bootstrapping; bootstrap values are indicated for each node. Ab-
breviations of reference plant species are: Picea abies (Pia), Pinus taeda (Pta), Vitis vinifera 
(Viv), Narcissus tazetta (Nat), Ginkgo biloba (Gbi), Triticum urartu (Tra), Phoenix dactylifera 
(Pda), Arabidopsis thaliana (Ath), Rosa rugosa (Ror), Oryza sativa (Osa) and Morus notabilis 
(Mno). A LAR gene of the fungi Magnaporthe oryzae (Mao) was used as the outgroup. Se-
quence accession numbers are provided in Supplemental Table E.
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The preference for shikimic acid by HCTs in angiosperms was attributed to Leu-
400 and Phe-402 residues and a Met-231 residue was deemed specific for HCT, 
ensuring less efficient acceptance of feruloyl moieties (Lallemand et al., 2012). Azfi-
HQT/HCT-like 3 contained all of these residues and therefore resembles HCT In 
contrast, AzfiHQT/HCT-like1,2 had the HCT-specific Leu-765, but also the HQT-spe-
cific Tyr-767, which was also observed in HCT-like genes from Pinus, Physcomitrella 
and Selaginella (Figure 10). 

AzfiHCT/HQT-like protein contained a standard His-234 residue, instead of an 
Asn-234 residue that boosting the production of dicaffeoylquinic acid by a Coffea 
HCT mutant (Lallemand et al., 2012). AzfiHQT/HCT-like 2,3 further had a stand-
ard Tyr-633 residue, instead of a His-633 residue shown to be necessary for di-
caffeoylquinic acid production in Solanaceous species (Moglia et al., 2014). AzfiH-
QT/HCT-like 1 had an Isoleucine at this location (Figure 10).

AzfiHCT/HQT-like and CCoAMT-like genes were moderately expressed in Azolla 
sporophytes. Genes involved in the consecutive enzymatic steps to produce lignin, 
i.e. AzfiCRR-like, AzfiCAD-like and AzfiCOMT-like, were expressed at much lower 
rates (Figure 9). This differed in Arabidopsis leaves where expression levels of the 
upstream AtHCT, AtC3H and AtCCoAMT were, firstly, lower compared to Azolla and 
secondly, comparable to expression levels of downstream AtCRR, AtCAD and At-
COMT. Hence in Azolla the phenylpopanoid pathway is not geared to the production 
of lignin, but rather to produce caffeoyl, and feruloyl, intermediates. 

The mostly highly expressed isoenzymes in the lignin pathway: AzfiCRR-like 2, 
AzfiCAD-like 1 and AzfiCOMT-like 4 are all expressed evenly during the day and 
their expression pattern is not affected when nitrogen is supplied via the growth me-
dium. This diel expression pattern is shared by AzfiC3H-like and AzfiHQT/HCT-like 
3. The expression pattern of AzfiHQT/HCT-like 2 and AzfiCCoAMT-like 4 slightly 
peaked at late night/early-morning, similar to key enzymes in the flavonoid pathway. 
In contrast, the expression of AzfiHQT/HCT-like 1 peaked sharply during the late 
night, mimicking the expression pattern of the highly expressed AzfiPAL-like 1.

Discussion 

Abundant soluble CTs are likely synthetized by a highly  
expressed AzfiLAR-like gene

The presence of CTs in A. filiculoides has been previously determined using  
histochemical methods (Pereira and Carrapiço, 2007) and Fasakin et al. (2001) re-
ported 4.26% CTs in A. africana using the acid butanol assay  (Fasakin and Balogun, 
2001). Extraction and characterization of CTs from Azolla has not yet been per-
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formed. This study indicates that CTs or proanthocyanidins, were the most abundant 
soluble (poly)phenol in both A.filiculoides and A. pinnata: tannin extracts account-
ed for 4.0 and 5.8% of the dry weight respectively. Total phenol measured in the 
extracted tannin fraction equaled 60-63% TA-eq. However, the acid-butanol assay 
suggests tannin fractions are of high purity (97-101% CTs), which is supported by 
carbon and nitrogen content and pyrolysis data. Hence the reactivity of extracted 
Azolla CTs to the Folin Ciocalteu reagent was likely below of what has been reported 
for purified tannins, i.e. 67-104% (Kraus et al., 2003)

Soluble CTs represent on average 68% of the CTs in forage plants, whereas the 
remaining fraction is either protein-bound or fiber-bound (Terrill et al., 1992). Sam-
ple pretreatment and the solvent used are known to influence extraction efficiency 
of CTs (Palmer et al., 2000). With the procedures used in this study, 81-86% of the 
CTs in the biomass were solubilized and 9-15% of protein and/or fiber-bound CTs 
were measured in the residue after extraction. The small underestimation (4-5%) 
may be due to the formation of protein-(poly)phenol complexes and, generally, the 
fiber-bound fraction may be underestimated by 10-25% by the acid butanol assay 
(Adamczyk et al., 2014; Makkar et al., 1999). Nonetheless we show here that the 
majority of CTs in Azolla are soluble and therefore that their dominant role is not 
structural (Nierop et al., 2011). 

THM indicated the structure of Azolla CTs consists predominantly of (epi)catechin 
units, which is supported by identification of the (epi)catechin monomer, dimer and 
trimer by LC-MS. A smaller contribution of (epi)afzelechin units was detected at 0.26-
0.28 of the relative abundance of catechin THM products, whilst contributions of (epi)
gallocatechin were negligible: <0.01 of the relative abundance of (epi)catechin THM 
products. The distribution of CT derived THM products observed in A. filiculoides 
and A. pinnata  strongly resembles those reported for A. caroliniana (Nierop et al., 
2011) .

CTs were by far the dominant product of the flavanoid biosynthesis pathway. Glu-
cosylated flavonols were minor soluble (poly)phenolic compounds in A. pinnata. In 
contrast, A. filiculoides only contained trace amounts of kaempferol-glucosides. Pre-
viously reported flavones: homoorientin and saponarin (Teixeira et al., 2001), were 
not identified in A. filiculoides nor in A. pinnata. Similar to CTs, flavonols detected 
in A. pinnata preferentially contained two hydroxyl groups at the B-ring (quercetin) 
over one hydroxyl group (kaempferol), whilst no flavonol containing three hydrox-
yl groups (myricetin), was not detected. Since both CTs and flavonols are derived 
from dihydroflavonols, this shared preference infers the existence of an active F3’H 
enzyme or enzyme with F3’H function, whilst suggesting a lack, or low activity, of a 
F3’5’H enzyme. 

In light of Azolla’s high protein content and favorable amino acid profile a major 
role of CTs in preventing herbivory is highly plausible; CTs protect various plant 
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species, in particularly woody species with long-lived leaves, from herbivory by ver-
tebrates and insects (Chapter 4) (Barbehenn and Peter Constabel, 2011; Coley, 
1988; Stafford, 1991). However, since anti-herbivory is not universally observed for 
different combinations of CT structures and herbivore species, other or additional 
functions may explain the high investment of carbon (Barbehenn and Peter Con-
stabel, 2011; Ayres et al., 1997). In the case of Azolla, tannins have been shown to 
accumulate in simple hairs located within the leaf cavity harboring the nitrogen-fix-
ing Nostoc Azollae (Pereira and Carrapiço, 2007). There, CTs may have a role in 
regulating the growth of the cyanobacteria symbiont, as was observed for Frankia 
symbionts in Casuarina glauca (Laplaze et al., 1999). Also CTs from trees have 
been shown to effectively reduce growth of cyanobacteria Microcystis aeruginosa 
(Shimada et al., 2010). 

The less abundant flavonols in A. pinnata are known anti-oxidants, generally be-
lieved to play a role in protecting the plant from reactive oxygen species (ROS) in 
relation to stress factors, such as UV light (Pollastri and Tattini, 2011). More work is 
needed to understand the roles of flavonoid monomers in Azolla and whether their 
occurrence is specific for A. pinnata, or can be invoked in A. filiculoides. by envi-
ronmental cues. For example, the flavones homoorientin and saponarin have not 
been detected here, but were detected in A. filiculoides, grown outdoor in Portugal 
(Teixeira et al., 2001).

High abundant CTs in Azolla were likely produced via the AzfiLAR-like enzyme. 
AzfiLAR-like was homologous to functionally annotated LAR protein from gymno-
sperms and angiosperms, while it was evolutionary distant from ANR and DFR re-
ductases. Its diel gene expression pattern matched the gene expression patterns 
of other genes that were identified as part of the flavonoid biosynthesis pathway. In 
an alternative pathway, plants convert leucoanthocyanidins into anthocyanidins via 
ANS and then reduce anthocyanidins to epiflavan-3-ols by ANR (Peng et al., 2012). 

Additional information figure 9
Coumaryl-Coa can be directly converted to the P-lignin monomer coumaryl alcohol via cin-
namoyl-Coa reductase (CRR) and cinnamyl-alcohol dehydrogenase (CAD). Alternatively, a 
quinic acid or shikimic acid group can be added by quinate O-hydroxycinnamoyltransferase 
(HQT) and shikimate O-hydroxycinnamoyltransferase (HCT). The coumarylquinic acid or 
coumarylshikimic acids are then substrate for the P450 enzyme p-coumarate 3-hydroxylase 
(C3H), yielding caffeoylquinic acid (chlorogenic acid) or caffeoylshikimic acid. The latter can 
be converted again by HQT and HCT, this time in a reverse reaction, replacing the quinic acid 
or shikimic acid by Coenzyme A, yielding caffeoyl-CoA. Caffeoyl-CoA can then be converted 
to feruloyl-CoA by caffeoyl-CoA O-methyltransferase (CCoAMT). Feruloyl-Coa is then con-
verted to coneferyl aldehyde by CRR and to the G-lignin monomer coneferyl alcohol by CAD. 
In angiosperms the P450 enzyme ferulate 5-hydroxylase (F5H) can convert the coneferyl 
group into a 5-hydroxy-coneferyl group. Methylation of the  5-hydroxy-coneferyl group by caf-
feic acid/5-hydroxyferulic acid 3/5-O-methyltransferase (COMT) yields a sinapyl-groups, that 
can be converted into S-lignin. The dashed line indicates possible routes for dicaffeoylquinic 
acids by HCT/HQT enzymes.
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In this study, we detected 
no anthocyanidins in Azolla 
biomass. However, Azolla 
is known to produce an-
thocyanins during biotic 
and abiotic stress, inferring 
the presence of an ANS 
enzyme (Ismail and Mo-
hamed, 2010; Kösesakal, 
2014). An AzfiANS/FLS-
like gene was identified, 
but was expressed at very 
low levels, in line with 
the absence of anthocy-
anidins in A. filiculoides. 
ANR homologues were 
not identified using bio-
informatics tools, but the 
epicatechin monomer was 
detected using LC-MS. 
However, enzyme extracts 
of the fern Dryopteris pyc-
nopteroides exhibited ANR 
activity and leaf extracts 
contained both catechin 
and epicatechin monomers 
(Peng et al., 2012). Hence 
it cannot be ruled out that 
Azolla is capable of pro-
ducing proanthocyanidins 
via the ANS/ANR pathway 
when subjected to different 
growth conditions or when 
introducing mutations in 
the AzfiLAR-like gene. In 
our growth conditions CT 
production is most likely via 
AzfiLAR-like, which was the 
most highly expressed sec-
ondary metabolism gene of 
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A. filiculoides; only genes from photosynthesis, calvin cycle and CSA cycle were 
more highly expressed, underscoring the importance of CT biosynthesis in Azolla. 

Dicaffeoylquinic acids are abundant in Azolla

Dicaffeoylquinic acids were the second major soluble phenolic compound in Azolla, 
accompanied by lesser contributions of caffeoylquinic acid (chlorogenic acid) and 
tricaffeoylquinic acid. Chlorogenic acid was identified earlier (Ishikura, 1982; Teixeira 
et al., 2001), but dicaffeoylquinic acid was not yet recognized as a major constituent. 
The presence of esters of caffeic acid and sugars in Azolla have been proposed pre-
viously, including caffeic acid 3,4-diglucose, 6-(3’-glucosylcaffeoyl)-aesculetin and 
the glucose 1,6-diesters of caffeic- and chlorogenic acid, but were not observed in 
this study coumarylquinic acids were detected in both A. filucloides and A. pinnata. 
A. filiculoides further contained feruloylquinic acid. However, the abundance of these 
compounds was minor compared to the caffeoylquinic acids. Hence Azolla has a 
high preference of incorporating caffeic acids into soluble phenolic compounds, with 
dicaffeoylquinic acid as the main product. 

Dicaffeoylquinic acids are synthesized by most plants in quantities <0.1 w/w% 
(Karaköse et al., 2011; Padda and Picha, 2008). However, in specific tissues of 
selected plants dicaffeoylquinic acids were shown to accumulate, for example to 
0.8-1.3%  in green coffee beans (Farah et al., 2005), 2.0% in the immature flowers of 
artichoke plants (Lattanzio et al., 2009) and 3.1-3.4% in leaves of Ilex paraguariensis 
used for the preparation of mate tea (Bravo et al., 2007). By combining data from 
LC- MS measurements with the mass and the total phenol content of extracts (Table 
2) we can estimate a minimum dicaffeoylquinic acid content of 0.7% and 1.1% in 
the biomass of A. filiculoides and A. pinnata, respectively, of which 50-60% was re-
trieved in the ethyl acetate fraction. However, this estimation depends heavily on the 
assumption that the extracted dicaffeoylquinic acids have a similar molar reactivity to 
the folin ciocalteu reagent as previously reported for pure chlorogenic acid (Everette 
et al., 2010). Hence, future research is needed to provide an exact quantification of 
dicaffeoylquinic acids in Azolla. Nonetheless, results indicate that dicaffeoylquinic 
acids accumulate in Azolla to high levels scarcely encountered in the plant kingdom. 

Protection against damaging UV-light has been considered the main function 
caffeoylquinic acids and these compounds have been shown to accumulate upon 
UV-B exposure in seed plants (Demkura et al., 2010; Moglia et al., 2014; Izaguirre et 
al., 2007). Given that Azolla plants analyzed in this study were grown without UV-B 
light, dicaffeoylquinic acids may accumulate to even higher levels in plants grown 
outdoors.  

Remarkable for Azolla is the dominance of dicaffeoylquinic acids over mono-
caffeoylquinic acids. In green coffee beans, artichoke and Ilex leaves a high content 
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of dicaffeoylquinic acid was accompanied by an equal or higher amount of mono-
caffeoylquinic acids (Farah et al., 2005; Lattanzio et al., 2009; Bravo et al., 2007). 
In Coffee and tomato an HCT and HQT enzyme have been shown to produce di-
caffeoylquinic acids as a side product to chlorogenic acid. HCT/HQT-like proteins 
are versatile BAHD acyltransferases that accept a variety of substrates and catalyse 
both forward, i.e. esterification of a hydroxycinnamoyl CoA with a shikimic/quinic acid 
and reverse reactions, i.e. production of a hydroxycinnamoyl CoA from an shikimate/
quinate ester. While a HCT enzyme in coffee produced dicaffeoylquinic acids from 
caffeoyl-Coa and chlorogenic acid (Lallemand et al., 2012), a HQT enzyme from 
tomato produced dicaffeoylquinic acids from two chlorogenic acids (Moglia et al., 
2014). 

The low ratio between mono- and dicaffeoylquinic acids in Azolla suggests 
the presence of an HCT/HQT-like enzyme with high preference for producing di-
caffeoylquinic acid. Of the HCT/HQT-like enzymes identified in Azolla, AzfiHQT/
HCT-like 1 was highly expressed and had a very distinct expression profile from 
genes identified in upstream lignin biosynthesis, suggesting it may not produce pre-
cursors that directly feed into lignin biosynthesis. AzfiHQT/HCT-like 1 was one of the 
few (poly)phenol biosynthesis genes with a similar expression profile as the highly 
expressed AzfiPAL-like 1 that ensures metaboplic flux through the phenylpropanoid 
and flavanoid pathways. Typical amino acid residues boosting dicaffoylquinic acid 
synthesis in an Coffee HCT (Asn-234) and Tomato HQT (His-633) were not present 
in AzfiHQT/HCT-like 1, but an Ile-633 residue was present instead of the standard 
Tyr-296 residue. Biochemical investigation is needed to determine if AzfiHCT/HQT-
like 1, or another enzyme, is responsible for the high dicaffeoylquinic acid produc-
tion in Azolla. Given that coffee HCT and tomato HQT genes have independently 
evolved to produce dicaffeoylquinic acid via different mechanisms, it is plausible that 
Azolla HCT/HQT-like genes have also, independently, evolved this capability. 

Azolla is capable of lignin biosynthesis via a conserved pathway

Analysis of Azolla biomass and residues after (poly)phenol extraction revealed 
the presence of insoluble coumaric and ferulic acid esters in Azolla. A. filiculoides 
contained both more coumaric (2 fold) as ferulic (5 fold) acid compared to A. pinnata 
and these compounds were mostly insoluble. Hence whereas in A. pinnata biosyn-
thesis is geared towards production of more soluble CTs and hydroxycinnamic acids, 
A. filiculoides produces more insoluble phenolic compounds. 

Coumaric acid biosynthesis is the gateway to (poly)phenol biosynthesis, compris-
ing of  PAL, C4H and 4CL enzymes and likely pre-dates land plant evolution (Mura-
dov et al., 2014). Several isoenzymes of PAL and 4Cl are already found in the moss 
Physcomitrella, suggesting early differentiation of functions (Tohge et al., 2013). In 
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Azolla we identified seven AzfiPAL-like and eight Azfi4Cl-like genes, with diel and 
tissue specific expression patterns. Two AzfiC4H-like protein had highly conserved 
amino acid sequences with C4H enzymes from seed plants, in accordance with 
the low diversification of the C4H enzyme during land plant evolution (Tohge et al., 
2013). 

The presence of ferulic acids in A. filiculoides is in line with moderate expression 
of AzfiCCoaOMT-like genes, which may produce feruloyl-CoA from caffeoyl-CoA. 
Incorporation of ferulic acid into feruloylquinic acid was observed for A. filiculoides, 
but its extraction did not alter ferulic acid abudance as detected by pyrolysis. Instead 
more ferulic acids were removed by lipid extraction, which could be explained by es-
terification of feruloyl-CoA into soluble alkyl ferulates, as in the barks of various trees 
and during wound healing in potato (Graça, 2010). Insoluble feruloyl compounds 
may derive from ω-feruloyloxypalmitic acid, which is part of the insoluble suberin 
polymer (Graça, 2010; Lotfy et al., 1994). 

In contrast to previous reports on A. caroliniana (Nierop et al., 2011) we repeat-
edly observed a low amounts of G lignin in A. filiculoides. The amount of vanillin 
produced from A. filiculoides by CuO oxidation, i.e. 0.64 mg g-1, was lower than 
previously reported for leaves of seed plants (1.00-2.17 mg g-1), but comparable to 
some mosses, including Polytrichum commune (0.68 mg g-1), Selaginella sp. (0.52 
mg g-1) and Equisetum fluviatile (0.40 mg g-1) (Logan and Thomas, 1985). All genes 
required for G-lignin biosynthesis were identified in the A. filiculoides genome and 
were lowly expressed in the sporophyte. Many of these enzymes were already pres-
ent in mosses and lycophytes, including HCT, C3H, CCoAMT, CRR and COMT-like 
genes (Tohge et al., 2013). Whilst biosynthesis of G-lignin has been reported in 
lycophytes, biosynthesis of S-lignin was until recently considered specific for an-
giosperms, where it relies on the CYP enzyme F5H (Weng and Chapple, 2010; 
Nelson, 2006; Espiñeira et al., 2011). Here we obtained miniscule amounts of syring 
aldehyde (0.023 mg g-1) and acetonesyringone (0.005 mg g-1) by CuO oxidation of 
A. filiculoides biomass, whereas the concentration of syring aldehyde is 50-250 fold 
higher in angiosperm leaves and barks (Logan and Thomas, 1985). Small amounts 
of S-lignin products have also been previously observed in the ferns Ceratopteris 
cornuta and Dennstaedtia bipinnata, and in gymnosperms, whilst higher concentra-
tions have been detected in the spikemoss Selaginella (Logan and Thomas, 1985; 
Espiñeira et al., 2011). In Selaginella, it has been shown that S-lignin is synthesized 
via an independently evolved enzyme (Weng and Chapple, 2010; Espiñeira et al., 
2011). Phylogenetic analysis of CYP genes performed here suggested early diver-
sification of F5H from F3’H, but provided insufficient confidence to assign a F5H-
like gene in Azolla. Additionally it can be questioned to what extend the observed 
syringyl-phenols can have another origin than S-lignin. Therefore further research is 
needed to confirm S-lignin biosynthesis in Azolla. 
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It can be concluded that A. filiculoides contains a conserved pathway for G-lignin 
production. However, Azolla incorporates only a minimal amount of lignin in its bio-
mass. This may be due to the aquatic habitat of Azolla and not be representative of 
ferns: Espiñeira et al. (2011) remarked on low lignin-like content of plants thriving in 
aquatic habitats, including Isoetes fluitans, Isoetes histrix, Ceratopteris thalictroides, 
Ceratopteris cornuta and Posidonia oceanica (Espiñeira et al., 2011). Since Azolla 
grows horizontally and is completely supported by the water surface it does not need 
the strong fiber crosslinks required for vertical growth. A low lignin content would 
further permit the remarkably rapid abscission of branches, which is believed to fa-
cilitate its vegetative propagation (Cohen et al., 2014; Uheda and Nakamura, 2000). 

However, to what extend other (poly)phenolic compounds comprising of ferulic, 
and especially, coumaric acids take over the structural function of lignin, or perform 
different functions, is yet unknown. Fluoresence confocal microscopy suggested lo-
calization of insoluble polyphenols in the xylem, consistent with G-lignin preferential 
deposition in tracheary elements of seed plants (Chapple et al., 1992; Nakashima 
et al., 2008). 

Inventions in flavonoid biosynthesis in the common ancestor  
of ferns and seed plants?

In contrast to lignin biosynthesis, many key inventions in the flavonoid pathway 
seem to have occurred after lycophytes and ferns diverged. A CHS-like enzyme 
is still reported in P. patens and lycophyte S. molendorfi, but CHI was not detect-
ed (Tohge et al., 2013). In Azolla we found one AzfiCHI-like gene as in monocots 
(Tohge et al., 2013). The core flavonoid pathway further comprises of three enzyme 
families, i.e. the 2-oxoglutarate-dependent dioxygenases (2OGD), the Cytochrome 
P450 hydroxylases (CYP) and oxioreductases (Nelson, 2006; Kawai et al., 2014). 
The expansion of the 2OGD and CYP enzyme families is believed to be an important 
driver for the vast diversity of secondary metabolites observed in land plants (Nelson, 
2006; Kawai et al., 2014). In Azolla we encountered two types of 2OGD enzymes: 
F3H-like enzymes that likely convert naringenine into gene dihydroflavnonols and an 
FLS/ANS-like enzyme with similarity to both FLS and ANS. F3H-like genes were not 
found in the moss P. patens nor the lycopod S. molendorfii (Tohge et al., 2013; Kawai 
et al., 2014). Several ANS enzymes have been shown to possess FLS activity and 
it was suggested that the enzymes diverged before the evolution of angiosperms 
and gymnosperms (Kawai et al., 2014). Polygenetic placement of AzfiFLS/ANS-like 
protein suggests divergence of FLS and ANS after the evolution of the Salviniales.  

Of the hydroxylating CYP enzymes, we could identify one FNSII-like (CYP93B) 
gene and eight F3’H-like genes (CYP75A), but no IFS-like gene (CYP93C) respon-
sible for isoflavanoid production. The lack of isoflavonoids in Azolla is not surprising, 
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as these are nearly exclusively found in legumes (Nelson, 2006). Flavones, on the 
other hand have been identified previously in A. filiculoides inferring the presence of 
a FNSII-like gene or a gene with similar function (Teixeira et al., 2001). Although the 
placement of AzfiF3’H-like genes by phylogenetic analysis was generally not well 
supported, results clearly suggest the diversification of F3’H and F3’5’H after the 
evolution of the Salviniales. Furthermore, the presence of F3’H-like and not F3’5’H-
like genes in Azolla is strongly supported by the dominance of flavonoids with two 
hydroxyl groups at the B-ring and the lack of flavonoids with three hydroxyl groups 
at the B-ring. 

Although flavanoid 2ODG and CYP homologues have not been found in S. mo-
lendorfii and P. patens, monomeric flavonoids are detected in some other mosses 
and algae (Stafford, 1991; Goiris et al., 2014). Given the disparate distribution of fla-
vonoid groups within the Plantae Kingdom, it is very likely that crucial enzymes have 
evolved more than once, or that numerous losses have occurred (Stafford, 1991). 
For example, in an Arctic moss both F3’H and F3’5’H were identified, but were sug-
gested to have evolved independently from the F3’H in ferns, gymnosperms and 
angiosperms (Liu et al., 2014).

Opposed to monomeric flavonoids, CTs have only been identified in ferns, but 
not in mosses, lycophytes or algae (Stafford, 1991; Goiris et al., 2014; Hwang et al., 
1990; Jones and Firn, 1979). We identified a highly expressed AzfiLAR-like gene 
homologous to functionally annotated LAR genes from gymnosperms and angio-
sperms, while clearly distinct from DFR-like genes. Further characterization is need-
ed both of the enzymes identified by orthology searches in this study and of the 30% 
of proteins that lack annotation in the genome of A. filiculoides to fully understand 
flavonoid biosynthesis. Diversification of oxidoreductases into LAR, however, was a 
crucial invention during fern evolution, likely affording efficient protection from her-
bivores.  

Implications for an Azolla production chain

To develop Azolla as a high quality feed, reducing the high levels of CTs may be 
necessary. This may be achieved by processing the harvested biomass and/or by 
breeding and selecting for strains with reduced CT content. The LAR enzyme is a 
very promising breeding target in this regard, as it is the likely route for CT production 
in Azolla and the only AzfiLAR-like gene in the Azolla genome, yet it cannot be ruled 
out that its knockdown may redirect the metabolic flux to FLS/ANS and ANR result-
ing in the production of epicatechin based CTs. Reduced synthesis of CTs will very 
likely also render Azolla more vulnerable to herbivores and possibly deter growth by 
inhibiting yet unknown functions of these compounds. Hence possible advantages in 
product quality need to be weighed against disadvantages during cultivation.
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Whereas the high CT content of Azolla is a possible caveat in the development of 
a sustainable production chain, the relatively high content of dicaffeoylquinic acids 
may provide additional value. Dicaffeoylquinic acid derivatives were researched as 
a potential natural drug for the treatment of various diseases, including the reduction 
of diabetes type 1 in mice (Tong et al., 2015), inhibition of the integration of the HIV 
virus in human cell lines (Robinson et al., 1996) and the prevention liver damage in 
rats (Choi et al., 2005). Artischoke extracts, rich in dicaffeoylquinic and chlorogenic 
acids, are commercialized as drugs, mainly for the treatment of liver diseases (Lat-
tanzio et al., 2009). Hydrolysis of dicaffeoylquinic acids can alternatively yield caffeic 
acids used as formulation stabilizers in food, cosmetic and pharmaceutical industry 
and the synthesis of thermoresistant bioplastics (Silva et al., 2014; Chauzar et al., 
2012).

The total phenol content of Azolla was shown to depend on growth conditions and 
species (Chapter 4). Azolla plants analyzed here grew relatively slowly, i.e. 3.4±0.3 
and 3.3±0.0 g m-2 d-1, around one-third of their growth potential, due to the lower light 
intensity used, i.e. 100 µmol m-2 s-1 versus 300 µmol m-2 s-1 (Chapter 4). Consequent-
ly these plants had a different chemical composition, including a lower nitrogen and 
higher lipid content (Supplemental Figure S7). The total phenol content determined 
in this study was 1.7 fold higher and 1.3 fold lower than reported for rapid-growing A. 
filiculoides and A. pinnata, respectively. This indicates a differential response of A. 
filiculoides and A. pinnata to elevated light intensity, which was also observed in the 
case of elevated CO2 levels (Chapter 3). Given the many specific roles of secondary 
metabolites, it is to be expected that, similar to seed plants, not only the amount, but 
also the type of (poly)phenolic compounds being synthetized is highly dependent on 
the environmental conditions, including temperature, light conditions, presence of 
abiotic or biotic stress, etc. (Demkura et al., 2010; Moglia et al., 2014; Rivero et al., 
2001; Izaguirre et al., 2007). This may also explain why neither flavones nor antho-
cyanidins were detected in this study versus previous work (Ishikura, 1982; Teixeira 
et al., 2001). Anthocyanidins provide Azolla its red-purple color during cold winters 
or phosphorous stress (Ismail and Mohamed, 2010; Kösesakal, 2014). Although an-
thocyanidins were not synthesized in the green Azolla ferns grown under favorable 
conditions, this clearly does not rule out their importance for the plant’s functioning. 
Similarly, compounds that we identify as major compounds, may not be so abundant 
in ferns grown in other environments. Hence, depending on the climatic conditions 
and when Azolla is harvested, the amounts and types of phenolic compounds will 
differ, which will impact the value of the harvested biomass. Optimization of growth 
conditions and development of breeding lines will be required to develop sustainable 
production of protein and chemicals from Azolla. 
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Supplemental data

The supplemental tables and figures are available on request at: 
p-brouwer@live.nl and will be made available online upon publication. 
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Abstract

The fast-growing, nitrogen fixing, aquatic fern Azolla is a promising novel crop 
for the production of feed and food, due to its high protein content and favorable 
amino acid profile compared to soybean meal. However, digestibility of whole bio-
mass is likely limited by the high content of phenolic compounds, particularly, con-
densed tannins. Here we investigated protein extraction methods for protein yield 
and (poly)phenol content of extracts obtained from Azolla, and a number of other 
(aquatic) plants. Protein precipitates obtained by extractions at pH 8 contained  
16-26% of original biomass nitrogen, depending on extraction temperature. Increas-
ing the extraction pH to 10.5 improved nitrogen recovery in the protein precipitate to 
maximally 54%. This substantial improvement in yield at pH 10.5 versus pH 8 was 
also observed in other plants belonging to the Salviniaceae family and the green 
seaweed Ulva, but not for Lemna and soybean. In Azolla, the improvement in yield 
is due to solubilization of protein-tannin complexes that are insoluble at pH 8. Ex-
tractions at pH 10.5 and pH 12.5 invoked strong interactions between tannins and 
proteins which prevented their subsequent separation.  Two approaches were tested 
that allow protein extraction from Azolla while reducing the content of condensed 
tannins. Pre-extraction with aqueous acetone (70 v/v%) extracted  76-85% of the 
condensed tannins and consecutive extraction of the protein at pH 12.5 and 95°C for 
three hours produced a protein precipitate containing 38% of total biomass nitrogen. 
Protein extraction at pH 8 and 45°C in the presence of 1.5% PEG 6000 also pro-
duced a protein precipitate containing 38% of total biomass nitrogen, while reducing 
(poly)phenol content with 67%. Digestibility studies need to be performed to confirm 
effects of (poly)phenol removal on protein digestibility. The choice of methods further 
depends on their potential to be integrated into a bio-refinery, with (poly)phenols and 
carbohydrates as potential co-products. 
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Introduction

The world population is expected to grow to more than 9 billion people in 2030 
(United Nations, 2015), which will pose a challenge for global food supply. Espe-
cially the amount of digestible protein is limiting in the diets of many population 
groups (Millward and Jackson, 2004). Currently the major protein crop is soy, which 
is predominantly produced in (sub)tropical regions of Brazil, USA and Argentina and 
imported in large quantities in temperate regions, such as western Europe (WWF, 
2014). Some of the imported soy is used for direct human consumption, but most 
of it is utilized for feeding cattle, providing meat protein (WWF, 2014). Given the 
growing population and the geographically concentrated production of plant protein, 
novel sources of plant protein are sought, especially for temperate regions. 

Azolla is a family of fast-growing, nitrogen-fixing aquatic ferns that thrive in trop-
ical to temperate regions of the world (Lumpkin and Plucknett, 1980; van Hove and 
Lejeune, 2002; van Hove, 1989) Azolla plants are particularly rich in protein and 
have a favorable amino acid profile compared to soy (Chapter 4) (Becerra et al., 
1990). Therefore Azolla has been proposed as a novel feed source to replace soy in 
the diets of pigs and poultry. In feeding trials whole Azolla could be included in diets 
at rates of 5-15%% for poultry, 15% for sows and 25% for tilapia fish. However Azol-
la could not fully replace commercial soybean meal, since at higher inclusion rates 
negative effects on animal weight and overall digestibility were observed (Becerra et 
al., 1990; Leterme et al., 2010; Abdel-Tawwab, 2008; Basak et al., 2002; Naghshi et 
al., 2014; Alalade and Iyayi, 2006).

Recent studies have pointed towards phenolic compounds as a possible cause 
for the limited inclusion rate. A. filiculoides and A. pinnata contained more phenolic 
compounds than what is generally encountered in food (Chapter 4). Dominant phe-
nolic compounds in Azolla filiculoides and Azolla pinnata include (di)caffeoylquinic 
acids and proanthocyanidins, or condensed tannins (CT) (Chapter 5). CTs have also 
been detected in A. caroliniana (Nierop et al., 2011) and  A. africana (Fasakin and 
Balogun, 2001).

CTs traditionally have been considered anti-nutrients because intake of tan-
nin-rich feed by animals usually leads to a reduced digestibility of protein and a sub-
sequent increase in fecal nitrogen (Bravo, 1998). The digestibility of protein may be 
reduced by CTs interacting with dietary protein or digestive enzymes, although many 
mammals are known to produce proline-rich salivary proteins (RPRs) that strongly 
bind CTs before entering the digestive track (Shimada, 2006). In the case of poultry, 
production of RPRs has not been reported. Including tannin-rich hulls in the diet of 
chicken caused reduced digestion of amino acids, starch and lipid compared with the 
control diet, mainly due to inactivation of digestive enzymes by CTs  (Longstaff and 
Afrc, 1991). In pigs small amounts of PRPs have been reported but exhibited limit-

Chapter 7 153



ed affinity to tannins (Mole et al., 1990). The reduced protein digestibility observed 
when feeding tannin rich faba bean hulls to pigs, was attributed to the interaction of 
CTs with both dietary and endogenous proteins in the digestive tract (Jansman et 
al., 1995). The limited inclusion rate observed in feeding trials with poultry and pigs 
with Azolla may therefore be explained by the 4-8% of CTs in different Azolla species 
(Chapter 5) (Fasakin and Balogun, 2001).

Small phenolic compounds including dicaffeoyquinic acid and flavonol-gluco-
sides are incapable of precipitating protein (Bravo, 1998), but may form covalent 
bonds with protein by enzymatic and non-enzymatic oxidation as well as non-cova-
lent hydrogen bonds (Bravo, 1998; Budryn and Rachwal-Rosiak, 2013; Le Bourvel-
lec and Renard, 2012). Depending on the type of protein these bonds may lead to 
decreased protein solubility and/or digestibility (Budryn and Rachwal-Rosiak, 2013) .

A reduced amount of (poly)phenols and especially CTs will therefore very likely 
increase the digestibility and thereby commercial value of Azolla as feed. One ap-
proach to enhance the inclusion rate of Azolla in animal diets is to feed extracted 
protein instead of whole Azolla as feed. 

Alkaline protein extraction has been successfully used to extract protein from 
seeds, microalgae, macroalgae, grasses and green tea leaves (Sari et al., 2015). 
Alkaline protein extraction was further used to produce protein extracts (6-7.2%  
nitrogen) from duckweeds Lemna, Spirodela and Wolffia, although extraction yields 
were not reported (Rusoff et al., 1980). Alkaline protein extraction has not been 
previously performed for Azolla. Fasakin (1999) used leaf pressing followed by 
heat congelation on A. africana to produce a high purity protein concentrate (11.4%  
nitrogen) containing 62.1% of the initial pulp nitrogen. Although providing high yields, 
heat congelation denatures protein whereas alkaline extraction can yield soluble 
protein, which broadens the scope for product applications.

Therefore, in this study we investigate alkaline protein extraction for the produc-
tion of protein feed from biomass of Azolla, with a focus on the fate of phenolic com-
pounds during this extraction. First we study protein yield in relation to extraction pH 
and temperature and compare these results with other (novel) feedstocks. Secondly 
we use pyrolysis and THM to track (poly)phenols during the extraction. Finally, we 
use the knowledge obtained from these experiments to test approaches for recover-
ing protein from Azolla with a lower content of (poly)phenols. 
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Materials and methods

Plant material and growth conditions

A. filiculoides was obtained from a location at Galgenwaard, Utrecht, the Nether-
lands. A. pinnata was obtained from the IRRI accession, under accession number 
535. S. molesta was obtained from the collection of the Utrecht University botanical 
garden. A. filiculoides, A. pinnata and S. molesta were grown in a growth chamber 
providing 16h light at an intensity of 100 µmol m-2 s-1 , a stable temperature of 21°C 
and 70% humidity. The growth medium for Azolla species consisted of 0.65 mM 
NaH2PO4·H2O, 1.02 mM K2SO4, 1 mM CaCl2·2H2O, 1.65 mM MgSO4·7H2O, 17.9 µM 
Fe-EDTA, 9.1 µM MnCl2·4H2O, 1.6 µM Na2MoO4·2H2O, 18.4 µM H3BO3, 0.8 µM Zn-
SO4·7H2O, 0.3 µM CuSO4·5H2O, 0.2 µM CoCl2·6H2O. Growth medium of S. molesta 
was supplemented with 2 mM NH4NO3. Medium pH was adjusted to 5.5 using KOH. 
Every two weeks the growth medium was replaced completely. One third of the bio-
mass was harvested weekly and freeze-dried. Batches of freeze-dried biomass were 
pooled and used for laboratory scale protein extractions. Freeze-dried biomass of 
Lemna minor was provided by Wageningen Research & University, the green sea-
weed Ulva lactuca was obtained from OceanHarvest (Ireland) and soybeans where 
acquired commercially.

For larger scale protein extractions, A. filiculoides was grown in a greenhouse in 
the botanical gardens of Utrecht University from August 2016 to November 2016, 
without additional light or heating. Plants were grown in 12L containers with a sur-
face area of 459 cm2. The growth medium was as described above and was re-
placed each two weeks. Harvested material was directly used for protein extraction. 

Materials

Sodium hydroxide, polyethylene glycol (3350 & 6000 Da) and sodium-ascorbate 
(≥98%) were purchased from Sigma Aldrich. Hydrochloric acid, (38%) and anhy-
drous acetone (99%) were obtained from Merck. Tannic acid, chlorogenic acid, cat-
echin and Bovine Serum Albumin (BSA), used for reference, were purchased from 
Sigma Aldrich. Black spruce tannins were provided by Caroline M. Preston (Lorenz 
and Preston, 2002) and characterized by Klaas G.J. Nierop (Nierop et al., 2005).

Protein extraction

For laboratory scale protein extraction 20 mg of freeze-dried A. filiculoides bio-
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mass was ground using a tissue-lyser. After grinding 1 ml of solvent was added and 
tubes were vortexed. The solvent consisted of water with different concentrations 
of NaOH and possible additives, including polyethylene glycol (PEG, MW 3350 and 
6000 Da) and vitamin C in the form of sodium ascorbate. The pH was adjusted dur-
ing the extraction to remain around 8.0, 10.5 and 12.5. The extraction was performed 
for 4 h at either room temperature (RT), 45 °C or 95 °C. Solubilized compounds were 
separated from the insoluble fraction by 10 minutes of centrifugation at 6000x g. The 
protein precipitate was obtained by adjusting a known amount of the soluble fraction 
to pH 3.5±0.25 using HCl followed by 10 minutes of centrifugation at 6000x g. The 
fractions, i.e. insoluble, soluble, protein precipitate and supernatant, were collected 
in pre-weighed tubes, freeze-dried and weighed. The extraction was performed in 
nine technical replicates. Of these replicates, three were used for carbon and nitro-
gen (C and N) determination, two were used for pyrolysis and THM analysis and 
three were used for total phenol analysis. One replica was stored as a back-up. 

For larger scale extraction fresh Azolla biomass was surface dried on a filter 
paper, weighed and a aliquot was taken to determine the dry weight. Surface dried 
biomass and solvent were mixed in a blender at a 1:50 fresh weight: solvent ratio. 
After 2x1 minute of mixing the solution was transferred to 50 ml tubes, after which 
the procedure was followed as described above. Extractions where performed in 
technical triplicates. 

Chemical analysis

For total carbon and total nitrogen content (C and N), 1-2.5 mg of the freeze-dried 
material was analyzed using an elemental analyzer (Fisons NA 1500 CNS) connect-
ed to a mass spectrometer (Finnigan Delta Plus). Total phenol was determined by 
extracting samples with aqueous acetone (70%) for 24 h at 20 °C followed by react-
ing the samples with Folin-Ciocalteu reagent (Waterman and Mole, 1994). Insoluble 
fractions and soluble protein fractions were adjusted to a neutral to acidic pH with 
HCl prior to the extraction. Tannic acid was used as the calibration standard. For 
detection of condensed tannins, the acid butanol assay was performed by adding to 
the freeze-dried sample 1.2 ml of n-butanol-HCl solution (5 v/v%) and 20 µl of 2% 
ferric ammonium sulfate in 2N HCl. Reagents were vortexed and heated at 95 °C 
for 50 minutes before measuring absorbance at 550 nm(Makkar et al., 1999). Black 
spruce tannins were used as the reference standard. 

For characterization of soluble and insoluble carbohydrates in Azolla biomass, 
first two successive Soxhlet extractions using water and ethanol were performed 
to remove non-structural components (Grisel et al., 2014; Wildschut et al., 2013). 
The extracted Azolla feedstock and aqueous extract were hydrolyzed in two steps: 
12 M H2SO4 at 30 °C for 1 h, followed by 1.2 M H2SO4 at 100°C for 3 h. The hydro-
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lysate was analyzed using High Performance Anion Exchange Chromatography with 
Pulsed Amperometric Detection (HPAEC-PAD, ICS3000, Dionex, Sunnyvale, CA) 
with a CarboPac PA1 column. Analysis was performed using a eluents sequence for 
lignocellulosic carbohydrates (Grisel et al., 2014). Carbohydrate determination in the 
starting material and insoluble residue of protein extraction was performed without 
pre-extractions and using a eluents sequence optimized for seaweed carbohydrates 
(i.e., including uronic acids). The ash content of Azolla feedstock was determined by 
combustion in duplicate at 550 °C.

Pyrolysis was carried out using a Horizon Instruments Curie-Point pyrolyser. 
Samples were heated for 5 s at 600 °C. The pyrolysis unit was connected to a Carlo 
Erba GC8060 gas chromatograph and the products were separated with a fused sili-
ca column (Varian, 25 m, 0.32 mm i.d.) coated with CP-Sil5 (film thickness 0.40 µm). 
Helium was used as carrier gas. The oven temperature program was: 40 °C (1 min) 
to 180 °C at 7 °C min-1  and subsequently to 320 °C (held 15 min) at 20 °C min-1. 
The column was coupled to a Fisons MD800 mass spectrometer (range m/z 45–650, 
ionization energy 70 eV, cycle time 0.7 s). 

Thermally assisted Hydrolysis and Methylation (THM), i.e. pyrolysis in the pres-
ence of tetramethylammonium hydroxide (TMAH), was also employed to provide 
more insight into the polyphenolic composition. Prior to THM, samples were pressed 
onto Curie-point wires, a droplet of TMAH (25% in water) was added and samples 
were dried under a 100 W halogen lamp. Analysis of the THM products by way of 
GC–MS was identical to conventional pyrolysis. Compound identification was car-
ried out by way of mass spectral comparison using a National Institute of Standards 
and Technology (NIST) library, interpretation of the spectra, retention times and/or 
comparison with literature data.

Calculations 

The mass balance of  protein extractions was made by firstly correcting the mass 
of each freeze-dried fraction (insoluble, soluble, protein precipitate and supernatant) 
for the content of Na+ , Cl-, sodium ascorbate and/or PEG in the remaining solvent. 
The mass of the soluble fraction, protein precipitate and supernatant was further 
corrected for the volume used for analysis, leading to the corrected mass (Mfc) as 
following:

Where Vt = the total volume of the soluble fraction after centrifugation, Va is the 
volume used for analysis, Mf =  mass of the fraction after freeze-drying, Vrf = the 
residual volume of solvent left in the fraction before analysis, Cs = the mass concen-
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tration of the solvent, Mstart =  mass of the starting material after freeze-drying. In the 
cases that the soluble fraction and the supernatant were not analyzed, Vt = Va.  The 
corrected nitrogen balance (Nfc) was calculated by:

Where Nf = the nitrogen content in the fraction and Nstart = the nitrogen content in 
the starting material. Protein yield was estimated by: 

Where Cw, start = the residual water content of the freeze-dried starting material and 
Kb stands for the empirically determined ratio between amino acids (AAs) and total 
biomass nitrogen (Ntot), i.e. 4.9 for Azolla species (Chapter 4), 4.6 for U. lactuca, 4.8 
(Bikker et al., 2016) for L. minor (Zhao et al., 2014) and 5.7 for Soybean (Petzke et 
al., 1997).

Lastly, protein purity was estimated by multiplying the nitrogen content (Nf) with 
KAA, which is the ratio between AAs and amino acid nitrogen (NAA), i.e. 5.7 for Azolla 
species (Chapter 4) and U. lactuca (Bikker et al., 2016) and 5.8 for L. minor (Zhao et 
al., 2014) and soybeans (Petzke et al., 1997). Both Kb and KAA have not previously 
been determined for S. molesta and were assumed equal to the ratios for Azolla.

Quantification of pyrolysis and THM products was performed by peak integration 
of mass chromatograms using characteristic fragment ions of the compounds of 
interest.  A list of retention times and characteristic fragment ions used for quantifica-
tion is provided in Table S1, Supporting information. 

Results & Discussion

Growth and chemical composition of Azolla filiculoides

Azolla filiculoides cultures grew under constant climatic conditions and were har-
vested weekly to ensure biomass productivity, which averaged 3.4 g m-2 d-1 over a 
period of 28 days. Using nitrogen concentrations we estimated protein content at 
18.4% of the dry weight (% for the remainder of the article). The biomass further con-
tained 19.8% polysaccharides, predominantly glucan (67% of the polysaccharide 
weight), followed by galactose (12.6%), xylose (7.6%) and mannose (6.5%) (Table 
1). Lipid extraction yielded 12.8% of crude lipids, whilst extraction with aqueous 
acetone (70 v/v%) yielded 5.3% tannic acid equivalent (TA-eq) of (poly)phenols, in-
cluding 4% condensed tannins (CTs). Hot water extraction also yielded 2.1% of sol-
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uble sugars, mostly fructose and glucose. 
The biomass further contained 14.3% of 
ash, of which 11.6% was solubilized by 
hot water (Table 1).

The ash content is within the range 
(8.7-18.5%) previously reported for A. 
filiculoides (Costa et al., 1999; Datta, 
2011). The protein content determined 
here differs from values reported previ-
ously (Becerra et al., 1990; Costa et al., 
1999; Datta, 2011), since we used a con-
version ratio (Kb) specific for Azolla (4.9), 
instead of the standard 6.25 (Chapter 
4). Hemicellulose content (10.8-18.1%) 
and cellulose content (11.0-22.7%) were 
previously determined by the Van Soest 
method (Costa et al., 1999), which can 
overestimate polysaccharide content due 
to protein remaining in the Neutral Deter-
gent Fiber residue (Godin et al., 2014). 
Our work indicates a lower content of 
polysaccharides in A. filiculoides, and in 
particular less hemicellulose than was 
previously estimated by the Van Soest 
method.  

Alkaline extraction at pH 10.5 effectively solubilizes Azolla  
protein

The harvested biomass used to test a series of extractions at pH 8, 10.5 and 12.5 
carried out either at RT, 45°C or 95°C. As illustrated in Figure 1A,B, pH had a pro-
nounced effect on the mass and nitrogen (N) balances of the extraction. At the mild-
est conditions of pH 8 and RT only 31% of the biomass dry weight was solubilized 
and 10% was precipitated. Of the biomass N, 31% was solubilized and 18% was 
recovered in the protein precipitate (Figure 1C, D). Increasing the pH to 10.5 yield-
ed more solubilized compounds, which were mostly recovered in the protein pre-
cipitate (23%). The increase in pH preferentially solubilized N-rich compounds and 
acid precipitation recovered 54% of the initial biomass N in the protein precipitate.  
Increasing the pH from pH 10.5 to 12.5 at RT increased solubilized compounds, but 
did not increase the yield of the protein precipitate (21%) (Figure 1A,B Figure S1, 

Table 1. Growth and chemical composi-
tion of A. filiculoides.
Growth rate (g m-2 d-1) 3.4

Protein1 20.6

Lipids 12.8

Total phenol2 5.3

Soluble condensed tannins 4.0

Soluble sugars 2.1

Fructose 1.2

Galactose 0.04

Glucose 0.7

Xylose 0.15

Polysaccharides 19.8

Glucan 13.3

Xylan 1.5

Galactan 2.5

Arabinan 0.6

Mannan 1.3

Rhamnan 0.6

Ash 14.3
1 Based on a ratio of protein / total N of 4.9 
2 In tannic acid equivalent 
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Supporting Information). Moreover, both the amount of solubilized N and the amount 
of N recovered in the protein precipitate remained similar to pH 10.5 (Figure 1C,D).

The effect of temperature was specific for each extraction pH. At pH 8 an increase 
in temperature from RT to 45°C slightly increased (non-significant) the biomass N 
recovered in the protein precipitate, but no changes occurred when increasing tem-
perature to 95°C. At pH 10.5 elevated temperature had a slightly negative effect on 
both solubilized N and, especially, on the N recovered in the protein precipitate. For 
pH 12.5 extractions, temperature had a much greater effect. At a temperature of 
45°C the soluble fraction contained 62% of the initial mass and 67% of the biomass 
N.  The protein precipitate represented 27% of the initial mass and contained 57% 

Figure 1. Percentage of initial mass (n=9) and nitrogen (n=3) in the soluble fraction (A,C) and 
protein precipitate (B,D) obtained by alkaline extraction of A. filiculoides. Extractions were 
performed at pH 8, pH 10.5 and 12.5 for 4 h. Lighter to darker bars indicate extraction temper-
ature: RT, 45°C and 95°C. Statistical analysis was by one-way ANOVA and a tukey post-hoc 
test; letters indicate significantly differing groups (P<0.05).
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of the biomass N. At 95°C the soluble fraction increased further to 82%, containing 
84% of the biomass N. The solubilized compounds, however, were not preferably 
precipitated with acid but instead remained in the supernatant, resulting in a reduc-
tion in mass and N recovered in the protein precipitate with respect to 45°C. (Figure 
1, Figure S1, Supporting Information). 

Alkaline extraction at pH 12.5 and 95°C was previously reported to provide high 
protein yields from green tea leaves (Zhang et al., 2014). The improved solubilization 
of N is likely due to the degradation of membrane-bound protein that would other-
wise not become soluble. Considerable degradation of Azolla protein was clearly 
observed after 2h of extraction at pH 12.5 and 95°C (Figure S2, Supporting Infor-
mation).  However, the degraded protein may no longer be susceptible to acid pre-
cipitation, explaining the small (41%) fraction of solubilized N being precipitated. 
Hence extraction at pH 12.5 and 95°C does not improve protein yield compared to 
extraction performed at pH 10.5 and RT, at least not for the extraction time tested 
and when used in combination with acid precipitation.

Comparing alkaline extraction of Azolla with other feedstocks

A second set of protein extractions was performed to compare protein yields to 
alternative aquatic plants and algae and to see whether the large increase in extrac-
tion efficiency at pH 10.5 versus pH 8 could also be observed for these feedstocks. 

Figure 2. The effect of extraction pH on protein yield (A) and nitrogen recovered in the protein 
precipitate (B) for protein extractions at RT of A. filiculoides, A. pinnata, S. molesta, U. lactuca, 
L. minor, and soybeans (n=3). Statistical analysis was by one-way ANOVA and a tukey post-
hoc test; letters indicate significantly differing groups (P<0.05).
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Soybean was used as a control. Protein contents of the aquatic plants and soybeans 
are given in Table 2. 

For A. filiculoides, absolute protein yield was maximally 13.3% at pH 10.5 and RT, 
similar to S. molesta (12.4%) L. minor (12.2%) and G. max seeds (12.9%) (Figure 
2A).Maximum protein yield from A. pinnata was significantly less (8.1%) compared 
to A. filiculoides, mostly due to lower protein content in the biomass (16% versus 
21%) (Figure 2A; Table 2). The maximum protein yield from U. lactuca was signif-
icantly lower compared to other feedstocks except A. pinnata, due to much lower 
extraction efficiency (Figure 2B). This is likely due to the tough cell wall of algae 
that are generally difficult to disrupt (Sari et al., 2015; Polikovsky et al., 2016). The 
mechanical destruction of the soybeans also proved more difficult compared to the 
leaf tissues and the extraction efficiency of 33-37% obtained here is at the low end 
of values reported in literature (33-71%) (Sari et al., 2015). 

The extraction efficiency for A. filiculoides at pH 10.5 was similar to the previous 
experiment, recovering 53% of the biomass N in the protein precipitate (Figure 2B). 
For Lemna the highest amount of N recovered in the protein precipitate was 42% 
at pH 8, and 58% for S. molesta at pH 10.5 (Figure 2B). Given these aquatic plants 
consist mostly of leaves, these values likely reflect the water soluble protein fraction, 
which is generally found to lie between 40 and 50% of biomass N in leaves (Takashi-
ma et al., 2004; Funk et al., 2013; Fiorentini and Galoppini, 1983). Of the soluble 
protein RuBisCo generally represents half (Takashima et al., 2004; Fiorentini and 
Galoppini, 1983). Membrane-associated proteins such as thylakoid components, 
representing the largest part of the insoluble fraction of leaves (Evans and Seeman, 
1989) are unlikely solubilized during extraction at pH 8 and pH 10.5 at RT. 

Increasing the extraction pH from 8 to 10.5 had a significantly positive effect 
on the extraction efficiency for A. filiculoides (2.5 fold), A. pinnata (3.7 fold) and 
S. molesta (5.5 fold) and a non-significant effect on the extraction efficiency for U. 
lactuca (16.6 fold). However, increasing pH did not change the extraction efficiency 

Table 2. Protein content of biomass and mass and purity of protein precipitates 

Feedstock

Start material pH 8, protein precipitate pH 10.5, protein precipitate

Protein  
content [% 

dw] Mass [% dw]
Protein purity 

[%] Mass [% dw]
Protein purity 

[%]

A. filiculoides 21 ± 2 11 ± 1 39 ± 2 26 ± 2 52 ± 2

A. pinnata 16 ± 0 8 ± 3 22 ± 3 25 ± 1 29 ± 1

S. molesta 18 ± 1 9 ± 0 41 ± 2 26 ± 3 46 ± 5

U. lactuca 22 ± 1 0 ± 1 36 ± 13 7 ± 3 51 ± 7

L. minor 25 ± 0 17 ± 2 67 ± 1 17 ± 2 68 ± 1

Soybean 37 ± 3 20 ± 3 65 ± 3 20 ± 4 58 ± 2
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for L. minor or soybeans, which were statistically identical at both pH levels (Figure 
2B). Additionally, the purity of protein precipitates of Azolla species, S. molesta and 
U. lactuca increased to roughly 50% by increasing the extraction pH from 8 to 10.5 
(Table 2). The purity of protein precipitates of L. minor and Soybean was generally 
higher (58-68%) compared to the other feedstocks, and did not improve by increas-
ing pH from 8 to 10.5 (Table 2). 

The limited yield at pH 8 is thus shared by species in the Salviniaceae family and 
is also observed in macroalgae, although the properties that cause these low extrac-
tion efficiencies may be different in each species. 

Elevating pH enhances yield by preventing protein precipitation 
by tannins

To determine the fate of the phenolic compounds during protein extraction, we 
firstly investigated the insoluble fraction for residual (poly)phenols using (conven-
tional) pyrolysis. All pyrolysis products, their likely origin and relative abundance are 
given in Table S1, Supporting Information. Catechol is the main pyrolysis product 
from the soluble (poly)phenols in Azolla (Chapter 5). Since saccharides are predom-
inantly present as insoluble polysaccharides (Table 1), the yield of pyrolysis products 
from saccharides is not expected to change due to protein extraction. Therefore a 
ratio between catechol and saccharide related products is used to track (poly)phenol 

Figure 3. The presence of (poly)phenols in the insoluble fraction (A) and the effect of the 
addition of PEG to nitrogen solubilization and recovery at pH 8 (B). (A) The presence of 
polyphenols is indicated by the ratio between (poly)phenol derived catechol and polysccha-
ride derived pyrolysis products (n=2) (Table S1, Supporting information). (B) Nitrogen content 
of the soluble fraction and protein precipitate were determined for pH 8 extractions at RT with 
and without addition of PEG 3350 (n=3). The asterix denotes a significant (p<0.05) difference 
as determined by an independent sample T-test.
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content of the insoluble fraction (Figure 3A). For pH 8 extractions, the ratio between 
catechol and polysaccharide-derived pyrolysis products was 0.53-0.90, depending 
on extraction temperatures (Figure 3A), compared to 1.67 for the starting material. 
This indicates that a large fraction of the (poly)phenolic compounds does not be-
come soluble during protein extraction at pH 8. However, for pH 10.5 and 12.5 ex-
tractions, the ratio between catechol and (poly)saccharide products was much lower 
(i.e 0.07-0.31), indicating (poly)phenol solubilization. 

THM was conducted on the insoluble fraction obtained from pH 8 extractions to 
determine the type of (poly)phenols that remain insoluble during extraction. In the in-
soluble fractions obtained from pH 8 extractions at RT and 45°C, THM products typ-
ical of flavonoids were enriched compared to the other phenolic compounds (Table 
S1, Supporting Information). THM products of flavonoid A-rings, i.e. 1,3,5-trimethox-
ybenzene, 1-methyl-2,4,6-trimethoxybenzene and 1-ethyl-2,4,6-trimethoxybenzene 
were slightly enriched at both temperatures. THM products from the flavonoid B-ring 
containing two hydroxyl groups (catechin type) were highly enriched, whereas THM 
products from a flavonoid B-ring with one hydroxyl group (azfelechin type) were less 
abundant. However, enrichment of these flavonoid THM products  was not observed 
in the insoluble fraction of extractions performed at pH 8 and 95°C (Table S1, Sup-
porting Information). 

Results from pyrolysis contradicted results obtained by the colorimetric Folin Ci-
ocalteu assay which indicated few (poly)phenols in the insoluble fraction of the pH 
8 extractions (Figure S3A, Supporting information). Since the total phenol assay 
involves an aqueous acetone (70 v/v%) extraction we tested the extractability of a 
series of model (poly)phenols when in the presence of the Bovine Serum Albumin 
(BSA) reference protein. Whereas chlorogenic acid and catechin were completely 
extracted, only 50% of black spruce CTs were released  from the BSA protein in ac-
etone (70 v/v%) (Figure S4, Supporting information). This suggests CTs form strong 
interactions with protein at pH 8, that can only partly be broken by aqueous acetone 
(70 v/v%) extraction, which explains the discrepancy between the colorimetric and 
thermolytic (pyrolysis and THM) approaches (Nierop and Verstraten, 2006). 

Interactions between protein and CTs have been well studied and depend on var-
ious parameters such as pH, temperature, protein sequence, and functional groups 
and the degree of polymerization of the CTs (Saminathan et al., 2014; Zeller et al., 
2015). Although most studies have been performed with BSA, Zeller et al. (2015) 
showed that CTs precipitate Alfalfa leaf protein more strongly than BSA (Zeller et al., 
2015). Purified Rubisco was also strongly precipitated by CTs (Mcallister et al., 2005; 
McNabb et al., 1998). 

Increasing pH decreases the precipitation of protein by CTs (Hagerman and But-
ler, 1981). The large difference in extraction efficiency between pH 8 and pH 10.5 
observed for A. filiculoides, A. pinnata and S. molesta, was accompanied by a high 
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CT content, whereas soybeans and L. minor contained 0% and 0.8% of CTs (Figure 
S5, Supporting Information). As an exception, increasing pH also enhanced protein 
extraction efficiency from the seaweed U. lactose, which contains no CTs. To con-
firm whether the increase in pH improved protein extraction efficiency by means of 
decreasing the precipitation of protein by CTs, we performed the protein extraction in 
the presence of polyethylene glycol (PEG). PEG is known to prevent the interaction 
between tannins and protein (McNabb et al., 1998). Here, the addition of 1% PEG 
3350 during protein extraction from Azolla at pH 8 resulted in a significant increase 
in solubilized N and N recovered in the protein precipitate (Figure 3B). 

Hence, although it is known that increasing pH can lead to higher protein extrac-
tion efficiency by enhancing protein solubility and aiding in cell wall lysis (Sari et al., 
2015), we show that in Azolla increasing pH enhances protein extraction by prevent-
ing protein precipitation by CTs.

Protein and (poly)phenols strongly interact at high pH 

As (poly)phenols seem to be co-extracted from the insoluble fraction upon protein 
extraction at pH 10.5 and pH 12.5, we investigated the protein precipitates for (poly)
phenol content by pyrolysis. Again catechol was considered indicative of (poly)phe-
nolic compounds and was compared to the pyrolysis products typical of protein. The 
ratio of catechol over protein related products was 0.84-1.2 for protein precipitates 

Figure 4. The presence of (poly)phenols in the protein precipitate (A) and coloration of the 
protein extracts (B). (A) The presence of (poly)phenols is indicated by the ratio between (poly)
phenol derived catechol and protein derived pyrolysis products (n=2) (Table S1, Supporting 
information). (B) Coloration of the protein extract was determined by photospectrometer in 
diluted (1:10) protein extracts obtained by pH 8, pH 10.5 and pH 12.5 extractions carried out 
at RT for 4 h.
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from pH 8 extractions compared to 1.58 for the starting material, depending on ex-
traction temperature. For protein precipitates from extractions at higher pH, this ratio 
decreased with increasing pH and temperature, up to no detection of catechol at pH 
12.5 and 95°C (Figure 4A). 

We also observed that extraction at pH 10.5 and 12.5 resulted in fast red-brown 
coloration of the protein extract, as opposed to extractions performed at pH 8 (Fig-
ure 4B). A general shift of the UV/VIS absorbance to the visual spectrum is typical 
of oxidative polymerization of (poly)phenols and the rate of oxidation increases ex-
ponentially with pH (Jha and Halada, 2011) (Figure S6; Figure S7, Supporting In-
formation). Oxidation of (poly)phenols is believed to result in the formation of highly 
reactive quinones (le Bourvellec and Renard, 2012; Ozdal et al., 2013). When in the 
vicinity of proteins, quinones irreversibly react with the sulfhydryl and amino groups 
of proteins and thereby form protein cross-links (le Bourvellec and Renard, 2012; 
Damodaran, 1996; Prodpran et al., 2012). These quinone–amino group reactions 
are known to decrease the digestibility and bioavailability of protein-bound lysine 
and cysteine (Damodaran, 1996). Additionally, quinones can undergo condensation 
reactions, resulting in the formation of high molecular weight pigments (Ozdal et al., 
2013). The higher degree of polymerization results in a bathochromic shift in the UV/
VIS absorption spectra, i.e. a shift towards the visible range noticeable as a red-
brown color (Jha and Halada, 2011). 

Apart from leading to a very likely decrease in protein product quality, oxidation 
of (poly)phenolic compounds may also have hindered adequate analysis of (poly)
phenol content in the protein extracts. To test whether this affected our results we 
performed a series of experiments by dissolving pure (poly)phenols in either water 
or a  0.1M NH3 solution for 16h. When in the presence of NH3 (poly)phenols showed 
a similar bathochromic shift in the UV/VIS spectra as observed in the protein ex-
tracts. Additionally, the peak area of polyphenol products detected upon pyrolysis 
and THM were reduced with 70-99% in (poly)phenol solutions containing 0.1M NH3, 
with respect to solutions in water (Figure S8, Supporting Information). Oxidation also 
decreased the response of the colorimetric total phenol assay to 72% for tannins 
and 44% for chlorogenic acid. Furthermore, the response of the acid-butanol assay 
to tannins was reduced to 70% after only two hours exposure to oxidizing conditions 
(Figure S9, Supporting Information).

Hence, although pyrolysis and THM perform well to track (poly)phenols during pH 
8 extractions, at higher pH the oxidation of (poly)phenols leads to a high underesti-
mation of (poly)phenols. The derived ratio’s in Figure 4A are therefore underestimat-
ing the (poly)phenol content of protein precipitates obtained from extractions at pH 
10.5 and 12.5. The coloration of the protein precipitate suggests than considerable 
amounts of polyphenols are present and have likely formed covalent bonds with 
protein, obstructing any attempts of subsequent separation.(Khoddami et al., 2013)
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To reduce oxidation we tested the reduction of extraction time in combination with 
the addition of sodium ascorbate (sodium salt of vitamin C). Vitamin C is used to 
prevent (poly)phenol oxidation during analysis (Khoddami et al., 2013; Häkkinen et 
al., 1998) and also in food processing (Kolniak-Ostek et al., 2013; Kaack and Aust-
ed, 1998; Barril et al., 2012). Reducing the extraction time to 1 h resulted in minimal 
yield loss and adding sodium ascorbate at 5 mg ml-1 proved optimal in reducing the 
coloration of the protein precipitate (Figure S10, Supporting information). However, 
even when vitamin C was added to prevent oxidation, separation of protein and CTs 
by size separation or resin binding proved unsuccessful under alkaline conditions 
(Table S2, Supporting information).  Although this may be explained by an inade-
quate ability of vitamin C to prevent the formation of covalent bonds non-covalent 
interactions may have also contributed. Hydrogen bonding between proteins and 
(poly)phenols is favored in hydrophobic solvents while hydrophobic bonding occurs 
in hydrophilic or polar solvents, such as water (Oh et al., 1980). In alkaline solu-
tion hydrogen bonds are unlikely formed between solutes due to deprotonation of 
the hydroxide groups and the high concentration of the hydroxide ion as a strongly 
competing hydrogen bond acceptor. Hydrophobic interactions, however, may still be 
formed between protein and tannins and could cause the inability of the protein and 
tannins to be separated by size exclusion when in alkaline solution.

Approaches to separate proteins and (poly)phenols 

As separation of polyphenols and protein from alkaline solution proved unsuc-
cessful, we evaluated two alternative approaches: (1) pre-extraction of polyphenols 
followed by protein extraction and (2) protein extraction in the presence (poly)phe-
nol-binding additives. Here we focused on CTs as they are the major (poly)phenol 
constituent in Azolla biomass and show the highest binding affinity for protein. To 
improve the relevance of the data produced, we increased the scale of the protein 
extractions to 2 g dw per extraction and used a blender for mechanical cell-lysis as 
a more scalable method.

Pre-extraction of (poly)phenolic compounds by aqueous acetone (70%) de-
creased the content of CTs by 76-85%, in line with previous results (Chapter 5) 
(Figure 5A). However, the pre-extraction with acetone denatured the protein, making 
them insoluble at pH 10.5. A subsequent protein extraction at pH 12.5 and 95°C did 
allow solubilization of protein over time, recovering 38% of biomass N in the protein 
precipitate after 3 hours (Figure 5B). The partial degradation of protein at pH 12.5 
and 95°C is utilized to bring denatured protein back in solution. In contrast, without 
aqueous acetone pre-extraction, proteins are directly soluble and a maximum of 
54% of the biomass N is recovered after 1 hour, whereas further exposure to pH 12.5 
and 95°C negatively affects recovery. 
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The harsh conditions needed to extract protein after aqueous acetone pre-ex-
traction may evoke various chemical reactions between protein and other solubilized 
compounds that negatively influence protein quality. The coloration of the protein 
precipitate indicates that the (poly)phenols that remain in the biomass after aque-

Figure 5. Protein yield and removal of (poly)phenols by aqueous acetone pre-extraction (A,B) 
and competitive binding (C,D). (A) Amount of CTs extracted by after acetone pre-extraction as 
determined by the acid-butanol assay (n=3). (B) The amount of biomass N recovered in the 
protein precipitate obtained by extraction at pH 12.5 and 95°C, without (brown) and with (gray) 
acetone pre-extraction (n=3). (C) Yield for extractions at pH 8 and 45°C performed with no 
additive (control), PVPP and 1.5% PEG (n=3). (D) (Poly)phenol content of protein precipitate 
obtained by extraction with PEG, indicated by the ratio between catechol and protein derived 
pyrolysis products (n=2) (Table S1, Supporting information). The asterix  denotes a significant 
(p<0.05) difference to the control as determined by an independent sample T-test.
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ous acetone pre-extraction are fully oxidized. Furthermore, it has been reported that 
alkali treatment can form non-utilizable amino acids and oxidation can reduce the 
bioavailability of cysteine, which is often a limiting amino acid in feeds (Sari et al., 
2015; Damodaran, 1996). 

Using a lower extraction pH in combination with a CT binding additive may pro-
vide a better quality feed product. Similar to the small scale extraction described 
earlier (Figure 3B) we added PEG while extracting protein at pH 8. However, to en-
hance protein solubility we performed the extraction at 45 °C and used PEG with a 
molecular weight of 6000 Da, which was reported to bind CTs better than the smaller 
PEGs (Makkar et al., 1995). Apart from PEG, also polyvinylpolypyrrolidone (PVPP) 
is known to bind CTs, although slightly less efficient as PEG (Makkar et al., 1995). 
However, PVPP is used as an insoluble form, which allows easier recovery and re-
cycling compared to the soluble PEG.

 The extraction with PEG yielded a protein precipitate containing 38% of the ini-
tial N, which was significantly higher than the control for which 26% of the biomass 
N was recovered in the protein precipitate (Figure 5C). PEG’s exceptionally strong 
binding affinity towards CTs has been attributed to the presence of weak hydrogen 
bond acceptors in the form of ether bonds combined with a hydrophobic ethyl chain 
(Oh et al., 1980). Additionally the polymeric nature of PEG allows it to connect to the 
polymeric tannins at multiple sites. The extraction with insoluble PVPP gave near 
identical results to the control and therefore did not improve protein solubilization at 
pH 8 even though it can bind CTs more strongly than protein (Hagerman and Butler, 
1981). Since  PVPP is insoluble it does not come directly into contact with  the CTs 
when cell walls are mechanically destroyed, as opposed to the soluble PEG, which 
may (partly) explain the lack of improvement in protein yield at pH 8.   

As shown in Figure 5D, the ratio between catechol and protein-derived pyrolysis 
products, was reduced by 67% in PEG-extracted protein versus the starting ma-
terial. Binding of CTs by PEG during protein extraction likely further enhances the 
digestibility of the protein precipitate, as analogously, feeding animals PEG next to 
a tannin-rich diet, elevates the negative effects of any remaining tannins (Yisehak 
et al., 2014; Bhatta et al., 2002). The protein precipitate could therefore be directly 
used as high quality feed. However, this would infer high costs for the protein prod-
uct as the costs for adding 1-1.5% PEG to the solvent are substantial. To make this 
process economically feasible, recovery of PEG is required. Possible approaches 
include using a resin with PEG as the functional group, although the lack of yield 
improvement with PVPP suggest that rapid contact between the functional molecule 
and the CTs may be essential. An alternative solution could the modification of the 
soluble PEG with an end group that specifically binds to a resin. The subsequent 
separation of PEG from CTs will provide a further challenge due to PEG’s stronger 
binding capacity than protein. 
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In any case the separation of CTs and protein will infer additional costs to the 
Azolla production chain and it needs to be assessed whether these costs outweigh 
the increase in value of the final product. Currently we work under the assumption 
that reduced CT content will increase the digestibility of Azolla protein. Including 
CT separation during alkaline extraction would yield a product with higher protein 
content without fiber, as well as higher protein digestibility. Although this assump-
tion is highly supported by existing literature, other anti-nutritional factors may be 
involved and digestibility studies comparing the protein extracts and starting material 
are needed to verify our assumption. 

Protein extraction at the start of an Azolla bio-refinery  

The choice of processing methods may not solely depend on the value of the pro-
tein product. The separation and subsequent purification of (poly)phenols may pro-
vide a valuable second product stream. An aqueous acetone (70%) pre-extraction 
generates a (poly)phenol extract rich in (di)caffeoylquinic acids. Artichoke extracts, 
rich in dicaffeoylquinic and chlorogenic acids, are commercialized as drugs, mainly 
for the treatment of liver diseases (Lattanzio et al., 2009). Alternatively, hydrolysis 
of the Azolla (poly)phenol extract would yield caffeic acids that can be used to  syn-
thesize derivatives which find application as an active ingredient in medicines and 
as formulation stabilizers in food, cosmetic and pharmaceutical industry (Silva et al., 
2014). Caffeic acid has further been proposed for the synthesis of bioplastics resist-
ant to high temperature (Chauzar et al., 2012).

Although, the fate of the caffeoylquinic acids during PEG extraction is unclear, 
CTs bound to PEG may be purified and commercialized. It is estimated that annually 
180,000 t of CTs are produced, mostly by hot-water extraction from tree barks 
(Kemppainen et al., 2014). Although most CTs are used in leather production, novel 
applications are sought, such as replacing fossil-based phenol in insulating foams 
and adhesives (Kemppainen et al., 2014; Pizzi, 2006).

Additionally, alkaline protein extraction produces a carbohydrate-rich residue. 
Hydrolysis of the fiber-rich residue obtained by pH 10.5 extractions at RT, yielded 
31.7% monosaccharides (Table S3, Supporting Information). This hydrolysate may 
be ideally suited for conversion into bio-ethanol. Azolla contains very small amounts 
of true lignin, which is favorable since lignin removal via pre-treatment is a major cost 
for producing ethanol from lignocellulosic biomass (Chapter 5) (Fu et al., 2011; Yang 
and Wyman, 2008). Enzymatic hydrolysis followed by fermentation by Saccharomyes 
cerevisiae previously yielded 0.09 g ethanol per g of Azolla biomass (Miranda et al., 
2016), which may  be significantly higher for the carbohydrate-rich residue due to the 
enrichment in polysaccharides as well as the removal of (poly)phenols.

Hence an Azolla bio-refinery may provide a range of products, depending on the 
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choice of extraction methods. The value of each of these products and the effect of 
subsequent extraction processes on the quality of these products, determines the 
order of extraction. For the production of caffeic acid derivatives, aqueous acetone 
pre-extraction is preferred as it yields a high concentration of these compounds, 
prevents interaction with protein and limits exposure to oxidative conditions. For the 
production of high quality protein PEG-extraction is more suitable, while potentially 
yielding a tannin by-product. 
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General discussion  
& outlook

Control over the reproductive cycle of Azolla

The basis for any cropping system is the starting material. The starting material 
should be available and also provide reliable yields to farmers. While propagating 
Azolla vegetatively we have encountered frequent losses of accessions, due to im-
proper handling of vegetatively reproducing plants. Also mixing of strains is easy as 
they can be difficult to differentiate. We therefore envision the sexual reproduction 
as a way to provide reliable starting material for Azolla cultivation. In Chapter 2 we 
presented our current knowledge of the Azolla life cycle and provide basic proto-
cols for the fertilization and subsequent germination of Azolla spores. We found that 
Azolla spores cannot be preserved simply by drying, unlike seeds from most seed 
plants. Instead we adapted a cryopreservation protocol to preserve Azolla for longer 
time periods. Recently we added to this toolkit a protocol for inducing sporulation 
in A. filiculoides by changing light quality, density and nutrient availability. With this 
protocol we are now able to control each stage of the sexual reproduction of Azolla 
filiculoides. However, we have not yet applied these protocols at the scale required 
for Azolla farming or to breed improved varieties. Additionally, current protocols have 
only been successfully tested on A. filiculoides, whereas, for example, they did not 
prove successful with A. pinnata. We have started exploring the molecular mecha-
nisms underlying sexual reproduction in A. filiculoides with the aim to develop meth-
ods to induce sporulation that are universally applicable to all Azolla species. Future 
research in this direction is important as cryopreservation of spores can provide 
Azolla researchers and users with a physical databank of genetically diverse Azol-
la species and varieties, that can be used as a resource to further improve Azolla 
based production systems.  

Understanding molecular processes in Azolla’s:  
from sequencing to gene function

The study of fern biology is greatly lagging behind that of seed plants. The in-
creased performance and decrease in costs of sequencing technology allowed us 
to construct a first database of transcribed genes in Azolla filiculoides and the third 
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transcriptome of a fern. This data gave insight in possible biological pathways lead-
ing to sexual reproduction in this fern and its response to nitrogen fixation by the 
Nostoc symbionts. However, we also recognize the limitations of assembling RNA 
sequences from short-read technologies such as illumina or ion torrent without any 
reference genome: the gene inventory obtained often yields contigs that do not rep-
resent full-length genes. The short contigs more often represent lowly expressed 
genes, which introduces a bias when computing differential expression: genes with 
low abundance RNA recruit so few reads that their differential expression is highly 
underestimated. Additionally, gene inventories obtained by assembly of transcript 
sequencing are inherently limited as only genes expressed under the chosen envi-
ronmental conditions or plant developmental stages are obtained. For these reasons 
we also initiated sequencing of the Azolla genome. The cyanobacteria-free Azolla 
strains presented in Chapter 3 have been used as the starting material for genome 
sequencing efforts, which yielded a first genome assembly of a fern, of which the 
results are soon to be published. A consortium of researchers and businesses are 
now adding valuable genomic information, including short-read sequencing of six 
out of seven Azolla species and the genome assembly of the closely related Salvinia 
cuculata (Sessa et al., 2014; Li and Pryer, 2014). Bioinformatics tools allow inves-
tigation of sequence identity and homology of Azolla genes to genes with known 
functions in seed plants. In this way, genome sequencing data was used to increase 
the understanding of Azolla’s biology, such as polyphenol biosynthesis in Chapter 6 
in which we report the discovery of a LAR-like gene in Azolla, which is likely crucial to 
the biosynthesis of condensed tannins. However, prediction of the functions of plant 
genes based on bioinformatics tools is limited and needs to be complemented with 
functional studies. The fast rate at which descriptive sequencing data is generated 
seems to outpace knowledge generation on gene function, leading to circular refer-
encing of gene annotation based on gene homology, but relying only on a few stud-
ies of gene function. Additionally, novel genes and mechanisms will not be revealed 
by sequencing efforts. The work presented in this thesis inferring possible gene func-
tions needs to be interpreted in this light. Although we can be quite confident of pos-
sible functions of highly conserved genes, such as key biosynthetic enzymes, lesser 
conserved enzymes or transcription factors may have different substrates, products 
or targets than is suggested based on gene similarity and/or homology. With greatly 
increased genome information available, the study of molecular biology in Azolla is 
ready to move towards the study of gene function. Genes encoding key enzymes 
can now be cloned into recombinant Escherichia coli to investigate substrate specify, 
reaction end products and reaction kinetics of these enzymes. Protocols for spore 
fertilization, germination and cryopreservation presented in Chapter 2, allow to un-
dertake mutagenesis of Azolla spores to generate mutant lines. We have begun 
attempts to stably transform via callus induction. Callus could be induced by growing 
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Azolla plants on 1 mg ml-1 of 2,4-Dichlorophenoxyacetic acid (2,4-D) or a combina-
tion with 6-Benzyl Amino Purine (BAP), as was also published for A. rubra (Sini et 
al., 2014). However subsequent efforts to insert DNA via particle bombardment or 
Agrobacteria have not yet resulted in successful stable transformation. Stable trans-
formation has only been achieved in ferns belonging to the Ceratopteris family, via 
Agrobacterium tumefaciens transformation of spores and particle bombardment of 
callus (Plackett et al., 2014; Muthukumar et al., 2013). A protocol to transform Azolla 
would be a great addition to available sequencing data and boost future research 
on Azolla by permitting validation of gene function. Transformation may also prove 
to be a tool directly applicable to generate new Azolla varieties with favorable char-
acteristics. 

Growth and nitrogen fixation: from controlled  
conditions to the real-world

The cultivation of Azolla requires an approach that differs from that of convention-
al cropping systems. Conventional cropping systems operate as a batch process, 
whereas Azolla cultivation requires continuous harvesting to obtain high yields. In 
Chapter 4 we have described methodologies to grow Azolla in highly productive sys-
tems. We have subsequently used these methodologies to investigate growth poten-
tial of two Azolla species, i.e. A. filiculoides and A. pinnata, that differ in genotype and 
natural habitat. Under constant climatic conditions we obtained stable productivities 
equaling 35.5 and 32.8 t dry weight (dw) ha-1 year-1 for A. filiculoides and A. pinnata 
respectively. We obtained similar growth rates for A. filiculoides in an outdoor growth 
experiment in the Netherlands, during a month in the summer of 2014. Growth rates 
of 39 t dw ha-1 year-1 have also been reported for an outdoor experiment in Colombia 
(Becerra et al., 1990). Growth experiments presented in Chapter 3 were conducted 
using a richer medium and productivities equaling 37-44 t ha-1 year-1 were observed 
over the course of three weeks. The productivities presented in Chapter 4 are thus 
conservative estimates of the growth potential under constant climatic conditions, 
which may be improved by further optimizing growth conditions.  

 In Chapter 3 we have further shown that the nitrogen fixation by Nostoc azollae 
can fully sustain these high growth rates. Nitrogen-fixation rates reached the equiv-
alent of 1200 kg Nitrogen ha-1 year-1. Why Nostoc azollae fixes nitrogen so efficiently 
is not yet fully understood. We have shown that atmospheric nitrogen is fixed during 
the day, indicating N. azollae uses its own photosynthesis apparatus for nitrogen 
fixation similar to free living filamentous cyanobacteria (Peterson et al., 1981). Inter-
estingly the light absorption of N. azollae has been shown to be complementary to 
that of Azolla, which may partly explain why the Azolla-Nostoc symbiosis can so ef-
fectively fix both carbon and nitrogen (Ray et al., 1979). Nitrogen fixation rates were 
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such that they sustained Azolla at the peak productivities obtained experimentally 
and addition of external nitrogen fertilizer did not meaningfully boost the productivity: 
hence adding nitrogen fertilizer makes little sense for Azolla cultivation.

If exogenous nitrogen is present in the environment, when for example, growing 
Azolla on wastewater, it depends on the form of nitrogen and concentrations thereof, 
how the plant-cyanobacteria symbiosis will respond. Ammonium was rapidly tak-
en up by A. filiculoides during growth experiments presented in Chapter 3, in line 
with previous results on A. pinnata that showed that ammonium uptake is much 
more rapid than nitrate uptake (Ito and Watanabe, 1983). Previous results further 
suggest that ammonia is responsible for the inhibition of nitrogen fixation by 2 mM 
NH4NO3 observed in Chapter 3 (Ito and Watanabe, 1983; Sah et al., 1989).  We, 
however, observed ammonia toxicity when supplied as 4 mM NH4Cl to productive 
cultures, whereas other authors where able to grow Azolla on 5-20 mM NH4 in batch 
experiments (Sah et al., 1989; Maejima et al., 2001; Maejima et al., 2002). It was 
previously shown that the tolerance to ammonium was strain specific and an A. filic-
uloides strain was among the least tolerant ones (Maejima et al., 2001). In our pro-
ductive cultures we observed quick medium acidification due to ammonium uptake. 
The initial acidification of the medium, or the high amounts of potassium hydroxide 
used to stabilize the pH, may have contributed to the toxicity observed and can be 
countered by an increasing medium buffer capacity. Nonetheless ammonium toxicity 
is an important factor to take into account when growing Azolla on ammonia-rich 
wastewaters. 

In the case of nitrate, we observed zero uptake during growth experiments pre-
sented in Chapter 4. In Chapter 3, however, we did observe nitrate removal from 
the growth medium and a beneficial effect of nitrate on plant growth and nitrogen 
content. A major difference is that in experiments presented in Chapter 4 the growth 
medium was aerated, which was not the case in the Chapter 3 experiments. Recent 
experiments in our group indicated high levels of denitrification when Azolla is grown 
on medium containing nitrate and depleted of oxygen. Hence, the nitrate added 
during Chapter 3 growth experiments, may have been removed from the medium by 
denitrifying bacteria instead of by plant uptake. In this case the beneficial effect of 
nitrate addition to plant growth is not due to nitrate uptake. We observed during the 
Chapter 3 growth experiments that nitrate addition to the growth medium stabilized 
medium pH and required almost no pH correction during the course of the exper-
iment. Whether this pH stabilizing effect is the main mechanism by which growth 
rate is increased when nitrate is added needs further investigation. In any case, 
uncontrolled denitrification during Azolla cultivation is unwanted as it produces the 
potent greenhouse gas N2O. If Azolla is grown on nitrate-rich wastewaters aeration 
is likely required to prevent N2O production and ensure a sustainable cultivation 
system. Given that the beneficial effect of nitrate is only small and likely unrelated 
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to nitrate uptake, nitrate-rich wastewaters can better be utilized to grow other plant 
species than Azolla. Phosphorous-rich waste streams are ideal for growing Azolla, 
since there its nitrogen-fixing potential is fully benefitted from and the cultivation 
system would contribute to restoring the phosphorous cycle and reduce dependency 
on finite phosphorous rock. Waste streams rich in ammonium and phosphorous can 
also be utilized, as long as ammonium concentrations are kept at non-toxic levels.

The experiments presented in this thesis are mainly performed under controlled 
conditions, which are required to understand the effect of single parameters on 
growth and nitrogen fixation. We now know what productivities Azolla is capable of 
and that this productivity can be sustained by nitrogen fixation. With the methodolo-
gies and knowledge at hand, future research should focus on introducing the com-
plexities of real-world cultivation systems, including varying climates and the use of 
waste nutrients and investigate how these affect growth and nitrogen fixation. 

Using chemical composition to evaluate biomass  
applications: a dynamic property 

In this thesis we have tried to get more detailed insight in the chemical composi-
tion of Azolla biomass in the context of using the biomass for the production of sus-
tainable feed, fuel and chemicals. In Chapter 4 we have shown that productive Azol-
la has a very favorable amino acid profile for use as feed, as compared to soybean 
meal. We have further provided a more realistic conversion factor to estimate protein 
content from total nitrogen content, i.e. 4.9 opposed to the standard factor of 6.25 
generally used in Azolla literature. This conversion factor is similar for many novel 
feed alternatives including duckweed (4.8) and seaweeds (4.6) (Zhao et al., 2014; 
Bikker et al., 2016). Even though the true protein content of Azolla is lower than gen-
erally reported, the amount of protein that can be produced annually per hectare us-
ing Azolla is still 3.5-4.5 times higher than when using soybean. Surprisingly, adding 
CO2 during growth further increased the protein content of Azolla, which would boost 
protein yields to 11.8 t dw ha-1 year-1, nearly 6 fold that of soybean. Using Azolla, 
instead of soybean for animal feed could thereby help to improve land-use efficien-
cy, mitigate effects on nitrogen and phosphate cycles and decrease CO2 emissions 
associated with soybean transport when performed locally. 

Feeding trails indicate that dried Azolla can be included in the diet of chicken 
(5-10%), sheep (6%), pigs (11-20%) and fish (25%), without negative effects on 
animal growth or digestibility (Becerra et al., 1990; Alalade and Iyayi, 2006; Basak 
et al., 2002; Naghshi et al., 2014; Datta, 2011; Abdel-Tawwab, 2008; Acharya et al., 
2015; Cherryl et al., 2014; Leterme et al., 2010; Ahmed et al., 2016). These studies 
thus already show a substantial potential for introducing Azolla in diets of animals 
raised for meat or dairy production, but this is not yet performed at large scale. To 
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enhance the use of Azolla in feed, the inclusion rate can be increased to levels used 
for commercial protein feeds by eliminating anti-nutritional factors. The amino acid 
profile and lignin content, have among others, been put forward as possible causes 
for the limited inclusion rate, but the results presented in this thesis suggest neither 
amino acid profile, nor lignin content, to be responsible. Rather the high amounts of 
soluble polyphenols, and especially tannins, are obvious candidates for limiting the 
digestibility of Azolla. We have shown condensed tannins to amount to 5 and 8% of 
the dry weight of A. filiculoides and A. pinnata, respectively (Chapter 6). Condensed 
tannins are well studied anti-nutritional factors, especially when present in high con-
centrations, such as in Azolla. Both polyphenol and protein content therefore de-
termine the suitability of Azolla as feed. In Chapter 4 we showed that not only the 
choice of species, but also the growth conditions strongly affect polyphenol content 
of Azolla. Whereas adding CO2 increases protein yield of A. filiculoides, it also dou-
bles polyphenol content. 

Our work further indicates an inverse relation between lipid content and growth 
speed, reaching 12.8%, 10.55% and 7.9% for A. filiculoides growing at a rate of 3.4, 
9.7 and 13.2 g dw m-2 day-1 (Chapter 6 and Chapter 4). Similarly, high lipid contents 
of 16.4% were measured in A. caroliniana growing in winter versus 14.3% in autumn 
and 12.7% in summer in Florence, Italy (Paoletti et al., 1987). Of fast growing A. filic-
uloides, 41% of the lipids consisted of fatty acids that could be converted to biodiesel 
(Chapter 5). Even though biodiesel from Azolla can meet EU quality standards, the 
inverse relation between growth and lipid content makes that the amount of biodiesel 
that can be produced per hectare is much lower compared to microalgae. The fact 
that lipids need to be extracted using (expensive) solvents, suggests that growing 
Azolla solely for biodiesel production will likely result in less added value and envi-
ronmental benefits compared to many other biodiesel feedstocks. However, as a 
side product of a bio-refinery biodiesel production may be feasible.    

Although we have tried to better link productivity and chemical composition, we 
have limited our experiments to constant climatic conditions. Although such condi-
tions may be obtainable in some tropical regions or climate controlled greenhouses, 
in many low-cost cultivation systems growth conditions will change over time. Effec-
tively the suitability of Azolla biomass for a certain application, may also change over 
time. If for example, biomass becomes rich in polyphenols and lipids during autumn, 
the production of chemicals and biodiesel may become more valuable than feed pro-
duction. However, recent greenhouse experiments conducted in our lab have also 
indicated that at moderate temperatures (15°C) and sufficient light, protein content 
can increase to 25%, suiting feed production. Further research is needed to better 
understand the effect of real-world, dynamic, growth conditions, on the chemical 
composition of Azolla. Especially nitrogen, tannin and lipid contents can be easily 
assessed over many time intervals and directly relate to the suitability of the biomass 
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for a given applications.

Processing Azolla: from methods to processes

The step from biomass to product is essential for Azolla cultivation to have im-
pact and added value. The least complex application is to directly utilize wet Azol-
la biomass, as feed for example. Processing may be used to further increase the 
added value of the product, but also infers further costs and environmental impact. 
The high moisture content of Azolla makes that conventional centralized processing 
facilities are unlikely economically feasible due to the high costs of transporting the 
wet biomass to these facilities. In looking for ways to process Azolla, we therefore 
should aim at local solutions. In Chapter 7 we show that 40-50% of the protein in 
Azolla is extractable by simple alkaline protein extraction. However, the presence 
of polyphenols, and especially condensed tannins, interferes with protein extraction 
and the quality of the end product. To produce added value feed products polyphe-
nols need to be separated as well. This is a drawback compared to other feedstocks, 
such as duckweeds, but may also provide an opportunity when commercializing 
the obtained polyphenols. Condensed tannins have traditional use in the leather 
industry and are investigated as adhesives and in Chapter 6 we also show that 
Azolla contain relatively high levels of dicaffeoylquinic and chlorogenic acids, which 
have possible applications in medicine, cosmetics, foods and chemicals. To sepa-
rate protein and polyphenols, we propose two extraction methods, or bio-refinery 
strategies, for Azolla in Chapter 7. Aqueous acetone pre-extraction removes 80% 
of the polyphenols, but requires harsh alkaline extraction to obtain the protein from 
the residue. The large amounts of organic solvents needed may prove a difficulty 
for local processing. By prioritizing polyphenol extraction, this approach relies on a 
high value of the extracted polyphenols, while creating a lower quality protein feed 
product. The second approach uses poly-ethylene glycol (PEG) during protein ex-
traction to bind condensed tannins. This approach provides a high quality protein 
product, but it may prove difficult to reutilize condensed tannins. A method to extract 
protein and polyphenols separately from biomass would not only benefit the Azolla 
production chain, but also the utilization of many other feeds that are rich tannins 
(Makkar, 2003).

The bio-refinery approaches presented in Chapter 7 provide a possible direction 
for accomplishing the separation of protein and polyphenols, but much further re-
search is needed to develop economical feasible and scalable processes. In the case 
of acetone extraction, further purification of the lipid-polyphenol mixture is needed 
to obtain marketable products. Such a purification approach may be very similar to 
the analytical procedure used in Chapter 6. The quality of the feed product may be 
improved by using enzymatic protein degradation instead of thermochemical deg-
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radation. In the case of PEG aided protein extraction, the fate of the PEG-polyphe-
nol complexes during extraction needs to be understood and controlled. The latter 
can be accomplished by selective separation or filtration of PEG-tannin complexes 
over protein, or by using PEG bound to solid support structures, easy recoverable 
end-groups or magnetic beads. Subsequently reutilization of the PEG will likely be 
required to make the process economically feasible and to generate the polyphenol 
by-product. The latter will be dominated by condensed tannins, but may also contain 
smaller polyphenols such as dicaffeoylquinic acids as their interaction with PEG is 
yet unknown. 

The proposed bio-refinery concepts are both based on wet processing of Azolla 
to separate protein and polyphenols, which is a logical starting-point as it starts with 
utilizing the highest-value components and any prior manipulations are likely to in-
voke reactions between the two, lowering their value. Further research may subse-
quently look at commercialization of residual processing streams. The polysaccha-
ride-rich insoluble fraction is particularly interesting in this regards, due to its high C6 
sugar content, making it suitable for fermentation into chemical building blocks for 
the petrochemical industry or bioethanol as transportation fuel. 

Additionally, further research is needed to assess the quality of the products gen-
erated. The protein concentrates obtained from experiments in Chapter 7 have a 
lower relative polyphenol content compared to whole Azolla, but this does not direct-
ly imply better digestibility, as the presence of other anti-nutritional factors cannot 
be ruled out. Digestibility studies are thus needed to confirm the enhanced value of 
Azolla protein concentrates. 

Finally, linking the knowledge on Azolla’s molecular biology to the quality of 
end-products allows to improve the whole production chain at an accelerated pace. 
The discovery of a Leucoanthocyanidin reductase-like gene in Azolla (AzfiLAR-like) 
responsible for the high production of condensed tannins, allows us to use targeted 
breeding approached to obtain Azolla without condensed tannins. Although effects 
on plant growth and susceptibility to herbivores are likely to occur, biomass of an 
Azolla lar-mutant could likely be included in the diet of animals at higher rates and 
be easier processed into protein concentrates, improving its value for feed and food 
production. 

Azolla with respect to other (novel) sustainable  
feedstocks

An Azolla production chain is one of many novel plant feedstocks that may 
aid in providing sufficient food, fuel and materials in the future, while reducing the  
environmental impact with respect to current production systems. Each of these 
plant feedstocks has its own limitations in terms of where they can be cultivated 
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and their preferable application, which is mainly determined by their chemical com-
position. It is unlikely that one alternative will become dominant. Rather a range of 
alternatives will be used, each addressing a specific niche in terms of cultivation 
area and/or application. Since Azolla is a free-floating aquatic plant, its cultivation is 
restricted to areas with sufficient fresh-water availability. Closed production systems 
may be used to extend cultivation to areas where water is less available. Using 
Azolla to remove excess nutrients and/or pollutants from waterways may actually 
benefit drinking water availability in some of these areas. Its nitrogen fixing capabil-
ity makes it ideally suited for cultivation on waste streams rich in phosphorous that 
would otherwise not be utilized, which would lead to loss of phosphorous as run-off 
or retained in the soil as e.g. iron phosphates. Subsiding agricultural areas is one 
example, where cultivation of Azolla can aid in stopping subsidence by submerging 
the soil and at the same time recover phosphorous from the soil. In cases where 
nitrogen is the dominant waste nutrient other free-floating plants may be equally or 
better alternatives, depending on the preferred application of the biomass. 

The chemical composition of Azolla favors its use for feed production. The high 
protein content, favorable amino acid profile and high yield per hectare are major 
advantages over the production of plant protein using soybean. However, to fully 
replace soybean meal the tannin content of the produced feed, and possibly other 
anti-nutritional factors, need to be reduced by processing or breeding to obtain a 
product with similar or higher quality as soybean meal. Macroalgae and duckweeds 
are other promising feed alternatives with similarly high protein contents as Azolla 
(Chapter 7). As for Azolla, the inclusion rates proposed for macroalgea and duck-
weeds are generally below those of commercial feeds (Bikker et al., 2016; Fasakin 
et al., 1999; Anderson et al., 2011; Haustein et al., 1992; Gardiner et al., 2008; 
Valente et al., 2006). For macroalgae the limited inclusion rate has been ascribed 
to the high mineral content, whereas anti-nutritional factors in duckweeds are yet 
unknown (Bikker et al., 2016; Gardiner et al., 2008). Hence these alternatives may 
also require processing or breeding efforts to enhance product quality. However, pro-
cessing of Azolla biomass is more complex compared to duckweeds, due to the yield 
limiting effect of protein-tannin interactions at low pH (Chapter 7). Protein extraction 
of macroalgae, requires more extensive processing, likely due to the strong cell wall 
that prevents release of protein from the cells (Chapter 7) (Sari et al., 2015).

Azolla may also prove to be a very suitable candidate for the production of  
aromatic compounds. Although lignocellulosic crops such as trees and grasses are 
rich in lignin, the production of homogenous product chemicals from lignin is still 
challenging (Rinaldi et al., 2016; Bugg and Rahmanpour, 2015; Wong, 2009) . The 
soluble, less complex, polyphenols in Azolla are easier to extract and process, while 
still representing a significant annual production volume. In contrast, for the produc-
tion of fuels and chemicals from polysaccharides, macroalgae, agricultural residues, 
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forestry residues and grasses may be better alternatives than Azolla as they gener-
ally contain higher amounts of polysaccharides (Suutari et al., 2015; Lee and Kuan, 
2015; Frankó et al., 2016; Raj et al., 2015). Except for macroalgae, water content is 
also much lower, favoring centralized processing. Additionally, for the production of 
biodiesel microalgae are better alternatives, due to their faster growth rate, higher 
lipid content and the ability to use freshwater or marine cultivation systems (Mata et 
al., 2010). In contrast to biodiesel, the production of long-chain mid-chain hydroxy- 
lipids may represent an application unique to Azolla biomass. However, due to the 
low concentrations of these compounds their value needs to be high to make extrac-
tion and purification economically feasible. 

Even though more obvious feedstocks exists for the production of fuels and pol-
ysaccharide-derived chemicals, it may become feasible to generate these products 
from Azolla when integrated in a bio-refinery. In a bio-refinery, first the highest value 
compounds are retrieved, after which it may become economical and sustainable to 
also extract lower-value products. Hence, in an Azolla bio-refinery first protein feed 
and aromatic compounds may be produced and subsequently polysaccharide-de-
rived chemicals and biofuels. 

The limitations of cultivation and chemical composition of Azolla together dictate 
its possible application. A clear opportunity exists for cultivating Azolla on phospho-
rous-rich waste streams to produce firstly feed, secondly chemicals and lastly fuel. 
The content of this thesis has contributed knowledge and methods required to make 
such a production chain reality. Theoretically, such a production chain would lead to 
less environmental impact when replacing fossil fuels and preventing phosphorous 
and/or nitrogen to leach into the environment. To get a more factual benchmark of 
such a production chain against conventional production systems and other alterna-
tives, life cycle analysis needs to be performed in parallel to the technological-driven 
research proposed above.
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Summary
With a growing and wealthier world population, demand for food, fuels and mate-

rials is increasing. However, the way we are currently producing our food, fuels and 
materials has severe negative effects on Earth’s ecosystems, including rapid global 
warming and a loss of biodiversity. To mitigate these negative effects we have to 
search for new production systems with less environmental impact. Plants will play 
an important role in these future production systems as they are crucial for our food 
production and can also be used to produce energy dense transportation fuels and 
complex chemicals that are now derived from finite oil resource. However, many 
conventional plant-based production systems are not sustainable, due to intense 
land-use and excessive input of fossil fuel and fertilizer. Therefore, novel plant feed-
stocks are sought that provide high amounts of biomass per surface area, whilst 
requiring minimal input in terms of fossil fuels and fertilizers. 

The fern Azolla is a free-floating aquatic plant that is capable of rapid growth, 
but does not rely on the availability of nitrogen fertilizer, due to a special symbiosis 
with a nitrogen-fixing cyanobacteria. These properties make it an invasive weed in 
freshwater bodies, such as ditches, lakes or even rivers. However these same prop-
erties also make it an promising novel feedstock. The aim of this thesis is to provide 
knowledge and methods necessary to turn the aquatic weed Azolla into a sustain-
able crop. Using interdisciplinary research we address multiple facets of a potential 
production chain: generating starting material, cultivation  and processing into value 
adding products.

Being a fern, Azolla reproduces by way of spores, instead of seeds. In Chapter 2 
we propose to use the sexual reproduction of Azolla via these spores to provide reli-
able starting material for cultivation. We developed methods to collect, store, fertilize 
and germinate Azolla spores. Unlike seed plants, Azolla spores could not be stored 
in a dried form. Drying for 7 days followed by freezing in liquid nitrogen (cryopreser-
vation) allowed to preserve Azolla spores at -80°C for up to 7 months, as well as the 
cyanobacteria symbiont residing inside the spores. The formation of spores (spor-
ulation) could not yet be induced. To better understand the molecular mechanism 
leading to sporulation, a first transcriptome database of Azolla was constructed. The 
Azolla transcriptome database contained many genes alike those regulating sexual 
reproduction in seed plants including Flowering-locus T (FT). These genes were up-
regulated in sporulating plants versus non-sporulating plants, suggesting a possible 
role in regulating sporulation in ferns.  

The cultivation of Azolla requires a different approach than conventional crop-
ping systems. Whereas most conventional cropping systems operate as a batch 
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process, Azolla cultivation requires continuous harvesting to obtain high yields. In 
Chapter 4 we have described methodologies to grow Azolla in highly productive sys-
tems. Growth potentials of A. filiculoides and A. pinnata were determined at 35.5 and  
32.8 t dry weight (dw) ha-1 year-1, respectively. Addition of CO2 up to 800 ppm boost-
ed biomass productivity further to 48.3 t dw ha-1 year-1. 

Under ambient CO2, N2-fixation by the fern’s cyanobacterial symbionts accounted 
for all nitrogen in the biomass. Detailed investigation of the nitrogen-fixation in Chap-
ter 3 confirmed the capability of the Azolla-Nostoc symbiosis to grow rapidly without 
N-fertilizer, fixing 1200 kg N ha-1 year-1. Experiments with 15N-labelled nitrogen gas 
revealed that fixation predominantly occurred during the day, suggesting Nostoc azol-
lae uses light to fix nitrogen gas (phototropic), similar to other nitrogen-fixing cyano-
bacteria.  Analysis of diel transcript profiles and microscopic investigations show that 
the ferns adapted to the phototrophic N2-fixing symbionts N. azollae by 1) adjusting 
metabolically to nightly absence of N supply using responses ancestral to ferns and 
seed plants; 2) developing a specialized xylem-rich vasculature surrounding the leaf 
pocket organ; 3) responding to N-supply by controlling transcripts of genes mediat-
ing nutrient transport, allocation and vasculature development. 

The chemical composition of Azolla biomass was studied in detail to determine 
which products may be produced from Azolla biomass. In Chapter 4 we show that 
rapidly growing Azolla contains between 17.6-20.8 % protein, depending on species 
and CO2 treatment. Azolla proteins are valuable as feed due to their high content 
of essential amino acids compared to soybean meal. Since Azolla’s protein content 
was not negatively influenced by CO2 concentration, the production of Azolla protein 
can be greatly enhanced by  utilizing CO2 waste streams.

Rapidly growing Azolla species further contained 7.9-10.0 % lipids and 2.1-6.9 % 
(tannic acid equivalent) of (poly)phenols, depending on the CO2 concentration. In 
Chapter 5 the lipids of A. filiculoides grown at elevated CO2 were analyzed using gas 
chromatography and mass spectrometry to assess suitability for biodiesel produc-
tion. The crude lipid extracts consisted of 41±13 % of fatty acids that were converted 
into fatty acid methyl esters (biodiesel) upon transesterification in methanol. Based 
on the fatty acid profile it was estimated that Azolla biodiesel meets requirements set 
by the EN14214 standard on fuel density, cetane number and iodine value. However, 
a fractionation step will be required to decrease the high Cold Filter Plugging Point 
(CFPP). Through such a fractionation step, small amounts of unique long-chain al-
cohols and (di)hydroxy fatty acids may be recovered that have possible applications 
in chemical industry and nutrition.

The relatively high content of (poly)phenols in Azolla,  compared to foods,  may 
play a role in limiting biomass digestibility of Azolla feed. Therefore we performed a 
detailed characterization of (poly)phenolic compounds in Azolla in Chapter 6 by com-
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bining colorimetric and mass spectrometry techniques. Condensed tannins, known 
to limit protein digestibility, were the most abundant soluble phenolic compounds in 
Azolla, accounting for 4.0% and 5.8% of the biomass of A.filiculoides and A. pinnata, 
respectively. We further identified dicaffeoylquinic acids as the second most abun-
dant soluble phenolic compound in both Azolla species and detected (very) small 
amounts of G-lignin in A. filiculoides. 

To understand how these phenolic compounds are synthetized by Azolla we 
analyzed the A. filiculoides genome and gene-expression data from sporophytes. 
We identified various genes with homology to genes responsible for (poly)phenol 
biosynthesis in seed plants. A Leuco-Anthocyanidin Reductase (AzfiLAR-like) gene 
was the most abundantly expressed gene in the secondary metabolism and likely 
responsible for the production of  the condensed tannins that occur in high amounts 
in Azolla. Manipulating (poly)phenol biosynthesis by knocking out the AzfiLAR-like 
gene could be one approach to decrease the content of condensed tannins in Azolla 
which may enhance biomass digestibility. 

In Chapter 7 we investigated the extraction of protein from Azolla as a way to 
generate a valuable protein feed, whilst minimizing the content of anti-nutritional 
(poly)phenols. We found that the yield of alkaline protein extraction at pH 8 is limited 
by formation of insoluble protein-tannin complexes. By performing alkaline extrac-
tion at pH 10.5 up to 54% of the total biomass nitrogen was recovered in the protein 
extract, but the increase in pH resulted in strong interactions between (poly)phenols 
and proteins that limited their subsequent separation. To produce protein extracts 
with reduced (poly)phenol content we tested two alternative methods: pre-extraction 
using aqueous acetone and competitive binding of tannins to polyethylene glycol 
during extraction. Both methods produced a protein precipitate containing 38% of 
total biomass nitrogen, while considerably reducing (<-67%) (poly)phenol content. 
Which method is preferable depends on how it can be integrated into a bio-refinery 
and the value of potential co-products, such as (poly)phenols and carbohydrates.

Altogether, the content of this thesis provides practical tools and novel insights to 
help researchers and businesses to further develop Azolla into a sustainable crop. 
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Nederlandse  
samenvatting

Met een groeiende en steeds welvarendere wereldbevolking groeit de vraag naar 
voedsel, brandstoffen en materialen. De manier waarop we op dit moment deze 
goederen produceren heeft grote negatieve gevolgen, waaronder de opwarming van 
de aarde en een verlies aan biodiversiteit. Om deze negatieve gevolgen te beperken 
moeten we op zoek naar nieuwe productiesystemen die minder impact hebben op het 
milieu. Planten zullen een belangrijke rol spelen in toekomstige productiesystemen 
gezien zij cruciaal zijn voor onze voedselvoorziening, maar ook gebruikt kunnen 
worden voor het produceren van energierijke brandstoffen en complexe chemical-
iën die nu worden geproduceerd uit olie, hetgeen uiteindelijk op zal raken. Echter,  
productieketens die conventionele gewassen gebruiken zijn niet altijd duurzaam, 
omdat er veel land, kunstmest en fossiele brandstof nodig is. Daarom wordt er 
gezocht naar alternatieve gewassen waarmee veel biomassa geproduceerd kan 
worden per oppervlak met minimale input van kunstmest en fossiele brandstoffen.

De varen Azolla is een drijvende waterplant die snel kan groeien, maar niet af-
hankelijk is van stikstofmest, door een speciale symbiose met een stikstof-fixeren-
de cyanobacterie. Door deze eigenschappen is het een invasieve waterplant die 
sloten, meren en zelfs rivieren kan bedekken. Echter, deze eigenschappen maken 
het ook een veelbelovend kandidaat-gewas. Het doel van deze thesis is om de ken-
nis en methoden te leveren die nodig zijn om van het aquatische onkruid Azolla een  
duurzaam gewas te maken. Met multidisciplinair onderzoek worden verschillende 
facetten van een potentiele productieketen belicht: het genereren van startmateriaal, 
de teelt en het verwerken van biomassa tot producten met toegevoegde waarde. 

Als varen, plant Azolla zich voort door middel van sporen in plaats van zaaden. In 
Hoofdstuk 2 stellen wij voor om de seksuele voortplanting via de sporen te gebruiken 
om betrouwbaar startmateriaal te genereren voor de teelt. We hebben daarvoor meth-
odes ontwikkeld om sporen te kunnen verzamelen, bewaren, bevruchten en te ontk-
iemen. In tegenstelling tot zaden, konden de sporen van Azolla niet bewaard worden 
door deze te drogen. Door sporen kort te drogen en vervolgens te bevriezen in vloe-
ibare stikstof, ook wel cryopreservatie genoemd, konden deze bij een temperatuur 
van -80°C voor minstens 7 maanden bewaard worden. Ook de cyanobacterie die zich 
in de megasporen nestelt, was hierna nog levensvatbaar. De formatie van sporen 
(sporulatie) kon nog niet teweeg gebracht worden. Om de moleculaire mechanismen 
die sporulatie teweegbrengen beter te begrijpen werd een eerste transcriptoom  
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database van Azolla geconstrueerd door zijn RNA te sequencen. De transcriptoom 
database bevatte veel genen overeenkomstig met genen die seksuele voortplanting 
in zaadplanten reguleren, waaronder Flowering-locus T (FT). Deze genen kwamen 
hoger tot expressie in planten die aan het sporuleren waren, wat suggereert dat 
deze ook een rol hebben in het reguleren van sporulatie in varens. 

De teelt van Azolla vereist een andere aanpak dan de teelt van conventionele 
gewassen. Waar de meeste conventionele gewassen eenmalig geoogst worden aan 
het einde van het groeiseizoen, moeten Azolla teelten continue geoogst worden om 
een hoge opbrengst te behalen. In Hoofdstuk 4 beschrijven wij methodologieën om 
Azolla zo te groeien dat een hoge productiviteit behaald wordt. Het groeipotentieel 
van Azolla filiculoides en Azolla pinnata werd vastgesteld op respectievelijk 35.5 en 
32.8 ton droge stof (ds) hectare-1 jaar-1. Het toevoegen van CO2, tot een concentratie 
van 800 ppm, verhoogde de productiviteit verder tot 48.3 ton ds hectare-1 jaar-1. 

Bij atmosferische CO2 concentraties, werd alle stikstof in de Azolla biomassa 
geleverd door stikstof-fixatie door de symbiotische cyanobacteriën. Gedetailleerd 
onderzoek naar de stikstof-fixatie in Hoofdstuk 3 bevestigde dat de Azolla-Nostoc 
symbiose in staat is om zeer snel te groeien zonder enige toevoeging van stikstofbe-
mesting, waarbij het 1200 kg stikstof hectare-1 jaar-1 kan vastleggen. Experimenten 
met 15N-verreikt stikstofgas toonden aan dat de stikstoffixatie voornamelijk gedurende 
de dag plaatvindt, wat suggereert dat Nostoc azollae net als andere cyanobacteriën 
energie uit licht gebruikt om stikstof vast te leggen. Microscopie en analyse van gen-
expressie gedurende de dag toonden aan dat de plant zich op verschillende manieren 
heeft aangepast aan de N. azollae symbiont: 1) aanpassing van zijn stofwisseling 
aan de afwezigheid van stikstof gedurende de nacht op vergelijkbare wijze als in 
zaadplanten, 2) het ontwikkelen van een gespecialiseerd xyleem-rijk vatenstelsel 
die de bladholte omringt waarin de cyanobacteriën leven, 3) het reageren op de stik-
stoftoevoer door het reguleren van de transcriptie van genen actief in het transport 
en allocatie van nutriënten en de ontwikkeling van het vatenstelsel. 

De chemische samenstelling van Azolla biomassa is in detail onderzocht om te 
bepalen welke producten uit Azolla biomassa gemaakt kunnen worden. In Hoofd-
stuk 4 laten we zien dat snelgroeiende Azolla tussen de 17.6-20.8 % eiwit bevat, 
afhankelijk van de soort en de CO2 concentraties waaronder zij gegroeid zijn. Azolla 
eiwitten zijn waardevol als veevoer doordat zij een hoge concentratie van essentiële 
aminozuren bevatten in vergelijking met sojameel. Omdat de eiwitconcentratie niet 
negatief beïnvloed wordt door de CO2 concentratie kan de productie van Azolla  
eiwitten sterk verhoogd worden door CO2 afvalstromen te gebruiken in de teelt. 

Snelgroeiende Azolla bevat verder 7.9-10 % lipiden en 2.1-6.9% (equivalent van 
tanninezuur) (poly)fenolen, afhankelijk van de CO2 concentratie. Om te bepalen of 
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Azolla lipiden geschikt zijn voor de productie van biodiesel, zijn in Hoofdstuk 5 de  
lipiden van A. filiculoides (gegroeid onder 800 ppm CO2) in verder detail geana- 
lyseerd met behulp van gas chromatografie en massaspectrometrie. Het ruwe lipiden- 
extract bestond voor 41±13 % uit vetzuren die konden worden omgezet in biodiesel. 
Op basis van de vetzuur-compositie kon worden ingeschat dat Azolla biodiesel 
voldoet aan de eisen voor energiedichtheid, cetaangetal en joodadditiegetal die 
gesteld zijn in de Europese EN14214 standaard. Echter een extra fractioneringsstap 
zal nodig zijn om de filtreerbaarheid bij lage temperaturen te verbeteren. Daarbij 
zou een kleine hoeveelheid unieke langketenige alcoholen en (di)hydroxyvetzuren 
verkregen kunnen worden met mogelijke toepassing in de chemische industrie en 
voedingsmiddelenindustrie. 

De relatief hoge concentratie (poly)fenolen in Azolla in vergelijking met andere 
voedselgewassen zou een rol kunnen spelen in het limiteren van de verteerbaarheid 
van Azolla als veevoer. Daarom onderzochten we in Hoofdstuk 6 welke specifieke 
(poly)fenolen er in Azolla voorkomen met behulp van colorimetrie en massa spectro-
metrie. Gecondenseerde tannines, bekend voor hun negatieve invloed op de verteer-
baarheid van eiwitten, bleken de meest veelvoorkomende oplosbare (poly)fenolen 
in Azolla te zijn, goed voor 4.0% en 5.0% van de biomassa van respectievelijk  
A. filiculoides en A. pinnata. Verder identificeerden wij dicaffeoylquinic acid als de 
tweede meest veelvoorkomende (poly)fenol in beide Azolla soorten en detecteerden 
wij kleine hoeveelheden G-lignine in A. filiculoides. Om te begrijpen hoe deze (poly)
fenolen door de plant worden aangemaakt analyseerden wij het genoom van  
A. filiculoides en bijbehorende genexpressie data. Wij identificeerden verschillende 
genen die homoloog zijn aan genen die verantwoordelijk zijn voor de biosynthese 
van (poly)fenolen in zaadplanten. Een leuco-anthocyanidin reductase (AzfiLAR-like) 
gen kwam het meest tot expressie van alle genen in het secundaire metabolisme 
van Azolla en is waarschijnlijk verantwoordelijk voor de productie van de geconden-
seerde tannines die in hoge mate in Azolla biomassa aanwezig zijn. Het manipuler-
en van de (poly)fenol biosynthese door het uitschakelen van het AzfiLAR-like gen 
kan een manier zijn om de concentratie van gecondenseerde tannines in Azolla te 
verlagen om zo de verteerbaarheid van de biomassa te verbeteren.  

In hoofdstuk 7 onderzochten wij de extractie van eiwitten uit Azolla om zo 
hoogwaardig eiwitrijk voer te produceren met een minimale concentratie van anti- 
nutritionele (poly)fenolen. We vonden dat de opbrengst van basische eiwit-extractie 
bij pH 8 werd beperkt door de vorming van onoplosbare eiwit-tannine complexen. 
Wanneer de extractie werd uitgevoerd bij pH 10.5 kwamen veel meer eiwitten in 
oplossing en werd tot 54% van de stikstof in de initiële biomassa in het eiwit extract 
teruggewonnen. Echter de verhoging in pH zorgde voor sterke interacties tussen 
eiwitten en (poly)fenolen die de scheiding van beide componenten belemmerde.  
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Om eiwit-extracten met een verminderd (poly)fenol gehalte te verkrijgen werden 
twee alternatieve methoden ontwikkeld: een voor-extractie met een waterige  
oplossing van aceton en competitieve binding van tannines aan polyethylene glycol 
gedurende de extractie. Met beide methoden kon 38% van de stikstof in de initiële 
biomassa in het eiwit-extract worden teruggewonnen, terwijl de concentratie van 
(poly)fenolen aanzienlijk (<-67%) werd verminderd. Welke methode de voorkeur 
heeft hangt sterk af van hoe deze geïntegreerd kan worden in een bio-raffinaderij en 
de waarde van potentiele co-producten, zoals (poly)fenolen en vezels. 

Alles samengenomen biedt de inhoud van deze thesis praktische methoden 
en nieuwe inzichten om onderzoekers en ondernemers te helpen Azolla verder te 
ontwikkelen als duurzaam gewas. 
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