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Azolla filiculoides is an aquatic fern with the potential to become a source 
of raw materials in a biorefinery system, e.g., a source of soluble and 
insoluble carbohydrates, proteins, carotenoids, and polyphenols. The fiber 
chemical content was determined as cellulose (19.2% dry basis) and 
hemicellulose (7.6% dry basis) content. Azolla has no lignin as a cell wall 
structure material. Cellulase treatment showed no effect in ethanolic 
extraction, but polyphenols were found in the enzyme solution at the end 
of the reaction. The phenolic acids and flavonoids contents of those with 
health promoting activity were determined, with gallic, syringic, rosmarinic, 
and p-coumaric the most abundant acids; kaempferol, apigenin, and 
quercetin were the most abundant flavonoids. The results show that A. 
filiculoides is a valuable source of bioactive components and cellulosic 
materials. 
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INTRODUCTION 
 

Azolla is a genus of tiny floating aquatic ferns. They are 1 cm in diameter on 

average and have a water content greater than 90%. They develop in static non-saline 

bodies of water. A characteristic that has made this a successful genus of Pteridophytes is 

the permanent symbiosis between the plant and an atmospheric nitrogen-fixing 

cyanobacterium of the Anabaena azollae species.  

Azolla has been used widely as a source of nitrogen fertilization in wetland rice 

fields throughout Asia, as well as weed control and cover to prevent evaporation (Lumpkin 

and Plucknett 1980; Kimani et al. 2018). Most research has been accomplished in tropical 

and subtropical systems, but efforts have been made for its mass cultivation in temperate 

climates (Bocchi and Malgioglio 2010). Azolla production must be carried out from 

vegetative material and can be performed in water bodies such as ditches, wetlands ponds, 

or canals (Wagner 1997). It can duplicate its population in short times when conditions are 

optimal, from 4 to 10 days depending on inoculum size, producing up to 26-41 t Ha-1 (Singh 

and Singh 1987). The growth rate of this fern is considerably higher in warmer climate 

conditions. However, this fern genus is not always welcomed and is considered as part of 

invasive species in several countries mainly in Europe, Africa, and Asia (Janes 1998; 
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Cilliers et al. 2003; Hashemloian and Azimi 2009; Witt and Luke 2017; Pinero-Rodríguez 

et al. 2021).    

Azolla provides a promising source of non-lignified cellulose, which is relevant in 

pharmaceutical, cosmetic, and food industries as an excipient, rheology modificator or 

coating material (Shokri and Adibkia 2013; Nechita 2020), as well in tissue engineering as 

a scaffold material (Hickey and Pelling 2019). 

Another important feature is the protein content (with values between 200 and 400 

g/kg of biomass on a dry basis), which is not influenced by the growth phase or population 

density, as well as the protein quality, due to the presence of essential amino acids in 

adequate concentrations for the animal diet, according to the Azolla species (Sanginga and 

Hove 1989; Brouwer et al. 2018). This genus produces other metabolites of interest, e.g., 

polyphenols, which show a certain chemical homogeneity between different Azolla species 

(Teixeira et al. 2001). Such polyphenols can present different activities, e.g., antioxidant 

activity evaluated in vitro, beneficial biological activities as protectants against toxic 

compounds, antimicrobial activity against bacteria and fungi, and the potential to be 

applied as bioinsecticides, etc. (Pereira et al. 2015; Elrasoul et al. 2020; Ravi et al. 2020; 

Qian et al. 2020; Balasubramaniam et al. 2021). 

The presence of carotenoid pigments in Azolla has allowed its implementation in 

poultry diets, or as a candidate for industrial extraction (Khatun et al. 1999; Lejeune et al. 

2000; Alalade et al. 2007). Species of the genus Azolla have been considered and used as 

a source of nutrients or food supplements in animals intended for human consumption, 

with favorable results in some species (El-Sayed 1992; Abdelatty et al. 2020).  

Problems derived from the use of plants for human or animal consumption is the 

presence of antinutritional factors, which can discourage their use if they are not processed 

properly (Soetan and Oyewole 2009). These factors in Azolla have been studied and have 

been found to take form in various types, e.g., trypsin inhibitors, tannins, phytic acid, and 

cyanide, as well as condensed tannins that are associated with protein and cause their use 

as a supplement a difficult task (Fasakin 1999; Maity and Patra 2003; Brouwer et al. 2019).  

The success of this genus of ferns lies in all the adaptations they have incorporated, 

which have allowed them to survive throughout their existence on Earth, but which have 

turned their industrialization into a major challenge. As the need of new raw material 

increases, vegetal protein sources may provide a suitable option when they are part of a 

biorefinery process (Dohaei et al. 2020).  The aim of this work is to contribute to the use 

of A. filiculoides as a source of added-value compounds by determining the chemical 

proximate analysis, polyphenol content, and the influence of commercial cellulases in the 

polyphenol extraction. 

 

 

EXPERIMENTAL 
 

The aquatic fern A. filiculoides was previously collected from Ensenada, Baja 

California, México, and maintained at the Microbiology Department Greenhouse, Soil 

Science Graduate Program at “Colegio de Postgraduados, Montecillo” (19° 29′ N, 98° 53′ 

W and 2250 m). Nutrient solution was prepared as described by Yoshida et al. (1976) with 

no nitrogen added. A starting culture consisting in 5 g of plant was placed in a plastic 

container (42 cm x 32 cm x 10 cm) containing 6 L of nutrient solution at an average day 

temperature of 22 °C ± 0.20 °C, a humidity of 56% ± 1.1%, and a photosynthetic active 

radiation (PAR) of 488 μmol∙m−2∙s−1 ± 3.6 μmol∙m−2∙s−1, for 7 d.  
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The ferns were harvested and contained in a mesh cloth bag, dried with a kitchen 

salad spinner, and placed in adsorbent paper to eliminate excess water to determine the 

fresh weight. Then, the samples were dried at a temperature of 70 °C for 72 h, after which 

the dry weight was determined.  Fresh Azolla biomass used in the chemical proximate 

analysis, fiber, enzyme reactions, phenol extraction, and determinations were dried at room 

temperature in a dark room for 72 h. The dry Azolla was processed in a blade coffee grinder 

(Fresh Grind, Hamilton Beach, Glen Allen, VA) and the obtained ground material was 

stored for further analysis.  

 

Chemical proximate analysis 

The parameters analyzed were the ash, total fat, and total protein, according to 

AOAC official analysis methods (AOAC 2005). Results were expressed as a percentage 

on a dry basis. 

 

Neutral and alkaline fiber analysis 

First, 0.5 g of dry ground Azolla were placed in filter bags (Ankom Technology, 

Macedon, NY) and processed according to Soest et al. (1991). The parameters obtained 

were the neutral detergent fiber (NDF) and acid detergent fiber (ADF).  

 

Enzymatic reaction 

The Azolla enzyme treatment was carried out with commercial cellulase 

(Celluzyme®, Enmex, Tlalnepantla de Baz, Mexico). The experiment consisted of 3 levels 

of enzyme solution (0.1% w/v, 0.25% w/v, and 0.5% w/v) as well as the control (0%). First, 

3 g of sample were placed in a polyester-fabric bag, sealed with a nylon string tied to the 

top, and then submerged in a glass jar with 200 mL of enzyme dissolved in citrate buffer 

(0.05 M, pH 4.8). Jars were incubated at a temperature of 50 °C for 60 min. Sample bags 

were rinsed with distilled water and dried in a dark room at a temperature of 20 °C for 24 

h.  

 

Polyphenol extraction and quantification 

Dry sample bags subjected to enzymatic treatment were submerged in 15 mL of 

70% v/v absolute ethanol solution in a dark room for 1 hour at a temperature of 20 °C. 

 

Polyphenol quantification 

Total polyphenol quantification was carried out using the Folin-Ciocaltieu method 

with chlorogenic acid as the standard (Kováčik et al. 2007).  

The total phenolics content of the fronds was evaluated by the Folin-Ciocalteu 

(0.25 N) reagent assay utilizing chlorogenic acid for the standard curve (Singleton and 

Rossi 1965; Kováčik et al. 2007). The frond extracts were centrifuged for 15 min at 

15000 rpm. The reaction mixture procedure consisted of mixing 30 μL of the extract with 

90 μL of Na2CO3 and 150 μL of Folin–Ciocalteau reagent in a 96-well microplate. After 

30 min, the absorbance was measured at 725 nm using a KC-4 spectrophotometer (Biotek 

Synergy 2® Instruments, Inc., Winooski, VT). The results were expressed as μg of 

chlorogenic acid equivalents per g of dry weight tissue (μg chlorogenic acid g−1 DW). 

The method used to quantify the phenolic acids and flavonoids via high-

performance liquid chromatography (HPLC) is described as follows: the HPLC system 

(Agilent Technologies, Santa Clara, CA) consisted of a quaternary pump model 1100, an 

automatic injector model 1200, and a diode array detector (model 1100). The extracts were 
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analyzed via HPLC on a HypersilODS (125 mm × 4.0 mm) Agilent column eluted with a 

gradient of (A) H2O adjusted to a pH of 2.5 with trifluoroacetic acid and (B) acetonitrile 

for 0 min to 10 min, in  the  following mixture ratios: A to B ratio of 85 to 15 for 20 min 

and A to B ratio of 65 to 35 for 25 min. The following parameters were used: a flow of 1 

mL/min at a temperature of 30 °C; detection wavelengths at 254 nm, 280 nm, 330 nm, and 

365 nm; an injection volume of 20 μL; and an analysis time of 25 min. Results were 

expressed as μg of polyphenol compound per μg of polyphenol g-1 dry weight (DW) 

The standards used for the phenolic acids and flavonoids determination were high 

purity (Sigma-Aldrich, St. Louis, MO). 

 

 

RESULTS AND DISCUSSION 
 

The chemical proximate and fiber analysis results are presented in Table 1. As an 

aquatic fern, azolla presented an elevated moisture content (95.3%), which resulted in a 

disadvantage for storage and handling, and is the fundamental reason why it was chosen to 

work with in dry biomass form. Noteworthy, a limiting factor for its use as a bulk forage 

in livestock applications is the low yield when dry biomass is obtained. However, as a fast-

growing aquatic plant, the water surface can be covered in relatively short amounts of time 

when grown in optimal conditions. In this experiment, 41.2 g of dry Azolla can be obtained 

in a squared meter surface after a week from when the seed culture was established, 

considering that the aim of this work is not yield increase. One of the most important added 

values in Azolla is the protein content, which was 20.7% according to the analysis carried 

out in this work and results reported by other authors (Brouwer et al. 2019). The ash content 

in Azolla was 21.1%, which is related to its capacity to absorb ions in nutrient solution.  

One feature of Azolla is the toxic ions absorption capacity, which may result an advantage 

in bioremediation or a detriment if grown for activities related to direct or indirect human 

consumption. This experiment was established in controlled conditions with analytical-

grade reagents in nutrient solutions prepared with distilled water, in order to avoid toxic 

metal ion uptake in the Azolla. The major health concern is related to large scale production 

in non-technical processes in which translocation of undesired elements is not monitored 

and controlled, so this aspect must be considered in operating laws and regulations. 

The fat content in Azolla was 3.2%, which is considered low compared to oilseeds. 

However, the lipid fraction in Azolla contains an important amount of fatty acids and 

carotenoids, which is relevant in poultry (Abdelatty et al. 2020).     

 

Table 1. Chemical Proximate Analysis, Fiber Analysis, and Yield of A. filiculoides 
Dry Biomass 

Parameter Value Units 

Moisture 95.29 ± 0.05 % 

Ash 21.13 ± 0.06 % dry basis 

Total fat 3.21 ± 0.37 % dry basis 

Total protein 20.66 ± 0.77 % dry basis 

NDF 26.83 ± 0.86 % dry basis 

ADF 19.25 ± 0.18 % dry basis 

Hemicellulose 7.58 ± 0.73 % dry basis 

Yield 41.17 ± 1.51 g dry weight m-2 
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In fiber analysis, the cell wall components are quantified, rinsing water soluble 

polysaccharides and compounds. Neutral detergent fibers are related to cellulose, 

hemicellulose, and lignins, while ADF values are related to cellulose and lignins. The 

difference between the NDF and the ADF results in the hemicellulose content. The lignin  

content in the Azolla cells is not abundant; therefore, it can be assumed that the major 

components in the cell wall are cellulose (19.25% dry basis) and hemicellulose (7.58%) 

(Nierop et al. 2011; Tran et al. 2020). With this data, the basis of the enzymatic treatment 

is cellulases. 

Enzyme-assisted polyphenol extraction is a common practice when vegetal 

material is processed, which presents advantages compared to thermal, ultrasonic, or 

acid/alkali hydrolysis treatments (Gligor et al. 2019). According to the specifications of 

the manufacturer, the commercial enzymes used in this experiment presented cellulase, as 

well as hemicellulase and β-glucanase secondary activity. Results from the polyphenol 

spectrophotometric determination are shown in Table 2, where polyphenols derived from 

ethanolic extraction presented no significative differences among treatments (p-value 

equals 0.1882).  

However, when the determinations were carried out in enzyme solutions at the end 

of the reaction, polyphenols were found as having the highest enzyme amount. Such 

concentration increase can be correlated to enzyme activity, despite having no effect in the 

ethanolic extraction. A higher enzyme concentration will not result in cost-effectiveness in 

case process upscale is considered. This effect may be related to interactions between the 

polyphenols and soluble polysaccharides in Azolla mucilages, as well the 70% ethanol 

solution. The origin of the polysaccharides inherent to mucilage from fern-algal packets 

may be vegetal (related to pectin), endophyte, or bacterial (Forni et al. 1998). Pectinases 

are commercial enzymes commonly used in food processing, which hydrolyze 

polygalacturonic acid and rhamnogalacturonan. This may result in a suitable candidate for 

soluble polysaccharide hydrolysis. However, according to the polysaccharide composition 

in Azolla filiculoides reported by Forni et al. (1998), the galactose and rhamnose 

concentration is lower than 5.2%, which is a minor fraction compared to the major fraction 

represented by glucose and fucose.  

In addition, alcohol utility as a solvent in soluble polysaccharide precipitation may 

affect interactions between the polyphenols and these biopolymers, whose presence 

induces solubility and structure changes in polysaccharides (Xu et al. 2014).   

 

Table 2. Polyphenol Concentration in Enzyme Solution at the End of Reaction 
and in Ethanolic Extraction 

Treatment 
Enzyme Solution EtOH Extraction 

μg eq. chlorogenic acid mL-1 

0 0 441.44 ± 21.94 a 

0.1 0 542.00 ± 69.64 a 

0.25 33.67 ± 1.67 478.11 ± 69.46 a 

0.5 224.22 ± 25.04 370.33 ± 39.45 a 

Note: different letters show significative differences among groups (p-value equals 0.05). 

 

Results related to the chromatographic polyphenol determinations are shown in 

Table 3, considering the ethanolic extracts from the 0% enzyme treatment because no 

differences were observed in the polyphenol concentration between treatments during the 
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HPLC analysis. This analysis was focused on phenolic acids and glycosylated flavonoids 

(flavonols and flavones). Polyphenols are part of plant secondary metabolism, and they 

take part in several processes, primarily as internal signaling, signaling between plants and 

symbiotic microorganisms, or protection against biotic and abiotic stress (Cheynier et al. 

2013). However, most polyphenols may have biological activity promoting human health. 

In general, polyphenols act as radical scavengers that form stable molecules when in the 

presence of free radicals (Cory et al. 2018).     

Flavonoids, e.g., isorhamnetin, are active ingredients in several plant species, with 

antibacterial and antiviral effects, effects against cardiovascular and cerebrovascular 

diseases, as well as immunity regulation effects (Gong et al. 2020). Kaempferol is 

recognized as a chemopreventive agent against cancer, apigenin and quercetin are being 

studied for preventing chronic diseases in humans, and myricetin may have several 

activities, e.g., chemoprotective activity against central nervous system diseases (David et 

al. 2016; Dormán et al. 2016; Semwal et al. 2016; Salehi et al. 2019). Phenolic acids, e.g., 

ferulic, gallic, p-coumaric, 3,5-dihydroxibenzoic, and p-hydroxibenzoic, are common in 

several plants and fruits, and present antioxidant activity (Jitan et al. 2018). Rosmarinic 

acid is found in ferns and presents antiviral, antibacterial, anti-inflammatory, and 

antioxidant activities (Petersen and Simmonds 2003). 

 

Table 3. Phenolic Acids and Flavonoid High-performance Liquid 
Chromatography (HPLC) Quantification in A. filiculoides Ethanolic Extraction 

Compound Classification μg g-1 DW 

Ferulic acid Phenolic acid 5.88 ± 0.17 

Rosmarinic acid Phenolic acid 24.69 ± 0.39 

3,5-dihydroxibenzoic acid Phenolic acid 16.37 ± 0.83 

Gallic acid Phenolic acid 110.44 ± 28.48 

p-coumaric acid Phenolic acid 24.52 ± 0.42 

Syringic acid Phenolic acid 124.35 ± 0.35 

p-hydroxibenzoic acid Phenolic acid 1.70 ± 0.24 

Myricetin Flavonol 13.89 ± 0.08 

Kaempferol Flavonol 33.68 ± 1.12 

Isorhamnetin Flavonol 9.62 ± 0.11 

Apigenin Flavone 27.48 ± 1.40 

Quercetin Flavonol 26.15 ± 0.21 

 

 

CONCLUSIONS 
 

1. The cellulose (19.2% dry basis) and hemicellulose (7.6% dry basis) content were 

determined. In addition, Azolla has no lignin as part of the cell wall structure.  

2. The cellulase treatment showed no effect on ethanolic extraction, but polyphenols were 

found in the enzyme solution at the end of the reaction.  

3. The phenolic acids and flavonoids contents of those with health promoting activity 

were determined, with gallic, syringic, rosmarinic, and p-coumaric the most abundant 

acids. Kaempferol, apigenin, and quercetin were the most abundant flavonoids. 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Carballo-Sánchez et al. (2022). “Azolla polyphenols,” BioResources 17(2), 2074-2083.  2080 

ACKNOWLEDGMENTS 
 

The authors are grateful for the support from the Colegio de Postgraduados research 

grant. The authors thank Dr. Magdalena Crosby-Galván for the chemical proximate 

analysis support and Enmex S.A. de C.V. for the donation of cellulase used in this 

experiment.  

 

 

REFERENCES CITED 
 

Abdelatty, A. M., Mandouh, M. I., Al-Mokaddem, A. K., Mansour, H. A., Khalil, H. M. 

A., Elolimy, A. A., Ford, H., Farid, O. A. A., Prince, A., Sakr, O. G., Aljuyadi, S. H., 

et al. (2020). “Influence of level of inclusion of Azolla leaf meal on growth 

performance, meat quality and skeletal muscle p70S6 kinase α abundance in broiler 

chickens,” Animal 14(11), 2423-2432. DOI: 10.1017/S1751731120001421 

Alalade, O. A., Iyayi, E. A., and Alalade, T. O. (2007). “The nutritive value of Azolla 

(Azolla pinnata) meal in diets for growing pullets and subsequent effect on laying 

performance,” The Journal of Poultry Science 44(3), 273-277. DOI: 

10.2141/jpsa.44.273 

AOAC (2005). Official Methods of Analysis of the Association of Official Agriculture 

Chemists, 18th Ed., Association of Official Agriculture Chemists, Washington D.C. 

Balasubramaniam, V., Gunasegavan, R. D. N., Mustar, S., Lee, J. C., and Mohd Noh, M. 

F. (2021). “Isolation of industrial important bioactive compounds from microalgae,” 

Molecules 26(4), 943. DOI: 10.3390/molecules26040943 

Bocchi, S., and Malgioglio, A. (2010). “Azolla-Anabaena as a biofertilizer for rice paddy 

fields in the Po Valley, a temperate rice area in Northern Italy,” International Journal 

of Agronomy. DOI: 10.1155/2010/152158 

Brouwer, P., Nierop, K. G. J., Huijgen, W. J. J., and Schluepmann, H. (2019). “Aquatic 

weeds as novel protein sources: Alkaline extraction of tannin-rich Azolla,” 

Biotechnology Reports 24, 1-9. DOI: 10.1016/j.btre.2019.e00368 

Brouwer, P., Schluepmann, H., Nierop, K. G. J., Elderson, J., Bijl, P. K., Meer, I. v. d., 

Visser, W. d., Reichart, G-J., Smeekens, S., and Werf, A. v. d. (2018). “Growing 

Azolla to produce sustainable protein feed: The effect of differing species and CO2 

concentrations on biomass productivity and chemical composition,” Journal of 

Science of Food and Agriculture 98(12), 4759-4768. DOI: 10.1002/jsfa.9016 

Cheynier, V., Comte, G., Davies, K. M., Lattanzio, V., and Martens, S. (2013). “Plant 

phenolics: recent advances on their biosynthesis, genetics, and ecophysiology,” Plant 

Physiology and Biochemistry 72, 1-20. DOI: 10.1016/j.plaphy.2013.05.009 

Cilliers, C. J., Hill, M. P., Ogwang, J. A., and Ajuonu, O. (2003). “Aquatic weeds in 

Africa and their control,” Biological Control in IPM Systems in Africa, CABI, 161-

178. DOI: 10.1079/9780851996394.0000 

Cory, H., Passarelli, S., Szeto, J., Tamez, M., and Mattei, J. (2018). “The role of 

polyphenols in human health and food systems: A mini-review,” Frontiers in 

Nutrition 5, 1-9. DOI: 10.3389/fnut.2018.00087 

David, A. V. A., Arulmoli, R., and Parasuraman, S. (2016). “Overviews of biological 

importance of quercetin: A bioactive flavonoid,” Pharmacognosy Reviews 10(20), 

84-89. DOI: 10.4103%2F0973-7847.194044 

Dohaei, M., Karimi, K., Rahimmalek, M., and Satari, B. (2020). “Integrated biorefinery 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Carballo-Sánchez et al. (2022). “Azolla polyphenols,” BioResources 17(2), 2074-2083.  2081 

of aquatic fern Azolla filiculoides for enhanced extraction of phenolics, protein, and 

lipid and methane production from the residues,” Journal of Cleaner Production 276, 

1-8. DOI: 10.1016/j.jclepro.2020.123175 

Dormán, G., Flachner, B., Hajdú, I., and András, C. (2016). “Target identification and 

polypharmacology of nutraceuticals,” in: Nutraceuticals Efficacy, Safety and Toxicity, 

R. C. Gupta, R. Lall, and A. Srivastava (ed.), Academic Press, Cambridge, MA, pp. 

315-343. 

Elrasoul, A. S. A., Mousa, A. A., Orabi, S. H., Mohamed, M. A. E.-G., Gad-Allah, S. M., 

Almeer, R., Abdel-Daim, M. M., Khalifa, S. A. M., El-Seedi, H., and Eldaim, M. A. 

A. (2020). “Antioxidant, anti-inflammatory, and anti-apoptotic effects of Azolla 

pinnata ethanolic extract against lead-induced hepatotoxicity in rats,” Antioxidants 

9(10), 1-19. DOI: 10.3390/antiox9101014 

El‐Sayed, A.-F. M. (1992). “Effects of substituting fish meal with Azolla pinnata in 

practical diets for fingerling and adult Nile tilapia, Oreochromis niloticus (L.),” 

Aquaculture Research 23(2), 167-173. DOI: 10.1111/j.1365-2109.1992.tb00607.x 

Fasakin, E. A. (1999). “Nutrient quality of leaf protein concentrates produced from water 

fern (Azolla africana Desv) and duckweed (Spirodela polyrrhiza L. Schleiden),” 

Bioresource Technology 69(2), 185-187. DOI: 10.1016/S0960-8524(98)00123-0 

Forni, C., Haegi, A., and Gallo, D. M. (1998). “Polysaccharide composition of the 

mucilage of Azolla algal packets,” Symbiosis. 24, 303-314.  

Gong, G., Guan, Y.-Y., Zhang, Z.-L., Rahman, K., Wang, S.-J., Zhou, S., Luan, X., and 

Zhang, H. (2020). “Isorhamnetin: A review of pharmacological effects,” Biomedicine 

& Pharmacotherapy 128, 1-15. DOI: 10.1016/j.biopha.2020.110301 

Hashemloian, B. D., and Azimi, A. A. (2009). “Alien and exotic Azolla in northern Iran,” 

African Journal of Biotechnology 8(2), 187-190.  

Hickey, R. J., and Pelling, A. E. (2019). “Cellulose biomaterials for tissue engineering,” 

Frontiers in Bioengineering and Biotechnology 7, 45. DOI: 

10.3389/fbioe.2019.00045 

Janes, R. (1998). “Growth and survival of Azolla filiculoides in Britain I. Vegetative 

production,” The New Phytologist 138(2), 367-375. DOI: 10.1046/j.1469-

8137.1998.00114.x 

Jitan, S. A., Alkhoori, S. A., and Yousef, L. F. (2018). “Phenolic acids from plants: 

Extraction and application to human health,” Studies in Natural Products Chemistry 

58, 389-417. DOI: 10.1016/B978-0-444-64056-7.00013-1 

Khatun, A., Ali, M. A., and Dingle, J. G. (1999). “Comparison of the nutritive value for 

laying hens of diets containing azolla (Azolla pinnata) based on formulation using 

digestible protein and digestible amino acid versus total protein and total amino acid,” 

Animal Feed Science and Technology 81(1-2), 43-56. DOI: 10.1016/S0377-

8401(99)00071-1 

Kimani, S. M., Cheng, W., Kanno, T., Nguyen-Sy, T., Abe, R., Oo, A. Z., Tawaraya, K. 

and Sudo, S. (2018). “Azolla cover significantly decreased CH4 but not N2O 

emissions from flooding rice paddy to atmosphere,” Soil Science and Plant Nutrition 

64(1), 68-76. DOI: 10.1080/00380768.2017.1399775 

Kováčik, J., Klejdus, B., Bačkor, M., and Repčák, M. (2007). “Phenylalanine ammonia-

lyase activity and phenolic compounds accumulation in nitrogen-deficient Matricaria 

chamomilla leaf rosettes,” Plant Science 172(2), 393-399. DOI: 10.1007/s11104-007-

9346-x 

Lejeune, A., Peng, J., Boulengé, E. L., Larondelle, Y., and Hove, C. V. (2000). “Carotene 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Carballo-Sánchez et al. (2022). “Azolla polyphenols,” BioResources 17(2), 2074-2083.  2082 

content of Azolla and its variations during drying and storage treatments,” Animal 

Feed Science and Technology 84(3-4), 295-301. DOI: 10.1016/S0377-

8401(00)00129-2 

Lumpkin, T. A., and Plucknett, D. L. (1980). “Azolla: Botany, physiology, and use as a 

green manure,” Economic Botany 34(2), 111-153. DOI: 10.1007/BF02858627  

Maity, J., and Patra, B. C. (2003). “Isolation and characterization of trypsin inhibitor 

from the water fern, Azolla pinnata R.Br.,” Journal of Food Biochemistry 27(4), 281-

294. DOI: 10.1111/j.1745-4514.2003.tb00283.x 

Nechita, P. (2020). “Review on polysaccharides used in coatings for food packaging 

papers,” Coatings 10(6), 566. DOI: 10.3390/coatings10060566 

Nierop, K. G. J., Speelman, E. N., Leeuw, J. W. d., and Reichart, G. J. (2011). “The 

omnipresent water fern Azolla caroliniana does not contain lignin,” Organic 

Geochemistry 42(7), 846-850. DOI: 10.1016/j.orggeochem.2011.05.001 

Pereira, A. L., Bessa, L. J., Leão, P. N., Vasconcelos, V., and Costa, P. M. d. (2015). 

“Bioactivity of Azolla aqueous and organic extracts against bacteria and fungi,” 

Symbiosis 65(1), 17-21. DOI: 10.1007/s13199-015-0316-4 

Petersen, M., and Simmonds, M. S. J. (2003). “Molecules of interest rosmarinic acid,” 

Phytochemistry 62(2), 121-125. DOI: 10.1016/S0031-9422(02)00513-7 

Pinero-Rodríguez, M. J., Fernández-Zamudio, R., Arribas, R., Gomez-Mestre, I., and 

Díaz-Paniagua, C. (2021). “The invasive aquatic fern Azolla filiculoides negatively 

impacts water quality, aquatic vegetation and amphibian larvae in Mediterranean 

environments,” Biological Invasions 23(3), 755-769. DOI: 10.1007/s10530-020-

02402-6 

Qian, W., Wu, W., Kang, Y., Wang, Y., Yang, P., Deng, Y., Ni, C., and Huang, J. (2020). 

“Comprehensive identification of minor components and bioassay-guided isolation of 

an unusual antioxidant from Azolla imbricata using ultra-high performance liquid 

chromatography—quadrupole time-of-flight mass spectrometry combined with 

multicomponent knockout and bioactivity evaluation,” Journal of Chromatography A 

1609, 1-17. DOI: 10.1016/j.chroma.2019.460435 

Ravi, R., Zulkrnin, N. S. H., Rozhan, N. N., Yusoff, N. R. N., Rasat, M. S. M., Ahmad, 

M. I., Idhsk, I. H., and Amin, M. F. M. (2018). “Chemical composition and larvicidal 

activities of Azolla pinnata extracts against Aedes (Diptera: Culicidae),” PloS One 

13(11), 1-18. DOI: 10.1371/journal.pone.0206982 

Salehi, B., Venditti, A., Sharifi-Rad, M., Kręgiel, D., Sharifi-Rad, J., Durazzo, A., 

Lucarini, M., Santini, A., Souto, E. B., Novellino, E., et al. (2019). “The therapeutic 

potential of apigenin,” International Journal of Molecular Sciences 20(6), 1-26. DOI: 

10.3390%2Fijms20061305 

Sanginga, N., and Hove, C. V. (1989). “Amino acid composition of azolla as affected by 

strains and population density,” Plant Soil 117(2), 263-267. DOI: 

10.1007/BF02220720 

Semwal, D. K., Semwal, R. B., Combrinck, S., and Viljoen, A. (2016). “Myricetin: A 

dietary molecule with diverse biological activities,” Nutrients 8(2), 1-31. DOI: 

10.3390%2Fnu8020090 

Shokri, J., and Adibkia, K. (2013). “Application of cellulose and cellulose derivatives in 

pharmaceutical industries,” in: Cellulose - Medical, Pharmaceutical and Electronic 

Applications, T. van de Ven and L. Godbout (eds.), IntechOpen. DOI: 10.5772/55178 

Singh, A. L., and Singh, P. K. (1987). “Influence of Azolla management on the growth, 

yield of rice and soil fertility,” Plant and Soil 102(1), 41-47. DOI: 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Carballo-Sánchez et al. (2022). “Azolla polyphenols,” BioResources 17(2), 2074-2083.  2083 

10.1007/BF02370898 

Singleton, V. L., and Rossi, J. A. (1965). “Colorimetry of total phenolics with 

phosphomolybdic-phosphotungstic acid reagents,” American Journal of Enology and 

Viticulture 16(3), 144-158. 

Soest, P. J. V., Robertson, J. B., and Lewis, B. A. (1991). “Methods for dietary fiber, 

neutral detergent fiber, and nonstarch polysaccharides in relation to animal nutrition,” 

Journal of Dairy Science 74(10), 3583-3597. DOI: 10.3168/jds.S0022-

0302(91)78551-2 

Soetan, K. O., and Oyewole, O. E. (2009). “The need for adequate processing to reduce 

the anti-nutritional factors in plants used as human foods and animal feeds: A 

review,” African Journal of Food Science 3(9), 223-232. DOI: 

10.5897/AJFS.9000293 

Teixeira, G., Carrapiço, F., and Gomes, E. T. (2001). “C-glycosylflavones in the genus 

Azolla,” Plant Biosystems - An International Journal Dealing with all Aspects of 

Plant Biology 135(2), 233-237. DOI: 10.1080/11263500112331350870 

Tran, T. L. N., Miranda, A. F., Abeynayake, S. W., and Mouradov, A. (2020). 

“Differential production of phenolics, lipids, carbohydrates and proteins in stressed 

and unstressed aquatic plants, Azolla filiculoides and Azolla pinnata,” Biology 9(10), 

1-15. DOI: 10.3390/biology9100342 

Wagner, G. M. (1997). “Azolla: A review of its biology and utilization,” Botanical 

Reviews 63, 1-26. DOI: 10.1007/BF02857915 

Witt, A., and Luke, Q. (2017). Guide to the Naturalized and Invasive Plants of Eastern 

Africa, CABI. 46-47. DOI: 10.1079/9781786392145.0000 

Yoshida, S., Forno, D. A., Cock, J. H., and Gómez, K. A. (1976). Laboratory Manual for 

Physiological Studies of Rice, International Rice Research Institute, Manila, 

Philippines. 

 

Article submitted: October 15, 2021; Peer review completed: January 8, 2022; Revised 

version received and accepted: February 8, 2022; Published: February 10, 2022. 

DOI: 10.15376/biores.17.2.2074-2083 


