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Resumo 

A biotecnologia de microalgas não só fornece produtos de alto valor, como também tem o potencial 

de prevemir a escassez de nutrientes e combustível que provavelmente acontecerá com a crescente 

população mundial num futuro próximo. No entanto, seu cultivo em larga escala é limitado pelos seus 

elevados custos de produção. Este trabalho mostra que a produção de biomassa da microalga 

Chlorella prototechoides (UTEX25) num fotobiorreactor ‘airlift’ de circulação externa com 5 L pode 

aumentar consideravelmente quando co-cultivado com bactérias promotoras de crescimento de 

plantas (PGPB) do género Pseudomonas. Entre vários mecanismos sintróficos possíveis para este 

aprimoramento da biomassa, os resultados de co-culturas autotróficas com PGPB de tipos selvagem 

e mutante realizadas em frascos aerados sugerem um em particular: alívio de stress e reciclagem 

de nitrogénio pela actividade da ACC-desaminase produzida pelas PGPB. Além disso, concluiu-se 

que a principal limitação das culturas autotróficas realizadas é o esgotamento da fonte de nitrogénio. 

Também, embora fora do âmbito da tese deste trabalho, outras observações interessantes foram 

feitas, tais como a obtenção de uma cultura axénica de microalgas sem recorrer a antibióticos, a 

floculação de microalgas induzida por leveduras, e a supressão de uma contaminação numa cultura 

de microalgas que era originalmente axénica através da inoculação de PGPB. Este estudo pode 

servir como paradigma para futuras pesquisas sobre optimização da produção em larga escala de 

microalgas em sistemas de cultura autotróficos. 
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Abstract 

Microalgal biotechnology not only provides high-value products but also has the potential to avert a 

scarcity of nutrients and fuel that is likely to happen to the growing world population in a near future. 

However, its large-scale cultivation is limited by its rather high production costs. This work shows that 

the biomass production of microalga Chlorella prototechoides (UTEX25) in a 5 L external-loop airlift 

photobioreactor can be increased considerably when co-culturing with plant-growth-promoting-

bacteria (PGPB) of the Pseudomonas genus. Among several possible syntrophic mechanisms for 

this microalgal biomass enhancement, the results obtained from autotrophic cultures performed in 

aerated flasks with wild type and mutant PGPB suggest one in particular: stress alleviation and 

nitrogen recycle by the activity of the PGPB produced ACC-deaminase.  In addition, it was concluded 

that the main limitation of the autotrophic cultures performed is nitrogen source depletion. 

Furthermore, although outside the scope of this work’s thesis, other interesting observations were 

made, such as the obtainment of an axenic culture of microalgae without resorting to antibiotics, the 

flocculation of microalgae induced by yeast, and the suppression of a contamination in an originally 

axenic microalgae culture through inoculation of the PGPB. This study may serve as a paradigm for 

future research on optimization of microalgae large-scale production in autotrophic culture systems. 
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General Introduction 

Microalgae are diverse group of photosynthetic microorganisms that have been gaining much 

scientific interest in the past 50 years. They have been identified as efficient biological systems for 

the production of high-value chemicals and nutrients, such as pigments, polyunsaturated fatty acids 

and antioxidants [1]. Also, they are considered a very promising third generation biofuel because of 

the high lipid content of several species [2], and potentially the crops of the future because of their 

high nutritional value, superior productivity and arable land independency [1, 3, 4]. Microalgae are, 

then, a good alternative to the current unsustainable exploitation of natural resources, with potential 

to become a solution to the environmental dilemma of food and energy.  

Throughout those 50 years, several systems have been developed for large-scale cultivation of 

microalgae. To date, however, those systems are only financially viable for the production of high-

value products, since their sale price tag is rather high; the large-scale cultivation of microalgae has 

very high costs of investment (i.e. technology) and operation (i.e. energy) [1, 5], being no means for 

the production of inexpensive commodities like food or fuel. Although these costs have been 

decreasing with time due to technology development and process optimization, there are still no 

commercially viable microalgae plants for food or biofuel production yet [1, 5]. For these systems to 

become financially viable, one must find a way to push the biomass productivity of microalgae beyond 

the attainable, while using the same inputs.  

Plant-growth-promoting-bacteria (PGPB) are, as the name suggests, bacteria that stimulate growth 

in plants and protect them from abiotic stresses and disease. The symbiosis phenomena between 

rhizobia and legumes is one of the most studied in biology and it shows the potential of bacteria as 

sustainable stimulators for agricultural productivity [6]. Taking into consideration that most of the 

microalgae that are nowadays worked with as a biotechnology are microphytes, that is, microscopic 

plants, it seems only obvious to try and apply these PGPB in their context. In fact, the positive 

influence of bacteria on the growth of microalgae has already been verified by some studies [7, 8, 9, 

10, 11, 12, 13, 14, 15, 16] [17] [18], but none at a bioreactor scale. It is important, then, to study this 

potential productivity enhancement of microalgae by interaction with PGPB at a scale that can be 

paradigmatic for industrial production of microalgae, providing a new hope for the financially unviable 

microalgal biofuels and food. 
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State of the Art 

I – Microalgal Biotechnology 

I.1 – What are microalgae? 

Microalgae are diverse group of aquatic microorganisms that conduct oxygen-evolving 

photosynthesis. Actually, their marine version, known as phytoplankton, is responsible for maintaining 

half the world’s oxygen [19]. Microalgae are unicellular beings which may exist individually (unicellular 

microalgae), in chains (filamentous microalgae) or in groups (colonial microalgae). Their numerous 

morphologies vary not only from species to species but also during their life cycle: they can be motile 

flagellated cell colonies, they can be individual spherical or rod-shaped cells simply suspended in 

water, and some can be all of this throughout their life cycle [20].   

Microalgae are among the oldest beings on earth, having endured millions of years of selective 

pressure and adaptation [21]. As a result, they evolved into a big variety of skillful and efficient 

organisms: they are considered to be among the fastest growing autotrophs on Earth [22], rapidly 

converting light energy and inorganic matter into a variety of useful biomolecules such as 

antioxidants, pigments, fatty acids, enzymes, polymers, etc. [1, 5]. Their biodiversity is huge, having 

been already described close to fifty thousand different species and it’s estimated an existence from 

about two hundred thousand to a million [23]; they are by far the most abundant producers in aquatic 

food chains, but they can also be found producing in soil [20]. Their biochemical composition is 

dynamic, allowing adaptive survival and proliferation in the changing environment: when harmful 

environmental changes occur, microalgae can respond by synthesizing a particular counter-acting 

substance or even by changing their global biochemical composition in a more favorable way through 

alterations in their ultrastructural, biophysical and physiological properties [24]. 

The term ‘microalgae’ has no taxonomic value, since it doesn’t define a monophyletic group. In fact, 

it includes organisms that may belong to both prokaryote and eukaryote domains, having very 

different cellular structure between them [20]. The eukaryote microalgae, also known as microphytes 

(i.e. microscopic plants), have chloroplasts and complex organelles like mitochondria, Golgi 

apparatus, endoplasmic reticulum and an organized nucleus. The prokaryote microalgae have a 

cellular structure that closely resembles bacteria, only it is filled with blue-green photosynthetic 

pigments; this is why they are called cyanobacteria [21, 20]. Despite this heterogeneity, the term 

‘microalgae’ defines a group of microorganisms that are physiologically very similar and present a 

metabolism that is quite the same as plants [25], having chlorophylls, phycobiliproteins and other 

photosynthetic pigments in their constitution.  
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Microalgae are classified in four major taxonomic groups (see table 1), which are sorted according to 

the presence and type of plastids: cyanobacteria (having no plastids), microalgae with primary 

plastids, microalgae with secondary plastids and microalgae with tertiary plastids [26]. 

Table 1 – Classification of microalgae according to plastid presence and respective pigment presence, 

common habitats and approximate number of described species [27, 26, 28] 

Kingdom Division Filo 
Pigment 
presence 

Habitat 
Number of 
described 
species 

Prokaryote 
Microalgae 

with no 
plastids 

Cyanobacteria 
Chlorophyll a, 

phycobiliprotein 

Marine, 
freshwater, 

soil 
~3000 

Glacophytes 
Chlorophyll a, 

phycobiliprotein 
Acid bogs 13 

Chlorophytes 
(a.k.a. green algae) 

Chlorophyll a, b 
Marine, 

freshwater, 
soil 

~7000 

Rhodophytes 
(a.k.a. red algae) 

Chlorophyll a, 
phicobiliprotein 

Marine ~7000 

Cryptophytes 
Chlorophyll a, c, 
phycobiliprotein 

Marine, 
freshwater 

~200 

Heterokonts 
(e.g. diatoms) 

Chlorophyll a, c 
Marine, 

freshwater, 
soil 

~25000 

Euglenoids Chlorophyll a, b 
Fresh or salt 

water 
~800 

Chlorarachniophytes Chlorophyll a, b Marine 15 

Haptophytes Chlorophyll a, c 
Marine or 

brackish water 
~500 

Microalgae 
with tertiary 

plastids 

Pyrrophytes 
(a.k.a. dinoflagellates) 

Chlorophyll a, c 
Marine, 

freshwater 
~1500 

 

The fundament of using plastid presence as a classification criterion is evolutionary. Plastids (e.g. 

chloroplasts, chromoplasts, leucoplasts, etc.) are organelles that are the result of an evolutionary 

event of endosymbiosis, and are the site of manufacture and storage of critical compounds for the 

life of microalgae cell such as pigments for photosynthesis, starch/fat for energy reserves, proteins, 

etc. [26]. There are three types of plastids: primary plastids, which represent the inclusion of a 

photosynthetic prokaryote by a non-photosynthetic eukaryotic host and, thus, are bound by two 

membranes; secondary plastids, which represent the inclusion of a photosynthetic eukaryote by a 

non-photosynthetic eukaryotic host and, thus, are bound by more than two membranes; and tertiary 
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plastids, which represent the replacement of secondary plastids that were lost by other plastids from 

another source [26, 28]. 

I.2 – The potential of microalgae 

For the past five decades, microalgae have proved themselves to the scientific community as efficient 

biological systems for the production of a large array of biomolecules with potential to be applied in 

the food/feed, pharmaceutical, cosmetic, healthcare and energy industries. A few examples are given 

in table 2. 

Table 2 – Obtainable biomolecules from microalgae and their application [29] 

Biomolecules Applications 

Proteins 
Food, animal feed (aquaculture and 

livestock) 

Lipids 
Biofuel, Food, animal feed 

(aquaculture and livestock), health 
food supplements, antioxidants 

Pigments 
Health food supplements, food and 

cosmetic colorants/additives, 
antioxidants 

Carbohydrates Biofuel (ethanol) 

Polyssacharides 
Gelling agents, 

thickeners, emulsifiers, biofuels 

Phycobiliproteins Biochemical fluorescent markers 

Polyhydroxyalkanoates Bioplastics 

Phycotoxins 
Cytotoxic activity (anticancer, 

antibiotic and antiviral) 

Aromatic halogenates and 
phenolic compounds 

Antibiotics 

 

I.2.1 – The nutrient source of the future 

The research on microalgae began in the midst of the 19th century with the sole purpose of better 

understanding plant photosynthesis and its mechanisms. In fact, microalgae are simpler organisms, 

being easier to visualize and to chemically analyze; they lack the interfering complex transport system 

that terrestrial plants have (leaves, stems, roots) and have a reproductive process that is way less 

complicated. Microalgae were, therefore, only viewed as a research tool in Botany. It was during this 

research that the scientific community first learned a distinct characteristic of microalgae: they have 
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a high protein content, being at least 50% more than it is found in cereals/grains (table 3); remarkably, 

the microalgal protein content even contains the 10 essential amino acids for human nutrition, and 

they are quite accessible biologically since the protein has low molecular weight [30]. Furthermore, it 

was reported that the biochemical composition of microalgae could be controlled by changing 

environmental conditions [31], being possible to adjust their protein content. These intriguing 

discoveries about microalgae content were what triggered scientific interest in microalgae production, 

rather than just using them for photosynthesis models.  

Later, in 1968, the Food and Agriculture Organization (FAO), on a United Nations committee, reported 

“The Protein Problem”, which predicted that by the 21st century there would be a critical deficiency in 

protein supply for the world population [32]. This report provided a renewed motivation for research 

on microalgae as a source of food and feed at the time, being most of the activity in Italy, France, 

Czech Republic, Germany, Japan and USA [33]. All this new scientific activity promoted the 

establishment of the first international meeting devoted to applied phycology, in 1978; thus, one may 

say that the microalgae research began because of their high protein content.  

“The Protein Problem” report from 1968 is not outdated: currently, there are a number of places in 

the world where people do not intake sufficient amount of protein, being in a state of malnutrition even 

though they consume adequate quantities of carbohydrates [34]. With the continuous growth of the 

world population, which according to the U.S. Census Bureau will have reached the 9 billion mark by 

2050, this situation is likely to get worse. For all these people to be decently nourished, the FAO 

states that food production must increase globally at least 70%, which means doubling it in developed 

countries [35]. There is little hope, then, for the sustainability of the traditional method of obtaining 

protein, that is, raising herbivores for food; the animals too require feeding and, thus, large areas of 

fertile land to grow their feed.  

Therefore, the possibility of growing microalgal food that is rich in protein is quite encouraging in this 

matter. Actually, a microalgae meal would have a protein content that is comparable to common 

protein rich foods like beef, eggs or soybean (see table 3) [4]. Furthermore, the amino acid profile of 

several microalgae almost meets the FAO reference for ideal protein source, with only minor 

deficiencies among the sulfur-containing amino acids, a characteristic for most plant-origin proteins. 

Unfortunately, protein is not the only nutrient that will become scarce in a near future. As there are 

10 amino acids essential for us humans, there are also essential lipids that we lack the requisite 

enzymes to synthetize ourselves: the omega-3’s alpha-linolenic acid (ALA), eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA), and the omega-6’s arachidonic acid (ARA) and γ-linolenic 

acid (LA) [36]. These essential lipids are long-chain polyunsaturated fatty acids, LC-PUFAs, having 

two or more double-bonds and 18 or more carbon atoms.  
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The world population obtains these lipids mainly by fish consumption, but global catches of fish have 

been declining since the 1980’s and fish stocks are declining exponentially since 1950s because of 

overfishing, which is depleting wild fish resources [37]. This is causing a worrying increase in the price 

of fish meal, having doubled in the last 25 years [38]. So, besides protein deficiency, certain quarters 

of the world will suffer also a deficiency in essential lipids in a near future.  

Microalgae contain those requisite enzymes, producing and accumulating essential lipids in their 

composition; in fact, they are the only producers of LC-PUFAs in the marine food chain: the omega-

3 content of the animals from higher trophic levels (e.g. zooplankton, crustacean larvae, mollusk and 

several fish) depends strictly on the microalgae’s own content; those animals cannot produce omega-

3 themselves, they just accumulate it by microalgae consumption [39]. Indeed, it was already 

demonstrated that microalgae contain sufficient omega-3 LC-PUFA to serve as an alternative for fish 

oil consumption [40, 41].  

Table 3 – General biomolecule composition (% of dry weight) of some human food sources (obtained from 

USDA official website) and of some microalgae [4, 33, 30, 31] 

Commodity Protein Carbohydrates Lipids 

Beef 43 1 34 

Chicken Egg 47 4 41 

Fish 22 0 12 

Wheat 14 71 3 

Oat 17 66 7 

Rice 8 77 2 

Soybean 37 30 20 

Chlorella vulgaris 56 8 18 

Dunaliella salina 49 4 8 

Haematococcus 
pluvialis 

48 27 15 

Spirulina 
fusiformis 

60 20 7 

Arthrospira 
maxima 

71 13 6 

 

Besides essential amino acids and lipids, it was reported that microalgae are also a source of 

vitamins, antioxidants and other nutritious co-factors [4, 1], making them very complete nutritionally. 

This is no wonder, since, as it was already mentioned, they are the food chain base of most 
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ecosystems, providing nutrients for the species from higher trophic levels that they are unable to 

synthetize themselves. 

Furthermore, and remarkably, microalgae have proved themselves a superior alternative to the 

traditional food crops (e.g. wheat, maze, rice, etc.) as a nutrient source. Besides their great nutritional 

content, there are several other factors. As more primitive and simpler organisms than higher plants, 

microalgae don’t need to waste energy nor biomass in growing a complex transport system to obtain 

water and light while fighting gravity. As a result, microalgae have a higher percentage of their dry 

weight that is nutritious, in contrast to higher plants whose sum of nutritive parts represent no more 

than half the dry weigh [30]. Also, microalgae cultivation is geographically versatile; they can be 

cultured virtually anywhere, since there is no need for arable land; in fact, there are microalgae being 

grown in deserts nowadays (e.g. Astapure Company). Moreover, current bioreactor technology 

makes microalgae cultivation non-seasonal, light independent and area efficient (i.e. they are able to 

be cultured vertically; e.g. vertically stacked photobioreactors),  

Regarding what has been said during this section about nutrition, it is important to mention that, of 

course, each one of the microalgae species will be different and not all are going to be human or 

animal consumable. Several aspects must be taken into consideration before assuming microalgae 

as food/feed such as exact biochemical composition, presence of biogenic and non-biogenic toxic 

substances, evaluation of protein quality, digestibility, etc. So, the previous statements about 

‘microalgae’ are a generalization for few number of well-studied microalgae, such as Chlorella, 

Haematococcus, Spirulina, Arthrospira, Dunaliella. These species are generally regarded as safe 

(GRAS) for human consumption [42]. In fact, for example, Chlorella and Spirulina are already 

commercialized as health food in Japan, Taiwan and Mexico [4, 42]. 

I.2.2 – Third Generation Biofuel 

Around the 70’s, a geopolitical conflict caused a serious fuel crisis that hit various countries: the 

countries from OPEC (organization of the petroleum exporting countries) heavily restricted petroleum 

exportation, affecting especially non-OPEC nations. This shortage gave a new impetus for alternate 

fuel investigation by both academic and government entities, particularly on biofuels. Although 

microalgae were first suggested as biofuel feedstock in the 40’s [43], it was during this time that the 

concept of using microalgae oil as feedstock started being seriously considered and discussed [44]. 

In fact, microalgae have in general a high content of oil, namely saturated and mono-unsaturated 

fatty acids, which can be refined into diesel [45]. This content can reach levels as high as 80% of 

biomass (e.g. Botryococcus braunii) [46], depending on culture conditions: microalgae accumulate 

more lipids when in conditions that are unfavorable for growth, (e.g. nitrogen source scarcity); in this 

conditions, microalgae decrease growth and channel the energy into the production of neutral lipids, 

which are a great feedstock for the production of biofuel [47]. 
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When the geopolitical conflict ended, however, the interest in microalgae biofuels faded, only to return 

in force in the beginning of this century [33]. One may say even that, currently, the main interest that 

is attracting several newcomers to the microalgae biotechnology field of research is biofuel 

production, being the major topic of discuss in both scientific and commercial meetings on microalgae 

research. The increase in petrol prices and in the awareness of global warming, greenhouse gas 

emissions and sustainability problems were the factors that triggered the current popularity of 

microalgal fuel.  

Indeed, the depletion of fossil fuels and global warming are the major problems for the generations 

of today; this is mainly due to the excessive population growth. Thus, the identification of potential 

renewable sources for sustainable energy production has gained more attention and relevance 

recently.  

Biofuels are now recognized as a solution for sustainable energy production. In fact, when compared 

to the fossil ones, biofuels have several advantages such as biodegradability, nontoxicity and its 

usage results in lower emissions of greenhouse gases (since its production requires CO2 fixation) [1, 

5, 46]. Microalgae based biofuels are a third generation biofuel, which means that, besides having all 

the advantages of biofuels, they don’t have the disadvantages of the first two generations (e.g. 

contribution to deforestation and water scarcity, competition for arable lands, potential negative 

impacts on food security, unsustainable processing/extraction, etc.). 

I.2.3 – High-value compounds 

Along 5 decades of research and augmentation in microalgae-based technologies, the scientific 

community researching this matter realized that mass production of microalgae is no means to 

produce inexpensive foods or fuel anticipated to replace conventional agricultural or fossil sources: 

the production costs are way too high [1, 5, 33, 48]. These high production costs caused a turn away 

in the attention of the leading microalgae research from the industrial bulk commodities as food/feed 

or biofuels to smaller and specialty markets: high-value nutritional ingredients, food supplements and 

additives, health-food pills, pigments, etc.; the high price tag of these products compensates for the 

costs and for market small volumes (see figure 1) [48]. 

The biochemical diversity of microalgae includes a vast array of high value biomolecules including 

natural pigments, antioxidants, PUFAs and polysaccharides [49, 50, 29, 47]. Natural pigments (e.g. 

chlorophylls, carotenoids and phycobiliproteins) have received particular attention. These compounds 

not only have a crucial role in the photosynthetic and pigmentation metabolism of microalgae, but 

also have several beneficial properties (e.g. antioxidant, anti-carcinogenic, anti-inflammatory, anti-

obesity, anti-angiogenic, neuroprotective, etc.)  when consumed by humans [51]. Current examples 

of production of these high value compounds are the production of β-carotene by Dunaliella and 

production of Astaxanthin by Haematococcus pluvialis for use in nutritional supplements and also as 
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aquaculture feeds, production of Phycocyanin and Phycoerythrin by Arthrospira for use as colorant 

in food and cosmetics and in molecular biology fluorescent analytics [52].  

The already mentioned essential PUFAs are also high-value compounds when purified and 

concentrated, being used as natural food supplements. PUFAs have been proven to have several 

health benefits associated with their consumption [53]. For example, consumption of ω-3 PUFAs 

helps preventing cardiac diseases such as arrhythmia, stroke and high blood pressure; also, it has 

beneficial effects against depression, rheumatoid arthritis, asthma and acts as an anti-inflammatory. 

In fact, there is already production of DHA via Cryptthecodinium cohnii for supplementation of infant 

formula.  For pregnant women, the adequate intake of EPA and DHA has been proven crucial for 

healthy development of the fetal brain [54].  

 

Figure 1 - Market value of the main microalgal components of interest for different markets [48] 

I.2.4 – The production costs challenge 

The large-scale cultivation of microalgae can be quite challenging; these microorganisms are rather 

sensitive and critical culture parameters like temperature, light scattering, pH and dissolved CO2 need 

to be right. This may be relatively easy to maintain at small scales, but at commercial scales issues 

begin to appear: in big water volumes, those parameters are way harder to monitor and control; also, 

processes like effective mixing (i.e. culture condition homogeneity), contamination prevention and 

even biomass harvesting become more complex. These problems require more energy expenditure 

(especially mixing) and more investment in qualified equipment and engineering solutions (e.g. 

photobioreactors with complex geometries designed to maximize light dilution, equipped with several 

monitoring and control systems), which increase considerably the production costs. The downstream 

processing of microalgae mass production is also quite expensive:  it can account for 50–80% of the 

total production costs, depending on the biochemical properties and the purity ratio of the product of 

interest [48]. It requires energy demanding processes for cell disruption (e.g. bead milling, high 

pressure homogenizer, etc.; they usually need a coupled cooling system since they largely dissipate 

energy in the liquid as heat), for biomass drying, for component extraction (e.g. supercritical fluid 

extraction), etc.   
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Although these high production costs have been decreasing with technology development, they are 

still high enough to financially impair mass production of microalgae; the intuitive solution here is to 

add sufficient market value so it can surpass those high costs, and this is why the main successful 

microalgae production companies focus on the production and purification of high value compounds. 

In table 4, one may see the companies that nowadays focus on high-value compounds from algae.  

 

Indeed, most microalgae plants focus on only one or two products, while selling the remainder 

biomass as fertilizer, wasting all other nourishing and valuable compounds that microalgae are known 

to have. It was this line of thought that first originated the concept of microalgal biorefinery. 

The microalgal biorefinery is a strategy to exploit the complete biomass of microalgae by replacing 

the harsh one-product-focused downstream processes into a cascade of milder and more generic 

separation and purification techniques; this would allow the recovery of all possible valuable 

compounds without spoiling any at the same time. The name of this strategy is inspired in petroleum 

Table 4 - Companies focused in the developing and commerce of high-value compounds from algae [52] 

Country Companies Country Companies 

Australia Algae. Tec Japan Sunchlorella, Fuji Chemicals 

Canada 
Solarvest BioEnergy, 

Canadian Pacific Algae 
Korea DAESANG 

Chile 
Solarium 

Biotechnology S.A. 
Malaysia 

Algaetech International, June 
Pharmaceutical 

China BlueBio Mexico 
Tecnología Ambiental BIOMEX, Algae 

Technology Solutions 

Czech 
Republic 

EcoFuel Laboratories 
New 

Zealand 
Auqaflow Binomics, Photonz 

France 
Aleor, Fermentalg, 

Roquette, Alpa Biotech 
Portugal AlgaFuel, S.A. (A4F), Necton 

Germany 
Subitec, Algomed, 

BlueBioTech, 
Phytosolutions 

Spain 
Green Sea Bio Systems s.I., 

AlgaEnergy, Fitoplancton Marino 

Ireland Algae Health Sweden Simris 

Israel 
Seambiotic, 

Algatechnologies, 
UniVerve Biofuel 

Taiwan 
Taiwan Chlorella Manufacturing 

Company, Vedan 

India Parry Nutraceuticals 
The 

Netherlands 
AlgaeLink N.V, AlgaeBiotech, Lgem 

USA 

Solazyme Inc, Aurora Algae, Solix Biosystems, Synthetic Genomics, Cellena, 
Cyanotech, Algaeon Alltech Algae, Green Star Products Inc., Bionavitas, Heliae, 

Kuehnle Agro Systems, Photon8, Ternion BioIndustries, Algae to Omega 
Holdings, Sapphire Energy, Algenol 
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refineries, but the process would be much similar to a dairy plant since what is actually being 

separated/purified is protein, carbohydrates and fat; the only difference to a dairy plant is the eventual 

need of cell disruption processes.  

According to several reviews [1, 5, 48], this biorefinery strategy seems to be indeed the solution to 

make microalgae food and fuel production economically viable. However, it has still a great challenge 

to overcome: the final product recoveries. The high number of separation and purification steps, which 

are required to achieve the specified purity levels for each product, decreases considerably the 

product recovery (i.e. by degradation, denaturation, product loss, etc.). Without decent recovery 

yields, the viability of the idea of using biorefinery as a solution for the high production costs of 

microalgae mass production is compromised. 

To overcome this, the upstream process must be further optimized: microalgae biomass production 

must be increased so that its concentration is high enough to compensate for the downstream losses.  

Currently, it is being suggested genetic modification for forcing biomass productivity to increase 

beyond the attainable [55]. However, the sustainability of genetically modified species is quite 

questionable, with potential to compete and extinguish natural species [56]. 

Fortunately, if Nature is carefully observed, one may notice that it already solved many of the 

problems that we, humans, are struggling with. Quoting the Biomimicry Institute: “Animals, plants and 

microbes are consummate engineers. After billions of years of research and development, failures 

are fossils, and what surrounds us is the secret to survival”. A good example is the observation that 

microalgae thrive in Nature when interacting with other microorganisms, namely bacteria, forming the 

so called phycosphere [57, 58]; more on this in section II.2 of the State of the Art. 

I.3 – Cultivation of microalgae 

Nowadays, mass cultivation of microalgae for industrial exploitation are cultivated in more or less 

controlled processes: the high-tech closed systems and the inexpensive open systems. The 

conception of these systems, however, depends strictly on the intended metabolism and biochemical 

composition for the microalgae and takes into account several parameters that are crucial for a 

successful culture. 

I.3.1 – Growth parameters  

In culture environment, just like in the wild one, the growth of microalgae is influenced by the 

interaction of several biological, chemical and physical factors. The biological factors relate to the 

physiology and metabolism of the microalgae (depending on the strain in question), as well as to the 

presence and influence of other organisms (contaminating ones or not) in its development; the 

chemical ones relate to nutrient availability, pH, salinity, etc.; the physical ones relate to light 

accessibility, temperature, shear stress, etc. 
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To obtain a successful culture, one must study the interaction between the microalgae species of 

interest and the combination of all these biological, physical and chemical factors, and how it 

responds to that combination.  

Moreover, these mentioned factors may not only influence growth but also the biochemical 

composition of microalgae. This is quite important to take into account when culturing microalgae, 

since it will influence the compounds produced in the culture. There are several microalgae studies 

where the production of the biomolecule of interest is manipulated by varying those factors, as it will 

be mentioned in this section. 

I.3.1.1 - Light 

Light plays a very important role in microalgae growth, since they are photosynthetic microorganisms. 

It must be considered in terms of intensity, wavelength and photoperiod (i.e. dark/light regime). 

The light intensity must be evaluated carefully before starting a culture, since excessive intensity may 

inhibit photosynthesis: it induces the formation of toxic photocatalytic products like hydrogen 

peroxide, superoxide and triplet chlorophyll, which damage reaction centers of the microalgae 

photosystems [59]. Care must be taken when culturing microalgae at large volumes since there will 

be layers of microalgae in the culture that will be subjected to much more intense light than others, 

being differentially inhibited. On the other hand, there will be culture layers that may not get enough 

light, a fact that will get worse with the culture growth because of self-shading, which reduces the 

culture’s light dilution and consequently its photosynthetic efficiency. These problems may be solved 

with a more effective culture mixing and by actively controlling light intensity. 

Light intensity may also influence the biochemical composition and compound production of the 

culturing microalgae; a common tendency for response to low light intensity is to increase the content 

of chlorophylls a and other pigments (e.g. phycobiliproteins and primary carotenoids); on the other 

hand, in response to excessive light intensity, microalgae produce secondary carotenoids (e.g. 

zeaxanthin, b-carotene, astaxanthin), which serve as protection [20]. 

In terms of light wavelength, there is only a portion of the electromagnetic spectrum that is 

photosynthetically active (i.e. that is indeed utilised by the microalgae); this portion is more or less 

equal to the visible light spectrum: 400-700nm [60]. The ideal wavelength intervals for microalgae 

culture are or within the red light zone of the spectrum or within the blue light zone one [61], as these 

correspond to wavelengths that are more effectively captured by chlorophylls a and b. 

Finally, regarding the photoperiod, the dark/light regimen must also be evaluated before starting a 

microalgae culture. The microalgae photoperiod requirements varies from species to species; there 

are some that develop normally under constant illumination, without any inhibitory effects, and others 
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that thrive only if a photoperiod is established [62]. In the case of Chlorella prototechoides, for 

example, the microalgae seems independent of the photoperiod established for the culture [63]. 

I.3.1.2 – Temperature 

Temperature is a critical parameter for culturing any living organism, as it dictates the rate of chemical 

reactions (e.g. Arrhenius equation) and, thus, every biological process. For microalgae in particular, 

temperature is crucial for the partitioning of photosynthetic fixed carbon into the vital macromolecules 

[64].  

 

Figure 2. Maximum growth rate as a function of temperature for different microalgae strains [65] 

Most microalgae species tolerate temperatures between 15 and 40°C, being the optimum 

temperature between 20 and 35oC (e.g. figure 2), but this may vary also with the composition of the 

culture medium [66, 67]. Usually, temperatures below 15°C decelerate growth, while those above 

40°C are lethal for most species. Temperature is also a factor that has influence on microalgae 

biochemical composition. For example, it has been reported that decreasing temperature may result 

in increased enzyme production as an adaptive mechanism for maintaining rates of photosynthesis 

and respiration [66]; moreover, low temperatures apparently induce the accumulation of polyols and 

amino acids as compatible solutes, which may contribute to the increase microalgae tolerance for 

refrigeration [66, 20]. 

I.3.1.3 – Nutrients  

Nutrients are any element or chemical compound that is necessary for the metabolism and growth of 

a living organism; the scarcity of just one nutrient can influence considerably its metabolism and 

growth. For microalgae, the most important nutrients are carbon, nitrogen and phosphorus, since they 

are often the ones limiting the growth of microalgae [68]. 

I.3.1.3.1 - Carbon 

Carbon can be considered the most important nutrient; it is the most abundant element in microalgae 

biochemical composition (as any other living being), constituting generally about 50% of the dry 

weight of microalgae cells [46]. Microalgae obtain carbon essentially by fixating water dissolved CO2, 
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but some microalgae (e.g. Chlorella prototechoides [69]) can also obtain it by metabolizing organic 

compounds like sugar or acetate. The amount of CO2 that can be provided for growth depends on 

the species, since it considerably decreases pH when solubilizes in water as H2CO3 or HCO3
- [68]. 

I.3.1.3.2 - Nitrogen 

Nitrogen generally accounts for about 7-10% of the dry weight of microalgae cells [68]. It is essential 

for the biosynthesis of amino acids and, consequently, to the presence and activity of proteins and 

enzymes in microalgae. There are several nitrogen sources that can be used for sustaining 

microalgae growth; the most commonly used are nitrate salts, ammonia and/or urea. 

I.3.1.3.3 – Phosphorous  

Phosphorus is required for energy transfer through adenosine triphosphate, being, therefore, crucial 

for microalgae growth. Also, it is involved in the biosynthesis of several functional and structural 

components that are essential for growth and development of microalgae such as nucleic acids [68]. 

Phosphorous is usually supplied to microalgae culture as an orthophosphate salt (PO4
3-), and is 

frequently limiting nutrient since it easily precipitates by bounding to other ions, becoming unavailable 

for microalgae utilization [68].  

I.3.1.3.4 – Trace elements 

Finally, there are the trace elements, which are needed only in very small amounts but are still crucial 

for microalgae growth. Iron in particular is quite important because of its redox properties and 

involvement in fundamental processes related to photosynthesis (energy transfer, electron transport) 

and chlorophyll biosynthesis [70]. Others worth mentioning are sulphur and magnesium, which are 

crucial for amino acid biosynthesis, and calcium for nitrogen metabolism. To complete the set of trace 

elements that are usually used in microalgae culture, there are also cobalt, copper, molybdenum, 

nickel, boron, vanadium and zinc [68, 67]. 

I.3.1.3.5 – Nutrient influence on biochemical composition of microalgae 

The differential availability of nutrients can influence considerably microalgae biochemical 

composition [68]. A good example of that is the differential biosynthesis/accumulation of lipids and 

proteins: depending on the ratio of availability between the sources of carbon and nitrogen, lipid 

accumulation is promoted or not; abundance of the nitrogen source over the carbon one promotes 

growth and protein production; the opposite situation promotes lipid or starch accumulation [70]. 

I.3.1.4 – pH 

Just like temperature, pH dictates the rate of biochemical reactions (e.g. enzyme activity), being a 

very important parameter to control. Generally, a microalgae culture will tend to increase the 

medium’s pH; this is not only because of dissolved CO2 (i.e. carbonic acid) removal, but also because 
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of the excretion of hydroxide ions that come from the microalgae’s photosynthetic apparatus; the OH- 

are formed due to a reaction catalyzed by the enzyme carbonic anhydrase, associated with the uptake 

of H+ ions into the thylakoid membranes [71]. In microalgae cultures where an organic carbon source 

is metabolized, the pH may increase or decrease. For example, when sodium acetate is used as 

carbon source, the pH increases, while if glucose is used the pH decreases; this is because while 

sodium acetate metabolism promotes the release of Na+ or K+ ions that couple with hydroxyl or other 

anions, alkalinizing the culture medium, glucose will cause lactate production by aerobic respiration, 

acidifying the culture medium [72]. 

I.3.1.5 – Mixing and shear stress 

In a microalgae culture, the most common problems that limit high cell density are light and nutrient 

accessibility. Effective mixing of the culture is therefore essential, as it ensures all cells in average 

receive an equal amount of light and that mass transfer film boundary layers are minimized for better 

nutrient uptake and accessibility evenness. On the other hand, the mixing intensity and type must be 

carefully evaluated, since the consequent shear stress may damage microalgae cells [73]. 

I.3.1.6 – Salinity 

The salinity, or ionic force, is another important parameter to consider. When there is a pH controller 

implemented in the culture, for example, salinity may be increasing:  pH control implies the constant 

addition of acid or basic solutions and, consequently, extra ions are added to medium. Salinity 

influences microalgae biochemically and metabolically: in response to increased salinity, microalgae 

start channeling energy for the production of osmoticants, like polyols [74]. Moreover, some studies 

showed that carotenogenesis also seems to be influenced by salinity: increase total carotenoids were 

observed in Dunaliella salina [75] and for Chlorella prototechoides [76] when salinity was increased. 

I.3.1.7 – Contamination 

Contamination is frequent problem in all biological processes. Although microalgae cultivation 

normally does not require an organic carbon source (unlike most biological processes), it still faces 

this problem. The contaminants of a microalgae culture can be zooplankton, other microalgae, 

bacteria, yeast or virus, and they affect microalgae production by different mechanisms: there can be 

grazing (i.e. the contaminant predates microalgae), nutrient competition, detrimental allelopathy (i.e. 

the contaminant produces biochemicals that difficult microalgae growth), space competition and lytic 

attack [77]. 

Currently, contamination of microalgae culture is prevented by supplementing the media with 

antibiotics and/or antifungals, by sterilization of equipment and by operating in rigorous aseptic 

conditions [78, 79]. Even though microalgae are quite efficient organisms, they have still a slow 

growth when comparing to most contaminants (e.g. bacteria or yeast). Therefore, it is not likely that 
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the microalgae can prevent the contamination from outgrowing it, even in the event of a non-virulent 

contamination (i.e. nutrient/space competition). 

Table 5 – Main contaminants and their possible prejudices in microalgae cultures; adapted from Wang et al. 

(2013) [77] 

Contamination Prejudice on microalgae culture 

Zooplankton Grazing 

Bacteria Allelopathy, lytic attack, resource competition 

Other microalgae Allelopathy, nutrient and space competition 

Yeast Allelopathy, space competition 

Virus Lytic attack 

 

To develop axenic microalgae cultures or, in other words, to isolate microalgae, the exclusive use of 

antibiotics can be quite challenging; antibiotic cocktails are required since the use of a single antibiotic 

is normally not enough, and the antibiotic combination in the cocktails are only determined after a 

considerable number of time-consuming experiments and repeated sub-culturing. Moreover, 

antibiotics may affect negatively microalgae growth and biochemical composition [79]. As a 

complement or alternative to antibiotic use, several physical methods have been proposed for the 

development of axenic strains of microalgae, such as serial dilution (e.g. plaque streaking and sub-

culturing), individual cell sorting (e.g. individual cell micro-pipetting, FACS, MACS, etc.), differential 

centrifugation, radiation exposure (e.g. ultraviolet light), etc. [78]. 

I.3.3 – Metabolic modes and Cultivation Systems 

I.3.3.1 – Metabolic modes  

Microalgae are all oxygen-evolving photoautotrophic beings. This means that they derive their own 

energy for growth and metabolism from light, using carbon dioxide as their carbon source via the 

photosynthesis process. However, not all of them need to behave this way: there are some 

microalgae that can grow heterotrophically, meaning that they can choose to obtain that carbon from 

organic sources (e.g. glucose, acetate) without the need of light, being able to grow in dark 

environments (e.g. Chlorella prototechoides [69]); this behavior is called mixotrophy, and it depends 

on light accessibility and on which carbon source, organic or mineral, is more available [80]. For 

microalgae that are mixotrophic, heterotrophic conditions are likely to be more biomass productive 

than the autotrophic ones because the energy density of organic carbon sources is higher than in 
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carbon dioxide [81]. However, it increases the chances of contamination, since the most common 

contaminants (e.g. bacteria, yeast) are heterotrophs [81, 77].  

The cultivation system will depend on the intended metabolism for the microalgae. Thus there are 

three types of cultivation systems: photoautotrophic, heterotrophic and mixotrophic. The 

photoautotrophic and mixotrophic systems are quite alike, since they both use light that may be either 

artificial or natural and can be open or closed systems; the only difference is that in mixotrophic 

systems mineral and organic carbon are simultaneously assimilated, occurring both aerobic 

respiration and photosynthesis [80]. The heterotrophic system is very much like a regular fermenter 

for yeast or bacteria production, being usually a closed system with organic carbon as energy source 

and no light [81]. 

I.3.3.2 – Photoautotrophic cultivation systems 

In photoautotrophic cultivation systems, microalgae harvest light energy and use CO2 as the carbon 

source. In this conditions, sufficient light dilution is the main objective and limiting factor to allow 

massive growth and dense populations: in nutrient abundance conditions, the more the dilution of 

light, the denser the culture population will be, up to a certain limit of course [60]. 

There are fundamentally two types of photoautotrophic cultivation systems: open tanks, also known 

as ponds, and closed tanks, known as photobioreactors (PBRs). 

I.3.3.2.1 – Ponds  

Ponds were the first strategy for the mass production and cultivation of microalgae. They involve 

lower investment and energy costs and less technical difficulties in terms of design and operation 

when comparing to bioreactors [82]. 

The location of the pond is a very important factor since ponds depend highly on the environmental 

conditions; it is determined by the type of pond, species of microalgae and amount of available light.  

There are basically 4 types of ponds: natural ponds, circular ponds, raceway ponds and inclined 

systems [82]. 

The great limitation of ponds is their lack of control; the fact that they are open tanks makes critical 

parameters (e.g. light intensity, temperature, pH, etc.) completely susceptible to environmental 

changes, not to mention the highly probable events of contamination and media evaporation. This 

restricts the number of microalgae species that can be effectively used [82]; only fast-growing 

microalgae (e.g. Chlorella) or microalgae that grow on highly selective medium (e.g. Spirulina and 

Dunaliella, which grow on highly saline growth media) are indicated for pond large-scale production. 

Furthermore, ponds have also the disadvantage of having considerable water footprint. 
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I.3.3.2.1 – Photobioreactors  

The photobioreactors (PBRs) were developed with the purpose of solving the problems of the open 

systems, such as contamination, evaporation, geographic restriction, low productivity, difficult 

parameter control, etc. [82]. Just like regular fermenters/reactors, the exchanges of matter (liquids, 

gases, particles) and energy (heat) with the surroundings are strictly controlled. The thing that 

distinguishes them from regular fermenters/reactors is that part of their working volume is 

photosensitive; there, the main source of energy for photoautotrophic growth, light, accesses the 

culture through transparent walls (e.g. glass, plastic). PBRs can be located inside facilities, illuminated 

by natural or artificial light, or outdoors, using direct sunlight. The classification of PBRs depends on 

their design and mode of operation. The most popular models are tubular, flat plate reactors and bag 

systems [82]. 

The main advantage of PBRs is their high biomass productivity. This is because their design is 

specifically conceived to better control and monitor microalgae growth parameters, which are 

determinant for pushing productivity beyond the attainable.  

PBRs promote great light dilution and consequent photosynthetic efficiency thanks to solutions like 

special geometries with large surface to volume ratios or internal light conducting structures [82, 83]; 

their intensive mixing allows for effective gas transfer and uniformity throughout the culture volume in 

terms of nutrient availability, temperature, pH, etc.; their coupled sensors and PID controllers provide 

the monitoring and control of biomass concentration, nutrient level, CO2/O2 partial pressure, 

temperature and pH. Moreover, PBRs allow virtually the cultivation of every microalgae species 

(modified or not) and they allow it everywhere, since parameters can be precisely controlled and the 

system, being closed, doesn’t interact with its environmental surroundings unless it is intended. In 

fact, at the moment, there are microalgae being cultured in deserts (e.g. the company Astapure).  

The great disadvantage of PBRs is the fact that they have great investment and operational costs; 

that’s mainly due to their complexity and coupled technology, which is expensive and requires more 

qualified labor for installation and operation; also, they require high energy expense for cooling, 

mixing, embodied energy, etc. [83]. The complexity of photobioreactors is mostly due to their peculiar 

geometry, which is designed with the purpose of maximizing light dilution: for example, in tubular 

PBRs, the diameter of the tubes, the distance between them and the number of tubes per reactor 

must be dimensioned taking into account the incidence of light [84].  

I.3.3.3 – Heterotrophic cultivation system 

The heterotrophic cultivation system, also known as fermenter, has basically the same advantages 

that closed PBRs do: higher biomass productivities, better parameter monitoring and control, easier 

maintenance of axenic conditions, environmental independence, etc. The culture media composition 
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also is quite similar to the autotrophic one, with the sole exception of requiring an organic carbon 

source [85]. 

Interestingly, this cultivation system can offer some extra advantages over the photoautotrophic one.  

The main one, to begin, is the usual (with some exceptions) increased growth rate and the higher cell 

densities that can be achieved for mixotrophic microalgae. This was verified for species of the genera 

Chlorella, Tetraselmis, Nannochloropsis and Nitzschia [86, 81]. Indeed, under heterotrophic growth 

conditions, the microalgae dry biomass concentration can go up to 100 g per liter [87, 88]. This is 

considerably higher than the 30 g of dry cell biomass per liter in autotrophic cultures [89], being at the 

level of commercial fermenters for yeast production (which goes up to 130 g /L) [81]. Moreover, it was 

verified that the biochemical composition of the microalgae was considerably richer (i.e. increased 

lipid and/or nitrogen content), and that increased ATP generation and yield (mg of biomass generated 

by mg of consumed ATP) per supplied energy was obtained [90]. 

The second main advantage of heterotrophic cultivation systems, over PBRs is that they allow the 

use of practically any fermenter as a bioreactor, such as those used for industrial production of 

beverages (e.g. beer, wine), antibiotics, food additives, etc. The fermenter technology is a really well 

established one, since it is actually the first biotechnological process ever invented; it has been 

extensively studied, utilized and optimized in terms of equipment design and process operation 

through several decades. Therefore, using fermenters instead of the recent PBRs means significant 

reduction in investment and operational costs [81]. 

Furthermore, heterotrophic culture systems will require O2 instead of CO2; this is an advantage since 

natural air has a higher oxygen content; most photoautotrophic cultures require CO2 supplementation 

to the air provided to the culture to obtain an acceptable growth kinetics. 

Nevertheless, the heterotrophic culture systems have downsides that are considerable. First, the 

number of microalgae species that are mixotrophic, i.e. that can grow heterotrophically, is very limited. 

Second, there is always the extra cost of requiring an organic substrate; the cultured species of choice 

must be able to grow on a more generic and inexpensive media, using cheap carbon-sources like 

glucose or acetate; if it requires complex components like yeast extract, it can easily increase the 

costs. Third, the chance of contamination is increased because of the organic carbon presence. 

Finally, the production of light-induced metabolites is impossible [70, 91]. 

Another important thing that must be taken into account is the adaptability of the already designed 

fermenter. If mixing is made by mechanical stirring, the number of microalgae that can be cultured 

decreases [73]; the microalgae’s cell wall must be tough enough to withstand hydrodynamic and 

mechanical shear. Also, fermenter cultivated microalgae should be unicellular non-filamentous 

species, since the viscosity of the fermentation broth has a potential correlation to mixing energy 

requirements and, therefore, cost. 
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I.3.3.4 - Mixotrophic cultivation system  

The mixotrophic cultivation system is basically an attempt to conciliate the advantages and to solve 

the problems of the two previously mentioned systems, being carried out on photoautotrophic 

systems like PBRs or ponds. This cultivation method has proved itself quite a good strategy to obtain 

high biomass concentrations and growth rates [90, 81], having the surplus of allowing the production 

light induced metabolites [70, 91]. For example, it was verified for Chlorella that cultivation under 

cyclic autotrophic and heterotrophic regimens promoted a biomass production that more than five 

times higher than under autotrophic conditions alone [92].  

Mixotrophic mode of culture also provides better productivity to open ponds while not increasing the 

contamination probability. The strategy is the following: in a fed-batch mode, the addition of organic 

carbon source is made continuously but in small quantities and only when there is light incidence, 

switching to batch mode when in dark conditions; this ensures that an organic carbon source is 

present only when the metabolism and growth of microalgae is at its best; this makes difficult for 

faster growing bacteria and yeast contaminants to outgrow the microalgae. However, this strategy is 

limited to one culture cycle only without accumulating bacterial contaminants to unacceptable levels 

[92, 93]. 

I.4 – Chlorella prototechoides 

Chlorella prototechoides, also known as Auxenochlorella prototechoides, is a green unicellular 

microalga that can be found in a great variety of habitats, both aquatic and terrestrial. Its morphology 

is spherical with a diameter ranging from 2 to 10 μm [94]. Its life cycle is essentially asexual and it 

involves three phases: cell size growth, cell ripening (where the nuclear substances for mitosis are 

increased), and cell division (where the production of 2 to 16 autospores happens by mitosis until 

rupture of the mother cell).  This microalga is a mixotroph since it has the ability to grow either by 

autotrophy, through photosynthesis, or by heterotrophy, through aerobic respiration/fermentation of 

organic carbon sources [69, 95].  

C. prototechoides possesses the ability to rapidly synthetize and accumulate large amounts of lipids 

(up to 50% of dry cell weight) under conditions of nitrogen scarcity and/or heterotrophy, making it a 

great candidate for biofuel production [69]. It is also a great source of high-value products such as 

the pigments lutein and β-carotene; in fact, this microalga appears to be the best producer of lutein 

within its genus, accumulating up to 4.5 mg per gram of dry weight [95]. Moreover, it can accumulate 

considerable amounts of protein (over 60% of dry cell weight), that include all of the amino acids 

known to be essential for human and animal nutrition, along with omega-3 fatty acids, several 

multivitamins and minerals [96, 97]; all this makes C. prototechoides a quite good nutritional 

alternative for human/animal feed and a potential food industry success. For example, C. 
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prototechoides has already been identified as a next generation dietary source for nutrients that 

promote human ocular health [97]. 

 

II – Plant Growth Promoting Bacteria 

II.1 – PGPB and agriculture 

PGPB are bacteria that interact with plants by stimulating their growth and health. It can happen by 

several mechanisms, such as increasing the availability of macro or micronutrients by biological 

fixation or siderosphore formation, stress alleviation by ACC (1-aminocyclopropane-1-carboxylate) 

deaminase expression, production of indolic compounds, phytohormones, etc. [6]. This mutualistic 

interaction happens in the rhizosphere (see scheme 1), which is the zone of the soil near the plant 

roots that is filled with compounds released by the plant, being thus biochemically influenced by it; 

these compounds attract these and other microorganisms that may be beneficial, neutral or prejudicial 

to the plant [6, 98]. The beneficial ones, the PGPB, interact with plants on certain degrees of proximity 

to their roots: they can interact as free bacteria in the rhizosphere, or they may establish specific 

symbiotic relationships, such as endophytic interaction (plant nodule formation) or simply physical 

association to the roots’ surface [98]. 

PGPB have been suggested as a good replacement for the unsustainable chemical fertilizers in 

agriculture. In fact, there are several strains of PGPB that are already used commercially for 

agricultural practice [99], but the number of these cases is still a very small fraction of the current 

worldwide food cultivation. The commercialized PGPB include genera such as Agrobacterium, 

Bacilus, Pseudomonas, Streptomyces and Rhizobia.  

 

Scheme 1. Schematic figure of the rhizosphere, showing the possible interactions between the plant root and 

PGPB; adapted from Souza et al. (2015) [98] 
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II.2 – Analogy to microalgae 

Microalgae are also known as microphytes, which literally means microscopic plants. In fact, a big 

portion of microalgae belong to the Plantae kingdom, being generally accepted that plants derived 

from green algae evolution [27]. It is not unreasonable then to infer that PGPB should also be 

beneficial for microalgae cultivation. 

In fact, microalgae-bacteria interaction is already observed in nature: natural existence of mutualistic 

interactions between phytoplankton and bacteria has already been observed within the micro-region 

immediately surrounding individual phytoplankton cells [57, 58]. This microenvironment, named 

phycosphere, ends up being the marine analogy of the plants’ rhizosphere: just like the rhizosphere 

is a zone where the biochemistry within is influenced by products of the plant, the phycosphere is a 

zone where the biochemistry within is influenced by products of the microalgae. The main general 

mechanisms suggested for this microalgae-bacteria mutualism are nutrient recycling (e.g. nitrogen, 

phosphorous) and syntrophy (i.e. reciprocal production and assimilation of beneficial/growth 

stimulatory compounds such as vitamins) [100]. 

Furthermore, there are already a few studies related to microalgae growth enhancement by bacteria, 

with potential to be a breakthrough in microalgae cultivation [7-14]. Park et al. (2008), for example, 

shows that certain strains of bacteria that were isolated from the phycospheric communities of xenic 

cultures of microalgae can increase up to three times fold the biomass productivity when co-culturing 

them with axenic microalgae cultures [7].  

To date, there are a handful of studies that analyzed specifically the interaction between PGPB and 

microalgae [15-18]. It was shown that the popular PGPB Rhizobium sp., for example, which was firstly 

isolated from legume nodules, can be also isolated from xenic Chlorella vulgaris cultures; furthermore, 

it proved to be a general growth enhancer of green microalgae [15,16]. Bacillus pumilus, another 

popular PGPB isolated from arid zone soils, was shown to promote the growth of the 

microalgae Chlorella vulgaris by supplying it with fixed atmospheric nitrogen [17]. Moreover, a study 

shows that by simply channeling air produced by two cultures of two PGPB onto the environment of 

microalgae C. sorokiniana, without physical contact, promoted the microalgae cell growth and 

metabolite of interest content; interestingly, they verified also that in one of the experiment’s controls, 

which used the non-PGPB E. coli., microalgae growth was also promoted [18]. 

It should be noted, however, that none of these studies on microalgae-bacteria interaction were made 

at a scale bigger than Erlenmeyer flasks. For these studies to be indeed a paradigmatic breakthrough 

for microalgal mass cultivation, the experimental system must have a larger working volume. At large 

scale, transport phenomena (i.e. fluid, heat and mass transport) have completely different dynamics, 

impacting the cultured organisms in new ways such as cell damage by shear stress, unevenness by 

nutrient/temperature gradients, etc. The phycosphere of microalgae, for example, is greatly affected 
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by transport phenomena; actually, this is the main distinguishing factor between the phycosphere and 

rhizosphere. The phycosphere size, or even its existence, depends greatly on the intensity of the fluid 

turbulence; higher turbulence reduces the boundary layer for mass transport and disperses the 

compounds and the microorganisms surrounding the microalgae themselves; the simple sinking of 

phytoplankton, for example, can cause enough local turbulence to change the phycosphere size and 

constitution [101]. Without the possibility for phycosphere existence, close range interactions between 

microalgae and bacteria will be unlikely and the potential of microalgae growth promotion by PGPB 

may be compromised. 

II.3 – Phytohormones in microalgae 

Phytohormones, like cytokinin, auxin and ethylene, are a class of signal molecules that higher plants 

produce in very low concentrations to regulate their development and productivity; these compounds 

regulate crucial physiological processes in plants such as growth, senescence, abscission, fruit 

ripening, seed development, etc.  

The phytohormones are not exclusively produced by higher plants; some studies suggest that they 

are also produced by macro-algae [102], and by microorganisms such as bacteria, fungi and 

microalgae [103, 104, 105, 106, 107, 108], only in the latterly mentioned the physiological/hormonal 

effect is not clear. 

Regarding microalgae, it has indeed been suggested that their metabolic system is the ancestor of 

the higher plant phytohormone systems [109]. In fact, there is a growing evidence on microalgae 

phytohormone production. Several species of green microalgae (e.g. Chlorella, Chlamydomonas, 

Dunaliella) have been shown to produce auxin, ethylene, abscisic acid, cytokinin, and gibberilins [103-

108]. Furthermore, there are findings suggesting a physiologic impact of these phytohormones on 

microalgae cells [110, 111, 112, 113, 114], such as programmed cell death by ethylene, stimulated 

production of antioxidants by giberellins, growth rate promotion by auxins (i.e. IAA, indole-3 acetic 

acid), stress tolerance to dehydration or higher salinity by abscisic acid, etc. 

All this findings motivate further investigation on the hypothesis that PGPB may promote microalgae 

growth since, in fact, many mechanisms of growth promotion in plants by PGPB involve the 

modulation of these phytohormones and indolic compounds [6, 98]. 
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Research objectives 

The main purpose of this work is to verify if the presence of PGPB in relatively large microalgae 

culture systems improves microalgal growth and/or biomass production.  

For this purpose, the research objectives in this work are: 

- The obtainment of a workable axenic microalgae culture from a xenic culture; 

- The heterotrophic production of axenic microalgae inoculums for 600 mL and 5 L autotrophic 

cultivation systems through scaling-up from culture plates; 

- The performing of microalgae cultures and co-cultures with PGPB in two different-sized 

autotrophic systems: 1L illuminated aerated flasks and 5 L photobioreactors; 

- Study and compare the biomass kinetics and productivity resulting from those cultures 
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Materials and Methods 

The materials and methods presented in this section are the ones that were needed for the isolation 

and cultivation of the microalgae, for the cultivation of the PGPB, and for the respective control, 

monitoring and analysis.  

The work consisted basically in four stages: the isolation of microalgae by differential centrifugation 

and sub-culturing techniques; the production of culture inoculums (microalgae and PGPB) in dark 

heterotrophic conditions; the autotrophic culturing and co-culturing of the microalgae in illuminated 

aerated flasks and in photobioreactors; and the analysis of the biomass obtained from the cultures. 

1. Microorganisms 

1.1. Microalgae 

The microalga used in this work, Chlorella prototechoides, a.k.a. UTEX25, was ceded by Professor 

Leonardo Rorig from LAFIC-UFSC. Originally, this microalga was provided in axenic conditions by 

the University of Texas, having been isolated from a sap of a wounded Populus alba; however, the 

microalgae suspension that was ceded was xenic, being contaminated with bacteria and requiring 

isolation. The xenic microalgae suspension was made with liquid BBM media and came inside a 100 

mL Erlenmeyer flask; it was being maintained in aerated flasks (0.2 vvm of sterilized air) in autotrophic 

conditions at a light intensity of 630 µmol.m-2.s-1 and at 25oC. 

1.2. PGPB 

The PGPB used in this work, Pseudomonas palleroniana, a.k.a. 2D3, and Pseudomonas migulae, 

a.k.a. 8R6 (wild type and acdS- mutant), were kindly provided by PhD candidate Francisco Xavier 

Nascimento. 

2D3 was isolated by Francisco himself from an Amanita muscaria mushroom in Portugal. 8R6 wild 

type was isolated in France from a tomato root that was being used as a trap for PGPB. The 8R6 

acdS- mutant is an elimination mutant obtained from the wild type; the gene removed, acdS, codes 

for ACC deaminase [115]; ACC deaminase catalyzes a cyclopropane ring-opening reaction: the 

conversion of ACC to ammonia and alpha-ketobutyrate.  

All PGPB were being conserved in a freezer at -80oC and suspended in 2 mL Tryptic Soy Broth (TSB) 

medium inside Eppendorf tubes. To confirm their purity, a portion of that volume was collected by a 

streaking loop and then stroke on a plate containing King’s medium; this medium favors the 

production of a yellow pigment by fluorescent pseudomonads that fluoresces under longwave 

ultraviolet light (366 nm), allowing the selective visualization of Pseudomonas colonies and, thus, a 

way to detect the non-fluorescent possible contaminants. 
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2.  Culture media 

2.1. Preparation of the media 

In this work, all media preparation began by weighing the components in an Adventurer-OHAUS 

analytical balance and then dissolving them in water that was previously deionized by a Tecnal® 

column (Permution brand, model DE-1800); after that, the solution would be mixed and gently heated 

by a Fanem® magnetic agitator-heater (model 258) until a uniform mixture was obtained. If needed, 

pH would be adjusted by adding droplets of a NaOH or HCl solution (1 M) while being monitored by 

a Technal® W3B phmeter; this adjustment was done while mixing the medium.  

If the desired medium was liquid, it would be distributed into falcon tubes (50 mL capacity) or 

Erlenmeyer flasks (250 mL or 1 L capacity), which would then be sterilized inside an autoclave for 15 

minutes at 121oC. 

If the desired media was solid, addition of agar (20 g/L) was required before sterilization; after 

following the same autoclaving protocol as the liquid, the medium would be aseptically distributed 

into sterilized round glass plates under a laminar hood while still warm; the plates would then be left 

under the laminar hood to cool off until the medium solidified. 

2.2. Types of media 

2.2.1. UTEX25 

In this work, there were two types of media that were prepared and used for culturing UTEX25: 

medium for isolation and inoculum production, medium I, and medium for PBR cultivation, medium II. 

The composition is illustrated in table 6. 

Medium I is known as “Algae Culture Broth” and it is used for the isolation and cultivation of 

microalgae from soil, water or sewage [116]. This medium was supplemented with glucose to work 

as a heterotrophic medium; it was also supplemented with yeast extract, which worked as buffer and 

as nitrogen supplementation for the medium.  

Medium II is known as “Chlorella Broth”, and it is used for the autotrophic cultivation and maintenance 

of microalgae from the Chlorella genus [117]. 

2.2.2. PGPB 

The media used for culturing PGPB was King’s medium in the case of the plates, and TSB in the 

case of the falcon tubes and Erlenmeyer flasks.  
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Table 6 – Composition and pH of media I and II  

 Medium I Medium II 

NaNO3 1.0 g/L KNO3 2.5 g/L 

MgSO4.7H2O 0.513 g/L KH2PO4 2.45 g/L 

NH4Cl 0.5 g/L MgSO4.7H2O 2.4 g/L 

K2HPO4 0.25 g/L K2SO4 0.217 g/L 

CaCl2.2H2O 0.058 g/L FeSO4.7H2O 1.5 mg/L 

FeCl3 3.0 mg/L MnSO4.H2O 1.4 mg/L 

Yeast extract 1 g/L H3BO3 0.28 mg/L 

ZnSO4.7H2O 0.22 mg/L 

Na2MoO4.H2O 0.05 mg/L 

CuSO4.5H2O 0.0078 mg/L 

pH 7.4±0.2 4.5±0.2 

Heterotrophic 

version 
Add glucose (5-15 g/L) 

Solid version Add agar 20 g/L 

 

3. Isolation of the microalgae 

As mentioned before, UTEX25 was provided in xenic conditions, having several bacteria present in 

its suspension; microscope observations pointed out that apparently no bacteria were adhering to the 

microalgae cell walls. With that in mind, it was decided that the process of isolation would consist in 

two physical separation methods: differential centrifugation and solid media sub-culturing. 

3.1. Differential Centrifugation 

The first approach to isolate microalgae was a physical separation by centrifugal force. For that 

purpose, a model was established to estimate the time and rotation speed required. The model was 

based on the three following equations. 

𝑢𝑤 =
𝑑𝑅

𝑑𝑡
=

(𝜌𝑙 − 𝜌𝑠)𝑑2𝜔2𝑅

18𝜇
 

Equation 1 is the Stokes Law. It states an expression for the settling velocity, 𝑢𝑤, of generic spherical 

particles with diameter 𝑑 and density 𝜌𝑠 immersed in a fluid with density 𝜌𝑙 and dynamic viscosity 𝜇 

when a centrifugal force field with 𝜔 angular velocity is applied; 𝑅 represents the particle’s distance 

to the axis.  

(1) 
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𝑠 =
(𝜌𝑙 − 𝜌𝑠)𝑑2

18𝜇
 

Equation 2 represents the definition of the sedimentation coefficient, 𝑠, and it is characteristic of the 

mentioned spherical particles and fluid. 

ln (
𝑅

𝑅𝑖
) = 𝑠𝜔2𝑡 ↔

𝑅

𝑅𝑖
= 𝑒𝑠𝜔2𝑡   

Equation 3 is obtained by integrating the Stokes Law equation for a distance travelled outwards 

relatively to the axis [𝑅𝑖 , 𝑅] for a time interval [0, 𝑡]. This expression relates the relative distance 

traveled in the centrifuged tube, 
𝑅

𝑅𝑖
, with the centrifugation angular velocity 𝜔  and with the 

centrifugation time 𝑡.  

The model for centrifugation was based on equation 3, giving a prediction of the relative distance of 

particles as a function of centrifugation time, for a chosen value of angular velocity. 

According to the model’s results (see Results and Discussion section 2), it was decided that the falcon 

tubes containing xenic microalgae would be centrifuged for 120 seconds at a rotation speed of 6000 

rpm for three times, discarding the supernatant and re-suspending the pellet in new sterilized media 

after each centrifugation. The opening and transferring of the content of the tubes was made 

aseptically under a laminar hood. The centrifugation was carried out in a HN-SII centrifuge 

(International Equipment Co., USA). 

The physical properties of density and diameter that were considered in this model for UTEX25 cells 

were the ones obtained in this work (see Results and Discussion section 1.3); the ones for the 

contaminant bacteria are average values obtained for generic gram-negative bacterial cells [118, 

119]. As not all bacteria have equal geometry, they were approximated to a case scenario where they 

are perfect spheres with 2.25 μm diameter. 

Table 7. Microorganism physical properties Table 8. Water physical properties at 20oC and 1 atm 

 

Physical property / 
Microorganism 

UTEX25 Bacteria 

Density (kg.m-3) 1088 1100 

Diameter (μm) 3.74 - 

Length (μm) - 2.25 

Thickness (μm) - 0.65 

Sedimentation 
Coeficient (x105 S) 

6.84 2.81 

 

Dynamic Viscosity (mPa.s) 1 

Density (kg.m-3) 1000 

 

(2) 

(3) 
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3.2. Plate streaking and sub-culturing in mixotrophic selective media 

After the separation by differential centrifugation, samples from the falcon tubes were stroke onto 

plates with solid medium I under aseptic conditions, using a sterile inoculation loop, and then 

incubated for seven days in an improvised photo-incubator. Medium I acts as a selective media, 

favoring mixotrophic growth. The improvised photo-incubator provided white light with an intensity of 

1030 μmol.s-1.m.2 and a temperature of 27oC. The streaking pattern type and the incubator used are 

shown in figure 3.  

Then, the sub-culturing technique was initialized: apparently pure colonies that were visualized with 

a help of a magnifying glass would be aseptically picked up from the streaked plates, re-suspended 

in 5 mL of sterile medium I, and then streaked again on fresh solid media; all this under a sterile 

environment provided by a laminar hood. The purity of each of the picked up colonies was confirmed 

by observing a droplet of their suspension in medium I through a microscope. 

Finally, when the culture became axenic, its colonies were transferred into sterilized 50 mL falcon 

tubes filled with of 5 mL heterotrophic medium I, being ready for initializing the heterotrophic 

production of UTEX25 inoculums. After growing into a reasonable cell concentration, part of the 

culture volume (1 mL) of one of the falcon tubes was transferred to an Eppendorf that was then stored 

in a freezer at -80oC; this was for permanently conserving an axenic UTEX25 culture.  

 

Figure 3. Images taken during the mixotrophic sub-culturing for UTEX25 isolation; A – streaking pattern 

adopted for plaque sub-culturing; B, C – front and top view of the improvised photo-incubator 

4. Inoculum production 

4.1. Heterotrophic production of UTEX25 inoculum 

For each of the culture studies, inoculum volumes of UTEX25 suspension were produced. For this 

purpose, UTEX25 was grown at heterotrophic conditions, to obtain faster growth and higher biomass 

density [86, 81].  

The inoculum production started by collecting colonies from the isolation plates and suspending them 

in 5 mL of autoclaved medium I inside 50 mL falcon tubes. These tubes were then incubated in a 
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Tecnal® rotary shaker (TE-421) at 25oC and 180 rpm in dark conditions. Eight extra tubes were 

incubated to fasten procedure restart in the event of a culture failure (e.g. contamination). The growth 

was monitored by aseptically micro-pipetting samples and measuring their optical density at 775nm 

(OD775) with a BEL Photonics® spectrophotometer (SP1105), to have knowledge on when microalgal 

growth would reach stationary phase and, thus, on when to proceed to scale up. 

When the optical density would show that the stationary phase of growth was reached, the 5 mL 

culture would be re-suspended in 100 mL of heterotrophic medium I inside a 250 mL Erlenmeyer, 

which was then incubated in the same conditions as the tubes. In the case of the inoculum for the 

PBR cultures, this process was repeated to scale up the culture onto 500 mL of medium inside 1 L 

Erlenmeyer’s. 

After obtaining the inoculum (100 mL for aerated flask culture or 500 mL for PBR culture), the volume 

would be centrifuged at 3000 rpms for 5 min to remove the remaining medium I and then the 

microalgae pellets would be re-suspended medium II, so the culture would start in strict autotrophic 

conditions. The inoculum density would then be adjusted if necessary. 

In figure 4-A, one may see the material used for the heterotrophic culture scale-up procedure: the 

culture plates, the falcon tubes (1st scale up) and the 250 mL and 1 L Erlenmeyers (2nd and 3rd scale 

up); in figure 4-D, one may see the inoculum ready for feeding the photobioreactor.  

 

Figure 4. Illustrations of the heterotrophic cultivation scale-up procedure; A- Aseptic environment where the 

scale-up transfers for inoculum production were made; B - axenic UTEX25 suspension grown in heterotrophic 

conditions in a 50 mL falcon tube; it is a scale up from the plate cultures; C – axenic UTEX25 suspensions 

grow in heterotrophic conditions; they are a scale up from falcon tubes (B); D – a Mariotte’s bottle containing 

medium II that was inoculated with 500 mL of heterotrophically produced UTEX25; it is ready to be connected 

to the photobioreactor  
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4.2. Production of PGPB inoculum 

For each of the co-culture studies, inoculum volumes of PGPB were prepared. For this purpose, 

colonies from the King´s medium plates were collected and then suspended in 10 mL of TSB medium 

inside 50 mL falcon tubes. The falcon tubes were incubated in the same rotary shaker as the 

microalgae. The growth of the bacteria was also monitored by aseptically collecting samples and 

measuring their optical density at 600 nm (OD600) in the same spectrophotometer as the microalgae.  

For PBR inoculums, a scale-up would be necessary: after a day of incubation, the volume of the 

falcon tube would be re-suspended in 90 mL of TSB media inside 250 mL Erlenmeyer flasks, which 

would then be incubated in the same conditions. After another day of incubation, the 2D3 culture 

would be centrifuged at 3000 rpms for 15 min in sterilized falcon tubes to remove the remaining TSB 

medium and then the pellets would be re-suspended in medium II. Finally, the inoculum density would 

be adjusted if necessary. 

5. Aerated flask cultures 

5.1. Constitution and components 

Small-scale culture experiments were carried out in four 1 L glass flasks in photoautotrophic 

conditions. The flasks were connected in parallel to a N022 KNF diaphragm vacuum pump, which 

provided the airflow to the cultures (figure 4). To regulate the flow of air, a ball valve was placed 

upstream to the cultures’ air entry; the exact value of airflow was calculated with the help of a gas 

bubble meter tube. Both air entry and exit were equipped with a 0.2 μm filtering hydrophobic 

membrane (Millipore Corporation, Billerica, MA, USA) to prevent contamination. The light was 

provided by four Taschibra Tkl900 6500k LED lamps; each lamp generates a total of 1547 μmol.s-

1.m.2 light intensity, but only near 30% (~262 μmol.s-1.m.2) is directed to the flasks.  

5.2. Sterilization 

The four flasks, already filled with the culture medium, were sterilized for 20 min at 121oC inside a 25 

L autoclave.  

5.3. Operation 

Each one of the flasks was assigned for a different culture experiment, but all with the same culture 

volume of 600 mL. They were numbered from 1 to 4: number 1, the axenic culture of UTEX25; number 

2, the co-culture of UTEX25 with 2D3; number 3, the co-culture of UTEX25 with 8R6; and number 4, 

the co-culture of UTEX25 with 8R6acds- mutant. 

For each flask, 500mL of medium II were prepared. After sterilization and refrigeration at room 

temperature, the flasks were taken to a laminar hood and aseptically inoculated with a calculated 
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volume of the UTEX25 suspension (obtained from heterotrophic cultures). Then, still under the 

laminar hood, flasks 2, 3 and 4 were inoculated with a calculated volume of their respective PGPB 

solutions. Afterwards, the flasks were carefully closed and taken to their culture place, being 

connected to the compressor and exposed to the LED lamps. The specific air flow rate was set for 

0.2 vvm. Temperature and pH were not monitored, being only known that the laboratory room 

temperature was kept at 25oC. The sampling of the cultures was done aseptically by taking the flasks 

to the laminar hood and micro-pipetting the samples there. 

   

Figure 5. Illustration of the aerated flasks operating in parallel; the light was provided by four LED lamps and 

the air was provided in parallel by a compressor 

 

6. Photobioreactor cultures 

In this work, two airlift photobioreactors were used for UTEX25 culturing and co-culturing: an external-

loop photobioreactor, PBR A, and an external-loop photobioreactor, PBR B. 

6.1. PBR A: External-loop airlift photobioreactor 

6.1.1 Constitution and components 

The first of the two PBRs used in this work, PBR A, is a 5 L stainless steel external-loop airlift 

photobioreactor (H/D=12.5). This PBR is a variant of an older airlift bioreactor, having been both 

designed and customized by Professor Márcio José Rossi [120]. PBR A is illustrated during operation 

in figure 6-H and its components and dimension are illustrated on scheme 2. 

Part of PBR A’s riser is photosensible, being made of glass instead of stainless steel and covered 

with a stripe of LED lamps. The LED stripe allows for 16 different levels of light intensity and several 
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wavelengths. To have knowledge on exact values, measures were made inside the PBR using a 

PCE-L lux meter for light intensity and an UPRtek spectrometer (model MK350S) for wavelength (see 

figures 7 and 8). 

 

Figure 6. A general view of the equipment used for the cultures performed in the two photobioreactors; note: 

the computer that monitors PBR A is not shown; A – sound-proof box containing the air compressor; B – 

computer for monitoring and control of PBR B; C – active PBR B and coupled Bioengineering® actuator 

system; one may see also the acid and basic solutions for pH actuation and the anti-foam solution; D – air 

humidifier for PBR A; E – heterotrophic external circulation airlift bioreactor (not used in this wok); F – Mettler-

Toledo transmitter/controller/monitor devices for PBR A’s pH and dissolved oxygen; G – temperature control 

system for PBR A; H – working PBR A; I –Mariotte’s bottle used to fill PBR A with inoculum and/or culture 

medium; J – flasks containing acid and basic solutions for PBR A’s pH actuation, which are connected to 

peristaltic pumps (white and red devices on the right and left side of the flasks); K – mass flow meter for PBR 

A’s airflow  
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Scheme 2. View of PBR A and identification of its components; the arrows illustrate the airlift effect; both axis 

measure distance in mm; 1 – Gas exit, filled with glass wool, 2 – Foam disperser, 3 – Window for liquid level 

check, 4 – Entry for O2 probe, 5 – Photosensible zone, 6 – Gas sparger; 7 – Gas entry, 8 – Entry for 

superheated vapor sterilization, 9 – Liquid purge, 10 – Liquid entry for continuous mode of operation, 11 – 

Thermal jacket, 12 – Window for optical density sensor, 13 – Culture sampler, 14 – Entry for pH probe, 15 – 

Liquid exit for continuous mode of operation, 16 – Entries for inoculants and pH actuators, 17 – Culture 

medium entry 

 

Figure 7. Intensity measurements for PBR A’s white light; the correlation obtained for light intensity vs. level 

obtained has R2=1.000 and is defined by: Light intensity (μmol.s-1.m-2) = 85,854 x Level 
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Figure 8. Wavelength measurements (A – white light; B – red light; C – blue light) inside the photosensible 

zone of PBR A 

The PBR is fitted with two probes and respective transmitters (Mettler-Toledo International Inc.) that 

allow online monitoring of pH and dissolved oxygen (figure 6-F): one is a 405-DPAS-SC-K8S pH 

probe that is connected to a 2100e transmitter; the other is an InPro6000 polarographic oxygen probe 

connected to a 4100e transmitter; both sensors and transmitters also allow online temperature 

monitoring. The pH transmitter acts as a pH controller and it is connected to two peristaltic pumps, 

which work as pH actuators: they regulate the flow inside hoses that connect two flasks containing 

an acid and a basic solution with the PBR (figure 6-J). The pH is thus controlled directly by droplets 

of these solutions 

The PBR has an incorporated thermal jacket (scheme 2-11), which works with water as a temperature 

actuator; the temperature of this water is controlled by a water bath system (Braun Thermomix UB 

and Frigomix), and it circulates between the bath and the thermal jacket. The temperature inside the 

PBR is thus controlled in an indirect way. 

The PBR is also fitted with a special window (scheme 2–12; figure 9-B) for an optical density sensor. 

The sensor consists in a light emitter (6 LED lights, 3 are blue and 3 are green) and a light sensor; 

the signal emitted by the light sensor (range from 0 to 5 mA) is inversely proportional to the intensity 

of light it detects. The green light of the sensor is used for microalgae biomass monitoring and the 

blue light for chlorophyll content monitoring; this difference is due to the characteristics of the general 

light absorbance spectrum of microalgae (see Results section 1.1). 

The flow of air provided to PBR A is generated by a 24 L MOTOMIL-MAM compressor and regulated 

by a mass flow meter (Brooks SLA5850F); before entering the bottom entry of the PBR (scheme 2-

7), the compressed air passes through a cylindrical humidifier, to prevent media evaporation, and 

then through a 0.2 μm filtering hydrophobic membrane (Millipore Corporation, Billerica, MA, USA) to 

prevent contamination. The air that enters the PBR is sparged by a porous stone (Mott Co., porous 
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metal micro sparger, 15 μm pores) placed at its entry. The PBR’s air exit is filled with glass wool 

(density of 0.1 g/cm3) to prevent contamination.  

The signals of pH, dissolved oxygen, optical density, temperature and air mass flux are collected by 

an Arduino device, which in turn sends it to a computer; this computer has a customized executable 

LabView based program installed, BRF.vi, which registers and allows the monitoring and calibration 

of the signals (see figure 9-A). This software was developed by Eng. Marco Soares (CREA record 

number 2608496817). 

6.1.2. Sterilization 

The bioreactor sterilization was made using direct superheated vapor (121oC) created by a 25 L 

autoclave; the vapor was provided to the inside of the PBR through a derivation of the air inlet 

(scheme 2-8).  During sterilization, the valves for feeding, sampling, collecting, and air entrance, plus 

the gas exits, pH and oxygen probe were kept at 104 °C by the depressurization created with the 

vapor exit. After this 30-minute phase, all valves were closed and the PBR was pressurized and kept 

at 121 °C for another 30 minutes. It was learned, however, that this sterilization protocol wasn’t 

enough for contaminant prevention, so both sterilization phases were prolonged 30 minutes. 

6.1.3. Operation 

For each PBR operation, 4.7 L of medium II were prepared in a Mariotte’s bottle, and 500 mL of NaOH 

(0.2 M) and H2SO4 (0.1 M) in 600 mL feeding flasks. The medium-filled Mariotte’s bottle was sterilized 

in an autoclave for 30 min at 121oC, along with its connection valve and hose and also with the acid 

and basic feeding flasks; afterwards, the Mariotte’s bottle was inoculated with UTEX25 (obtained from 

the heterotrophic cultures), and also with PGPB if that was the case, under a laminar hood. 

Afterwards, both the flasks and the Mariotte’s bottle would be connected to the PBR, with their feeding 

valves closed. Furthermore, the hoses of the acid and basic feeding flasks were connected to the 

peristaltic pumps. Only then, the PBR sterilization in situ would take place. 

After PBR sterilization and refrigeration at room temperature, the Mariotte’s bottle’ feeding valve 

would be opened, allowing the filling of the PBR with the UTEX25 suspension.  

The PBR’s temperature controller (Thermomix® UB) would be then set for 25.0°C and the pH 

controller for 5.0±0.5. The LED lights were set for level 4 of intensity (343 μmol.s-1m-2) and to white 

color; the intensity would be gradually increased throughout the culture. The mass flux meter was set 

for a specific air flow rate of 0.2 vvm. The pH, temperature and dissolved oxygen signals that were 

measured by the probes inside the PBR during the cultures, as well as the air flow and optical density 

signals, were all monitored and registered continuously by a computer with the help of the already 

mentioned BRF.vi program. The pH and the temperature controllers are PID and were already tuned 

to the PBR’s conditions. 
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Figure 9. Illustrations of  lab equipment used; A – LabView customized software for culture parameter 

monitoring and probe signal calibration (temperature, pH, dissolved oxygen, optical density, airflow); B – 

window for the optical density sensor system; the blue cable device is the LED light system and the grey cable 

device is the light detector; C - flask that has an exit with a needle-like connection for aseptic inoculation during 

an ongoing culture (can be used for both PBRs); D- illustration of the connections between PBR A and the 

feeding flasks (i.e. inoculum and pH actuator solutions) 

In the case of needing an aseptic inoculation or feeding during an ongoing culture, PBR A has an 

entry that is closed with a rubber septum that can be perforated (figure 9-D). The inoculum would be 

transferred to a sterilized flask that has an exit with a needle-like connection (figure 9-C). Thus, the 

inoculation would be done by first flaming the mentioned PBR entry with ethanol combustion and then 

perforating the septum with the needle connection. This flask has also a filtered air entry with a piston 

connected, which would allow the transfer of the inoculum to the PBR. 

6.2. PBR B: Internal-loop airlift photobioreactor 

6.2.1. Constitution and components 

The second of the two PBRs used in this work is a 5 L glass internal-loop airlift photobioreactor 

(height=40 cm; radius=18.3 cm). This PBR is a glass RALF bioreactor (Bioengineering, Inc.) vessel 

that has been modified to work as an airlift PBR. One of the modifications is the replacement of its 

impeller for a stainless steel tube coupled with a glass cylinder (H/D = 4); this allows air to enter the 

reactor through the tube and released near the bottom of the cylinder; thus, the cylinder works as the 

airlift riser (scheme 3-5, figure 10-B). The other modification is the addition of a white LED light stripe 

surrounding its outer area, which provided an intensity of 1030 μmol.s-1m-2 (which can be seen in 

figure 10-A). 
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The RALF bioreactor is connected to a control system (Bioengineering, Inc.; see scheme 3) that 

regulates the entry of air and liquid solutions (i.e. acid/basic solutions, anti-foam and a solution of 

choice), and also to a water bath (Tecnal TE-184), whose thermal water circulates inside the 

fermenter’s hollow baffles. The system is connected to a computer software called BioSCADA RALF 

that allows monitoring, control and manual regulation of parameters (e.g. air flow, temperature and 

pH set points, etc.), and calibration of the sensor probes. In the case of the air flow, the compressed 

air is provided to the system by the same air compressor as PBR A; the system has a rotameter that 

allows the direct regulation of the air flow. In the case of the liquid solutions, it has five peristaltic 

pumps that can be either manually or software regulated. The system controls the temperature of the 

bioreactor by regulating the flow and the temperature of thermal water that circulates inside the hollow 

baffles; and it controls the pH and foam by regulating peristaltic pumps. The software provides two 

control options: PID control, allowing the user to define its parameters (proportional constant, 

differential time and integral time), or personalized control, allowing the user to select the actuation 

intensity according to the difference between the measured value and its set-point. 

6.2.2. Sterilization 

PBR B’s dimensions make it possible to be sterilized inside a 50 L autoclave; this allows its complete 

assembly and closing, along with the medium already inside it, before sterilization; after the 

sterilization, it’s completely ready for operation. The medium is, thus, not required to be previously 

sterilized, being sterilized inside the PBR.  

6.2.3. Operation 

For each PBR B operation, 4.7 L of medium II were prepared and transferred to the PBR, and 500 

mL of NaOH (0.25 M) and H2SO4 (0.20 M) were prepared in 600 mL feeding flasks. Through the 

BioSCADA RALF software, the temperature set point was defined as 25°C, the pH as 5.0, and the 

specific air flow rate was set for 0.2 vvm by regulating the rotameter. The pH, temperature and pO2 

signals that were measured by the probes inside the PBR during the cultures were monitored and 

registered by the BioSCADA RALF software.  

Regarding the inoculation of UTEX25, PBR B has an entry that is closed with a disposable rubber 

septum that can be perforated. The inoculum (in the same cell density conditions as PBR A cultures) 

would be transferred to a sterilized flask that has an exit with a needle-like connection. Thus, the 

inoculation would be done by first flaming the mentioned PBR entry with ethanol combustion and then 

perforating the rubber with the connection. This flask has also a filtered air entry with a piston 

connected, which would allow the transfer of the inoculum into the PBR. 
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Scheme 3. Front and side views of PBR B and identification of its components, with arrows illustrating the airlift 

effect;1 – Air filter, 2 – Rotameter, 3 – Peristaltic pumps, 4 – Flasks for liquid solutions (e.g. inoculum, 

acid/basic and anti-foam solutions), 5 – Airlift riser, 6 – Entries for liquid solutions (e.g. acid/basic solution, 

perforation entries for inoculums, etc.), air entry, hollow baffle water entries, entries for sensor probes (pH, 

temperature, pO2, foam), 7 – Vapor condenser 

 

 

Figure 10. Images of PBR B’s system (A) and internal riser (B) 

  



 

43 
 

7. UTEX25 biomass monitoring 

The methods used to monitor the microalgae biomass throughout the cultures were optical density 

(OD), cell counting and dry weight (DW).  

The values of biomass concentration (in g/L) corresponding to each measure of OD and cell count 

were obtained by making a calibration: the values of OD and number of cells were correlated with the 

DW values. For this purpose, ten solutions were prepared by diluting a sample of axenic UTEX25 

suspension. Then, those solutions were measured for OD, cell count and DW. Finally, the values of 

OD and cell number were plotted against the values of dry biomass concentration (i.e. DW values 

divided by the filtrate volume), obtaining the correlations Biomass vs. OD and Biomass vs. Cell count. 

7.1. Optical density 

The optical density was measured by taking samples of UTEX25 into a cuvette and measuring their 

absorbance in the BEL Photonics® spectrophotometer. The working wavelength chosen was 775 

nm; this choice was made regarding a wavelength scan that was previously made to a sample of an 

axenic UTEX25 suspension (see Results section 1.1). The reference used for the absorbance values 

is deionized water. If absorbance values would surpass 0.95, dilution of the sample with deionized 

water would performed. 

7.2. Cell counting 

Cell counting was performed using a Celeromics® Neubauer chamber (a.k.a. hemocytometer), 

whose microscopic grid was observed through a microscope. This device provides an estimation of 

the average number of cells per mL. It has a grid consisting of different sized squares, each defining 

a certain volume of suspension. In this work’s case, five of those several squares were used for 

counting microalgae (see figure 11).  

 

Figure 11. Illustration of the hemocytometer’s grids used for cell couting (A – schematic; B – real microscopic 

view); the five green-circled squares have 0.2 mm width and they were the ones whose perimeter was used for 

counting UTEX25 cells 
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The cell count per mL estimation was made by making an average of the counts in each of those five 

squares, and dividing it by the volume they define (i.e. 4 x 10-6 mL); this calculation is presented in 

equation 4. 

𝐶𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 (𝑚𝐿−1) = 𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 ×
1

5
×

1

4 × 10−6
×

1

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
 

7.3. Dry weight  

DW measurements were obtained by microfiltration, which was performed using a vacuum system 

coupled with Sartorius Stedim ® cellulose nitrate membranes (1.2 μm pore size). The drying of the 

microfilters was performed by microwave: 10 min at 200 W. The dry weight measurements were thus 

made by six steps:  

1- saturation of the microfilters with dionized water; 

2- microfilter microwave drying;  

3- microfilter weighting;  

4- microfiltration;  

5- microfilter microwave drying (now along with the retained biomass); 

6- used microfilter weighting.  

The value of DW would then be obtained by calculating the difference of the weights measured in 

steps 3 and 6; the biomass concentration is obtained by dividing the DW with the filtrated volume. 

8. Biomass dynamics and productivity: parameters and modeling 

The UTEX25 cultures were evaluated by studying UTEX25 biomass dynamics and productivity. For 

this purpose, graphical plots of biomass vs. time were made and also 5 parameters were computed 

for each culture: the increase in biomass concentration obtained in the culture, 𝑋 − 𝑋𝑜  (g/L), the 

apparent nitrogen yield on biomass, 𝑌𝑋/𝑁 (g of biomass/g of nitrogen in the medium), the exponential 

growth phase time, 𝑡𝑒𝑥𝑝 (h),  the average specific growth rate during exponential growth phase, 𝜇𝑚𝑒𝑑 

(h-1), and the biomass productivity, 𝑃𝑋 (g.L-1.h-1). 

The apparent nitrogen yield on biomass is determined by 

𝑌𝑋/𝑁 =
(𝑋 − 𝑋𝑜). 𝑉

𝑁
 

Where 𝑋 − 𝑋𝑜 is the increase in biomass concentration (g/L) obtained in the culture, 𝑁 is the quantity 

(g) of nitrogen source provided to the culture and 𝑉 the culture volume.  

The exponential growth phase time, 𝑡𝑒𝑥𝑝 (h), is the culture time where its dynamics can be explained 

by an exponential curve with a R2 that is no less than 0.950. 

(4) 

(5) 
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The average specific growth rate during the exponential growth phase, μmed (h-1), was obtained from 

the regression data of the mentioned exponential curve that was fitted to the biomass data.  

Moreover, values for instant specific growth rate, μ (h-1), were calculated from the experimental data 

points; the expression for their calculation was deducted from a biomass mass balance to the cultures 

(equation 6):  

𝑑(𝑋. 𝑉)

𝑑𝑡
= 𝑋𝑖𝑛. 𝑄𝑖𝑛 + 𝜇. (𝑋. 𝑉) − 𝑋. 𝑄𝑜𝑢𝑡 

Where 𝑋 is the UTEX25 biomass concentration in the culture (which is a time-dependent variable), 𝑉 

is the culture volume (which is constant), 𝑄𝑖𝑛  and 𝑄𝑜𝑢𝑡  are respectively the volumetric flows of 

entrance and exit of the culture, 𝑋𝑖𝑛 is the biomass concentration in the feed and 𝑡 is the culture time. 

Integrating this expression for a batch culture, the biomass dynamics is theoretically defined by: 

𝑋𝑓 = 𝑋𝑖 . 𝑒𝜇(𝑡𝑓−𝑡𝑖) 

where 𝑋𝑓 and 𝑋𝑖 (g/L) are the values of biomass for an initial time, 𝑡𝑖, and a final time, 𝑡𝑓, respectively. 

The specific growth rate for each pair of experimental data points is thus obtained by:  

𝜇 (ℎ−1) =
𝑙𝑛 (

𝑋𝑓

𝑋𝑖
)

𝑡𝑓 − 𝑡𝑖

 

In the continuous culture performed in this work, 𝑄𝑖𝑛 and 𝑄𝑜𝑢𝑡 are the same (𝑄𝑖𝑛=𝑄𝑜𝑢𝑡=𝑄 ) and there 

is no biomass in the feed (𝑋𝑖𝑛= 0 g/L); therefore, the integration results in 

𝑋𝑓 = 𝑋𝑖 . 𝑒(𝜇−𝐷)(𝑡𝑓−𝑡𝑖) 

𝜇 (ℎ−1) =
𝑙𝑛 (

𝑋𝑓

𝑋𝑖
)

𝑡𝑓 − 𝑡𝑖

+ 𝐷 

Where 𝐷 = 𝑄/𝑉 is the culture dilution rate.  

The biomass productivity was calculated by: 

𝑃𝑋 =
𝑋 − 𝑋𝑜

𝑡𝑒𝑥𝑝

 

  

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 
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9. Physical properties of UTEX25 cells 

Three physical properties of the UTEX25 cells were determined in this work: the absorbance 

spectrum, the average cell diameter and the average individual cell density. 

9.1. Absorbance spectrum 

The absorbance spectrum was determined by making a wavelength scan (i.e. 400-800nm) of a 

sample taken from an axenic UTEX25 suspension. 

9.2. Average cell diameter 

The average cell diameter was determined by analyzing a microscopic photography taken to a droplet 

of an axenic UTEX25 suspension on top of a hemocytometer grid; with the help of the ImageJ 

software, the diameter of 350 cells were estimated by pixel-counting the photography. The calibration 

for correlating pixels with distances (μm) was obtained by measuring the pixel-size of the already 

known hemocytometer’s smallest squares’ width (i.e. 50 μm). 

9.3. Average individual cell density 

The average individual cell density was determined by calculating two parameters: 

1 - the individual cell mass of UTEX25, which can be calculated by dividing values of biomass 

concentration (DW measurements) by values of cell count; 

2- the individual cell volume of UTEX25, which can be estimated by approximating the cells 

to perfect spheres and using the average cell diameter obtained in the previous section. 

The individual cell density of UTEX25 is thus obtained from the quotient between those two. 

10. Monitoring of microalgae/PGPB populations 

In the case of the AFCs, the microalgae and PGPB populations were monitored by flow cytometry; 

the equipment used was BDFACSCanto II flow cytometer. 

The flow cytometer works in the following way: aspiration of a random volume of sample and detection 

of the scattered light of a certain number of cells that pass in front of its laser (in this work’s case, the 

first 100.000 cells that pass); the flow cytometer will detect and plot 7 signals: a front scattered light 

signal (FCS), a side scattered light signal (SSC) and 5 kinds of fluorescence signals (i.e. FITC, PE, 

PerCP, PE-Cy7 and APC).  

It is up for the user to choose which signals are the best for distinguishing cell populations and 

obtaining their percentage ratio. The most commonly used signals are FSC and SCS; FSC is 

associated with the diameter of a cell, while SSC is frequently associated with cell complexity and 

geometry. 
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Results and discussion 
 

1. Isolation of UTEX25 

The isolation of UTEX25 consisted in two processes: differential centrifugation and sub-culturing in 

plaques of solid medium I (5 g/L of glucose). 

For the centrifugation, a model was made to predict the cell sedimentation provided during the 

process; this model provided the possibility of obtaining results for rotation speeds and centrifugation 

time intervals of choice. 

The model’s results for a centrifugation time of 120 seconds and a rotation speed of 6000 rpm are 

presented in figure 12.  

 
 

Figure 12. Results from the differential centrifugation model for 

a rotation speed of 6000 rpm for a centrifugation time of 120 

seconds 

Figure 13. Illustration of the microalgae 

pellet resulted from centrifugation 

 

According to the model’s results, it is possible to conclude that these centrifugation conditions will 

induce a dislocation of every microalgae cell throughout a distance that should be at least 10 times 

the one of bacterial cells (figure 12); this is limited by the length of the tube of course.  

Option for higher rotation speeds were not considered because of the chance that they may damage 

microalgae cells. Higher centrifuge times were not considered also as an option because, although 

𝑅/𝑅𝑖  increases with centrifugation time, the tube has a limited length; thus, the bigger the 

centrifugation time the more bacteria will eventually join the microalgae in the pellet (figure 13).  

Although the centrifugation process did not completely isolate the microalgae from the contaminant 

bacteria, it did help in the following sub-culturing procedure. The results from the sub-culturing 

process are presented as images in figure 14. 
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Figure 14. Isolating UTEX25 by sub-culturing technique; (A) – one of the successful sub-culturing plaques; (B) 

–visualization through a magnifying glass of part of a plaque that was streaked with a droplet of the originally 

provided xenic UTEX25 culture; (C) – example of a successfully isolated UTEX25 colony; (D) – axenic 

UTEX25 culture on plaque 

In the first time where a sample of the ceded xenic suspension of UTEX25 was aseptically streaked 

on a heterotrophic medium I and incubated, a several bacteria colonies surrounded every microalgae 

colony (figure 14 - A and B). 

Indeed, when the differential centrifugation procedure was implemented before the sub-culturing, 

isolated microalgae colonies started to appear in the sub-cultures (figure 14-C). After three sub-

cultures, it was possible to obtain an axenic plate culture of UTEX25 (figure 14-D), which was then 

used for the inoculum production. 

 

2. UTEX25 biomass analysis 

2.1. Absorption spectrum 

Before using OD for biomass monitoring measurements, a wavelength scan to an axenic UTEX25 

suspension was performed; its results may be seen in figure 15. 
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Figure 15. Representation of the obtained 

absorbance values as a function of light wavelength 

for an axenic UTEX25 suspension in medium I; the 

reference used for the spectrophotometer is 

deionized water 

 

Figure 16. Absorbance spectrum obtained in the 

literature [121] for Chlorella vulgaris whole cells, 

bleached cells and pigment extract 

 

Microalgae are microorganisms that can be deceiving to monitor by optical density [121]. Their 

pigment content greatly influences the absorbance for several wavelengths; this makes it difficult to 

understand if a variation of an OD measurement at a certain wavelength is due to a biomass 

concentration increase/decrease or due to pigment production/degradation. Therefore, a wavelength 

scan is required so one may verify what is the best wavelength for monitoring of the microalgae 

biomass without the interference of their pigments.  

Comparing the results in figure 15 with the ones found in the literature (figure 16), one may see that 

the absorbance peeks 1, 2 and 3 are due to pigment activity. It was decided, thus, that the safest 

wavelength zone to monitor UTEX25 biomass by OD is the near infrared one (750-800 nm), since 

the 500-680 regions seemed quite unstable; the wavelength chosen was 775 nm. In fact, the study 

from which figure 16 was obtained also appoints the near infrared region as the best for OD measures 

from microalgae suspensions [121]. 

2.2. Calibration for biomass monitoring 

The measuring of the OD, cell count and DW of ten solutions of axenic UTEX25 culture provided two 

correlations for UTEX25 biomass quantification; the data is shown in figures 17 and 18. 

The equations obtained from those correlations are the following: 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔/𝐿)  =  0.5509 × 𝑂𝐷775  +  0.0014 ;  𝑅2  =  0.9962 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔/𝐿)  =  0.0282 × 𝐶𝑒𝑙𝑙 𝐶𝑜𝑢𝑛𝑡 (106 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿)  +  0.0081 ;  𝑅2  =  0.9885 
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Figure 17. Plotting of the values of cell count versus 

the values of biomass concentration obtained by 

DW measurement for each UTEX25 solution; the 

correlation obtained was: Biomass (g/L) = 0.0282 x 

Cell Count (106 cells/mL) + 0.0081; R2 = 0.9885 

Figure 18. Plotting of the values of OD775 versus the 

values of biomass concentration obtained by DW 

measurement for each UTEX25 solution; the 

correlation obtained was: Biomass (g/L) = 0.5509 x 

OD775 + 0.0014; R2 = 0.9962 

Moreover, an estimation of the uncertainty of each biomass measuring technique was computed (see 

Appendix A for details on how they were estimated). Those estimations are presented in table 9. 

Table 9. Uncertainty calculated for each of the biomass measuring techniques 

Biomass measuring Technique Uncertainty (%) 

DW 6.6 

Cell count 8.0 

OD775 2.3 

As it was expected, OD measuring is the most precise analytic technique; however, all three 

techniques were used in this work as all of them have several pros and cons: 

 OD measuring is not adequate for xenic cultures since PGPB/contaminants will interfere in 

the suspension spectroscopy; 

 DW measuring requires expense of material (i.e. filter membranes), it is susceptible to high 

environmental humidity, and in case of yeast contamination it is unreliable, but it is the only 

true direct measure of mass (weight);  

 cell counting is laborious, more susceptible to human error and unreliable when cell 

flocculation occurs, but it allows correct cell monitoring when in co-culture with other 

microorganisms and in an event of contamination 
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2.3. Individual cell dimensions and density 

2.3.1. Diameter and volume 

The diameter distribution of UTEX25 cells is presented in figure 20; the distribution was obtained from 

350 pixel measurements (e.g. figure 19).  

With these results, it was concluded that the diameter of UTEX25 cells can reach as high as 7.4 μm 

and as low as 1.8 μm, being in average 3.7 μm. These values were considered reasonable since the 

diameter of Chlorella genus is known to be in the 2-10 μm range [94]. Therefore, considering the 

average diameter value of 3.7 μm, the volume of an individual UTEX25 cell should be proximate to 

2.73 x 10-11 mL (considering a perfect spherical geometry for the cells). 

2.3.2. Density 

The calculation of the value of average individual cell mass for UTEX25 cells was obtained using the 

solutions for the UTEX25 biomass calibration: the measures of biomass concentration (DW per filtrate 

volume) were divided by the cell counts (millions per mL), resulting in values of mass per individual 

cell (see table 10). 

  

  

Figure 19. Illustrative example of the pixel-measuring of part 

of the microscopic photograph of the hemocytometer with a 

sample of axenic UTEX25 suspension 

Figure 20. Diameter distribution of the UTEX25 

cell population sample (350 cells) 
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Table 10. Obtained values of biomass concentration (measured by microfiltration) and number of cells 

(measured by hemocytometer) for each of the 10 solutions prepared from an axenic UTEX25 suspension and 

resulting calculated values of mass per cell; the solutions are identified by the dilution factor 

Dilution 
factor 

DW Calculated 
Biomass (g/L) 

Number of 
cells (106/mL) 

Mass per cell 
(10-8 mg) 

1 0.610 22 2.83 

0.9 0.540 19 2.89 

0.8 0.490 17 2.83 

0.7 0.420 14 3.02 

0.6 0.370 12 3.18 

0.5 0.305 11 2.80 

0.4 0.248 9 2.71 

0.3 0.184 7 2.49 

0.2 0.147 4 3.26 

0.1 0.069 2 3.71 

 

The average density of UTEX25 cells was thus computed by making an average of the obtained 

values of mass per cell (2.97x10-8 mg) and dividing it by the computed value of UTEX25 individual 

cell volume (2.73 x 10-11 mL), resulting in a value of 1088 kg/m3. 

No values for UTEX25 (nor Chlorella) individual cell density could be found in literature. Nevertheless, 

when comparing to values of individual cell density for typical eukaryotic cells [122], one may say that 

the obtained value is reasonable. 

 

3. Inoculum production 

3.1. UTEX25 inoculum 

The UTEX25 inoculum production was performed under strict heterotrophic conditions and, thus, in 

dark environment. 

The amount of biomass that was obtained at the end of the heterotrophic production was determined 

by measuring the OD of samples and converting it to values of biomass concentration by using 

equation 12. Moreover, the apparent yield of the medium carbon source on biomass, YX/C (g of 

UTEX25 biomass/g of glucose) was calculated. All these values are presented in table 11. 
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Table 11. Results for the UTEX25 inoculum productions: final biomass values and yields from glucose 

 

 

 

 

 

 

 

As one may notice, the values of YX/C obtained for the heterotrophic cultures for inoculum production 

had some variability (±12%). This was probably due to differential caramelization of the medium 

because of slightly different sterilization conditions (e.g. different heating/refrigeration times, different 

temperature profiles, etc.), which resulted in different glucose contents.  

Table 12 shows the values of volume that were used from the heterotrophic productions for 

inoculation of each culture performed in this work; it also shows the consequent starting OD775 for 

each culture. 

 

Table 12. Values of volume used for each inoculum production, of inoculum volume used for the cultures, and 

of starting OD775 for each culture 

 

 

 

 

 

 

 

3.2. PGPB inoculum 

The PGPB inoculum production was made in the same conditions as the UTEX25 inoculums, only 

with different volumes and different medium. 

UTEX25 Inoculums 
OD775 

obtained 

Biomass 
concentration 
obtained (g/L) 

Glucose 
used (g/L) 

YX/C 

Aerated flasks 4.350 2.40±0.06 15 0.228 

PBR Culture I 1.813 1.00±0.02 5 0.198 

PBR Culture II 1.912 1.05±0.02 5 0.209 

PBR Culture III 1.737 0.96±0.02 5 0.190 

PBR Culture IV 1.452 0.80±0.02 5 0.159 

PBR Culture V 1.536 0.85±0.02 5 0.168 

UTEX25 Inoculums 
Production 

Volume (mL) 
Used 

Volume (mL) 
Starting OD775 
for the culture 

Aerated flasks 3 x 100 69 x 4 0.500 

PBR Culture 1 500 all 0.181 

PBR Culture 2 500 all 0.191 

PBR Culture 3 500 all 0.174 

PBR Culture 4 500 all 0.145 

PBR Culture 5 500 all 0.154 
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The amount of biomass finally obtained for each inoculum produced was measured only by the OD600 

of samples taken from them; these data is presented in table 14. 

Table 14. Data relative to the inoculums of PGPB produced and their volume of usage for the cultures 

PGPB Inoculums 
Production 

Volume (mL) 
OD600 

obtained 
Intended OD600 

at culture start 
Used Volume (mL) 

2D3 0.123 (1:12) 6.8 

8R6 0.092 (1:12) 9.1 

8R6acdS- 0.116 (1:12) 7.2 

PBR 
Culture II 

2D3 100 0.141 (1:12) 18.5 

PBR 
Culture III 

2D3 100 0.128 (1:12) 20.3 

The intended PGPB concentration (i.e. OD600) at the start of each culture was decided by taking into 

account what is normally used for plant root inoculation [123]. The ratio of UTEX25’s OD775 to PGPB’s 

OD600 at the start of every culture was thus approximately 30:1 in every culture. 

 

5. UTEX25 cultures and co-cultures 

In this work, nine cultures were performed: four aerated flask cultures (AFC-1 to 4), performed in 

parallel, and five PBR cultures (PBRC-1 to 5). 

 

Table 15. Information for each of the nine cultures studied in this work 

Cultures Description System 
Volume 

(mL) 

AFC-1 UTEX25 axenic culture 

AFC-2 UTEX25 with 2D3 co-culture 

AFC-3 UTEX25 with 8R6 co-culture 

AFC-4 UTEX25 with 8R6acdS- co-culture 

PBRC-1 UTEX25 with a yeast contaminant co-culture PBR A 

PBRC-2 UTEX25 with 2D3 acting as a contaminant suppressor PBR A 

PBRC-3 UTEX25 with 2D3 co-culture and continuous production trial PBR A 

PBRC-4 UTEX25 axenic culture PBR B 

PBRC-5 UTEX25 axenic culture PBR A 

 

5.1. Aerated flask cultures 

The AFCs were monitored only by cell counting because, even though is less precise than OD, it is 

a more correct measure since bacteria biomass may interfere with the optical density. Nevertheless, 

the final biomass obtained in each AFC was analyzed for dry weight. 
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5.1.1. All culture results overview 

The biomass dynamics results for the four AFCs, which operated for 208 h, are presented in figure 

21; one may see the flasks at the beginning and final culture hour in figure 22. 

The values of final biomass obtained for each culture (by DW and cell counting measures) are 

presented in table 16 and the biomass parameters in table 17. 

  

Figure 21. Biomass dynamics obtained from cell count 

measures for the AFCs 

Figure 22. Flasks ready for the culture beginning 

(A) and 208 culture hours later (B) 

 

Table 16. Final values of biomass obtained for each of the aerated flask cultures 

AFC 1 2 3 4 

DW Biomass (g/L) 0.87 ± 0.06 1.08 ± 0.07 1.06 ± 0.07 0.78 ± 0.05 

Cell count Biomass (g/L) 0.90 ± 0.07 1.09 ± 0.09 1.07 ± 0.09 0.80 ± 0.06 

 

Table 17. Parameter results obtained for the four aerated flask cultures 

Cultures X - Xo (g/L) YX/N μmed (h-1) texp (h) PX (g.L-1.h-1) 

AFC-1 Axenic UTEX25 0.64 0.255 0.012 92 6.9 

AFC-2 UTEX25 + 2D3 0.82 0.327 0.011 123 6.6 

AFC-3 UTEX25 + 8R6 0.81 0.324 0.011 123 6.6 

AFC-4 UTEX25 + 8R6acdS- 0.54 0.215 0.010 92 5.8 

Overviewing these results, the cultures which obtained a greater amount of biomass were AFC-2 and 

3; AFC-4 was the one who rendered the least. AFC-1 was the culture with the highest μmed, but it had 

lower texp than AFCs 2 and 3. AFC-4 had the lowest μmed. 

Therefore, the results suggest that: 
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 the PGPB’s presence in the UTEX25 culture induces an increase in biomass production; 

 the acdS gene is essential for that increase.  

5.1.2. Individual culture results 

In this section, the UTEX25 biomass dynamics for each of the AFCs is shown individually (figures 23-

26); exponential curves were fitted in each of the AFC results to estimate their μmed (h-1). These 

dynamics were obtained by the measures of hemocytometer cell counting. 

5.1.2.1. AFC-1: UTEX25 axenic culture 

The cell count measurements for AFC-1 through the culture time are illustrated in figure 23. For these 

data, it was possible to fit an exponential curve with a R2 of 0.973 to the first six measurements; this 

period was thus assigned as the exponential growth phase for AFC-1; the fit provided the calculation 

of a μmed of 0.012 h-1.  

 

Figure 23. Hemocytometer cell counts (106 cells/mL) obtained during AFC-1; the fitted exponential curve 

rendered a μmed = 0.012 h-1 with a R2 = 0.973 

 

5.1.2.2. AFC-2: UTEX25 co-culture with 2D3 

The cell count measurements for AFC-2 through the culture time are illustrated in figure 24. For these 

data, it was possible to fit an exponential curve with a R2 of 0.977 to the first seven measurements; 

this period was thus assigned as the exponential growth phase for AFC-1; the fit provided the 

calculation of a μmed of 0.010 h-1.  
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Figure 24. Hemocytometer cell counts (106 cells/mL) obtained during AFC-2; the fitted exponential curve 

rendered a μmed = 0.010 h-1 with a R2 = 0.977 

 

5.1.2.3. AFC-3: UTEX25 co-culture with 8R6 

The cell count measurements for AFC-3 through the culture time are illustrated in figure 25. For these 

data, it was possible to fit an exponential curve with a R2 of 0.995 to the first seven measurements; 

this period was thus assigned as the exponential growth phase for AFC-1; the fit provided the 

calculation of a μmed of 0.011 h-1.  

 

 

Figure 25. Hemocytometer cell counts (106 cells/mL) obtained during AFC-3; the fitted exponential curve 

rendered a μmed = 0.011 h-1 with a R2 = 0.995 
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5.1.2.4. AFC-4: UTEX25 co-culture with 8R6 acdS- mutant 

The cell count measurements for AFC-4 through the culture time are illustrated in figure 26. For these 

data, it was possible to fit an exponential curve with a R2 of 0.979 to the first six measurements; this 

period was thus assigned as the exponential growth phase for AFC-1; the fit provided the calculation 

of a μmed of 0.010 h-1.  

 

Figure 26. Hemocytometer cell counts (106 cells/mL) obtained during AFC-4¸ the fitted exponential curve 

rendered a μmed = 0.010 h-1 with a R2 = 0.979 

 

5.1.3. Analysis of the UTEX25 and PGPB populations in culture by flow cytometry 

The AFCs were also analyzed by flow cytometry so one could monitor the relative population number 

in the co-cultures. 

Firstly, to decide which signals obtained from the flow cytometer were the best for population 

distinction, samples of axenic UTEX25 and axenic 8R6 were analyzed to serve as control (table 18). 

Both these samples were analyzed for all the flow cytometer signals (i.e. SSC, FSC and the five 

fluorescent signals PerCP, FITC, PE, PE-Cy7 and APC). 
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Table 18. Histogram results for the flow cytometry analysis of the control samples: axenic UTEX25 suspension 

and axenic 8R6 suspension 

UTEX25 Control PGPB Control 
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The results obtained from the controls (showed in table 18) revealed that the populations of 

microalgae and bacteria may be distinguished by FSC signal and by three fluorescence signals (i.e. 

PerCP, APC and PE-Cy7) in a reasonable way. 

The traditional SSC divides 8R6 cells in two populations, which is undesirable; this is possibly due to 

the 8R6’s characteristic of forming cell filaments, providing a set of different kinds of side scattering 

and, thus, the signal dispersion that was verified. So, SSC was not used in the flow cytometry analysis 

of this work.  

Regarding the three fluorescent signals, PerCP, APC and PE-Cy7, they are normally used only when 

the microorganisms where previously marked with specific fluorophores. Interestingly, those signals 

were useful in this work, allowing reasonable distinction of UTEX25 from PGPB. The pigmentation of 

UTEX25 microalgae cells (e.g. because of their content in chlorophyll, carotenoids, etc.) is what 

probably allows this distinction fluorescence signals, serving as a better distinguish factor than the 

SSC. 

After, some trials of plot combination, it was concluded that the populations can be better 

distinguished by plotting PerCP vs FSC. 

 

Table 19. Flow cytometry plots of SSC vs FSC and PerCP vs FSC for the control samples; the plots show 

signal density, which increases with the temperature of the color 

UTEX25 Control PGPB Control 
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In table 19, one may compare the population density results obtained from plotting PerCP vs FSC 

and SSC vs FSC; the color profiles indicate population density: the higher the temperature of the 

color, the higher the population density. Indeed, the populations are more separated in the PerCP vs 

FSC plot. 

Having decided the best signals for population analysis, two samples from each culture were 

analyzed: a sample taken at the beginning culture time (0 h) and another taken at the final culture 

time (208 h). The results are showed in table 20; they present population distribution density in PerCP 

vs. FSC plots and the percentage ratio between them; again, the population density increases with 

the temperature of the color profiles. 

Analyzing the results in table 20, two main observations were made for the AFCs’ beginning and final 

culture times:  

1 - first, the UTEX25 to PGPB population ratio was increased for AFCs 2 and 3 and decreased 

for AFC-4; 

2 - second, both FSC and PerCP signals for the UTEX25 population dispersed for increased 

values in all the AFCs. 

The first observation suggests that, for AFCs-2 and 3, the microalgae population benefits more in 

terms of growth from the co-culture than the PGPB population does, while for AFC-4 it occurs the 

opposite. So, in the chance that a mutualistic interaction is happening in AFC-2 and 3, the microalgae 

population is apparently more benefited from it than the PGPB. Moreover, the decrease in AFC-4 

microalgae to PGPB population ratio supports the previous statement about the biomass dynamics 

results: the acdS gene elimination apparently impairs the biomass production enhancement. 

The second observation suggests that the increase in UTEX25 population in the AFCs is 

accompanied by an increase in average and dispersion of the cells’ diameter and pigment content. 

This pigmentation increase seems reasonable, since the inoculum was produced in dark conditions 

and then it was suddenly exposed to light during the AFCs, inducing this effect (see State of the Art 

section I.3.1.1). Regarding the diameter increase, a possible explanation is that during inoculum 

production the cell size was confined because the suspensions were much more cell concentrated 

(2.4 g/L, as opposed to the 0.9-1.09 g/L obtained from AFCs), producing and, thus, smaller sized 

UTEX25 cells; when the inoculum was transferred to the aerated flasks, the cell concentration was 

substantially decreased, allowing freedom for cell diameter increase. 
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Table 20. Flow cytometry results of PerCP vs FSC for the for beginning and final culture times of the AFCs; the 

plots show signal density, which increases with the temperature of the color 

 t = 0 h t = 208 h 

AFC-1 

UTEX25: 95% PGPB:0%

 

UTEX25: 95% PGPB:0%

 

AFC-2 

UTEX25: 71% PGPB:28%

 

UTEX25: 73% PGPB:26%

 

AFC-3 

UTEX25: 72% PGPB:27%

 

UTEX25: 73% PGPB:25%

 

AFC-4 

UTEX25: 69% PGPB: 27% 

 

UTEX25: 69% PGPB: 29%
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5.2. PBR cultures 

5.2.1. All culture results overview 

The results for the biomass dynamics of all the performed PBRCs are presented in figure 27; in table 

21 one may see the biomass dynamics parameters obtained for each one of the PBRCs. One may 

notice peculiar dynamics in the case of PBRCs 3 and 4; this is because they were used for further 

purposes: PBRC-3 was used for a continuous operation trial; PBRC-4 was used for testing nitrogen 

source limitation. 

 

Figure 27. Biomass dynamics obtained for the PBRCs; PBRC 3 was also used for experimenting a continuous 

production from 214th culture hour; PBRC 4 was also used for testing nitrogen limitation from culture time 106th 

culture hour 

Table 21. Biomass parameter results obtained for the five PBR cultures 

Cultures X – Xo (g/L) YX/N μmed (h-1) texp (h) PX (g.L-1.h-1) 

PBRC-1 UTEX25 + yeast 0.17 0.069 0.009 94 1.8 

PBRC-2 UTEX25 + 2D3 (1) 0.33 0.132 0.016 97 3.4 

PBRC-3 UTEX25 + 2D3 (2) 0.47 0.190 0.021 84 5.6 

PBRC-4 Axenic UTEX25 (PBR B) 0.20 0.078 0.018 60 3.3 

PBRC-5 Axenic UTEX25 0.17 0.068 0.015 73 2.3 
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Overviewing the PBRCs’ results, several observations can be made: 

 the cultures which obtained greater amounts of biomass were PBRC-2 and PBRC-3, while 

PBRC-1 and 2 rendered the least biomass; 

 PBRC-3 was the culture with the highest biomass kinetics while PBRC-1 had the lowest; 

 just like the AFCs, the PBRCs’ results suggest that PGPB (i.e. 2D3) presence in culture 

induces an improvement in biomass production, only they further suggest improved growth 

kinetics; 

 strangely, the PBRC’s presented decreased biomass yields when compared to the AFCs, 

even though they had a higher μmed. 

 

5.2.2. Individual culture results 

5.2.2.1. PBRC-1: UTEX25 with a contaminant (yeast) 

In PBRC-1,  a contamination occurred: a yeast contaminant was detected at the 24th culture hour; 

yet, the culture was kept going since it was the first ever done. Both the biomasses of UTEX25 and 

the yeast were monitored by cell counting.  

The UTEX25 and yeast cell count measurements for PBRC-1 throughout the culture time are 

illustrated in figure 29. The values of UTEX25 cell count were converted to biomass concentration 

using equation 12 and plotted versus the culture time (see figure 28); for these data, it was possible 

to fit an exponential curve with a R2 of 0.960 to the first six measurements, assigning this period as 

the exponential growth phase for PBRC-1; the fit provided the calculation of a μmed of 0.009 h-1.  

  

Figure 28. Biomass dynamics of PBRC-1, obtained 

from the hemocytometer counts; the fitted exponential 

curve rendered a μmed = 0.009 h-1 with a R2 = 0.960;  

Figure 29. Hemocytometer cell counts (106 

cells/mL) for UTEX25 and yeast cells obtained 

during PBRC-1 
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The UTEX25 exponential growth phase had a considerably low μmed; indeed, its dynamics resembles 

linear growth, being possible to compute a linear regression with a R2 of 0.990. This fact suggests 

that the microalgae growth is being restricted, most likely because of the yeast presence.  

Surprisingly, the yeast contaminant thrived in PBRC-1, outgrowing UTEX25 in number of cells per 

mL (see figure 29). When microscopic observations of samples taken from PBRC-1 were made, one 

could notice that the yeast cells tended to surround the casing of disrupted UTEX25 mother cells (see 

figure 30-A).  

 

Figure 30. Microscopic view (A) and actual view (B) of a sample taken from PBR A at the 72th hour of PBRC-1; 

it is possible to notice the biomass flocculation settling at the falcon tube’s bottom 

 

The results from this culture are quite unexpected, since no organic carbon source was provided to 

the culture, having no apparent reason for a heterotrophic being to thrive as this yeast did. One 

possible explanation for what happened is the potential usage of the carbohydrate content of lysed 

UTEX25 cells by the yeast contaminant. In fact, Chlorella cells are a potential rich source of 

fermentable sugars: their cell wall is composed by 80% carbohydrates including cellulose [124] and 

their starch storages can reach as high as 55% of the cellular dry weight [125]. However, these 

complex carbohydrates require enzymatic hydrolysis before they can be fermentable, being 

supposedly impossible for most yeasts to grow using them as a carbon source [126]. Interestingly, 

there are some yeasts that can actually produce enzymes that deal with these complex 

carbohydrates, more specifically starch; for example, Candida famata, Aureobasidium pullulans and 

Candida kefyr were identified as good producers of α-Amylase and Glucoamylase [127]. In fact, if 

one analyses the morphology of the contaminant in the microscope’s images (figure 29-A), it is quite 

similar to that of Candida famata (figure 31), so this could explain its thriving in PBRC-1.  

Another explanation can be simply that PBRC-1 was not actually in strict autotrophic conditions; 

possibly, part of the glucose from the inoculums still remained and was transferred into the culture. If 
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one considers, for example, a typical yeast density of 1100 kg.m-3 for the contaminant cells and a 

volume per cell equal to that of UTEX25 cells (2.73 x 10-11 mL), the number of yeast cells indicates a 

biomass concentration close to 0.39 g/L; thus, if a concentration of 0.1 g/L of residual organic carbon 

source was present at the culture start, the yield on yeast would be 3.9 g of yeast biomass per g of 

that source, which is a reasonable value for yeast. 

 

 

Figure 31. C. famata under x1000 magnification [128] 

Furthermore, a unique event in this work was observed in samples of PBRC-1: microalgae 

flocculation. The sampled biomass tended to form aggregates that would settle at the bottom of the 

falcon tubes (see figure 30-B); one could see also green aggregates forming inside PBR A, only they 

would not settle because of the airlift flow. This flocculation event is remarkable since one of the 

challenges of microalgae large-scale production is the high cost of the harvesting process, for which 

flocculation is a quite efficient and inexpensive auxiliary for settling when compared to forced settling 

by centrifugation [129]. Yeast flocculation is a common event in brewer’s yeast and it was also 

observed for C. famata who does it by a lectin-mediated mechanism [130]. 

Regarding the contamination event itself, it was concluded that it probably occurred inside the PBR, 

as the inoculum remainder inside the Mariotte’s bottle was analyzed and no contaminants were found. 

Therefore, the contamination was probably caused by insufficient sterilization of the PBR. 

5.2.2.2. PBRC-2: UTEX25 with 2D3 acting as a contaminant suppressor 

In PBRC-2 another contaminant was observed, this time at the 12th culture hour.  The UTEX25 

biomass was monitored, thus, by cell counting. Again, the Mariotte’s bottle was analyzed for 

contaminants and there were none found. With this in mind, the next cultures followed a longer 

sterilization process (see Materials and Method section 6.1.2). 

Having at the time a 2D3 inoculum prepared, 2D3 was aseptically inoculated in PBRC-2 at hour 22. 

At hour 73, UTEX25 growth was observed and 2D3 cells were detected, while contaminant cells 

decayed; at hour 88 the contaminant disappeared from the culture.  

The UTEX25 cell count measurements for PBRC-2 through the culture time, which were converted 

to values of biomass concentration using equation 12, are illustrated in figure 32. For this data, it was 
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possible to fit an exponential curve with a R2 of 0.993 from the 4th to the 9th measurement, assigning 

this period as the exponential growth phase for PBRC-2; the fit provided the calculation of a μmed of 

0.016 h-1.  

 

Figure 32. Biomass dynamics of PBRC-2; the values were obtained by hemocytometer counting; the fitted 

exponential curve rendered a μmed = 0.016 h-1 with a R2 = 0.993  

  

  

Figure 33. Microscopic images from samples taken during PBRC-2 and photographies 

of the plaques streaked with those samples: on the left, when the contamination was 

identified and on the right 66 hours after 2D3 inoculation; the plaque on the left was 

incubated for 1 day while the plaque on the right for 5, both using solid medium I 
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The results from PBRC-2 suggest that the disappearance of the contaminant was due to the insertion 

of 2D3 in the culture. Probably they both competed for the same energy source; the explanation for 

2D3 to have thrived over the contaminant may reside simply on an intrinsic faster growth rate, or it 

may be due to the possible mutualistic interaction established with the microalgae, providing it 

advantage over the contaminant. The mentioned disappearance was verified by microscopic 

observation and by streaking plates with solid medium I (see figure 33). 

Regarding the UTEX25 biomass dynamics, clear exponential growth was verified once 2D3 was 

inoculated, being possible to fit an exponential regression (R2 of 0.993). 

The results point out PGPB co-culture as a potential alternative to the use of antibiotics and/or 

antifungals for contamination combat and prevention in microalgae cultures. 

5.2.2.3. PBRC-3: UTEX25 with 2D3 co-culture and continuous production trial 

PBRC-3 is analogous to AFC-2, only in a larger scale. In this culture, UTEX25 and 2D3 were 

inoculated together in the PBR A’s feeding Mariotte’s bottle. This culture presented the highest 

UTEX25 biomass production and growth kinetics of the PBRCs.  

The biomass of PBRC-3 was monitored by DW measuring; the values were then converted to values 

of biomass concentration and plotted in figure 34. For this data, it was possible to fit an exponential 

curve with a R2 of 0.989 to the first 6 measurements, assigning this period as the exponential growth 

phase for PBRC-3; the fit provided the calculation of a μmed of 0.021 h-1.  

  

Figure 34. Biomass dynamics of PBRC-3; the values were obtained by DW measuring; the fitted exponential 

curve rendered a μmed = 0.021 h-1 with a R2 = 0.986¸ the green lines show the start and end of the continuous 

mode 
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It is important to mention that it was assumed that the bacteria were not retained in the membrane 

filters because of their dimensions. The reason for using DW instead of cell counting was that the 

samples were all frozen before analyzed; the freezing process caused microalgae flocculation that 

remained even after defrost and agitation; the flocculation impaired correct hemocytometer cell 

counting. 

Furthermore, PBRC-3 was used for a continuous operation trial at the 214th culture hour (figure 35-

A,B); the pump used for feeding the PBR during continuous mode was regulated to its minimum flow: 

0.33 L/h, resulting in a dilution rate of 0.067 h-1. The PBR’s content was, thus, renewed with 5L of 

medium II for a 15 h period. 

By observing figure 35 during the continuous operation, one may notice that the biomass 

concentration decreased substantially; this is due to the washout phenomena caused by the 

unavoidable excessive dilution rate. To better understand the growth rate dynamics in the period from 

the 216th until 234th culture hour, two models were conceived: model 1 and 2. Both models are based 

on the equation deducted from the mass balance to the culture (equation 8).  

In Model 1, the specific growth rate assigned for the biomass, μ1 (h-1), is constant and equal to the 

μmed computed from the exponential curve fitted during the batch mode of PBRC-3 (i.e. 0.021 h-1). 

In model 2, the specific growth rate, μ2 (h-1), is not constant and its dynamics was obtained directly 

from computing a linear regression from μ values calculated during continuous mode (figure 36). The 

reason for using the regression instead of the direct use of the calculated values is due to the potential 

error propagation from the biomass experimental measures. Both models are plotted in figure 37, 

along wih the experimental data. 

 

 

Figure 35. Illustration PBRC-3 continuous mode of operation, during (A) and at its end (B); batch 

and continuous production (C) obtained from PBRC-3 
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Figure 36. Plotted values of the dilution rate (D) 

and the specific growth rates for models 1 and 2 

(µ1 and µ2); the linear correlation obtained for the 

μ2 values is defined by μ = 0.002 x time - 0.511, 

with R2 = 0.957 

Figure 37. Experimental and modelled biomass data 

for the biomass dynamics during the continuous 

mode; the green lines show the start and end of the 

continuous mode 

 

By observing the results from the models in figure 37, one may conclude that even though a variable 

μ explains the data more accurately, a constant μ with the value of the culture’s calculated μmed  is a 

good approximation for predicting the verified biomass wash-out. Thus, one may affirm that the use 

of a dilution rate that is equal to the value of the culture’s μmed is likely to provide a chemostate, not 

needing any further calculations. 

5.2.2.4. PBRC-5: UTEX25 axenic culture 

PBRC-5 was the second successful axenic culture. It was also where the PBR A’s optical sensor was 

used for the first time ever, requiring calibration. For that purpose, the start of the culture was also 

monitored by OD775 and then the values obtained were correlated with the sensor’s signal values (see 

figure 39). 

PBRC-5 was used not only as an axenic control for the PBR culture studies but also to test if the 

nitrogen source was in fact a limiting nutrient for UTEX25’s growth; for the latterly mentioned purpose, 

after the stationary phase of growth was apparently achieved, a flask filled with a sterilized solution 

of potassium nitrate (deionized water + KNO3 20 g/L, 50 mL) was aseptically connected to PBR A’s 

septum entrance and transferred. The dilution effect was ignored since it was too little input volume.  

The biomass dynamics for PBRC-3 through the culture time is illustrated in figure 38. 
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Figure 38. Biomass dynamics of PBRC-5; the values were 

obtained by OD775 spectrophotometry (from 0 to 94 h) and by the 

PBR A’s optical sensor (from 94 h until culture end); the fitted 

curves rendered a μmed1 = 0.015 h-1 with a R2 = 0.985 and a μmed1 

= 0.005 h-1 with a R2 = 0.965 

 

Figure 39. Calibration for conversion of PBR A’s 

optical sensor signal values into OD775 values; 

the calibration resulted in the expression OD775 = 

0.1753 x Signal – 0.0052 with R2 = 1.0000 

 

As one may see in figure 38, new UTEX25 growth was observed in the culture after the mentioned 

adding of KNO3. The results suggest thus that nitrogen is indeed restricting UTEX25 from further 

growth in the culture. Regarding this event, two exponential curves were fitted to the data, instead of 

one, and an extra μmed and YX/N were computed for PBRC-5; thus, the biomass dynamics parameters 

for PBRC-5 are μmed1 and YX/N 1 for the first growth stage and μmed2 and YX/N 2 for the second growth 

stage (i.e. after feeding the culture with KNO3). 

Table 22. Calculated values for the two specific growth rates and nitrogen yields on biomass for PBRC-5 

μmed1 (h-1) μmed2 (h-1) YX/N 1 YX/N 2 

0.015 0.005 0.068 0.059 

 

According to the values from table 22, the second specific growth rate was three-fold lower and the 

second nitrogen yield on biomass decreased around 13%. This suggests that, besides being limited 

by the nitrogen source, the microalgae growth and biomass yield is being limited by other factors (e.g. 

light dilution). 

5.2.2.5. PBRC-4 UTEX25 axenic culture 

PBRC-4 was the first successful axenic culture and it was monitored by OD775.  

The OD775 measurements for PBRC-4 through the culture time, which were converted to values of 

biomass concentration using equation 12, are illustrated in figure 40. For this data, it was possible to 
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fit an exponential curve with a R2 of 0.983 to the first six measurements, assigning this period as the 

exponential growth phase for PBRC-4; the fit provided the calculation of a μmed of 0.018 h-1 

 
 

Figure 40. Biomass dynamics of PBRC-4; the values were 

obtained by OD775 spectrophotometry; the fitted curve rendered 

a μmed = 0.018 h-1 with a R2 = 0.983 

Figure 41. Illustration of PBR B at the 

end of PBRC-4 

 

Comparing these results with the ones obtained from PBRC-5, one may notice that PBRC-4 had 

higher biomass kinetics and production than PBRC-5: μmed was 20% higher and X – Xo was 15% 

higher; this suggests that PBR B performed slightly better as culture system for UTEX25 than PBR 

A. The reason for this may reside on the PBRs’ different characteristics. The main differences 

between the PBRs are the light provision and the kind of airlift loop. 

Regarding light provision, light was provided constantly in PBR B but in PBR A there was a 

photoperiod established since only part of its volume (in the riser) had access to light. On the other 

hand, PBR B has a cross sectional diameter that doubles PBR A’s one, having a lower light dilution.  

Regarding airlift loop, external-loop airlift reactors have theoretically a more effective bubble 

disengagement when comparing to internal-loop, maintaining the culture with more fresh air for 

eventual mass transfer [131].  However, according to experimental measures made previously to the 

both PBRs (see Appendix F), PBR A’s oxygen mass transfer coefficient (i.e. kLa) is half the PBR B’s 

one, which suggests that the latter has a better air mass transfer. 

Thus, summarizing the differences, PBR B has the disadvantage of a lower light dilution while PBR 

A has the disadvantage of having an unavoidable photoperiod and having a poorer air mass transfer. 

These differences may be the justification for the lower results in biomass production and growth 

kinetics of PBR A when compared to PBR B. 
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Further discussion 

The main objective of this work was to verify if PGPB enhance microalgae biomass production in 

autotrophic cultivation systems that have a volume which can be more paradigmatic to industrial 

scale. Indeed, the results support this hypothesis, since the co-cultures with PGPB (AFC-2, AFC-3 

and PBRC-3) showed a higher biomass production than the respective control axenic cultures (AFC-

1, PBRCs 4 and 5).  

As mentioned before (State of the Art sections II.2 and II.3), the PGPB can be favoring microalgae 

biomass production by countless biochemical/syntrophic mechanisms. However, this work’s results 

on the AFCs suggest a particular mechanism behind this improvement: the ACC-deaminase 

expression by the PGPB, since the co-culture with the acdS- mutant (i.e. AFC-4) indeed showed lower 

biomass yield results. This is not an unreasonable suggestion since, as mentioned before (State of 

the Art section II.3), microalgae from the Chlorella genus were already shown as producers of 

ethylene [106] just like higher plants are. 

Theoretically, the way AAC-deaminase expression can be favoring UTEX25 growth is by ethylene 

stress alleviation and by nitrogen recycle. The mechanism for this should be the following: the AAC 

eventually produced by microalgae can be decomposed by PGPB produced ACC-deaminase to 

alpha-ketobutyrate and ammonia; this prevents ACC from oxidizing to ethylene and, instead, provides 

microalgae with a new nitrogen source: ammonia (see scheme 4). The results obtained from PBRC-

5 also support this explanation, as they suggest that nitrogen is a limiting factor for the culture growth. 

 

Scheme 4. Ethylene biosynthesis mechanism and its deviation by ACC deaminase activity; adapted scheme 

from two bibliographic references [132, 133] 

Other explanation for these enhancement is the fact that the PGPB used in this work are denitrifying 

bacteria, producing compounds like nitrite and nitric oxide. These nitrogen sources, along with the 

mentioned ammonia, may be more assailable for UTEX25 than the medium’s original nitrate, which 

would explain the increased biomass yield. Nitrate oxide for example was already shown to be an 
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important signal molecule in the transcriptional and posttranslational of inorganic nitrogen transport 

in green microalgae [134]. 

Another interesting observation that can be made from the results is when one compares PBRC-1 

with PBRC-5, since the latter is the axenic control: the yeast contaminant did affect considerably the 

biomass growth kinetics, but not its yield (the biomass production obtained for both was close to 0.17 

g/L). This suggests that the yeast may potentially be used in co-culture with the microalgae (e.g. as 

a flocculation agent) without apparently compromising the final biomass yield. 

Unfortunately, no conclusions regarding the matter of culture scale and its effect on the microalgae-

PGPB interaction can be safely made. That is because the comparison between AFCs and PBRCs 

cannot be used since it was compromised by what the results unexpectedly revealed: the PBRCs’ 

biomass yield is considerably lower than the AFCs, although higher kinetics was observed (see tables 

17 and 21). 

The higher kinetics in the PBRs is expected, as these culture systems provide better growth 

conditions for several reasons, such as better nutrient mass transfer through effective mixing and 

aeration, control of the culture temperature and pH, etc. 

The lower biomass yield, however, is unexpected, especially when higher kinetics was observed. The 

growth kinetics (i.e. the specific growth rate, μ) of microorganisms depends strictly on the favorability 

of the physical growth factors (e.g. temperature, light, auto-interaction of the population’s cells, etc.) 

and on the availability of the chemical growth factors (e.g. pH, nutrient sources like carbon and 

nitrogen, etc.). Therefore, if in a hypothetic system I the growth rate of a microorganism is higher than 

in a hypothetic system II, but its growth stops sooner in hypothetic system I, only one explanation 

exists: in system I the favorability/availability of the growth factors is globally better than in system II, 

but at some point later it suddenly worsens, causing an instant μ decay. 

The main differences between AFCs and PBRs are the starting UTEX25 concentration (which is 

around 5 times higher in AFCs), the light provided and the liquid specific velocity induce by airflow. 

Taking into account the characteristics and possible limitations of the two culture systems, two 

conjectures that may explain this difference in growth kinetics and final biomass produced are: light 

dilution and excessive cell movement induced by airflow. 

In regard to self-shading phenomenon, the PBRs are potentially more sensitive to it than the aerated 

flasks. PBR A has a considerable culture volume where no light reaches the microalgae cells, so the 

self-shading effect may limit growth earlier. PBR B has the highest culture cross-section diameter 

(being double the PBR A’s one), having a higher optical distance and, thus, a lower light dilution, 

which also makes it more susceptible to an earlier self-shading effect. The illuminated aerated flasks 

had no dark regions and the optical distance for light was lower than for both PBRs, having a greater 
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light dilution and being, thus, less problematic in terms of self-shading effect; also, they were provided 

with a higher light intensity than the PBRs.  

In regard to excessive cell movement induced by airflow, in the PBRCs the airlift effect obligates the 

cells to travel greater distances at bigger velocities, when comparing to the AFCs air bubbling. This 

may affect negatively the UTEX25 cells, forbidding their concentration to grow further than a certain 

value; in fact, these microalgae were isolated from soil (see Material and Methods section 1.1), being 

accustomed to grow in concentrated aggregates, not in a diluted suspension. Interestingly, and 

supporting this explanation, it was observed formation of thick biofilms of UTEX25 in the top walls of 

the PBRs, where the culture medium does not have direct contact; the cells that originated that biofilm 

formation probably ended up there by projection caused by the airlift effect. The biofilms formed were 

viscous and had a green color that was much darker when comparing to the culture’s color (figure 

42), suggesting a higher cell concentration.  

 

Figure 41. Illustration of the UTEX25 biofilm formed in the PBR’s lid and top lateral walls (where culture volume 

doesn’t have direct contact with)  
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Conclusions and future work 

In this work it was performed the isolation of UTEX25 from a xenic culture, its inoculum production in 

heterotrophic conditions for bigger scale cultivation, and its autotrophic cultivation in axenic and co-

culture conditions. 

Regarding the isolation of UTEX25, it was concluded that it is possible to successfully isolate 

microalgae by using physical methods only, without any chemical (e.g. antibiotics) interference; also, 

it was concluded that a calculated differential centrifugation prior to sub-culturing had a great impact 

on the easiness of the isolation process. 

Regarding the heterotrophic inoculum production of UTEX25, it was confirmed that indeed 

heterotrophic conditions are quite adequate for cultivation of UTEX25, rendering much higher cell 

concentrations. 

Regarding the autotrophic cultures, it was shown that microalgae co-culture with PGPB (and maybe 

even with yeast) can potentially be a breakthrough for biomass production enhancement in 

microalgae cultivation. 

However, further experiments should be done in regard to this work so more consistent results can 

be obtained and, thus, more objective conclusions can be made. The fact that the photobioreactor 

cultivation systems behaved against expected when compared to the aerated flasks restricted much 

of the potential conclusions that could be made about phycosphere existence and the impact of 

culture scale on the microorganisms’ interactions.  

The solution for this would be to gain more experience with both equipment and microorganisms; this 

way, the disturbances in the study parameters could be identified as either being random or biased 

and attributed to not only reasonable but already observed causes. Moreover, the idea of using 

bacteria to promote microalgae growth is quite new to the scientific community, meaning that the 

knowledge that exists regarding this matter until now is shallow and a lot about how exactly the 

interaction occurs is not yet understood or even known; most conclusions made in these studies are 

indeed conjectures. Ideally, before having studied culture performance parameters, an ‘omics’ 

approach should have been used for studying the microalgae-bacteria interactions in question at a 

molecular level (e.g. functional genomics); this way, one could suggest with more confidence what 

mechanisms exactly are behind the potential interaction and only then prepare larger cultivation 

systems with conditions that are fit to study its effects.  

As for future work, it would be interesting to further analyze the microalgae biomass so one could 

verify potential effects of the co-culture with PGPB on its biochemical composition, such as content 

in lipids or high-value compounds (e.g. lutein). In fact, if not used for food/feed purposes, the point of 
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producing microalgae biomass is to obtain the biochemicals it contains. Also, such analyses would 

allow verification of the potential presence of ethylene or other phytohormones. 

Nevertheless, studies like this one are a step forward towards making large-scale production of 

microalgae-based commodities financially viable and, thus, creating a potential solution for the 

world’s current environmental dilemma of food and fuel. And that is not only due to the enhancement 

of biomass production or biochemical content that was mentioned: the quest for finding a bacterial 

growth promoter for microalgae has a relevance that goes beyond. Axenic microalgae cultures do not 

exist in nature and that is why they are quite vulnerable to contamination; the engineering of a robust 

phycosphere, where pre-selected bacteria establish a strong and specific syntrophic relation with the 

microalgae of interest, would greatly decrease contamination chances (since virtually there would be 

no free biochemical pathway from which contaminants would thrive) and relief microalgae production 

from much of its labor and expense on anti-contamination agents and strategies.  

It should be mentioned, however, that in regard to microalgal food commodities some extra effort on 

marketing will be required for its financial viability, since the public must be educated to view 

microalgae as a food. Also, using bacteria for food growth promotion can be quite polemic: the 

common sense is thinking of bacteria only as contaminants and agents of disease; this misconception 

must be proven wrong before the public can accept the presence of beneficial bacteria in microalgae 

based food. 
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Appendixes 

A. UTEX25 biomass calibration 

Measures of OD, hemocytometer cell count and DW were made from ten solutions that were prepared 

by different dilutions of a same sample of axenic UTEX25 suspension. The measure are presented 

in tables I, II and III. The solutions are identified by their dilution factor.The filter’s original dry weight 

is 79.5 mg. 

Table I – Obtained values of dry weight measured by microfiltration for each of the standard solutions of 

UTEX25 and respective calculated values of biomass concentration 

Dilution 
factor 

Filtrated 
volume (mL) 

Filter final dry 
weight (mg) 

Biomass dry 
weight (mg) 

Biomass (g/L) 

1 20 91.7 12.2 0.610 

0.9 20 90.3 10.8 0.540 

0.8 20 89.3 9.8 0.490 

0.7 20 87.9 8.4 0.420 

0.6 20 86.9 7.4 0.370 

0.5 21 85.9 6.4 0.305 

0.4 25 85.7 6.2 0.248 

0.3 25 84.1 4.6 0.184 

0.2 30 83.9 4.4 0.147 

0.1 35 81.9 2.4 0.069 

 

Table II - Cell counts and number of cells per mL calculation for each of the standard solutions of UTEX25; it is 

also presented the calculated individual cell mass, which used the dry weight measurements from 

microfiltration 

Dilution 
factor 

Cell 
count #1 

Cell 
Count #2 

Average 
cell count 

Number of cells 
(M/mL) 

Average mass 
per cell (10-8 mg) 

1 451 411 431 22 2.83 

0.9 385 363 374 19 2.89 

0.8 338 354 346 17 2.83 

0.7 257 299 278 14 3.02 

0.6 227 239 233 12 3.18 

0.5 236 200 218 11 2.80 

0.4 194 172 183 9 2.71 

0.3 168 128 148 7 2.49 

0.2 100 80 90 4 3.26 

0.1 28 46 37 2 3.71 
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Table III – Measured values of OD for each of the standard solutions of UTEX25 

Dilution 
factor 

OD775nm OD680nm 

1 1.070 1.784 

0.9 0.974 1.634 

0.8 0.888 1.470 

0.7 0.780 1.250 

0.6 0.676 1.080 

0.5 0.558 0.902 

0.4 0.454 0.734 

0.3 0.350 0.546 

0.2 0.226 0.358 

0.1 0.112 0.172 

 

Furthermore, an estimation of the precision/uncertainty of each biomass analytical method was 

calculated. Since all solutions are all dilutions of the same original sample, they all are attempts to 

measure it. Therefore, each method’s measurements were analyzed for average and relative 

standard deviation, providing an idea of the precision of each method (table IV); thus, the relative 

standard deviation was the value admitted as the uncertainty of each method. 

Table IV. Dilution-converted measures from each analytical method, their average and respective standard 

relative deviation 

1 1.070 0.610 431 1.784 

0.9 1.082 0.600 416 1.816 

0.8 1.110 0.613 433 1.838 

0.7 1.114 0.600 397 1.786 

0.6 1.127 0.617 388 1.800 

0.5 1.116 0.610 436 1.804 

0.4 1.135 0.620 458 1.835 

0.3 1.167 0.613 493 1.820 

0.2 1.130 0.733 450 1.790 

0.1 1.120 0.686 370 1.720 

Average value 1.117 0.630 427 1.799 

Relative Standard 
deviation (%) 

2.3 6.6 8.0 1.800 

Furthermore, the original values obtained were plotted against the dilution factor so one may see the 

linearity (in terms of R2) of each method. 
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Figure I. Measures of DW biomass (g/L), OD775 and average cell count (M/mL) plotted against the dilutions 

factor; the R2 for obtained for each of the mentioned analytical methods is, respectively, 0.9971, 0.9976 and 

0.9884 

B. UTEX25 cell spectroscopy 

In this work, a wavelength scan to a sample of axenic UTEX25 suspension was performed; the 

measured values by the spectrophotometer are presented in table V. 

Table V. Values of OD775 for an interval of radiation wavelengths (405-800nm), obtained from measuring a 

sample of axenic UTEX25 suspension with a spectrophotometer 

Wavelength OD775 Wavelength OD775 

405 1.053 650 0.882 

415 1.154 660 1.208 

430 1.235 670 1.430 

450 1.213 680 1.456 

465 1.191 685 1.277 

475 1.216 690 0.920 

490 1.192 695 0.609 

495 1.090 700 0.395 

500 0.989 710 0.233 

510 0.713 720 0.171 

520 0.540 735 0.151 

535 0.376 745 0.154 

550 0.354 760 0.129 

575 0.427 775 0.125 

595 0.533 790 0.157 

620 0.645 800 0.174 

640 0.745   
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C. UTEX25 cell diameter   

In this work, the average diameter of UTEX25 cells was estimated by performing 350 pixel 

measurements of a microscopic image of an axenic UTEX25 suspension. Those measurements were 

made with the aid of the ImageJ software and are presented in table VI. 

Table VI. Measures of diameter D (μm) obtained with ImageJ software; the measures (M) are numbered from 1 

to 350 

M D M D M D M D M D M D M D M D M D 

1 4.0 41 3.1 81 3.0 121 3.3 161 4.1 201 3.2 241 2.8 281 2.1 321 4.3 

2 4.5 42 2.8 82 3.4 122 2.8 162 2.4 202 4.9 242 3.2 282 4.0 322 4.2 

3 5.7 43 4.8 83 2.8 123 3.2 163 4.0 203 2.7 243 2.8 283 2.3 323 4.4 

4 5.0 44 3.7 84 2.8 124 2.8 164 2.9 204 3.3 244 3.7 284 2.8 324 4.5 

5 4.2 45 2.8 85 3.9 125 3.7 165 3.9 205 4.0 245 2.4 285 3.1 325 2.8 

6 3.6 46 2.0 86 2.5 126 4.4 166 3.4 206 3.8 246 2.4 286 3.1 326 4.3 

7 4.5 47 4.0 87 3.7 127 3.2 167 3.7 207 2.5 247 4.0 287 3.2 327 3.6 

8 3.8 48 2.0 88 3.0 128 2.8 168 3.7 208 3.8 248 4.9 288 3.8 328 4.8 

9 4.3 49 4.8 89 3.3 129 3.2 169 4.5 209 3.7 249 3.1 289 3.4 329 5.6 

10 7.2 50 6.1 90 3.4 130 4.8 170 3.1 210 2.1 250 4.1 290 4.0 330 4.8 

11 5.9 51 3.8 91 3.7 131 4.0 171 3.9 211 5.2 251 2.3 291 2.9 331 2.9 

12 3.8 52 6.8 92 3.4 132 2.8 172 3.4 212 3.6 252 2.7 292 4.3 332 6.1 

13 3.6 53 4.9 93 2.9 133 3.4 173 2.0 213 2.7 253 3.7 293 3.8 333 2.4 

14 5.4 54 2.3 94 4.1 134 2.7 174 3.8 214 3.9 254 2.9 294 2.9 334 3.2 

15 4.3 55 5.4 95 4.5 135 2.8 175 5.4 215 3.6 255 3.2 295 3.4 335 6.8 

16 2.8 56 2.7 96 4.2 136 3.1 176 4.0 216 4.5 256 3.8 296 2.4 336 3.8 

17 4.1 57 4.5 97 4.5 137 3.3 177 3.8 217 2.8 257 2.4 297 2.6 337 4.9 

18 4.0 58 5.4 98 2.9 138 3.9 178 4.1 218 3.4 258 2.4 298 3.8 338 3.2 

19 3.0 59 3.7 99 3.2 139 3.8 179 2.0 219 4.3 259 3.2 299 3.6 339 3.8 

20 5.0 60 4.5 100 4.0 140 2.9 180 3.0 220 3.6 260 3.2 300 3.3 340 3.2 

21 5.2 61 3.6 101 2.9 141 3.1 181 5.4 221 4.4 261 1.8 301 3.6 341 2.4 

22 4.5 62 2.6 102 3.8 142 4.1 182 2.4 222 4.4 262 4.5 302 4.5 342 3.1 

24 4.0 64 2.8 104 4.0 144 4.0 184 3.8 224 5.2 264 2.9 304 2.6 344 2.2 

25 4.7 65 2.8 105 5.0 145 3.2 185 4.4 225 3.6 265 3.7 305 3.8 345 3.1 

26 4.0 66 2.9 106 5.1 146 2.8 186 2.4 226 3.9 266 5.7 306 3.3 346 4.4 

27 5.6 67 3.7 107 5.0 147 2.4 187 3.9 227 3.8 267 3.2 307 3.9 347 3.8 

28 3.6 68 3.2 108 4.9 148 4.7 188 2.4 228 3.8 268 4.5 308 4.0 348 3.2 

29 4.5 69 4.9 109 2.9 149 4.8 189 4.2 229 3.8 269 4.5 309 4.0 349 5.3 

30 4.8 70 3.6 110 3.4 150 2.4 190 3.6 230 3.4 270 3.6 310 3.2 350 4.9 

31 5.2 71 5.6 111 4.0 151 3.1 191 2.4 231 7.4 271 5.0 311 3.2   

32 4.8 72 5.5 112 4.3 152 3.6 192 2.8 232 3.6 272 3.6 312 3.2   

33 3.7 73 4.8 113 3.6 153 2.8 193 4.3 233 5.5 273 2.4 313 4.4   

34 5.0 74 4.1 114 3.6 154 3.2 194 4.1 234 3.7 274 3.7 314 3.6   

35 4.9 75 3.6 115 4.9 155 4.2 195 4.4 235 2.9 275 4.5 315 2.8   

36 4.5 76 3.4 116 3.2 156 3.4 196 4.0 236 4.5 276 5.2 316 3.9   

37 3.4 77 4.5 117 3.4 157 2.9 197 2.4 237 4.0 277 2.8 317 3.8   

38 4.2 78 2.8 118 4.8 158 3.2 198 2.5 238 2.9 278 3.9 318 3.6   

39 6.2 79 4.0 119 3.6 159 3.4 199 3.6 239 4.1 279 4.2 319 4.4   

40 4.1 80 4.8 120 2.8 160 2.4 200 4.5 240 3.3 280 4.1 320 3.9   
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D. Differential centrifugation model 

In this work, a differential centrifugation procedure was performed with the purpose of isolating 

UTEX25 cells from contaminant bacterial cells in a xenic suspension. To have knowledge on what 

should be the centrifugation time and rotation speed, a mathematical model, based on the Stoke’s 

law for sedimentation of spherical particles in a centrifugal field, was developed and implemented in 

a Microsoft Excel worksheet. The results of that model for a centrifugation time of 120 seconds and 

a rotation speed of 6000 rpm are presented in table VII. 

 

Table VII. Model results for the relative distance dislocation of UTEX25 and generic bacteria cells when subjected 

to a centrifugation force with a speed of 6000 rpm and time of 120 s 

t UTEX25 Bacteria 

0 1 1 

10 1.3 1.1 

20 1.7 1.2 

30 2.2 1.4 

40 2.9 1.6 

50 3.9 1.7 

60 5.1 1.9 

70 6.6 2.2 

80 8.7 2.4 

90 11.4 2.7 

100 14.9 3.0 

110 19.5 3.4 

120 25.5 3.8 
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E. Biomass data and computed specific growth rates and models 

E.1. AFCs 

In this section, the biomass data (from cell count, OD and DW measurements) and the calculated 

specific growth rates for the AFCs are presented in the following tables. 

Table VIII. Cell count measures (#1 and #2) and respective number of cells per mL (#) for each AFCs for the 

samples taken at culture time t (h) 

 Axenic UTEX25 UTEX25+8R6acdS- UTEX25+2D3 UTEX25+8R6wt 

Dilution t(h) #1 #2 # #1 #2 # #1 #2 # #1 #2 # 

(1:1) 0 176 193 9 182 178 9 184 186 9 173 177 9 

(1:2) 17 108 97 10 96 112 10 104 116 11 94 115 10 

(1:2) 33 142 138 14 118 136 13 122 114 12 118 128 12 

(1:2) 45 163 184 17 145 132 14 143 148 15 137 140 14 

(1:3) 65 131 144 21 123 130 19 130 142 20 120 128 19 

(1:4) 92 126 137 26 108 109 22 117 123 24 125 122 25 

(1:4) 123 144 145 29 121 143 26 151 158 31 168 154 32 

(1:5) 162 117 133 31 102 124 28 148 135 35 138 149 36 

(1:6) 180 108 109 33 94 87 27 130 121 38 105 128 35 

(1:6) 208 100 112 32 92 95 28 117 138 38 111 139 38 

 

Table IX. OD775 for each of the AFCs for samples taken at culture time t 

t (h) Axenic UTEX25 UTEX25+8R6acdS- UTEX25+2D3 UTEX25+8R6wt 

0 0.501 0.508 0.505 0.507 

17 0.582 0.570 0.588 0.554 

33 0.699 0.680 0.674 0.706 

45 0.840 0.916 0.894 0.824 

65 1.013 1.056 1.016 1.028 

92 1.279 1.248 1.360 1.470 

123 1.455 1.404 1.692 1.686 

162 1.558 1.470 1.922 1.848 

180 1.600 1.530 2.004 1.978 

208 1.595 1.538 2.112 2.009 
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Table X. DW measures (mg) obtained from microfiltration of final time culture samples for the AFCs; for all 

measures, a volume of 10 mL was filtrated 

AFC/Sample 1/1 1/2 2/1 2/2 3/1 3/2 4/1 4/2 

Filter weights 88.3 88 90.6 90 90 90.1 87.2 87.4 

Average weight 88.2 90.3 90.1 87.3 

Difference 8.7 10.8 10.6 7.8 

Concentration 0.87 1.08 1.06 0.78 

 

Table XI. Cell count measures converted to UTEX25 biomass values (g/L) and calculated values of specific 

growth for the AFCs 

t (h) AFC-1 AFC-4 AFC-2 AFC-3 μ1 μ4 μ2 μ3 

0 0.27 0.26 0.27 0.25     

17 0.30 0.30 0.32 0.30 0.006 0.008 0.010 0.010 

33 0.40 0.37 0.34 0.35 0.019 0.012 0.004 0.010 

45 0.50 0.40 0.42 0.40 0.018 0.007 0.017 0.010 

65 0.59 0.54 0.58 0.53 0.009 0.015 0.017 0.014 

92 0.75 0.62 0.68 0.70 0.009 0.005 0.006 0.010 

123 0.82 0.75 0.88 0.92 0.003 0.006 0.008 0.008 

162 0.89 0.80 1.01 1.02 0.002 0.002 0.003 0.003 

180 0.93 0.77 1.07 0.99 0.002 -0.002 0.003 -0.001 

208 0.90 0.80 1.09 1.07 -0.001 0.001 0.001 0.002 
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E.2. PBRCs 

In this section, the biomass data (from cell count, OD and DW measurements) and the calculated 

specific growth rates for the AFCs are presented in the following tables. Also, the data obtained by 

the models computed for PBRC-3’s continuous mode of production are presented (table XV). 

E.2.1. PBRC-1 
Table XII. Cell count values, their respective conversion to UTEX25 biomass (g/L) and computed specific 

growth rates for PBRC-1 

 Cell Counts  PBRC-1   

t (h) #1 #2 ~# 
UTEX25 cells 

per mL 
Biomass (g/L) μ (h-1) 

Yeast cells 
per mL 

0 78 59 69 3.43E+06 0.10  0 

24 107 86 96 4.81E+06 0.14 0.013 50 

40 118 128 123 6.14E+06 0.18 0.014 153 

58 134 144 139 6.96E+06 0.20 0.007 235 

72 151 145 148 7.38E+06 0.22 0.004 268 

94 184 173 178 8.92E+06 0.26 0.008 254 

115 192 207 199 9.97E+06 0.29 0.005 271 

142 207 197 202 1.01E+07 0.29 0.001 261 

160 205 223 214 1.07E+07 0.31 0.003 250 

182 197 185 191 9.54E+06 0.28 -0.005 243 

 

E.2.2. PBRC-2 
Table XIII. Cell count values, their respective conversion to UTEX25 biomass (g/L) and computed specific 

growth rates for PBRC-2 

 Cell counts  PBRC-2  

t (h) #1 #2 UTEX25 cells per mL Biomass (g/L) μ (h-1) 

1 66 78 3.60E+06 0.11  

12 47 60 2.69E+06 0.08 -0.027 

22 55 49 2.60E+06 0.08 -0.003 

47 56 38 2.36E+06 0.07 -0.004 

73 82 91 4.34E+06 0.13 0.023 

88 58 43 5.01E+06 0.15 0.010 

107 63 75 6.91E+06 0.20 0.017 

129 105 92 9.84E+06 0.29 0.016 

144 83 96 1.34E+07 0.39 0.021 

170 83 92 1.32E+07 0.38 -0.001 

192 94 98 1.44E+07 0.41 0.004 

214 109 93 1.51E+07 0.43 0.002 

240 91 99 1.42E+07 0.41 -0.002 

264 108 96 1.53E+07 0.44 0.003 



 

98 
 

E.2.3. PBRC-3 

Table XIV. DW measures, their respective conversion to UTEX25 biomass (g/L) and computed specific growth 

rates for PBRC-3 

PBRC-3 
Regime 

t (h) 
Filtrated 

volume (mL) 
DW 1 
(mg) 

DW 2 
(mg) 

Average DW 
(mg) 

Biomass 
(g/L) 

μ (h-1) 

0 35 3.0 3.0 3.0 0.09 - 

24 35 4.7 4.9 4.8 0.14 0.0196 

36 25 4.1 4.1 4.1 0.16 0.0149 

48 15 3.8 4.2 4.0 0.27 0.0405 

72 10 4.0 4.0 4.0 0.40 0.0169 

84 10 4.8 4.8 4.8 0.48 0.0152 

120 5 2.7 2.5 2.6 0.52 0.0022 

145 5 2.7 2.7 2.7 0.54 0.0015 

166 5 2.7 2.9 2.8 0.56 0.0017 

187 5 2.8 2.6 2.7 0.54 -0.0017 

214 5 2.8 2.8 2.8 0.56 0.0013 

220 5 2.0 2.0 2.0 0.40 -0.0561 

229 5 1.7 1.5 1.6 0.32 -0.0248 

234 5 1.9 2.1 2.0 0.40 0.0446 

 

Table XV. Values obtained for models 1 and 2 (made for the better understanding of the continuous regime of 

PBRC-3) and its respective computed specific growth values 

t (h) Model 1 μ1 (h-1) μ1 - D (h-1) Model 2 μ2 μ2 - D (h-1) D (h-1) 

214 0.56 - - 0.56 - - 0 

215 0.54 0.025 -0.042 0.53 0.013 -0.053 0.067 

216 0.51 0.025 -0.042 0.50 0.016 -0.051 0.067 

217 0.49 0.025 -0.042 0.48 0.018 -0.048 0.067 

218 0.47 0.025 -0.042 0.46 0.021 -0.046 0.067 

219 0.45 0.025 -0.042 0.44 0.023 -0.044 0.067 

220 0.44 0.025 -0.042 0.42 0.026 -0.041 0.067 

221 0.42 0.025 -0.042 0.41 0.028 -0.039 0.067 

222 0.40 0.025 -0.042 0.39 0.030 -0.036 0.067 

223 0.38 0.025 -0.042 0.38 0.033 -0.034 0.067 

224 0.37 0.025 -0.042 0.37 0.035 -0.031 0.067 

225 0.35 0.025 -0.042 0.36 0.038 -0.029 0.067 

226 0.34 0.025 -0.042 0.35 0.040 -0.026 0.067 

227 0.32 0.025 -0.042 0.34 0.043 -0.024 0.000 

228 0.31 0.025 -0.042 0.33 0.045 -0.022 0.000 

229 0.30 0.025 -0.042 0.33 0.048 -0.019 0.000 

230 0.31 0.025 0.025 0.34 0.050 0.050 0.000 

231 0.31 0.025 0.025 0.36 0.052 0.052 0.000 

232 0.32 0.025 0.025 0.38 0.055 0.055 0.000 

233 0.33 0.025 0.025 0.40 0.057 0.057 0.000 

234 0.34 0.025 0.025 0.43 0.060 0.060 0.000 
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E.2.4. PBRC-4 

Table XVI. OD775 measures, their respective conversion to UTEX25 biomass (g/L) and computed specific 

growth rates for PBRC-4 

t (h) OD775 Biomass (g/L) μ (h-1) 

0 0.145 0.08 - 

12 0.186 0.10 0.020 

20 0.237 0.13 0.030 

32 0.282 0.16 0.014 

44 0.360 0.20 0.020 

60 0.435 0.24 0.012 

80 0.481 0.27 0.005 

101 0.504 0.28 0.002 

120 0.501 0.28 0.000 

144 0.510 0.28 0.001 

172 0.515 0.29 0.001 

211 0.500 0.28 -0.001 

 

5.2.5. PBRC-5 

Table XVII. OD775 measures, signal obtained by PBR A’s optical sensor, their respective conversion to 

UTEX25 biomass (g/L) and computed specific growth rates for PBRC-5 

time OD775 
Sensor 

Signal (mA) 
OD775 obtained 
by the signal 

Biomass (g/L) μ (h-1) 

0 0.154 0.91 calibration 0.086  

12 0.179 1.05 calibration 0.10 0.012 

25 0.237 1.38 calibration 0.13 0.021 

49 0.361 2.09 calibration 0.20 0.017 

73 0.458 2.64 calibration 0.25 0.010 

94 0.464 2.68 calibration 0.26 0.001 

106 2.66 0.461 0.255 -0.001 

118 2.67 0.463 0.256 0.000 

136 2.76 0.479 0.265 0.001 

150 2.90 0.503 0.28 0.003 

165 3.26 0.566 0.31 0.005 

180 3.50 0.608 0.34 0.005 

194 3.67 0.638 0.35 0.003 

216 3.80 0.661 0.37 0.002 

229 3.91 0.680 0.38 0.001 

241 3.89 0.677 0.37 0.000 

256 3.92 0.682 0.38 0.001 

274 3.91 0.680 0.38 0.000 

287 3.90 0.678 0.38 0.000 
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F. PBRs’ volumetric coefficient of oxygen transfer (kLa) 

To obtain the volumetric coefficients of oxygen transfer (kLa) correspondent to the air flow used in 

this work (i.e. 0.22 vvm) for each of the PBRs, previous work was consulted [120]. Graphic II illustrates 

the kLa of PBRs A and B as a function of the air flow; the measures that originated the data in graphic 

II were made with an oxygen saline solution (NaCL 0.15M) and using an InPro6000 polarographic 

oxygen probe; the dynamic method was employed for the determination of the volumetric coefficient 

of oxygen transfer [120].  

 

Figure II. Graphical representation of the calculated volumetric coefficients of oxygen transfer (h-1) as a 

function of the air flow (vvm) 

Curves were fitted to the data in graphic II, so it would be possible to compute the kLa of each PBR 

for 0.22 vvm. The curves fitted are defined by the following two expressions: 

𝑃𝐵𝑅 𝐴:  𝑘𝐿𝑎 = −52.38 × 𝐴𝑖𝑟𝑓𝑙𝑜𝑤2 + 123.56 × 𝐴𝑖𝑟𝑓𝑙𝑜𝑤 + 1.93      (𝑅2 = 0.99) 

𝑃𝐵𝑅 𝐵:  𝑘𝐿𝑎 (ℎ−1) = 110.40 × 𝐴𝑖𝑟𝑓𝑙𝑜𝑤 (𝑣𝑣𝑚) + 26.18     (𝑅2 = 1.00) 

Using equations 14 and 15, it was possible to calculate the kLa of each PBR; the values are 

presented in table XVIII. 

Table XVIII. Calculated values of kLa for each of the PBRs for an airflow of 0.22 vvm 

 PBR A PBR B 

kLa (h-1) 22.7 50.5 
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