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RESUMO

Como parte do controle da contaminagao nos cultivos de microalgas foram
axenizadas 2 cultivos das microalgas Neochloris oleoabundans UTEX LB 1185 e
Dunaliella salina SAG 84.79, e purificadas (ndo axenicos) 2 cultivos de cianobactérias
Spirulina platensis SAG 257.80 e Spirulina maxima SAG 84.79. Adicionalmente foram
isolados 164 contaminantes procariontes (bactérias) dos quais 14 pertencem ao
cultivo de Neochloris oleabundans UTEX LB 1185. Partindo dessas 14 bactérias foram
realizadas as caracterizacbes bioquimicas resultando em 5 familias de bactérias
Bacillaesae género Bacillus, Rhizobiales, Pseudomonadaceae género Pseudomona,
Streptomycetaceae género Streptomyces e Leoconostocaceae género Leuconostoc.
Adicionalmente, foram avaliadas as condi¢des iniciais do modelo matematico que
avalia a interagdo entre um contaminante, uma microalga e uma sustancia inerte.
Finalmente foi avaliada a toxicidade de 5 terpenos usando a microalga Neochloris
oleoabundans UTEX LB 1185.

Palavras-chave: Microalgas. Toxicidade. Contaminagéo.



ABSTRACT

As part of the control of contamination in the algae cultures, 2 microalgae culture
Neochloris oleoabundans UTEX LB 1185 and Dunaliella salina SAG 84.79, were
axenized, 2 cyanobacteria cultures Spirulina platensis SAG 257.80 e Spirulina maxima
SAG 84.79 were purified. Additionally, 164 prokaryotic contaminat (bacteria) were
isolated and 372 were identify using metagenomic assays. 14 contaminate were
analyzed using biochemical characteristics resulting in 5 families: Bacillaecae genus
Bacillus, Rhizobiales, Pseudomonadaceae genus Pseudomona, Streptomycetaceae
genus Streptomyces e Leoconostocaceae genus Leuconostoc. In addition, it was
evaluated the initial conditions for the mathematical model (prokaryotic contaminate,
algae and inert substance). Finally, it was evaluated the toxicity of 5 terpenes using
microalgae Neochloris oleoabundans UTEX LB 1185

Keywords: Microalgae. Toxicity. Contamination.
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1 CHAPTER | CONTROL CONTAMINATION IN MASS CULTURE ALGAE

1.1 ABSTRACT

Microalgae are used for production of different biological products and as a
solution for environmental problems. However, and despite its importance, one of the
main problems in large scale cultures — the presence of contaminants — is rarely
systematically approached. Contamination, or the presence of undesirable organisms
in a culture, is deleterious for the culture and frequently leads to culture crashes. To
avoid contamination, closed systems can be used; for very large-scale open systems,
contamination is unavoidable and remediation procedures are necessary, from
physicochemical treatment to addition of biocidal substances. In all cases, early
detection and culture monitoring are paramount. This article describes the
contamination mechanisms, biological contaminants, and control systems in open and
closed cultures, with the purpose to discuss the latest advances and techniques
developed in this area. In addition, this article analyzes the complex interactions of

algae with other microorganisms that can be expected in cultivation systems.

Keywords: microalgae, contamination, mass cultures, algal parasites, control.

1.2 INTRODUCTION

Microalgae are photosynthetic aquatic microorganisms, which live in saline
and freshwater environments. Their main feature is to convert sunlight, water and
carbon dioxide into biomass and oxygen. They are commonly used in different
industries such as food, pharmaceutical, energy and cosmetic (SPOLAORE et al.
2006; KAN and PAN 2010; HUANG et al. 2014a; REGO et al. 2015b). More than 107
tons of algae (micro- and macroalgae) are produced to meet demand of these
industries (HALLMANN and HALLMAN 2007). Some of the characteristics for which
they are used are: the high photosynthetic efficiency, fast growth, ability of growing in
different types of substrates (wastewaters) and their nutritional composition (MA et al.
2016).

Microalgal cultures are usually of low concentration and producing large
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amounts of biomass requires equally large volumes. An alternative to do so at low
production costs, is the cultivation in open systems (STEPHENSON et al. 2010;
McBride et al. 2014; RICHARDSON et al. 2014; MA et al. 2016); nevertheless, this
technology is still not fully optimized for all types of algae (MCBRIDE et al. 2014). There
are parameters that must be considered in the production of biomass in this kind of
systems, for example, culture conditions, contamination control, economic extraction
of the products of interest and post-processing of residual biomass (HUANG et al.
2014b).

One of the major problems that algal mass cultures have, similarly to plant
crops, is that they can be affected by other organisms (contaminants), which can be
considered pests (ABELIOVICH et al. 2005; DAY et al. 2012b; MCBRIDE et al. 2014).
These contaminants may impair the development of the cultures, resulting in reduced
production, and sometimes complete loss of the desired microorganism population or
final products (MESECK 2007; DAY et al. 2012b; MENDEZ et al. 2012; FOREHEAD
and O’KELLY 2013).

Early detection and control of contaminants is important to avoid significant
culture damage and losses. During the last years, techniques have been developed
aiming to control the contamination in the mass cultures of algae (MAHAN et al. 2005;
KAN and PAN 2010; DAY et al. 2012b; FOREHEAD and O’KELLY 2013; HUANG et
al. 2014b; HUANG et al. 2014c; HUANG et al. 2014a). This article reviews relevant
aspects for early detection and control of the biological contaminants that may affect

mass microalgae algae cultures.

1.3 MICROALGAL MASS CULTURE AND CONTAMINATION

Biological contaminants can be introduced at any stage of microalgae mass
cultivation. When the volume of culture increases, this makes control more difficult
and sometimes expensive (FOREHEAD and O'KELLY 2013; MOLINA-CARDENAS et
al. 2016). Most biological contaminants have negative effects on cultures, some of

which are summarized in TABLE 1.
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TABLE 1. PROBLEMS CAUSED BY THE BIOLOGICAL CONTAMINANTS IN THE MASS
CULTURES

Problem Reference
Reduction of cell density, stress and (RICHMOND et al. 1987; HUANG et al. 2014c)
cellular alteration
Destruction of algae culture - hours after (FOREHEAD; O’KELLY, 2013; LETCHER et

the detection of an aggressive biological al., 2013; WANG et al., 2013)
contaminant
Increase in the cost of production, (LINCOLN et al. 1983; ABELIOVICH et al.
reduction of the production up to 90%, 2005; MENDEZ et al. 2012)

degradation of the product quality
SOURCE: The author (2017).

However, not all “foreign” microorganisms in a culture are deleterious. In fact,
several cultures are developed as unialgal cultures, with a tolerable level of
contamination; some microalgae cannot be cultivated axenically, presumably because

of cofactors produced by a symbiont; and it is even possible to have co-cultures.

1.4 MICROALGAL CULTURE TYPES

Regarding the presence of other microorganisms, microalgal cultures can be

classified as axenic, unialgal, mixed and cocultures:

1.4.1 Axenic culture

An axenic or pure algal culture contains only one species, i.e., is free from any
other kind of microorganisms (ABELIOVICH ET AL., 2005; LEE, 2008). The first report
of an axenic algae culture is from the Dutch microbiologist Beijerinck in 1890, who
succeeded in isolating Chlorella and Scenedesmus from samples supposedly free of
bacteria (ANDERSON 2005). Axenic cultures are standard in all areas of industrial
microbiology, and for some applications, it is indispensable to grow microorganisms in
this condition (SPOLAORE et al. 2006; CHO et al. 2013; RAMANAN et al. 2016). An
example is the production of bioactive components from cyanobacteria (ARAOZ et al.
2005; VAZ et al. 2014).

A problem of axenic algal cultures is that they are difficult to obtain and
preserve. Their use is essential for the study of metabolism and physiology, because
these features vary significantly between axenic and non-axenic cultures (CHOI et al.
2008; CHO et al. 2013; VAZ et al. 2014). Traditional microbiological methods have
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been used to separate desired strains from biological contaminants, with limited
success. Erro! Fonte de referéncia nao encontrada. describes the methods c
ommonly used. The isolation or “axenization” success depends not only on the

technique chosen, but also on the researcher's experience (CHOI et al. 2008).

TABLE 2. DESCRIPTION OF METHODS FOR OBTAINING AXENIC CULTURES

Method Reference
Size Selective Screening and Filtration (RIPPKA ET AL. 1979; ABELIOVICH ET AL. 2005;
ANDERSON 2005; CHOI ET AL. 2008)
Differential Centrifugation (ABELIOVICH et al. 2005; ANDERSON 2005;
MOLINA-CARDENAS et al. 2016)
Sonication and Vortex (ANDERSON 2005; GUILLARD 2005; CHO ET AL.
2013)
UV radiation (LEE and SHEN 2004; ANDERSON 2005; CHOI et
al. 2008; CHO et al. 2013; MOLINA-CARDENAS et
al. 2016)
Antibiotic treatment (penicillin G, gentamycin (LEE and SHEN 2004; ABELIOVICH et al. 2005;
sulfate, streptomycin, chloramphenicol, ANDERSON 2005; GUILLARD 2005; CHOI et al.
cefotaxime, Carbendazin, 2008; KAN and PAN 2010; MOLINA-CARDENAS et
neomycin, kanamycin, al. 2016)

Combination of others)
Dilution, agar plates, repeated transfer of (ANDERSON 2005; GUILLARD 2005; MCBRIDE et
cells, phototaxis al. 2014; VAZ et al. 2014)
Gliding matility of cyanobacteria, lysozyme (VAZ et al. 2014)
treatment, thermal treatment
Other agents (phenol, detergents, sodium (ANDERSON 2005; GUILLARD 2005; CHOI et al.
sulfite, sodium azide, sodium fluoride, 2008; VAZ et al. 2014)
chlorinated water or sodium hypochlorite)

SOURCE: The author (2017).

Axenic algae cultures are produced and preserved on a laboratory scale. From
these cultures, inocula are produced for mass culture — which is, preferably, in closed
photobioreactors, where there is a barrier between algae and contaminants. For an
axenic batch production system, inoculum preparation and process control are
challenging factors, and the associated cost must be justified by the value of the final
product. The production in continuous systems is even more sensitive to contamination
(MOOLU et al. 2015).

1.4.2 Unialgal cultures
Unialgal cultures contain only one species of algae but may have different

phenotypes or contaminants (e.g. Bacteria). Usually it is free of protozoa and fungi. It

was wettstein in 1921 in berlin, who obtained the first unialgal (but not axenic) culture
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from a sample with different flagellate algae not grown before (e.g. Cryptomonas,
Synura, Uroglena) (PREISIG AND ANDERSEN 2005).

Unialgal cultures can be produced in open systems with greater ease, without
sterile conditions (WANG et al. 2013; PENG et al. 2015). However, there still is risk of
contamination, causing production losses, increasing costs (CARNEY and LANE
2015).

In some cases, microbial interactions may be beneficial, increasing production
and yield (RAMANAN et al. 2016). In a study done by (CHO et al. 2015), the presence
of growth-promoting bacteria induced an increase in the productivity of biomass and
lipids in the microalgae Chlorella vulgaris and Scenedesmus sp. Interactions are
especially interesting for environmental processes, where microbial consortia are
common. In a study by ZHOU et al., (2014), it was found that a bacteria-algae
consortium reduced the concentration of organic carbon and nitrogen in the
wastewater.

Unialgal starter cultures are produced using the same techniques applied for
axenization. Normally the methodologies employed are: gravity separation
(centrifugation, settling), isolation with use of phototaxis, enrichment cultures, isolation
by micropipette, isolation with agar (streaking cells across agar plates, atomized cell
spray technique, isolation after dragging through agar), dilution techniques
(ANDERSON 2005).

1.4.3 Mixed cultures

Mixed cultures are made up of different, sometimes unknown species. They
may be all photosynthetic, or maybe a combination of several microorganisms (e.g.
algae and fungi or algae and bacteria) where the combination favors the strains
(HESSELTINE and others 1992; GOERS et al. 2014; MAGDOULI et al. 2016). These
cultures mimic what can be found in natural water bodies.

Mixed cultures play an important role in environmental and biotechnological
process. An example of this type of culture is the production of biomass and energy
using opened and closed reactors. The use of consortia has potential in the generation
of biomethane (CHINNASAMY et al. 2010). Other applications of mixed culture are:
single cell protein (DE-BASHAN et al. 2002; WATANABE et al. 2005), ethanol
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production (DOSTALEK and HAGGSTROM 1983), lipid production (YU et al. 2011;
BOGEN et al. 2013; YAMANE et al. 2013; CEA-BARCIA et al. 2014).

The main advantages of mixed cultures are the higher production
performance, higher rate of growth, obtaining products that cannot be produced
axenically, and less risk in the case of contamination (HARRISON 1978; TATE et al.
2013). Some disadvantages include: the difficulty for studying the production process,
the definition of the consortium identity, and the need for a period of adaptation of the
microorganisms involved in the process. Finally, in case of contamination, its
identification will be more problematic (HESSELTINE and others 1992).

1.4.4 Co-cultures

Co-cultures consist in two or more different species of known microorganisms.
Most studies describe mostly cell-cell interactions between populations (Goers et al.
2014). As with mixed cultures, this system can be very complex — with interactions
varying with time, making it difficult to distinguish them from each other without the use
of a suitable experimental design. Studies with co-cultures may aid in developing
engineered routes for fastidious or hard to axenize microorganisms (Magdouli et al.
2016).

Co-cultures are promising also in industrial production. Some examples are: a
fungi co-culture with microalgae, which favors the flocculation of the microalgae
avoiding the use of chemical substances and therefore reducing costs (WREDE et al.
2014); a co-culture between yeasts (Rhodotorula glutinis) and microalgae (Chlorella
vulgaris) favoring biomass production and lipid accumulation (CHEIRSILP et al. 2012);
the production of hydrogen by microalgae (modified to reduce sulfate) mixed with the
bacterium Rhodospirillium rubrum (MELIS and MELNICKI 2006; WU et al. 2012); and
the production of extracellular polymer substances (EPS) by the combination the
cyanobacteria/microalgae and macromycetes (ANGELIS et al. 2012; MAGDOULI et
al. 2016).

1.5 POPULATION MONITORING

The evaluation of the population in an algal culture is an essential tool for

quality control and detection of contamination. To evaluate the purity of the culture, cell
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counting is probably the easiest and fastest method. Some of these techniques can be
used in mixed cultures, while others can be used in unialgal cultures (VAN VUUREN,
J., PIERTERSE, A., JACOBS, A., & STEYNBERG 1939).

The direct evaluation of the cultures is usually done using counting chambers
such as Sedgewick-Rafter (which uses a 50x20x1mm chamber, with an area of 1000
mm?, and a volume of 1,0 mL). A sample is placed over the top at an oblique angle,
the liquid fills the chamber and is left to at rest for a few minutes. The counts are made
with 4X or 10X objectives. The counts are carried out in 10 randomly chosen squares,
finally determining an average value for each alga present in the sample (FIND 2012).
An hemocytometer (e.g. a Neubauer chamber) can also be used for cell counting
(BASTIDAS 2016). Small contaminants such as bacteria are difficult to count and
identify in low magnification; while high magnifications are incompatible with the focal
distance of some chambers.

The gravimetric determination of total biomass is essential for monitoring the
kinetics of a cultivation process but does not give much information about the presence
of contaminants. Biomass can also be estimated by measuring the concentration of
proteins, chlorophyll content or total organic carbon (TOC). Because a microalgal
monoculture may have a characteristic absorption spectrum (OOMS et al. 2016), UV-
VIS-NIR spectrophotometry which can be used as an indicator of culture concentration

and status.

1.6 MICROBIAL INTERACTIONS

Relations developed by algae with other existing microorganisms cover the full
range of natural interactions. A typical example is the interaction between algae,
bacteria and archaea, which are producers and decomposers, becoming fundamental
components of an ecosystem. The study of these interactions is important, but complex
due to the difficulty in isolation and maintenance of physiological characteristics (AMIN
et al. 2015; CHO et al. 2015; RAMANAN et al. 2016). The most common interactions
are mutualism, commensalism and parasitism (MOENNE-LOCCOZ et al. 2011,
ZAPALSKI 2011).

1.6.1 Mutualism
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Mutualism or symbiosis is an interaction where there is a beneficial interchange
between two populations. This interaction is interesting for the development of
microorganisms. These interactions have played an important role in the evolutionary
process (MOENNE-LOCCOZ et al. 2011), and explain why sometimes it is impossible
to axenize a microalgal culture.

Some examples of mutualism are: favoring microalgae growth through the
intervention of Mesorhizobium and Azospirillum bacteria (vice-versa) thought nitrogen
fixation and (GONZALEZ 2000; WATANABE et al. 2005; HERNANDEZ et al. 2013;
CHO et al. 2015) and the interaction between bacteria and algae to produce
polysaccharides (GUERRINI et al. 1998). Other examples can be the increase of the
cellular concentration (1,4 times) of the microalga Chlorella vulgaris ATCC 13482 in
presence of the bacterium Pseudomonas sp (GUO and TONG 2013). An important
case of mutualism is Vitamin B12 for auxotrophs where bacteria supply the vitamin to
algae in exchange for fixed carbon (CROFT et al. 2005).

1.6.2 Commensalim

Commensalism is an interaction beneficial to one of the populations, and
neutral to the other. A thin line separates mutualism from commensalism and
parasitism., and it is often difficult to clearly identify commensalism (MOENNE-
LOCCOZ ET AL. 2011; RAMANAN ET AL. 2016).

Currently, it is known that environmental factors determine this interaction;
therefore, their growth may be influenced due to nutritional factors as carbon source,
n:p ratio, and light intensity. Some studies have indicated that phosphorus-limited
algae compete among themselves, sometimes allowing bacterial commensals to
outnumber algae (GROVER 2000; ZAPALSKI 2011; RAMANAN et al. 2016).

1.6.3 Parasitism

Many microorganisms can negatively affect the development of microalgae or
cyanobacteria. In microalgal cultures, the parasitism is applied to predation, where a
population graze on another one. Usually, the main predators that affect the algae
culture are protozoans. In natural ecosystems, these microorganisms help in regulating
the different populations (MOENNE-LOCCOZ et al. 2011; RAMANAN et al. 2016).
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Predation is self-regulated (maintained over time) to an extent, can, severely
limit an unialgal culture, and even cause a culture crash, i.e., the destruction of the
whole microalgal population for practical purposes. That must do with the population
dynamics and can be prevented to an extent by proper management of the culture. A
number of important algal parasites have been identified in algal mass culture systems
in the last few years and this number is sure to grow as the number of commercial
algae ventures increases (LANE and CARNEY 2014). This kind of interaction is

manifested between fungi and bacteria associated with algae (CHO et al. 2015).

1.7 TYPES OF CONTAMINANT ORGANISMS

Contamination can be defined as the undesired introduction of microorganisms
into culture system (MOOIJ et al. 2015). These represent the greatest limitation in the
productivity of mass cultures, particularly in open systems (ABELIOVICH et al. 2005),
when the contaminant is a parasite.

These parasites can be classified as: bacterial, fungi, protozoa, rotifers,
viruses and other types of algae, different from the strain of interest (NAKAMURA
1976; DE ARAUJO et al. 2000; MORENO-GARRIDO and CANAVATE 2000; MAHAN
et al. 2005; SHUNYU et al. 2006; VAN WICHELEN et al. 2010; MENDEZ et al. 2012;
LETCHER et al. 2013; HUANG et al. 2014A; PENG et al. 2015; REGO et al. 2015b;
MOLINA-CARDENAS et al. 2016; VAN GINKEL et al. 2016).

1.7.1 Fungi

These saprophytic eukaryotic organisms have an enormous diversity and
require a lot of nutrients, including carbon and nitrogen for its correct development
(SINGH 2006). Most algae grow under autotrophic conditions; however, some require
the heterotrophic conditions at certain times of production, increasing the likelihood of
contamination with fungi (KAN and PAN 2010). At the other side, microalgal cultures
have dissolved organic carbon liberated by the culture itself, that can be used for fungal
growth. Algal cultures can be affected by several fungi species, some of not completely
identified, making the control process more difficult (CARNEY and LANE 2015).

In freshwater cultures, itis common to find fungi from the order Chytridomycota

(e.g. Paraphysoderma sedebokerensis) (RASCONI et al. 2009). These fungi can
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cause the loss of the 90% of the population, or more (HOFFMAN et al. 2008). The
parasitic process produce motile dispersing life stages know as zoospores (CARNEY
and LANE 2015). This fungi has been found in cultures such as Scenedesmus,
Chlamydomonas, and Haematococcus (SHIN et al. 2001; GERPHAGNON et al. 2013).

Another group of contaminant fungi is the class Oomycota (LI et al. 2010). This
group includes widespread parasites (also in non-algal cultures), and they can cause
losses between 10 and 60% in the seawater industries (GACHON et al. 2009). There
are many other fungi that can affect cultures. An example are the group Labyrinthulids
that in some cases are common found in cultures where the fungi are accompanied by
bacteria (KAN and PAN 2010), making difficult to control.

1.7.2 Bacteria

These prokaryote microorganisms are one of the most important biological
contaminants and comprise a huge variety of genera. Some of them are known for
their pathogenicity, however, they are essential for the metabolic regulation of many
algae (MICHAEL T. MADIGAN; et al. 2006; SINGH 2006).

The biological contamination in the cultures by bacteria can be caused by
different groups. For that reason, it is often not practical to identify the different species
before acting on a process (KAN and PAN 2010). Contamination by bacteria can create
different problems, such as, the increment of the susceptibility of the culture to the
growth of other pathogens such as Vibrio, which reduce the nutritional quality of the
biomass, becoming a contamination vector for other cultures (SALVESEN et al. 2000;
GOMEZ-GIL et al. 2004). Another example is the Pseudomonas bacteria which
compete for nutrients, inhibiting algal growth (COLE, 1994).

There are reports of lytic-bacteria such as Cytophaga sp., Myxobacter sp,
Bacillus sp., which inhibit algae growth (IMAI et al. 2001; WANG et al. 2013) in cultures
such as those of Scenedesmus, Chlorella, Chlorococcum and Ankistrodesmus. These
bacteria can damage the culture in two ways: a direct attack, which depends on the
contact between two cells (cell to cell) or an indirect attack through the production of
algicidal substances (IMAI et al. 2001; SHUNYU et al. 2006).

1.7.3 Protozoa



26

These eukaryotic microorganisms, belonging to the kingdom Protista, are very
diverse and may feed on microalgae cultures. These are heterotrophic protists such
as amoebas, flagellates and ciliates) (MORENO-GARRIDO and CANAVATE 2000; ma
et al. 2016). In the mass culture systems, they are the main biological contaminants,
and one of the most difficult to prevent. However, there are a few studies aimed at
identifying and controlling them (DAY et al. 2012b; PENG et al. 2015).

Within the group of flagellates, the Chrysomonadida order (especially the
species Ochromonas sp.), are the main contaminant. Cyanobacterial cultures such as
those of Microcystis aeruginosa and Oscillatoria are the main affected. A characteristic
of this group is their ability to quickly affect the culture resulting in destruction after a
few hours (DRYDEN and WRIGHT 1984).

Ciliates and amoebas are associated with the reduction of the unicellular,
colonial or filamentous microalgae or cyanobacteria populations. Usually the amoebae
in the trophozoite state crawl in the bottom of tanks (grazing), and many feed through
a phagocytic mechanism (GONG et al. 2015). However, there are exceptions:
vampyrellid amoebas, for example, puncture the cell wall and membrane of its prey
and ingest its cytosolic content (XINYAO et al. 2006; HESS et al. 2012; BERNEY et al.
2013). The massive cultures of Chlorella and Spirulina are generally the most affected,
and the process may lead to a predominance of grazing resistant contaminants. An
example is a massive culture of Chlorella that was grazed by Stylonichia sp.; after five
days, the population shifted to dominance by another algae, Scenedesmus sp.
(ABELIOVICH et al. 2005).

1.7.4 Zooplankton

Massive cultures are susceptible to contamination by zooplankton as well as
protozoa (GONG et al. 2015). Together, they are the most challenging biological
contaminants in this type of system. Zooplankton includes picoplankton (<2 mm),
nanoplankton (2-20 mm), microplankton (20-200 mm), mesoplankton (0.2-20 mm),
macroplankton (20-200 mm) and megaplankton (> 200 mm). Rotifer, cladocera and
copepods are also possible biological contaminants (FREDERIKSEN et al. 2006;
WANG et al. 2013).

The reported rotifers are in the range of 123-292 um of length and 114-199 pym

in width, however, the size may be affected as a function of environmental conditions
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such as temperature or feed (HAGIWARA et al. 2001; LAKSHMI, S., KUMAR, R., &
RAJENDRAN 2015). The rotifers have two types of mechanisms of feeding, positive
and negative mechanism. For the case of the copepods, they can select their
mechanism according to the conditions (KLEPPEL et al. 1996).

Zooplankton have a fast growth rate, high pollution capacity, and very high
ingestion rates (MORENO-GARRIDO and CANAVATE 2000). One of the most studied
rotifers is Brachionus plicatilis, which has the capacity to consume a total of 12,000
cells of algae per hour, causing significant losses after a few hours (FAWLEY and
FAWLEY 2007). Some authors have reported strategies for the control of the pollution
caused by this type of contaminant (DE ARAUJO et al. 2000; FISCHER et al. 2012;
MENDEZ et al. 2012).

1.7.5 Other microalgae

The presence of other algae is inevitable and common in mass cultures
(MESECK 2007). In the same way as with other type of contaminates, the problems in
the cultures can be that competition for nutrients or light may occur, with the domination
of one culture, although it is possible that both species develop to large, stable
populations (TWINER et al. 2005).

1.8 MANAGEMENT STRATEGIES

Because of the large number of possible contaminants and the lack of
information about their biology, there is not a single methodology addressing all
contaminations. Each system must be evaluated for development of control
techniques; regarding 1) the ways in which the contaminant can enter (carriers); 2)
the possible amount (or rate) of entry in the system, and 3) the time to reach a specific
threshold (FOREHEAD and O’KELLY 2013).

Currently, the strategies are preventive (avoiding the entry of contaminants) or
corrective (trying to control or eliminate an established contamination). Early detection
systems are essential to avoid major losses. Methods vary in performance,
instrumentation, experience and cost; nevertheless, monitoring methods must be

accompanied by physical or chemical control systems.
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1.8.1 Microscopy and staining

The simplest and most common technique for the identification of contaminants
is microscopy. This methodology allows to perceive and estimate the growth of
different polluting species (protozoa, fungi, other algae) (ABELIOVICH et al. 2005).
Normally the cells are mounted on slides and covers for observation. These can be
examined in light field (bf), dark field (df) and phase contrast (pc) (HOFFMAN et al.
2008). Vital stains may aid in the correct identification of microorganisms. One of the
disadvantages of microscopy is that it requires an experienced operator for good
results (BENSON 2001).

One of the commonly used methodologies for the detection of contaminants is
Calcofluor White Stain, a fluorescent dye that allows the quick detection of fungi and
parasitic organisms (CARNEY and LANE 2015). This non-specific fluorochrome binds
cellulose and chitin present in the wall of fungi and other microorganisms. The
contaminant, stained microorganisms have a bright appearance and may be green or
blue, while the others may be fluorescent red or orange (SIGMA-ALDRICH;
RONCERO and DURAN 1985).

Some authors use this technique to determine the contaminants presentin the
samples (RASCONI et al. 2009; ZHOU et al. 2014), however, there are currently new
proposals to allow better identification in less time. Researchers such as
(GERPHAGNON et al. 2013) combined Calcofluor and SYTOX Green staining
methods to assess the degree of chytrid contamination. SYTOX Green is an
asymmetric cyanine dye with three positive charges, which excludes living eukaryotes
and prokaryotes cells (ROTH et al. 1997).

Another type of staining is based on Congo Red. This is another alternative for
the microorganisms whose main component is cellulose. Congo Red is the sodium salt
(benzidinediazo-bis-1-naphthylamine-4-sulfonic acid); a diazo dye that is red in
alkaline solution and blue in acid solution (CARNEY and LANE 2015; PUBCHEM
2016). Researchers such as (GACHON et al. 2009) used this technique to identify

oomycetes contamination.

1.8.2 Flow cytometry
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Flow cytometry is a technology that measures and analyzes multiple physical
characteristics, usually cells, flowing in a stream through a beam of light (WEAVER
2000). It was developed in the 1960s and 1970s and in 1990s, an automated flow
cytometry and microscopy system known as flowcam (fluid imaging technologies) was
built. It has a capacity to detect and quantify particles, usually phytoplankton organisms
(20-200 pym) (ANDERSON 2005; DAY et al. 2012b; CARNEY and LANE 2015).

This method was used for early detection of different grazing by copepod and
toxic dinoflagellates (IDE ET AL. 2008). Flowcam can recognize and identify grazers
in very dense cultures and sometimes they can be used semiautomatically. This
system has different variety of application; according to (DAY et al. 2012b) The
Flowcam recognize twelve different species in a mass culture. This methodology is
beneficial in the control of the biological contaminants in the mass culture avoiding loss
and damage. Despite the high yield of flow cytometry, its capacity is limited to identify

strains with similar phenotypes.

1.8.3 Molecular detection and monitoring

Currently, molecular techniques have been developed that allow the
identification and detection of different parasites in algal cultures. Nucleic acid-based
methods can be misused if the genes or sequences to be used are not first defined.
Genes that encoding ribosome RNA subunits, prokaryotes or eukaryotes, are generally
used for identification and taxonomy purposes (FULBRIGHT et al. 2014).

The regions of rRNA that are used for the identification of microorganisms are:
small subunit (SSU) rRNA, large subunit (LSU) rRNA genes, and the internal
transcribed spacer (ITS). These regions allow the design of PCR primers with high
specificity. The SSR gene contains nine hypervariable regions (V1 to 9). Eukaryotes
do not have the V6 region, therefore the V4 and V9 regions are used for phylogenetic
analyses (NOLAN et al. 2006; CARNEY and LANE 2015).

The polymorphism between the 18S genes of the algae is enough for the
differentiation of genera, allowing to identify contamination generated by other
microalgae. The techniques are based on the polymerase chain reaction (PCR), have
the advantage of allowing identification even with a low concentration of cells (MONIZ
et al. 2012). Quantitative PCR (QPRCR) is one of the strategies employed because it
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is highly sensitive, in addition to Real-Time PCR (GACHON et al. 2009). However, it is

necessary to consider the costs that of these methodologies.

1.9 PHYSICAL INTERVENTION

At present, the control of contamination by means of physical methods is one
of the main forms of intervention. This generally allows the disinfection of equipment
and the handling of inoculums. The drawback is that it is generally useful only at

laboratory and pilot scale, being ineffective on a massive scale (HUANG et al. 2014a).

1.9.1 Filtration

This is one of the most common techniques used to eliminate rotifers, however,
they must be in adult stage (> 200um in length). The main problem of this methodology
that eggs and rotifers of juvenile age are small and cross the meshes. In order to
thoroughly clean a culture, the filtration must be repeated for 3 or 4 days (GONZALEZ-
LOPEZ et al. 2013; WANG et al. 2013; HUANG et al. 2014b). For contaminants of
similar or smaller size than that of the microalgae being cultivated, filtration is

ineffective.

1.9.2 Physical disruption (sonication)

This technique was created with the purpose of controlling contamination in
cultures. The conditions should be evaluated according to the size of the
microorganism. If organisms have a small size, this methodology presents greater
difficulty (CARNEY AND LANE 2015).

Physical processes such as sterilization, ultraviolet light application and
pasteurization can be used, however, the development of these is more difficult in
massive systems. For this reason, they can be combined with other methodologies in
order to obtain the desired results (GONZALEZ-LOPEZ et al. 2013).

1.9.3 Changes in environmental conditions
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Light and temperature are variables that determine the development of
microalgae; however, these can be a tool to perform culture control. The temperature,
for example, is a variable that determines the cycle of reproduction of the rotifer
Brachionus plicatilis, which is optimal between 10 to 15 °C. Outside this range, the
process becomes longer. This can be used to control cultures infested by this
contaminant (HAGIWARA et al. 2001).

Another factor that can be manipulated for the benefit of culture control is pH.
In (Meseck 2007) the control of contaminating cyanobacteria Synechococcus sp., in
cultures of Tetraselmis chui was evaluated at a pH close to 7.1, resulting in the
reduction of the population of the contaminating cyanobacteria; low pH values, e.g. 3
— 4, can suppress contaminants. Similarly, salinity can inhibit the development of
contamination, this is applicable to some microalgae or cyanobacteria, such as
Dunaliella (POST et al. 1983; MOOIJ et al. 2015; PENG et al. 2015).

1.10 CHEMICAL INTERVENTION

This method is considered one of the most feasible because of its
effectiveness in the control of contaminants, however, most chemical agents do not
show specify to the biological contaminant, but also to microalgae (LINCOLN et al.
1983; WANG et al. 2013; HUANG et al. 2014a; PARK 2014). Determining the
appropriate agents and concentrations to perform the control is not a simple task,
requiring the determination of the minimum inhibitory concentration for contaminants,
the tolerance of the desired microalga, and tests of population dynamics to avoid
damages and losses of the cultures.

The cost of chemical control in mass cultures may be high. Sometimes the
combination of chemical agents allows better results, reducing time and costs. An
example of this is given by (HUANG et al. 2014b), where the combination of the
substances Celangulin (CA) and Toosendanin (TSN) (1:9) allowed the extermination
of the rotifers B. plicatilis from Chlorella and Nannochloropsis cultures. The cost for
elimination was $ 2.00 per ton of microalgal suspension compared to $ 2.84 for TSN
alone, a reduction of 29.6%.

Commonly used chemical agents are antibiotics, fungicides, pesticides, salts,
aldehydes, peroxides, among others. Erro! Fonte de referéncia nao encontrada.

shows a brief description of some of these substances, and the concentrations used.
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TABLE 3. CHEMICAL SUBSTANCES AND CONCENTRATIONS USED IN CONTAMINANT
CONTROL IN MICROALGAL CULTURES

Substance Microorganism Concentration (ppm) Reference
affected
Unionized ammonia Rotifers, Amoebae 0,7-9,8 (DE ARAUJO et al. 2000;

HAGIWARA et al. 2001;

HUANG et al. 2014a)

Metronidazole Amoebae >200 (MORENO-GARRIDO and
Quinine sulfate Ciliate 12-14 CANAVATE 2000)
Formaldehyde Ciliate 10 -15
Hydrogen peroxide Ciliate 150-200
Trichlorphon Rotifers 3274-318 (HUANG et al. 2014c;
Pyrethroids Rotifers 0,30-1,28 HUANG et al. 2014a; HUANG
Celangulin Rotifers 0,175 et al. 2014b)
Toosendanin Rotifers 0,002132
Azadirachtin Rotifer 18,38
Vitamin E Asplanchna 100
Ammonium bicarbonate Rotifers 100-150
Rotenone Rotifers 0,070-0,1380 (VAN GINKEL et al. 2016)
Buprofezin Rotifer 240-263
Decamethrin Rotifer 4,2 (WANG et al. 2013)
Tralocythrin Rotifer 0,3-0,4
Ampicillin Bacteria/ Fungi 500 (KAN and PAN 2010)
Cefotaxime Bacteria/ Fungi 100
Carbendazim Bacteria/ Fungi 40

Fonte: The author (2017)

Tolerance to different pesticides differs between cyanobacteria and green
algae. Currently, these herbicides play an important role in agriculture and due to their
characteristics are used in the cultures. Until now, the acute toxicity of a few pesticides,
such as cypermethrin, atrazine, promentin, simetin and paraquat, have been studied
in some algal species (MISHRA and PANDEY 1989; ABOU-WALY et al. 1991; MA et
al. 2002).

Some biocides such as celangulin has acute and chronic toxicity on
contaminants such as rotifers. This type of pesticides (derived from plants) targets the
digestive system of the contaminant causing death due to cellular damage in the
midgut. Currently, they are good candidates for pollution control, despite presenting
medium-life problems in addition to rapid degradation at high temperatures or changes
in pH (Ql et al. 2011).

Alternative substances, such as ammonium, base their toxicity on non-ionized
ammonia, with which it is possible to rapidly exterminate most of the contaminants
However, when used in Spirulina cultures, it is possible to observe damage during
growth, limiting its use (YUAN et al. 2011; HUANG et al. 2014b).
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Despite the different alternatives for the control of contamination in algae
cultures, the use of antibiotics is always an interesting alternative. However, its
greatest application is in the initial stages of cultivation (axenization processes), since
its efficiency can be affected in large-scale processes (KAN and PAN 2010; Cho et al.
2013; PAREEK and SRIVASTAVA 2013; HAN et al. 2016). However, its usefulness,
the main problem is the resistance that many bacterial contaminants can present to

different antibiotics (Davies and Davies 2010).

1.11 RESEARCH CHALLENGES AND OPPORTUNITIES

Biological contamination in algae cultures is a factor that cannot be avoided.
Therefore, it is essential to develop techniques for the timely identification of the
presence of different contaminants and thus achieve a significant control. Despite the
existence of control mechanisms (physical and chemical), these are not always
effective, and sometimes they can become very expensive, especially if the production
is executed in open mass systems. For this reason, it is necessary to investigate
methodologies specific for each culture, and the study of new substances, which are

of natural origin, in order to avoid problems of toxicity in cultures.

1.12 RESISTANT STRAINS

The use of substances such as antibiotics or pesticides traces back to several
decades, where their purpose was the control of parasites that cause both diseases
and losses in agriculture. With the passing of years and the intensive (and sometimes
inadequate) use of these substances, the microorganisms adapted through
recombination and mutation, creating resistance. (SRIVASTAVA 1970; NAVAJAS-
BENITO et al. 2016). However, the use of rational mixtures reduces the possibilities of
resistance, increasing efficiency (concentration) with reduction in production costs
(AHMAD et al. 2009).

Studies on resistance are mainly developed for bacteria and fungi, due to their
importance in the health area, however, in the case of algae, studies indicate that these
substances can be toxic even in micro molar concentrations (LOPEZ-RODAS et al.

2001). Resistance of biological contaminants makes the current contamination control
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systems to be insufficient, for this reason it is important to find alternatives of handling

through novel, preferably natural substances.

1.13 NOVEL CHEMICAL AGENTS

The addition of chemicals agents is usually the best solution to the
contamination problem. However, these substances can be toxic to algae causing
damage to cultures and losses at the industrial level (WANG et al. 2013). Bio-control
of pathogens in cultures is one of the alternatives that has gained space in the control
through the development of bioherbicides, natural vegetable products (KALIA, A.
2011).

There are few reports on the use of natural agents in algae cultures. However,
these substances are being used for pest control in fruit or vegetable crops. An
example of this, is the research do by (KONG et al. 2016), where different substances
such as cinnamaldehyde, geraniol, carvacrol and cinnamic acid, are evaluated for the
control of fungi. Natural chemical agents are generally less polluting, more
environmentally friendly, more easily degradable and may comply with regulation in
the disposal of the large volumes of wastewater from mass cultures. However, these
substances need research and regulation to be used (BAJPAI et al. 2011).

Allelopathy is a biological phenomenon by which an organism can produce
one or more substances that can influence the growth, development and reproduction
of another microorganism. In the specific case of algae the allelopathy can function as
follows: (1) Substances of one algae affect the growth of another algae, (1) Substances
segregated by algae to inhibit their own growth, (lll) Toxins that affect the growth of
other microorganisms, (IV) Algal toxins that can affect the growth of plants
(GUTTERMAN 1994; WANG et al. 2013; CARNEY and LANE 2015). Currently there
are not enough studies on allelopathy, however, it is known to be a form of control.

A Dbiological alternative is also the possibility of using other types of
microorganisms to control biological contaminants. An example of this is the control of
small rotifers by larger rotifers such as Asplanchna (>700 pm). This can be used as
food for the smaller rotifers and the growth of Asplanchna rotifers can be controlled by
the addition of vitamin E (100 mg/L) (HUANG et al. 2014c).
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1.14 CLOSED AND CONTROLLED BIOREACTORS

Currently, most industrial algae production system are open ponds. They are
advantageous due to their low operating costs, however, this systems are highly
susceptible to contamination and therefore have limited biomass production (WANG
et al. 2012). The most likely causes for contamination in open systems are: (I)
inoculation of contaminated culture or medium (undetected), (Il) keeping the culture
open for long periods of time and (lll) rapid rate of biological contaminant growth
(FOREHEAD and O’KELLY 2013).

One alternative to solve this problem is the use of controlled closed systems,
taking into consideration the economic impacts that this system can generate. During
the last few years, it was tried to obtain high added-value metabolites from microalgae
using closed photobioreactors PBRs (OLAIZOLA 2003; MAHMOUD et al. 2016). This
kind of systems in the mass culture need considering the conditions for their increment,
such as changes in lighting, gas transference and temperature. It is known that with
PBRs greater productivities are obtained (UGWU et al. 2008; WANG et al. 2012).

Nowadays, these reactors are widely used, some examples are the
commercial cultures of Chlorella and Haematococcus, these can reach a capacity of
up to 25m?3, occupying a space of 100m?. The variables like temperature and pH are
controlled from a computer thus guaranteeing the continues and efficient production
(OLAIZOLA 2003).

1.15 OTHER ENHANCEMENTS

On the development of techniques for control another tool is the use of electric
pulses (PEF). This method can produce the waterproofing of biological membranes.
The phenomenon is called electroporation, which depends on transmembrane
potential (SAULIS 2010; REGO et al. 2015b). One of the problems of this process is
that there is not enough information for biological control. However, it allows reducing
or avoiding the use of different methods that impact the cultures (ZBINDEN et al. 2013).
The system depends on the electric field strength of the pulses and time; in this case,
each cell has a specific critical electric field intensity (Eu) and therefore a specific
susceptibility time. This methodology could allow the control of early detected

biological contaminants, however, the conditions must be established correctly in order
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to avoid damage in the cells (GRAHL and MARKL 1996; REGO et al. 2015B; REGO
et al. 2015a).

Other types of techniques have been developed for the automated
identification of contaminants using image processing techniques using mobile
phones. The system consists of the capture of the image, segmentation, identification
and recognition of the parasite (LAKSHMI, S., KUMAR, R., & RAJENDRAN 2015).

1.16 CONCLUSION

The massive algae production has increased significantly with the past of the
years and one of the most important problems is the contamination. In the present
review, it was analyzed some of the parasites that negatively influence in the
development of microalgae and cyanobacteria, with the goal to improve early detection
systems and control mechanisms. Some tools have been exposed, but it is necessary
to continue researching and developing methodologies to reduce, for example, the use

of chemical substances that over time produce toxicity problems.

The feasibility of detection and control is commonly based on the volume of
production and the cost of the product. On the mass production, usually is used the
open system despite being mostly grazing. For this reason, it is important a correct
definition of the culture conditions to exploit the physiology and biology features of the

microorganisms (symbiotic process), generating better results.



37

REFERENCES

ABELIOVICH A, ARAD S, BECKER W, BEN-AMOTZ A, BENEMANN JR,
YONGHONG B, BLACKBURN S, BOUSSIBA S, CYSEWSKI G, FERNANDEZ AF,
GRIMA EM, GROBBELAAR JU, DANXIANG H, HAREL M, ZHENGYU H, IWAMOTO
H, JONES IS, KAPLAN D, KOBLIZEK M, LORENZ T, MASOJIDEK J, REDINA AR,
MULLER-FEUGA A, PLACE AR, HU Q (2005) Handbook of Microalgal Culture. 577
. doi: 10.1002/9780470995280

ABOU-WALY H, NIGG HN, MALLORY LL (1991) Growth Response of Freshwater
Algae , Anabaena flos-aquae and Selenastrum capricornutum to Atrazine and

Hexazinone Herbicides. Bull Environ Contam Toxicol 223—-229

AHMAD M, SALEEM MA, SAYYED AH (2009) Efficacy of insecticide mixtures against
pyrethroid- and organophosphate-resistant populations of Spodoptera litura
(Lepidoptera: Noctuidae). Pest Manag Sci 65:266—274 . doi: 10.1002/ps.1681

AIBA S, OGAWA T (1977) Assessment of growth yield of a blue-green alga, Spirulina

platensis, in axenic andcontinuous culture. J Gen Microbiol 102:179-182

ALGAE S VON AG-CC of (2008) Maintenance of Cultures - Spirulina medium. Algae
1-3 Amaral R, Pereira JC, Pais AACC, Santos LMA (2013) Is axenicity crucial to
cryopreserve microalgae? Cryobiology 67:312-320 . doi:
10.1016/j.cryobiol.2013.09.006

AMIN SA, HMELO LR, VAN TOL HM, DURHAM BP, CARLSON LT, HEAL KR,
MORALES RL, BERTHIAUME CT, PARKER MS, DJUNAEDI B, INGALLS AE,
PARSEK MR, MORAN MA, ARMBRUST EV (2015) Interaction and signalling between
a cosmopolitan phytoplankton and associated bacteria. Nature 522:98-101 . doi:
10.1038/nature 14488

ANDERSON RA (2005) Algal Culturing Techniques, 1st Edition

ANGELIS S, NOVAK AC, SYDNEY EB, SOCCOL VT, CARVALHO JC, PANDEY A,



38

NOSEDA MD, THOLOZAN JL, LORQUIN J, SOCCOL CR (2012) Co-culture of
microalgae, cyanobacteria, and macromycetes for exopolysaccharides production:
Process preliminary optimization and partial characterization. Appl Biochem
Biotechnol 167:1092—-1106 . doi: 10.1007/s12010-012-9642-7

ARAOZ R, NGHIEM HO, RIPPKA R, PALIBRODA N, TANDEAU DE MARSAC N,
HERDMAN M (2005) Neurotoxins in axenic oscillatorian cyanobacteria: Coexistence
of anatoxin-a and homoanatoxin-a determined by ligand-binding assay and GC/MS.
Microbiology 151:1263-1273 . doi: 10.1099/mic.0.27660-0

BAJPAI VK, KANG S, XU H, LEE SG, BAEK KH, KANG SC (2011) Potential roles of
essential oils on controlling plant pathogenic bacteria Xanthomonas species: A review.
Plant Pathol J 27:207-224 . doi: 10.5423/PPJ.2011.27.3.207

BASTIDAS O (2016) Cell Counting with Neubauer Chamber Basic Hemocytometer
Usage. Celeromics 6 . doi: 10.1007/s13398-014-0173-7.2

BEN-AMOTZ, A., POLLE, J. E. W. & SUBBA RAO D V (2010) The Alga Dunaliella.
Biodiversity, Physiology, Genomics and Biotechnology. J Phycol 46:216-217 . doi:
10.1111/j.1529-8817.2009.00785.x

BENSON (2001) Microbiological Applications Lab Manual, Eigtht Edi. The

McGraw-Hill Companies

BERNEY C, ROMAC S, MAHE F, SANTINI S, SIANO R, BASS D (2013) Vampires in
the oceans: predatory cercozoan amoebae in marine habitats. ISME J 7:1-13 . doi:
10.1038/ismej.2013.116

BIONDI N, CHELONI G, TATTI E, DECOROSI F, RODOLFI L, GIOVANNETTI L, VITI
C, TREDICI MR (2017) The bacterial community associated with Tetraselmis suecica
outdoor mass cultures. J Appl Phycol 29:67-78 . doi: 10.1007/s10811-016-0966-5

BOGEN C, KLASSEN V, WICHMANN J, RUSSA M LA, DOEBBE A, GRUNDMANN
M, URONEN P, KRUSE O, MUSSGNUG JH (2013) Identification of Monoraphidium



39

contortum as a promising species for liquid biofuel production. Bioresour Technol
133:622—626 . doi: 10.1016/j.biortech.2013.01.164

BOROWITZKA MA, MOHEIMANI NR (2013) Open pond culture systems. In: Algae for
biofuels and energy. Springer, pp 133-152

BOWMAN JP, MCMEEKIN TA (2015) Marinobacter. In: Bergey’s Manual. pp 1-6

CAMPO JA DEL, GARCIA-GONZALEZ M, GUERRERO MG (2007) Outdoor
cultivation of microalgae for carotenoid production: current state and perspectives.
Appl Microbiol Biotechnol 1163—-1174 . doi: 10.1007/s00253-007-0844-9

CAPORASO JG, LAUBER CL, WALTERS W A, BERG-LYONS D, HUNTLEY J,
FIERER N, OWENS SM, BETLEY J, FRASER L, BAUER M, GORMLEY N, GILBERT
J A, SMITH G, KNIGHT R (2012) Ultra-high-throughput microbial community analysis
on the lllumina HiSeq and MiSeq platforms. ISME J 6:1621-1624 . doi:
10.1038/ismej.2012.8

CARNEY LT, LANE A (2015) Parasites in algae mass culture. In: Sime-Ngando T,
Lafferty KD, G. BD (eds) Roles and Mechanisms of Parasitism in Aquatic Microbial

Communities. p 155

CARNEY LT, LANE TW (2014) Parasites in algae mass culture. Front. Microbiol. 5

CEA-BARCIA G, BUITRON G, MORENO G, KUMAR G (2014) A cost-effective
strategy for the bio-prospecting of mixed microalgae with high carbohydrate content:
Diversity fluctuations in different growth media. Bioresour Technol 163:370-373 . doi:
10.1016/j.biortech.2014.04.079

CHEIRSILP B, KITCHA S, TORPEE S (2012) Co-culture of an oleaginous yeast
Rhodotorula glutinis and a microalga Chlorella vulgaris for biomass and lipid
production using pure and crude glycerol as a sole carbon source. Ann Microbiol
62:987-993 . doi: 10.1007/s13213-011-0338-y



40

CHINNASAMY S, BHATNAGAR A, CLAXTON R, DAS KC (2010) Biomass and
bioenergy production potential of microalgae consortium in open and closed
bioreactors using untreated carpet industry effluent as growth medium. Bioresour
Technol 101:6751-6760 . doi: 10.1016/j.biortech.2010.03.094

CHO D-H, CHOI J-W, KANG Z, KIM B-H, OH H-M, KIM H, RAMANAN R (2017)
Microalgal diversity fosters stable biomass productivity in open ponds treating

wastewater. Sci Rep 7:

CHO DH, RAMANAN R, HEO J, LEE J, KIM BH, OH HM, KIM HS (2015) Enhancing
microalgal biomass productivity by engineering a microalgal-bacterial community.
Bioresour Technol 175:578-585 . doi: 10.1016/j.biortech.2014.10.159

CHO DH, RAMANAN R, KIM BH, LEE J, KIM S, YOO C, CHOI GG, OH HM, KIM HS
(2013) Novel approach for the development of axenic microalgal cultures from
environmental samples. J Phycol 49:802—-810 . doi: 10.1111/jpy.12091

CHOI GG, BAE MS, AHN CY, OH HM (2008) Induction of axenic culture of Arthrospira
(Spirulina) platensis based on antibiotic sensitivity of contaminating bacteria.
Biotechnol Lett 30:87-92 . doi: 10.1007/s10529-007-9523-2

COLE J (1994) Interactions Between Bacteria and Algae In Aquatic Ecosystems. Ann
Rev Ecol Syst 293-322

CROFT MT, LAWRENCE AD, RAUX-DEERY E, WARREN MJ, SMITH AG (2005)
Algae acquire vitamin B 12 through a symbiotic relationship with bacteria. Nature
438:90-93 . doi: 10.1038/nature04056

DAVIES J, DAVIES D (2010) Origins and Evolution of Antibiotic Resistance. Microbiol
Mol Biol Rev 74:417—433 . doi: 10.1128/MMBR.00016-10

DAY JG, SLOCOMBE SP, STANLEY MS (2012a) Bioresource Technology
Overcoming biological constraints to enable the exploitation of microalgae for biofuels.
Bioresour Technol 109:245-251 . doi: 10.1016/j.biortech.2011.05.033



41

DAY JG, THOMAS NJ, ACHILLES-DAY UEM, LEAKEY RJG (2012b) Early detection
of protozoan grazers in algal biofuel cultures. Bioresour Technol 114:715-719 . doi:
10.1016/j.biortech.2012.03.015

DE-BASHAN LE, BASHAN Y, MORENO M, LEBSKY VK, BUSTILLOS JJ (2002)
Increased pigment and lipid content, lipid variety, and cell and population size of the
microalgae Chlorella spp. when co-immobilized in alginate beads with the microalgae-
growth-promoting bacterium Azospirillum brasilense. Can J Microbiol 48:514-521 .
doi: 10.1139/W02-051

DE ARAUJO AB, SNELL TW, HAGIWARA A (2000) Effect of unionized ammonia,
viscozity and protozoan contamination on the enzyme activity of the rotifer Brachionus
plicalitis. AQuac Res 31:359-365

DEPPE U, RICHNOW HH, MICHAELIS W, ANTRANIKIAN G (2005) Degradation of
crude oil by an arctic microbial consortium. Extremophiles 9:461-470 . doi:
10.1007/s00792-005-0463-2

DOSTALEK M, HAGGSTROM MH (1983) Mixed culture of Saccharomycopsis fibuliger
and Zymomonas mobilis on starch-use of oxygen as a regulator. Eur J Appl Microbiol
Biotechnol 17:269-274 . doi: 10.1007/BF00508019

DRYDEN RC, WRIGHT SJL (1984) Predation of Cyanobacteria by protoza. J
Protozool 31:A42—-A43

ECHEVERRIA AD& R (2013) Ecuaciones diferenciales aplicadas a la Biologia. In:
Dpto. Ecuaciones Diferenciales y Analisis Numérico (ed) Ecuaciones diferenciales

aplicadas a la Biologia. Universidad de Sevilla, Sevilla, pp 1-21

EDGAR RC (2010) Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26:2460-2461 . doi: 10.1093/bioinformatics/btq461

FAWLEY KP, FAWLEY MW (2007) Observations on the Diversity and Ecology of

Freshwater Nannochloropsis (Eustigmatophyceae), with Descriptions of New Taxa.



42

Protist 158:325-336 . doi: 10.1016/j.protis.2007.03.003

FIND WV (2012) Quantitative Determinations of Algal Density and Growth

FISCHER BB, ROFFLER S, EGGEN RIL (2012) Multiple stressor effects of predation
by rotifers and herbicide pollution on different Chlamydomonas strains and potential
impacts on population dynamics. Environ Toxicol Chem 31:2832-2840 . doi:
10.1002/etc.2010

FOREHEAD HI, O'KELLY CJ (2013) Small doses, big troubles: Modeling growth
dynamics of organisms affecting microalgal production cultures in closed
photobioreactors. Bioresour Technol 129:329-334 ) doi:
10.1016/j.biortech.2012.11.082

FREDERIKSEN M, EDWARDS M, RICHARDSON AJ, HALLIDAY NC, WANLESS S
(2006) From plankton to top predators: Bottom-up control of a marine food web across
four trophic levels. J Anim Ecol 75:1259-1268 . doi: 10.1111/j.1365-
2656.2006.01148.x

FUENTES JL, GARBAYO |, CUARESMA M, MONTERO Z, GONZALEZ-DEL-VALLE
M, VILCHEZ C (2016) Impact of microalgae-bacteria interactions on the production of
algal biomass and associated compounds. Mar Drugs 14: . doi: 10.3390/md14050100

FULBRIGHT SP, DEAN MK, WARDLE G, LAMMERS PJ, CHISHOLM S (2014)
Molecular diagnostics for monitoring contaminants in algal cultivation. Algal Res 4:41—
51 . doi: 10.1016/j.algal.2013.11.008

GACHON CMM, STRITTMATTER M, MULLER DG, KLEINTEICH J, KUPPER FC
(2009) Detection of differential host susceptibility to the marine oomycete pathogen
Eurychasma dicksonii by real-time PCR: Not all algae are equal. Appl Environ
Microbiol 75:322-328 . doi: 10.1128/AEM.01885-08

GAMI B, NAIK A, PATEL B (2011) Cultivation of Spirulina species in different liquid
media. J Algal Biomass Util 2:15-26



43

GAUR ED R, MEHROTRA ed S, PANDEY RR (2012) Microbial applications.

GERPHAGNON M, LATOUR D, COLOMBET J, SIME-NGANDO T (2013) Fungal
Parasitism: Life Cycle, Dynamics and Impact on Cyanobacterial Blooms. PLoS One
8:2—11 . doi: 10.1371/journal.pone.0060894

GOECKE F, THIEL V, WIESE J, LABES A, IMHOFF JF (2013) Algae as an important
environment for bacteria — phylogenetic relationships among new bacterial species
isolated from algae. Phycologia 52:368-374 . doi: 10.2216/12

GOERS L, FREEMONT P, POLIZZI KM (2014) Co-culture systems and technologies:
taking synthetic biology to the next level. J R Soc Interface 11:20140065- . doi:
10.1098/rsif.2014.0065

GOMEZ-GIL B, THOMPSON F, THOMPSON C, GARCIA-GASCA A, ROQUE A,
SWINGS J (2004) Errata Vibrio hispanicus sp. nov., isolated from Artemia sp. and sea
water in Spain. Int J Syst Evol Microbiol 54:63177-63177 . doi: 10.1099/ijs.0.63177-
0

GONG Y, PATTERSON DJ, LI Y, HU Z, SOMMERFELD M, CHEN Y, HU Q (2015)
Vernalophrys algivore gen. nov., sp. nov. (Rhizaria: Cercozoa: Vampyrellida), a new
algal predator isolated from outdoor mass culture of Scenedesmus dimorphus. Appl
Environ Microbiol 81:3900-3913 . doi: 10.1128/AEM.00160-15

GONZALEZ-LOPEZ C V., CERON-GARCIA MC, FERNANDEZ-SEVILLA JM,
GONZALEZLEZ-CESSPEDES AM, CAMACHO-RODRIGUEZ J, MOLINA-GRIMA E
(2013) Medium recycling for Nannochloropsis gaditana cultures for aquaculture.
Bioresour Technol 129:430-438 . doi: 10.1016/j.biortech.2012.11.061

GONZALEZ LUZ, BASHAN Y (2000) Increased Growth of the Microalga Chlorella
vulgaris when Coimmobilized and Cocultured in Alginate Beads with the Plant-Growth-

Promoting Bacterium Azospirillum brasilense. Appl Environ Microbiol 66:1527-1531

GRAHL T, MARKL H (1996) Killing of micro-organisms by pulsed electric fields.



44

Applied Microbiology and Biotechnology. Appl Microbiol Biotechnol 45:148-157

GUERRINI F, MAZZOTTI A, BONI L, PISTOCCHI R (1998) Bacterial-algal interaction
in polysaccharide production. Aquat Microb Ecol 15:247-253 . doi:
10.3354/ame015247

GUILLARD RRL (2005) Purification methods for microalgae. Algal Cult Tech 117—
132

GUO Z, TONG YW (2014) The interactions between Chlorella vulgaris and algal
symbiotic bacteria under photoautotrophic and photoheterotrophic conditions. J Appl
Phycol 26:1483-1492 . doi: 10.1007/s10811-013-0186-1

GURUNG TB, URABE J, NAKANISHI M (1999) Regulation of the relationship between
phytoplankton Scenedesmus acutus and heterotrophic bacteria by the balance of light
and nutrients. Aquat Microb Ecol 17:27-35 . doi: 10.3354/ame017027

GUTTERMAN Y (1994) Algal Allelopathy. Bot Rev 60:373—425
HAGIWARA A, GALLARDO WG, ASSAVAAREE M, KOTANI T, DE ARAUJO AB
(2001) Live food production in Japan: Recent progress and future aspects.

Aquaculture 200:111-127 . doi: 10.1016/S0044-8486(01)00696-2

HALLMANN A, HALLMAN A (2007) Algal transgenics and biotechnology. Transgenic
Plant J 1:81-98

HAN J, WANG S, ZHANG L, YANG G, ZHAO L, PAN K (2016) A method of batch-
purifying microalgae with multiple antibiotics at extremely high concentrations.

Chinese J Oceanol Limnol 34:79-85 . doi: 10.1007/s00343-015-4288-2

HARRISON DEF (1978) Mixed Cultures in Industrial Fermentation Processes. Adv
APPL MICROBIOL 24:129-164 . doi: 10.1016/S0065-2164(08)70638-5

HERNANDEZ D, RIANO B, COCA M, GARCIA-GONZALEZ MC (2013) Treatment of



45

agro-industrial wastewater using microalgae-bacteria consortium combined with
anaerobic digestion of the produced biomass. Bioresour Technol 135:598-603 . doi:
10.1016/j.biortech.2012.09.029

HESS S, SAUSEN N, MELKONIAN M (2012) Shedding light on vampires: The
phylogeny of vampyrellild amoebae revisited. PLoS One 7: . doi:
10.1371/journal.pone.0031165

HESSELTINE CW, OTHERS (1992) Mixed-culture fermentations. Appl Biotechnol

Tradit Fermented Foods

HIGGINS BT, GENNITY I, SAMRA S, KIND T, FIEHN O, VANDERGHEYNST JS
(2016) Cofactor symbiosis for enhanced algal growth, biofuel production, and
wastewater treatment. Algal Res 17:308-315 . doi: 10.1016/j.algal.2016.05.024

HOFFMAN Y, AFLALO C, ZARKA A, GUTMAN J, JAMES TY, BOUSSIBA S (2008)
Isolation and characterization of a novel chytrid species (phylum Blastocladiomycota),
parasitic on the green alga Haematococcus. Mycol Res 112:70-81 . doi:
10.1016/j.mycres.2007.09.002

HUANG Y, LI L, LIU J, LIN W (2014a) Botanical pesticides as potential rotifer-control
agents in  microalgal mass culture. Algal Res 4:62-69 . doi:
10.1016/j.algal.2013.08.001

HUANG Y, LIU J, LI L, PANG T, ZHANG L (2014b) Efficacy of binary combinations of
botanical pesticides for rotifer elimination in microalgal cultivation. Bioresour Technol
154:67—73 . doi: 10.1016/j.biortech.2013.11.098

HUANG Y, LIU J, WANG H, GAO Z (2014c) Treatment potential of a synergistic
botanical pesticide combination for rotifer extermination during outdoor mass
cultivation  of  Spirulina  platensis.  Algal Res 6:139-144 . doi:
10.1016/j.algal.2014.11.003

HYENSTRAND P, BURKERT U, PETTERSSON A, BLOMQVIST P (2000)



46

Competition between the green alga Scenedesmus and the cyanobacterium
Synechococcus under different modes of inorganic nitrogen supply. Hydrobiologia
435:91-98 . doi: 10.1023/A:1004008721373

IDE K, TAKAHASHI K, KUWATA A, NAKAMACHI M, SAITO H (2008) A rapid analysis
of copepod feeding using FlowCAM. J Plankton Res 30:275-281 . doi:
10.1093/plankt/fom108

ILLUMINA (2014) lllumina 16S Metagenomic Sequencing Protocol FAQ. 1-4

IMAI I, SUNAHARA T, NISHIKAWA T, HORI Y, KONDO R, HIROISHI S (2001)
Fluctuations of the red tide flagellates Chattonella spp. (Raphidophyceae) and the
algicidal bacterium Cytophaga sp. in the Seto Inland Sea, Japan. Mar Biol 138:1043—
1049 . doi: 10.1007/s002270000513

JIMENEZ C, COSSIO BR, NIELL FX (2003) Relationship between physicochemical
variables and productivity in open ponds for the production of Spirulina: A predictive
model of algal yield. Aquaculture 221:331-345 . doi: 10.1016/S0044-8486(03)00123-
6

JONES K, RHODES ME, EVANS SC (1973) The use of antibiotics to obtain axenic
cultures of algae. Br Phycol J 8:185-196 . doi: 10.1080/00071617300650211

JUNG SW, KIM BH, KATANO T, KONG DS, HAN MS (2008) Pseudomonas
fluorescens HYK0210-SKO09 offers species-specific biological control of winter algal
blooms caused by freshwater diatom Stephanodiscus hantzschii. J Appl Microbiol
105:186-195 . doi: 10.1111/j.1365-2672.2008.03733.x

KALIA, A. MR (2011) Bioaugmentation, Biostimulation and Biocontrol. In: Ajay, Singh.,
Kuhad NPRC (ed) Bioaugmentation, Bioestimulation and Biocontrol. Springer, Berlin,
pp 223-240

KAN Y, PAN J (2010) A one-shot solution to bacterial and fungal contamination in the

green alga Chlamydomonas reinhardltii culture by using an antibiotic cocktail. J Phycol



47

46:1356-1358 . doi: 10.1111/j.1529-8817.2010.00904 .x

KLEPPEL GS, BURKART C A., CARTER K, TOMAS C (1996) Diets of calanoid
copepods on the West Florida continental shelf: Relationships between food
concentration, food composition and feeding activity. Mar Biol 127:209-217 . doi:
10.1007/BF00942105

KONG J, XIE YF, GUO YH, CHENG YL, QIAN H, YAO WR (2016) Biocontrol of
postharvest fungal decay of tomatoes with a combination of thymol and salicylic acid
screening from 11 natural agents. LWT - Food Sci Technol 72:215-222 . doi:
10.1016/j.lwt.2016.04.020

KRAFT K (2014) Impact of Viral Infectivity on Phototrophic Microbes for Biofuel
Applications

KROHN-MOLT I, ALAWI M, FORSTNER KU, WIEGANDT A, BURKHARDT L,
INDENBIRKEN D, THIER M, GRUNDHOFF A, KEHR J, THOLEY A, STREIT WR
(2017) Insights into Microalga and bacteria interactions of selected phycosphere
biofiims using metagenomic, transcriptomic, and proteomic approaches. Front
Microbiol 8:1-14 . doi: 10.3389/fmicb.2017.01941

LAKATOS G, KONDOROSI E, MAROTI G, DEAK Z, VASS |, RETFALVI T,
ROZGONYI S, RAKHELY G, ORDOG V (2014) Bacterial symbionts enhance photo-
fermentative hydrogen evolution of Chlamydomonas algae. Green Chem 16:4716—
4727 . doi: 10.1039/C4GC00745J

LAKSHMI, S., KUMAR, R., & RAJENDRAN S (2015) Automated System for Identifying
and Recognizing Rotifer Contamination in Spirulina. Indian J Sci Technol 8:702-706

. doi: 10.17485/ijst/2015/v8i

LANE TW, CARNEY LT (2014) Title: Parasites in algae mass culture. doi:
10.3389/fmicb.2014.00278

LEE J, CHO DH, RAMANAN R, KIM BH, OH HM, KIM HS (2013) Microalgae-



48

associated bacteria play a key role in the flocculation of Chlorella vulgaris. Bioresour
Technol 131:195-201 . doi: 10.1016/j.biortech.2012.11.130

LEE RE (2008) Basic characteristics of the algae

LEE Y-K, SHEN H (2004) 3 Basic Culturing Techniques. Handb microalgal Cult
Biotechnol Appl Phycol 40

LETCHER PM, LOPEZ S, SCHMIEDER R, LEE PA, BEHNKE C, POWELL MJ,
MCBRIDE RC (2013) Characterization of Amoeboaphelidium protococcarum, an Algal
Parasite New to the Cryptomycota Isolated from an Outdoor Algal Pond Used for the
Production of Biofuel. PLoS One 8: . doi: 10.1371/journal.pone.0056232

LIW, ZHANG T, TANG X, WANG B (2010) Oomycetes and fungi: Important parasites
on marine algae. Acta Oceanol Sin 29:74-81 . doi: 10.1007/s13131-010-0065-4

LINCOLN EP, HALL TW, KOOPMAN B (1983) Zooplankton control in mass algal
cultures. Aquaculture 32:331-337 . doi: 10.1016/0044-8486(83)90230-2

LOPEZ-RODAS V, AGRELO M, CARRILLO E, FERRERO LM, LARRAURI A,
MARTAN-OTERO L, COSTAS E (2001) Resistance of microalgae to modern water
contaminants as the result of rare spontaneous mutations. Eur J Phycol 36:179-190
. doi: 10.1017/S0967026201003109

MA AT, DANIELS EF, GULIZIAN, BRAHAMSHA B (2016) Isolation of diverse amoebal
grazers of freshwater cyanobacteria for the development of model systems to study
predator-prey interactions. Algal Res 13:85-93 . doi: 10.1016/j.algal.2015.11.010

MA J, XU L, WANG S, ZHENG R, JIN S, HUANG S, HUANG Y (2002) Toxicity of 40
herbicides to the green alga Chlorella vulgaris. Ecotoxicol Environ Saf 51:128-132 .
doi: 10.1006/eesa.2001.2113

MAGDOULI S, BRAR SK, BLAIS JF (2016) Co-culture for lipid production: Advances

and challenges. Biomass and Bioenergy 92:20-30 : doi:



49

10.1016/j.biombioe.2016.06.003

MAHAN KM, ODOM OW, HERRIN DL (2005) Controlling fungal contamination in
Chlamydomonas reinhardtii  cultures. Biotechniques 39:457-458 . doi:
10.2144/000112022

MAHMOUD R, IBRAHIM M, ALI G (2016) Closed photobioreactor for microalgae

biomass production under indoor growth conditions. J Algal Biomass Util 7:86—92

MARTINS AA, MATA TM, CAETANO NS (2010) Microalgae for biodiesel production

and other applications: A review. Renew. Sustain. Energy Rev. 14:217-232

MCBRIDE RC, LOPEZ S, MEENACH C, BURNETT M, LEE P A., NOHILLY F,
BEHNKE C (2014) Contamination management in low cost open algae ponds for
biofuels production. Ind Biotechnol 10:221-227 . doi: 10.1089/ind.2013.0036

MELIS A, MELNICKI MR (2006) Integrated biological hydrogen production. Int J
Hydrogen Energy 31:1563-1573 . doi: 10.1016/j.ijhydene.2006.06.038

MENDEZ C, URIBE E, CIENCIAS F DE, CATOLICA U, BOX PO, ACUICULTURA D
DE, CIENCIAS F DE (2012) Control of Branchionus sp . and Amoeba sp . in cultures
of Arthrospira sp . Lat Am J Aquat Res 40:553-561

MESECK SL (2007) Controlling the growth of a cyanobacterial contaminant,
Synechoccus sp., in a culture of Tetraselmis chui (PLY429) by varying pH: Implications
for outdoor aquaculture production. Aquaculture 273:566-572 . doi:
10.1016/j.aquaculture.2007.10.043

MICHAEL T. MADIGAN;, MARTINKO; JM, DUNLAP; P V., CLARK DP (2006)
Microbiologia de Brock.pdf, Tenth edit. PEARSON Prentince Hall, S&do Paulo

MISHRA AK, PANDEY AB (1989) Toxicity of three herbicides to some nitrogen-fixing
cyanobacteria. Ecotoxicol Environ Saf 17:236-246 . doi: 10.1016/0147-
6513(89)90043-2



50

MOENNE-LOCCOZ Y, MAVINGUI P, COMBES C, NORMAND P, STEINBERG C
(2011) Microorganisms and Biotic Interactions. In: Jean-Claude Bertrand, Pierre
Caumette, Philippe Lebaron, Robert Matheron, Philippe Normand TS-N (ed)
Environmental Microbiology: Fundamentals and Applications. Presses

Universitaires de Pau et des Pays de I’Adour, p 933

MOLINA-CARDENAS CA, SANCHEZ-SAAVEDRA M DEL P, LICEA-NAVARRO AF
(2016) Decreasing of bacterial content in Isochrysis galbana cultures by using some
antibiotics. Rev Biol Mar Oceanogr 51:101-112

MONIZ MBJ, RINDI F, NOVIS PM, BROADY PA, GUIRY MD (2012) Molecular
phylogeny of antarctic Prasiola (Prasiolales, Trebouxiophyceae) reveals extensive
cryptic diversity. J Phycol 48:940-955 . doi: 10.1111/j.1529-8817.2012.01172.x

MOOIJ PR, STOUTEN GR, VAN LOOSDRECHT MCM, KLEEREBEZEM R (2015)
Ecology-based selective environments as solution to contamination in microalgal
cultivation. Curr Opin Biotechnol 33:46-51 . doi: 10.1016/j.copbio.2014.11.001

MORENO-GARRIDO |, CANAVATE JP (2000) Assessing chemical compounds for
controlling predator ciliates in outdoor mass cultures of the green algae Dunaliella
salina. Aquac Eng 24:107-114 . doi: 10.1016/S0144-8609(00)00067-4

NAKAMURA K (1976) Fundamental studies on the physiology of rotifers in mass
culture - v. dry. Aquaculture 8:301-307

NAVAJAS-BENITO EV, ALONSO CA, SANZ S, OLARTE C, MARTINEZ-OLARTE R,
HIDALGO-SANZ S, SOMALO S, CARMENTORRES (2016) Molecular
characterization of antibiotic resistance in Escherichia coli strains from a dairy cattle
farm and its surroundings. J Sci Food Agric 2015-2018 . doi: 10.1002/jsfa.7709

NOLAN T, HANDS RE, BUSTIN S A (2006) Quantification of mRNA using real-time
RT-PCR. Nat Protoc 1:1559-82 . doi: 10.1038/nprot.2006.236

OLAIZOLA M (2003) Commercial development of microalgal biotechnology: From the



51

test tube to the marketplace. Biomol Eng 20:459-466 . doi: 10.1016/S1389-
0344(03)00076-5

OOMS MD, DINH CT, SARGENT EH, SINTON D (2016) Photosynthesis. Nat Publ Gr
7:1-13 . doi: 10.1038/ncomms12699

ORON G, SHELEF G, LEVI A (1979) Growth of Spirulina maxima on cow-manure
wastes. Biotechnol Bioeng 21:2169-2173 . doi: 10.1002/bit.260211203

PALLEN MJ, LOMAN NJ, PENN CW (2010) High-throughput sequencing and clinical
microbiology: Progress, opportunities and challenges. Curr Opin Microbiol 13:625—
631 . doi: 10.1016/j.mib.2010.08.003

PAREEK A, SRIVASTAVA P (2016) Efficacy of antibiotics on bacterial contamination

in outdoor cultures of Spirulina platensis. Algal Biomass 4:1-9

PARK S (2014) The selective use of chlorine to inhibit algal predators and avoid

pond crashes for the algae-biodiesel industry. Thesis Master

PARMAR A, KUMAR N, PANDEY A, GNANSOUNOU E, MADAMWAR D (2011)
Bioresource Technology Cyanobacteria and microalgae: A positive prospect for
biofuels. Bioresour Technol 102:10163-10172 . doi: 10.1016/j.biortech.2011.08.030

PASSARGE J, HOL S, ESCHER M, HUISMAN J (2006) Competition for nutrients and
light: stable coexistence, alternative stable states, or competitive exclusion? Ecol
Monogr 76:57—-72

PENG L, LAN CQ, ZHANG Z, SARCH C, LAPORTE M (2015) Control of protozoa
contamination and lipid accumulation in Neochloris oleoabundans culture: Effects of
pH and dissolved inorganic carbon. Bioresour Technol 197:143-151 . doi:
10.1016/j.biortech.2015.07.101

POST FJ, BOROWITZKA LJ, BOROWITZKA MA, MACKAY B, MOULTON T (1983)
The protozoa of a Western Australian hypersaline lagoon. Hydrobiologia 105:95-113



52

. doi: 10.1007/BF00025180

PREISIG HR, ANDERSEN RA (2005) Historical review of algal culturing techniques.
Algal Cult Tech 65:79-82

PUBCHEM (2016) No Title. In: Congo red.

https://pubchem.ncbi.nim.nih.gov/compound/Congo_red#section=Top

PULZ O, GROSS W (2004) Valuable products from biotechnology of microalgae. Appl
Microbiol Biotechnol 65:635-648 . doi: 10.1007/s00253-004-1647-x

Ql Z, SHI B, HU Z, ZHANG Y, WU W (2011) Ultrastructural effects of Celangulin V on
midgut cells of the oriental armyworm, Mythimna separata walker (Lepidoptera:
Noctuidae). Ecotoxicol Environ Saf 74:439—444 . doi: 10.1016/j.ecoenv.2010.10.004

QUAST C, PRUESSE E, YILMAZ P, GERKEN J, SCHWEER T, YARZA P, PEPLIES
J, GLOCKNER FO (2013) The SILVA ribosomal RNA gene database project: Improved
data processing and web-based tools. Nucleic Acids Res 41:590-596 . doi:
10.1093/nar/gks1219

RAMANAN R, KIM BH, CHO DH, OH HM, KIM HS (2016) Algae-bacteria interactions:
Evolution, ecology and emerging applications. Biotechnol Adv 34:14-29 . doi:
10.1016/j.biotechadv.2015.12.003

RASCONI S, JOBARD M, JOUVE L, SIME-NGANDO T (2009) Use of calcofluor white
for detection, identification, and quantification of phytoplanktonic fungal parasites.
Appl Environ Microbiol 75:2545-2553 . doi: 10.1128/AEM.02211-08

RAWAT I, KUMAR RR, MUTANDA T, BUX F (2013) Biodiesel from microalgae: A
critical evaluation from laboratory to large scale production. Appl Energy 103:444—
467 . doi: 10.1016/j.apenergy.2012.10.004

REGO D, COSTA L, PEREIRA MT, REDONDO LM (2015a) Cell Membrane
Permeabilization Studies of Chlorella sp. by Pulsed Electric Fields. |IEEE Trans



53

Plasma Sci 43:3483-3488 . doi: 10.1109/TPS.2015.2448660

REGO D, REDONDO LM, GERALDES V, COSTA L, NAVALHO J, PEREIRA MT
(2015b) Control of predators in industrial scale microalgae cultures with Pulsed Electric
Fields. Bioelectrochemistry 103:60—64 . doi: 10.1016/j.bioelechem.2014.08.004

RICHARDSON JW, JOHNSON MD, ZHANG X, ZEMKE P, CHEN W, HU Q (2014) A
financial assessment of two alternative cultivation systems and their contributions to
algae biofuel economic viability. Algal Res 4:96-104 . doi: 10.1016/j.algal.2013.12.003

RICHMOND C A, WAGENER K, REBELLO ADL (1987) Production of Spirulina and
other microalgae. Hydrobiologia 70:1987

RIPPKA R, DERUELLES J, WATERBURY JB, HERDMAN M, STANIER RY (1979)
Generic Assignments, Strain Histories and Properties of Pure Cultures of
Cyanobacteria. J Gen Microbiol 111:1-61 . doi: 10.1099/00221287-111-1-1

ROLING WFM, MILNER MG, JONES DM, FRATEPIETRO F, SWANNELL RPJ,
DANIEL F, HEAD IM (2004) Bacterial community dynamics and hydrocarbon
degradation during a field-scale evaluation of bioremediation on a mudflat beach
contaminated with buried oil. Appl Environ Microbiol 70:2603-2613 . doi:
10.1128/AEM.70.5.2603-2613.2004

RONCERO C, DURAN A (1985) Effect of Calcofluor white and Congo red on fungal
cell wall morphogenesis : in vivo activation of chitin polymerization . Effect of Calcofluor
White and Congo Red on Fungal Cell Wall Morphogenesis : In Vivo Activation of Chitin
Polymerization. J Bacteriol 163:1180-1185

ROTH BL, POOT M, YUE ST, MILLARD PJ, ROTH BL, POOT M, YUE ST, MILLARD
PJ (1997) Bacterial viability and antibiotic susceptibility testing with SYTOX green
nucleic acid stain . Appl Environ Microbiol 63:2421-2431 . doi: 0099-
2240/97/$04.00+0

SALVESEN |, REITAN KI, SKIERMO J, GIE G (2000) Microbial environments in



54

marine larviculture:Impacts of algal growth rates on the bacterial load in six microalgae.
Aquac Int 8:275-287 . doi: 10.1023/A:1009200926452

SANTOS CA, REIS A (2014) Microalgal symbiosis in biotechnology. Appl Microbiol
Biotechnol 98:5839-5846 . doi: 10.1007/s00253-014-5764-x

SATHASIVAM R, JUNTAWONG N (2013) Modified medium for enhanced growth of
Dunaliella strains. Int J Curr Sci 5:67—73 . doi: 10.13140/2.1.1362.4326

SAULIS G (2010) Electroporation of cell membranes: The fundamental effects of
pulsed electric fields in food processing. Food Eng Rev 2:52-73 . doi:
10.1007/s12393-010-9023-3

SEYEDSAYAMDOST MR, CARR G, KOLTER R, CLARDY J (2011) Roseobacticides:
Small molecule modulators of an algal-bacterial symbiosis. J Am Chem Soc
133:18343-18349 . doi: 10.1021/ja207172s

SHIN W, BOO SM, LONGCORE JE (2001) Entophlyctis apiculata, a chytrid parasite
of Chlamydomonas sp. (Chlorophyceae). Can J Bot 79:1083-1089 . doi: 10.1139/cjb-

79-9-1083

SHUNYU S, YONGDING L, YINWU S, GENBAO L, DUNHAI L (2006) Lysis of
Aphanizomenon flos-aquae (Cyanobacterium) by a bacterium Bacillus cereus. Biol
Control 39:345-351 . doi: 10.1016/j.biocontrol.2006.06.011

SIGMA-ALDRICH 18909 Calcofluor White Stain. Prod Inf 2—-3

SINGH H (2006) Mycoremediation: Fungal Bioremediation

SMYTH TJP, PERFUMO A, MCCLEAN S, MARCHANT R, BANAT IM (2010)
Handbook of Hydrocarbon and Lipid Microbiology. In: Handbook of Hydrocarbon

and Lipid Microbiology. pp 1-6

SPOLAORE P, JOANNIS-CASSAN C, DURAN E, ISAMBERT A (2006) Commercial



55

applications of microalgae. J Biosci Bioeng 101:87-96 . doi: 10.1263/jbb.101.87

SRIVASTAVA BS (1970) Sensitivity and resistance of a blue-green alga Phormidium
mucicola to streptomycin and penicillin. Arch Mikrobiol 72:182-185 . doi:
10.1007/BF00409523

STANIER R, KUNISAWA R, MANDEL M, COHEN-BAZIRE G (1971) BG11
(Blue-Green Medium). Cult Collect Algae Protozoa 11:559001

STEPHENSON AL, KAZAMIA E, DENNIS JS, HOWE CJ, SCOTT SA, SMITH AG
(2010) Life-cycle assessment of potential algal biodiesel production in the united

kingdom: A comparison of raceways and air-lift tubular bioreactors. Energy and Fuels
24:4062—-4077 . doi: 10.1021/ef1003123

SUBASHCHANDRABOSE SR, RAMAKRISHNAN B, MEGHARAJ M (2011) Consortia
of cyanobacteria / microalgae and bacteria: Biotechnological potential. Biotechnol
Adv 29:896-907 . doi: 10.1016/j.biotechadv.2011.07.009

TATE JJ, GUTIERREZ-WING MT, RUSCH KA, BENTON MG (2013) The Effects of
Plant Growth Substances and Mixed Cultures on Growth and Metabolite Production of
Green Algae Chlorella sp.: A Review. J Plant Growth Regul 32:417-428 . doi:
10.1007/s00344-012-9302-8

TWINER MJ, CHIDIAC P, DIXON SJ, TRICK CG (2005) Extracellular organic
compounds from the ichthyotoxic red tide alga Heterosigma akashiwo elevate cytosolic
calcium and induce apoptosis in Sf9 cells. Harmful Algae 4:789-800 . doi:
10.1016/j.hal.2004.12.006

UGWU CU, AOYAGI H, UCHIYAMA H (2008) Photobioreactors for mass cultivation of
algae. Bioresour Technol 99:4021-4028 . doi: 10.1016/j.biortech.2007.01.046

UNNITHAN V V., UNC A, SMITH GB (2014) Mini-review: A priori considerations for
bacteria-algae interactions in algal biofuel systems receiving municipal wastewaters.
Algal Res 4:35-40 . doi: 10.1016/j.algal.2013.11.009



56

VAN GINKEL SW, BIDWELL M, IGOU T, GIJON-FELIX R, SALVI EJNR, DE
OLIVEIRA SHR, DUARTE LHK, STEINER D, HU Z, JOHNSTON R, SNELL T, CHEN
Y (2016) The prevention of saltwater algal pond contamination using the electron
transport chain  disruptor, rotenone. Algal Res 18:209-212 . doi:
10.1016/j.algal.2016.06.012

VAN VUUREN, J., PIERTERSE, A., JACOBS, A., & STEYNBERG M (1939) Different
Counting Methods for Algal Studies

VAN WICHELEN J, VAN GREMBERGHE |, VANORMELINGEN P, DEBEER AE,
LEPORCQ B, MENZEL D, CODD GA, DESCY JP, VYVERMAN W (2010) Strong
effects of amoebae grazing on the biomass and genetic structure of a Microcystis
bloom (Cyanobacteria). Environ Microbiol 12:2797-2813 . doi: 10.1111/j.1462-
2920.2010.02249.x

VAZ MGMV, BASTOS RW, MILANEZ GP, MOURA MN, FERREIRA EG, PERIN C,
PONTES MCF, DO NASCIMENTO AG (2014) Use of sodium hypochlorite solutions to
obtain axenic cultures of Nostoc strains (Cyanobacteria). Rev Bras Bot 37:115-120 .
doi: 10.1007/s40415-014-0055-4

VILLA J, RAY E, BARNEY B (2014) Azotobacter vinelandii siderophore can provide
nitrogen to support the culture of the green algae Neochloris oleoabundans and
Scenedesmus sp. BA032. Fed Eur Microbiol Soc 351:70-77 . doi: 10.1111/1574-
6968.12347

WANG B, LAN CQ, HORSMAN M (2012) Closed photobioreactors for production of
microalgal biomasses. Biotechnol Adv 30:904-912 . doi:
10.1016/j.biotechadv.2012.01.019

WANG H, ZHANG W, CHEN L, WANG J, LIU T (2013) The contamination and control
of biological pollutants in mass cultivation of microalgae. Bioresour Technol 128:745—

750 . doi: 10.1016/j.biortech.2012.10.158

WATANABE K, TAKIHANA N, AOYAGI H, HANADA S, WATANABE Y, OHMURA N,



57

SAIKI H, TANAKA H (2005) Symbiotic association in Chlorella culture. FEMS
Microbiol Ecol 51:187-196 . doi: 10.1016/j.femsec.2004.08.004

WEAVER JL (2000) Introduction to flow cytometry.

WREDE D, TAHA M, MIRANDA AF, KADALI K, STEVENSON T, BALL AS,
MOURADOV A (2014) Co-cultivation of fungal and microalgal cells as an efficient
system for harvesting microalgal cells, lipid production and wastewater treatment.
PLoS One 9: . doi: 10.1371/journal.pone.0113497

WU S, LI X, YU J, WANG Q (2012) Increased hydrogen production in co-culture of
Chlamydomonas reinhardtii and Bradyrhizobium japonicum. Bioresour Technol
123:184-188 . doi: 10.1016/j.biortech.2012.07.055

XINYAO L, MIAO S, YONGHONGLL, YIN G, ZHONGKAI Z, DONGHUI W, WEIZHONG
W, CHENCAI A (2006) Feeding characteristics of an amoeba (Lobosea: Naegleria)
grazing upon cyanobacteria: Food selection, ingestion and digestion progress. Microb
Ecol 51:315-325 . doi: 10.1007/s00248-006-9031-2

YAMANE K, MATSUYAMA S, IGARASHI K, UTSUMI M, SHIRAIWA Y, KUWABARA
T (2013) Anaerobic coculture of microalgae with thermosipho globiformans and
Methanocaldococcus jannaschii at 68°C enhances generation of n alkane rich biofuels
after pyrolysis. Appl Environ Microbiol 79:924-930 . doi: 10.1128/AEM.01685-12

YU X, ZHENG Y, DORGAN KM, CHEN S (2011) Qil production by oleaginous yeasts
using the hydrolysate from pretreatment of wheat straw with dilute sulfuric acid.
Bioresour Technol 102:6134-6140 . doi: 10.1016/j.biortech.2011.02.081

YUAN X, KUMAR A, SAHU AK, ERGAS SJ (2011) Impact of ammonia concentration
on Spirulina platensis growth in an airlift photobioreactor. Bioresour Technol
102:3234-3239 . doi: 10.1016/j.biortech.2010.11.019

ZAPALSKI MK (2011) Is absence of proof a proof of absence? Comments on

commensalism. Palaeogeogr Palaeoclimatol Palaeoecol 302:484-488 . doi:



58

10.1016/j.palaeo.2011.01.013

ZBINDEN MDA, STURM BSM, NORD RD, CAREY WJ, MOORE D, SHINOGLE H,
STAGG-WILLIAMS SM (2013) Pulsed electric field (PEF) as an intensification
pretreatment for greener solvent lipid extraction from microalgae. Biotechnol Bioeng
110:1605-1615 . doi: 10.1002/bit.24829

ZHENG Y, CHI Z, LUCKER B, CHEN S (2012) Two-stage heterotrophic and
phototrophic culture strategy for algal biomass and lipid production. Bioresour
Technol 103:484-488 . doi: 10.1016/j.biortech.2011.09.122

ZHOU D, LI'Y, YANG Y, WANG Y, ZHANG C, WANG D (2014) Granulation, control of
bacterial contamination, and enhanced lipid accumulation by driving nutrient starvation
in coupled wastewater treatment and Chlorella regularis cultivation. Appl Microbiol
Biotechnol 99:1531-1541 . doi: 10.1007/s00253-014-6288-0



59

2 CHAPTER Il BACTERIA IN MICROALGAL CULTURES: AXENIZATION OF
MICROALGAE, COMMUNITY COMPOSITION AND POPULATION DYNAMICS

2.1 ABSTRACT

The maintenance of microalgae culture is a fundamental tool in biotechnology
and research. However, one of the main problems is contamination. These may be
because of bacteria or various populations of microalgae. The present research
develops strategies to eliminate bacterial contamination using microbiological
techniques (streak plate method) in Spirulina maxima SAG 84.79, Spirulina platensis
SAG 257.80, Dunaliella salina SAG 184.80 and Neochloris oleoabundans UTEX LB
1185. cultures. Additionally, from these four cultures 372 microorganisms were
identified. Of these, 164 bacteria were isolated and maintained on nutritive agar. And
14 were identify to family level using biochemical methodologies. Finally, a
mathematical model was established that allows to describe the population dynamics

of a microalga in the presence of bacteria and a control substance antimicrobial.

Key words: Microalgae, contamination, bacteria, axenization, isolation

2.2 INTRODUCTION

2.2.1 Algae microorganisms

Phycologists regard any organisms with a-chlorophyll and a thallus not
differentiated into roots, steam and leaves to be an alga. This definition includes
cyanobacteria, a prokaryotic organism. Therefore, microalgae broadly refers to
microscopic algae and photosynthetic bacteria (LEE; SHEN, 2004; ABELIOVICH et
al., 2005).

Microalgae traits that can be explored in bioprocesses are its high grow rate,
adaptation to extreme conditions (using different kind of substrates), high
photosynthetic efficiency (up to -10% of the total captured solar energy) and nutritional
composition (MARTINS ET AL. 2010; HUANG ET AL. 2014B; MA ET AL. 2016).
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Microalgae are present in all ecosystems, mainly aquatic and terrestrial, with a wide
variety of species. It is estimated that more than 50.000 species, of which only 30,000
have been studied and analyzed (PREISIG AND ANDERSEN 2005).

Nowadays, the commercial production is focused on extremophiles, because
the relatively extreme conditions where they thrive guarantee lower contamination.
Microalgal biomass can be used in different industries: dietary supplements, pigments
biofuel, cosmetics, pharmaceutical (DAY ET AL. 2012A; WANG ET AL. 2013; HUANG
ET AL. 2014A). This biomass market has a size of about 5,000 t/year of dry matter and
generates a turnover of ca. U.s $ 1,25x10°/ year. One example of commercial success
is Arthrospira (Spirulina) platensis, a filamentous cyanobacterium, with an annual
production estimated around 3,000 tons per year (PULZ AND GROSS 2004; CHOI ET
AL. 2008).

Microalgal cultures have low concentrations, and different studies have focused
on improving cultivation conditions that can be used in large scale systems. Cultivation
can be done using open or closed systems and/or under laboratory conditions. Some
examples of these systems are: big, shallow ponds, tanks, circular and raceway ponds
(ORON et al. 1979; PARMAR et al. 2011; RAWAT et al. 2013). Several parameters
must be considered to reach a better yield, for instance: the selection of an appropriate
strain, cultivation conditions, contamination control and economic values (TATE et al.
2013).

2.2.2 Contamination problems

One of biggest problems in algae production is the contamination of cultures.
This can affect productivity and final yield and increase the production cost, reducing
product quality. In order to control contamination, it is important to use an early
detection system (LINCOLN et al., 1983; DAY, JOHN G. et al., 2012; MENDEZ et al.,
2012).

Generally, contamination affects cultures under open or closed conditions. All
this takes place due to the presence of predators, mainly bacteria, fungi, viruses,
herbivores such as rotifers, copepods, and sometimes other species of competitive
algae (DE ARAUJO ET AL. 2000; MORENO-GARRIDO AND CANAVATE 2000; VAZ
ET AL. 2014; MOOIJ ET AL. 2015; MA ET AL. 2016; MOLINA-CARDENAS ET AL.

2016). Some of these predators have been identified and isolated from various algae
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cultures. Examples of contaminants identified to the level of genus and/or species are
the rotifers Brachionus calyciflorus, Brachionus plicatilis (HUANG ET AL. 2014A), the
chytrid Paraphysoderma sedebokerensis (HOFFMAN ET AL. 2008), AND THE
CRYPTOMYCOTA AMOEBOAPHELIDIUM PROTOCOCCARUM (CARNEY AND
LANE 2014). Contamination is often described without further identification ("amoeba,"
"ciliate," or "rotifer") (FOREHEAD AND O’KELLY 2013), and laboratory experiments
are restarted from healthy inocula.

In recent years, different process and technologies have been developed to
control the presence of different predatory organisms (GRAHL AND MARKL 1996;
MESECK 2007; DAY ET AL. 2012B; MENDEZ ET AL. 2012; WANG ET AL. 2013;
HUANG ET AL. 2014A; LAKSHMI, S., KUMAR, R., & RAJENDRAN 2015; PENG ET
AL. 2015; VAN GINKEL ET AL. 2016), nevertheless, the efficiency of these depends
on several factors, including: detection stage, type of contaminant, production systems

and type of control.

2.2.3 Algae culture systems

There are several systems used to cultivate microalgae and cyanobacteria.
Their use depends in most cases on the product of interest. Two of the most used
systems are: open systems, such as lakes or ponds, and closed and highly controlled
systems (PBRs photobioreactors) (JIMENEZ et al., 2003; CAMPO et al., 2007;
MARTINS et al., 2010; WANG et al., 2012; ZHENG et al., 2012; GONG et al., 2015;
MAHMOUD et al., 2016).

Open systems have large areas and no barriers, reducing capital costs. These
are relatively inexpensive compared to closed systems. However open systems are an
excellent habitat for a wide variety of contaminants which may be competitors,
parasites, or consumers (WANG et al., 2012). In this type of systems, the presence of
herbivores in the form of protozoa and zooplankton is common, which can actively
consume the microalgae devastating the culture in 2-3 days (RAWAT et al. 2013).

Another important type of contamination that can occur in this type of production
systems is the presence of another microalga in the culture. Generally, contamination
by competing microalgae is one of the most complex forms in the control of the
contamination, since the physical and biological properties of the contaminant are
sometimes similar to that of the species being cultivated (MOOIJ ET AL. 2015).
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Closed systems, also called photobioreactors (PBRs) can be optimized
according to the biological and physiological conditions of the different species of algae
to be cultivate. One of the main advantages of these, is that the direct exchange of
gases and contaminants between the cells and the atmosphere is limited or is not
allowed by the reactor walls. In this case, the risk of contamination is reduced and the
control of the contaminant is simpler than in the previous case (MARTINS ET AL.

2010). However, the chance of massive contamination also exists.

2.2.4 Bacteria in axenic cultures and inocula

Microalgae are conserved and traded in agar slants, liquid cultures, and, less
often, cryopreserved or lyophilized. Most of these cultures are unialgal, but not axenic
(KRAFT 2014), and that is especially true for mass cultures (BOROWITZKA and
MOHEIMANI 2013). The contamination can even be beneficial to microalgae, because
several species needs cofactors produced by bacteria (HIGGINS et al. 2016). Despite
the contamination, microalgae can outcompete bacteria in aerobic conditions
amounting to typically to 95 to 98% of the total microbial biomass (PASSARGE et al.
2006; CHO et al. 2017), which means that there are higher counts of bacteria, but low

biomass.

2.2.5 Contamination control

For several years, different strategies have been developed with the aim of
mitigating the impact of contaminants on algae cultures.

The alternatives for control can be classified into two groups: (i) physical
methods and (ii) chemical methods. In addition, we can consider another method that
can be used in certain cultures, which is maintaining extreme conditions the whole time
- such as high salinity (Dunaliella salina), high alkalinity (Oocystis sp. and Spirulina
sp.), or nutritional stress (DE ARAUJO et al. 2000; LEE et al. 2013; MCBRIDE et al.

2014), reducing the risk of contaminants.

2.2.6 Chemical intervention

Several chemicals have been developed over the years to mitigate or eliminate
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biological contamination. An example is sodium hypochlorite (20% w / w) and copper
sulphate, commonly used in the disinfection of microalgae ponds to prevent
contamination (DAY et al. 2012a; HUANG et al. 2014c).

To determinate correctly the substance and concentration to be used is not an
easy task. Several parameters must be considered to avoid toxicity problems, since
the chemical process is aggressive and in some cases is not the most recommended
for some strains (FOREHEAD and O’KELLY 2013; VAN GINKEL et al. 2016). Another
important factor that determines the selection of different substances for the control of
the pollution is the cost that these will have when doing the massification of the
cultures (HUANG et al. 2014c).

Other substances commonly used are: antibiotics, fungicides, pesticides, salts,
aldehydes, peroxides and vitamins (ANDERSON 2005; CHOI et al. 2008; KAN and
PAN 2010; CHO et al. 2013; VAZ et al. 2014; MOLINA-CARDENAS et al. 2016;
JONES et al. 2017).

2.2.7 Physical intervention

Physical intervention is one of the main methods to control, reduce or eliminate
biological contamination. It can be mainly used in laboratory and pilot scale cultures,
however, it is not suitable for mass scale (HUANG et al. 2014c).

Some techniques commonly used are: filtration, physical disruption
(sonication, vortexing, or high pressure homogenization), centrifugation, and
disinfection of equipment. (RIPPKA et al. 1979; LEE and SHEN 2004; ABELIOVICH et
al. 2005; ANDERSON 2005; RAWAT et al. 2013; VAZ et al. 2014; CARNEY and LANE
2015).

2.2.8 Inoculum quality

One of the alternatives for maintaining mass culture quality is, of course,
maintaining the purity of seed cultures. Many microalgal culture are poorly conserved
by freezing and are routinely maintained as active populations. These cultures are at
greater risk of contamination, besides the natural oscillation of the cell counts in non-
axenic cultures. It is essential to understand the nature of the contaminants - or
symbionts, and eventually to “reisolate” the microalgae of interest from runaway
inocula (AMARAL et al. 2013).
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2.2.9 Population dynamics in xenic cultures

Because mass cultures can be contaminated but still stable, as xenic or
polycultures, one relevant approach is the analysis of the population dynamics.
Understanding population evolution and succession may aid in early detection of
contamination, as well as the intervention possibilities to avoid culture crash. That
involves the establishment of appropriate mathematical models that allows to establish
the main interaction mechanisms between each of the organisms present in the
system.

A complete model requires thorough physiological information about all the
species possibly present in a culture, something usually impractical. A useful
alternative for this, is to adopt a predefined model, such as Lotka-Volterra model
(ECHEVERRIA 2013), frequently used to describe the dynamics of biological systems,
in which two species interact (one as a predator and the other as prey), and adapt the
model to a particular system. In this way, the problem will be reduced to the calculation
of the defining parameters of the system, accommodating the interactions between the
organisms observed in the system. The main problem with this approach is the difficulty
in adopting the model to the specific conditions of the system to be studied.

Another alternative is to construct a more general framework for the system
based on specific, but limited characteristics of its constituents and the interactions
expected between them, that can model the dynamics of system over time. In this
case, the problem will be reduced to the establishment of a discrete-time or continuous-
time model using a set of differential equations that describe the rate at which a
variable of system changes over time. That approach can also accommodate the
inclusion of bioactive substances, which can appear as a population reduction term in
the equations. In this work we axenized and cultivated two strains of microalgae,
Neochloris oleoabundans UTEX 1185 and Dunaliella salina SAG 184.80, and two
strains of cyanobacteria Spirulina platensis (Arthrospira) SAG 257.80 and Spirulina
maxima (Arthrospira) SAG 84.79. To isolate possible prokaryotic contaminants,
present in these four cultures, to determine minimal inhibitory concentrations for these
contaminants and develop mathematical model capable of describing the kinetic
behaviour of a microalgal culture in the presence of a contaminant population

(bacteria) and a control substance.
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2.3 MATERIALS AND METHODS

2.3.1 Strains and culture conditions

Two cyanophyte strains were tested, S. platensis SAG 257.80 and S. maxima
SAG 84.79 and two chlorophytes, Neochloris oleoabundans UTEX 1185 and
Dunaliella salina SAG 184.80 (fig. 1-4). The cyanophytes were pre-cultivated in 250
mL Zarrouk medium (AIBA and OGAWA 1977; ALGAE 2008) and the chlorophytes in
250 mL BG+4 and Johnson medium flasks cultures respectively (STANIER et al. 1971,
SATHASIVAM and JUNTAWONG 2013) (APPENDIX [, Il and IIl). They were kept in
an orbital shaker (120 rpm) at 25°C.

2.3.2 Isolation of contaminating bactéria

To isolate the contaminating bacteria, 100 ul of Spirulina platensis SAG
257.80, Spirulina maxima SAG 84.79, Neochloris oleoabundans UTEX 71185 and
Dunaliella salina SAG 184.80 were spread on the surface of Nutrient agar (Kasvi,
Brazil) and of Zarrouk, BG11 and Johnson medium agar plate. Each agar plate was
incubated at 25°C, for 1 week with photoperiod 12:12 and an illumination of 60 uE
mol.m™'. s”1. In addition, based on their morphological characteristics (color and the
gross appearance of the colonies on the agar plate) 148 colonies were isolated from
the nutrient and Zarrouk plates (CHOI et al. 2008). Additionally, to count the
contaminant bacterial, 100 pl aliquots of serially diluted of each strain were also spread
on the surface of Nutrient agar. Each test plate was incubated at 25°C for 48 hours.
The number of observable colonies were counted on three suitable dilutions, averaged

and expressed as CFU (colony forming units).

2.3.3 Biochemical identification of bacterial isolated from Neochloris oleoabundans
UTEX 1185 cultures

Bacterial colonies with visual different phenotypes were selected for the
identification process (LAKATOS et al. 2014). A total of 14 possible isolates were
cultivated at 25°C, for 48 hours, with illumination of 60 yE mol.m-1. s-1, in the agars:

SIM, Citrate, Methyl Red, Voges Prokauer and Triple Sugar Iron. In addition, tests for
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oxidized, catalase and gram stain were performed (BENSON 2001; FERNANDEZ
OLMOS et al. 2010).

2.4 METAGENOMIC ANALYSES

2.4 1 Total DNA extraction

For each sample, 1 mL of algae culture was centrifuged at 12,000 x g for 1
min. The cell pellet was resuspended in 500 pL Tris-EDTA, homogenized with 10 pL
of lysozyme solution 20 mg/mL lysozyme solution (Sigma Aldrich, Arklow, Ireland) and
incubated at 30°C for 60 minutes. Then, 50 pyL of SDS 10% (w/v) and 10 pL of
proteinase K solution 20 mg/mL (Sigma Aldrich, Arklow, Ireland) were added to the
lysis solution, followed by homogenization and incubation at 60 °C during 60 min. 150
ML of phenol-chloroform (25:24) were added, homogenized by inversion, and
centrifuged at 12,000xg for 5 min. The supernatant was removed, and the DNA was
precipitated with 3x (v/v) absolute ethanol. Pellets were washed with 80% ethanol,
dried and resuspended in ultrapure water. Total DNA was quantified with a Nanodrop

2000 spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, USA).

2.4.2 lllumina high-throughput sequencing

The V4 variable region of the 16S rRNA gene (bases 515 to 806) was amplified
from the total DNA extracted samples according to the lllumina 16S metagenomics
sequencing library protocol. DNA was amplified with specific primers for the V3 region
containing complementary adaptors for Illumina platform (CAPORASO et al. 2012)
using KlenTAQ polymerase (Sigma Aldrich, Arklow, Ireland). Bar-coded amplicons
were generated by PCR under the following conditions: 95 °C for 3 min, followed by 18
cycles at 95 °C for 30s, annealing at 50 °C for 30s, extension at 68 °C for 60s, final
extension at 68 °C for 10 min and hold at 10 °C. Samples were sequenced in the MiSeq

platform using the 500 V2 kit, following standard Illumina protocols.

2.4.3 Bioinformatics and data analysis

Data generated by the sequencing went through a rigorous quality system that
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involved: () identification and removal of sequences containing more than one
ambiguous base (N); (Il) evaluation of the presence and complementarity of primers
and barcodes sequences. Chimeric sequences detection, removal of noises from pre-
cluster and taxonomic attribution were also performed using standard parameters of
QIIME software package, version 1.9.0. Applying the UCLUST method (EDGAR 2010),
sequences presenting identity above 97% were considered the same operational
taxonomic units (OTUs) according to the SILVA database (QUAST et al. 2013).

2.5 RE-ISOLATION AND AXENIZATION OF ALGAE CULTURES

The contaminating bacteria in the culture of Neochloris oleoabundans UTEX
1185 and Dunaliella salina SAG 184.80 were eliminated using streak method on BG11
and Johnson solidified medium (1.2% w/v). 100 yL were inoculated on the agar plates.
The plates were cultivated with photoperiod 12:12 an illumination of 60 yE mol.m-"'. s-
' provided by white fluorescent lamps at 25°C. after 7 days, a single green colony was
picked and streaked on a new agar plate. The colonies were observed in microscope
(Olympus bx-41) to identify remaining contaminations. This process was carried out
the sufficient number of times to obtain axenic colonies (KAN and PAN 2010). For
Neochloris oleoabundans UTEX 1185 this was done five times, and for Dunaliella
salina SAG 184.80 four times.

For Spirulina platensis SAG 257.80 and Spirulina maxima SAG 84.79 the
methodology was done in two steps. First, a 1:10 dilution was performed on sterile
Zarrouk medium. Then, 100 pL of this dilution were inoculated on Zarrouk 2.5% agar
plates. The plates were cultivated with photoperiod 12:12 an illumination of 58.59 ue
mol.m™'. s”! provided by white fluorescent lamps at 25°C. The light was placed only at
one side of the plate so that it could receive the greatest amount of light. After 10 days,
the growth of Spirulina filaments was observed in the direction of higher intensity of
light. Subsequently part of these filaments was transferred to new Zarrouk agar plates
(OVANDO 2015).

In the second phase, 2 ml of Spirulina culture were centrifuged for 5 minutes
at 6000 rpm, after which the supernatant was removed using a micropipette.
Additionally, to the same tube were added 2 ml of sterile distilled water and the
centrifugation was repeated. This step was performed four times. Then, the biomass

was resuspended in 2 ml of the Zarrouk liquid medium and the tubes were maintained
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four hours (CHOI et al. 2008). From these suspensions, all the content was filtrated
using glass fiber microfilter (gf-1) of 0,7 ym coupled with a vacuum filter system. The
filaments were washed with 2 ml of sodium hypochlorite (1,2 and 3% v/v) for 10, 20,
and 30 s and then washed with 5 ml of distilled sterile water. The biomass present on
the filter membrane was removed using a transfer loop and streaked onto petri dishes
containing Zarrouk solidified medium (1.2 % w/v). These plates were cultivated under
the same light and temperature conditions described above for all cultures (Vaz et al.
2014).

2.6 AXENIC CULTURE VERIFICATION

The algae colonies were selected using a transfer loop and then streaked into
BG11, Johnson and Zarrouk solidified medium (1.2% w/v agar) containing also 1%

added glucose. These plates were incubated at 25°C, for at least 7 days.

2.7 DYNAMICS OF THE BIOLOGICAL SYSTEM

Given the complexity of the system proposed in this research (algae, biological
pollutant and a bioactive compound, possibly a terpene), and that most of the models
that exist only identify the direct relationships for two variables. It was necessary to
establish a model that allowed the definition of a three-way interaction of the variables

in a biological system.

2.7.1 Mathematical model

A set of three first-order, non-linear equations was used for describing the
concentrations of microalgae, bacteria and a bioactive, antimicrobial agent (FIGURE
1). That is a reasonable assumption for a population of algae under ideal conditions
(direct interaction between system constituents, nutrients amount limited, culture

perfectly mixed).
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FIGURE 1. DIFERENTIAL EQUATION MODEL
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Source: The author (2017)

In these equations, C is the concentration of a population (A — alga, B —
bacteria) or a chemical substance (C), while the Greek letters are proportionality
constants. The first equation describes how the microalgal population growth rate
(6Ca/dy) is affected by the population of the microalga (Ca), its interaction with a
biological contaminant (CaCg), and its interaction with a bioactive substance (CaCr).

Similarly, in the second equation, the bacterial population growth rate depends
of the contaminant bacterial population interaction with the microalga (CsCa) and the
bioactive substance (CgCr). Finally, the third equation describes the change of
bioactive substance concentration, probably degradation, by independent reaction
(e.g. oxidation), by interaction with microalgae, (CaCt) and with bacteria (CgCr). In all
equations, the fourth term establishes a triple interaction between all constituents
(CaCgCr).

The set of equations can describe several situations, from unconstrained
microalgal growth to different degrees of interaction, depending on the values of the
parameters and initial conditions.

The model was implemented using the software MATLAB, version R2016b
using Euler's method. The initial conditions proposed equations are: Ca = 0,1 mg/mL,
Cg = 0,001 mg/mL and Ct = 0,05 mg/mL. The results and discussion are presented in
(APPENDIX 1V).

2.8 RESULTS AND DISCUSSION

2.8.1 Strains and culture conditions
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To design a suitable methodology for the purification and axenization of the
microorganisms, a study of the biological contaminants presents in the cultures and
maintained in the laboratory was carried out. In FIGURE 2a, 2b, 2c, and 2d. We can

observe the microalgae and cyanobacteria used in the present work.

FIGURE 2. a) Neochloris oleoabundans UTEX LB 1185, b) Spirulina platensis SAG 257.80,
c) Spirulina maxima SAG 84.79, d) Dunaliella salina SAG 184.80
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SAG 184.80 Dunalisiis saling

Source: The author (2017)
2.8.2 Population and isolation of contaminating bacteria and metagenomic analyses

The population density of contaminating bacteria in the cultures was: Spirulina

platensis 1,79x10% CFU.mL"", Spirulina maxima 6,53x10% CFU.mL"", Dunaliella salina
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1,74x10* and Neochloris oleoabundans 5,80x10° CFU.mL'. The size of these
populations is lower than that reported by (Choi et al. 2008) for a culture of Arthrospira
platensis (3.7x10% CFU.mL"") and that reported by (Cho et al. 2013) for cultures of
microalgae from environmental samples (6,5x10” CFU.mL™").

This behavior may be due to the culture conditions used. For example,
Spirulina sp. is a filamentous cyanobacteria that normally requires high levels of
carbonate and bicarbonate with alkaline pH values up to 11 (Gami et al. 2011) a
condition that is toxic for certain bacteria (Watanabe et al. 2005; Michael T. Madigan;
et al. 2006). Selective conditions are also used for the maintenance and production of
Dunaliella salina, whose cells grow best at 5-10% NaCl, however, concentrations
above 12% favors the elimination of predators (BEN-AMOTZ, A., POLLE, J. E. W. &
SUBBA RAO 2010).

Bacteria are naturally present in algal cultures and it is now known that they
may interact positively or negatively with phytoplankton growth. An example of the
positive interaction is promoting growth of microalgae because the release of growth
factors, such as vitamins, and benefits the transformation of organic material into more
assimilable forms of carbon (COLE 1994; UNNITHAN et al. 2014; MOLINA-
CARDENAS et al. 2016). On the other hand, some of the negative effects that may
occur are: inhibition of algae growth due to the production of algaecides
(Seyedsayamdost et al. 2011), induction of cell lysis, competition for nutrients, among
others effects (HYENSTRAND et al. 2000; GUO and TONG 2013).

One hundred and forty-eight colonies were isolated from Nutritive agar and
Zarrouk agar (four cultures of processed algae) based on the color and morphology of
the colonies. For Dunaliella salina 25 colonies were isolated, for Neochloris
oleoabundans 14 colonies, for S. maxima 60 colonies and for S. platensis 56. In total,
164 strains were continuously maintained on Nutritive agar plates (ANEXX V). To
evaluate the diversity of contaminants, present in the four initial samples, the High-
throughput sequencing by lllumina technique was used. This sequencing allows to
identify the microbial species present in a sample (PALLEN et al. 2010; ILLUMINA
2014).

2.8.2.1 Dunaliella salina
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Based on the analyses, a total of 63 microorganisms were identified (at the level
of order, family or genus) in the sample of Dunaliella salina. These 63 microorganisms
correspond to 94.37% of the total identified. The remaining 5.63% were removed from
the analysis due to low precision at the time of identification.

Among the bacteria identified, the highest percentage (57.76%) corresponds
to Marinobacter, a gram negative bacillus (rod-shaped cells), aerobic and mobile by a
single polar flagellum (Bowman and Mcmeekin 2015). The presence of this bacterium
in the cultures of Dunaliella can be due to its ability to grow at 0.5 to 20% of NaCl
concentration (i.e. Johnson culture medium). Additionally, its optimal growth
temperature range is 25-35°C, temperature at which Dunaliella salina is cultivated
(SMYTH et al. 2010).

One of the main biotechnological uses of Marinobacter at present, is the
bioremediation of aliphatic hydrocarbons such as n-hexane (ROLING et al. 2004;
DEPPE et al. 2005; GAUR ed et al. 2012).

FIGURE 3 shows the microorganisms identified with greater abundance in the
sample of Dunaliella salina. The "other" percentage represents the sum of several

identified microorganisms whose presence is minimal in the culture.

FIGURE 3. MICROORGANISMS IDENTIFIED IN CULTURES OF Dunaliella salina
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Source: The author (2017)

2.8.1.2 Neochloris oleoabundans
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In the case of Neochloris oleoabundans, a total of 115 microorganisms were
identified at the level of order, family or genus. These microorganisms correspond to
92.67% of the DNA extracted and amplified form the sample, and the reminder 7.32%
was eliminated due to lack of identification.

Based on this identification, the contaminants with the greatest abundance are
genus Parvibaculum (25.83%), order Xanthomonadaceae (17%), genus
Pseudomonas (11%), and genus Rhizobiales (10%). This culture has a greater number
of biological contaminants in comparison to the culture of Dunaliella salina, and no
dominant species as observed in the previous case.

In N. oleoabundans cultures using BG+1 as a production medium, interaction
of the microalga with different bacteria is reported in the literature (CHO et al. 2013;
JONES et al. 2017). Nowadays, it is known that some of these interactions may be
favourable for algae. In the case of Neochloris oleoabundans, the interaction with the
bacterium Azotobacter vinelandii allows it to be used as a source of nitrogen in co-
cultivation (SANTOS and REIS 2014; VILLA et al. 2014; FUENTES et al. 2016).

FIGURE 4 shows the presence of other microorganisms (order, family, genus)
in the culture of Neochloris oleoabundans. Again, the microorganisms with the lowest

concentration in the culture are represented as label “others” (3.49%).

FIGURE 4. MICROORGANISMS IDENTIFIED IN CULTURES OF Neochloris oleoabundans

Source: The author (2017)

2.8.1.3 Spirulina maxima and Spirulina platensis
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These two cultures are discussed together because they belong to the same
genus and are cultivated in the same conditions and -yet, the important differences in
the bacterial contaminant populations was observed.

For the cultures of Spirulina maxima and Spirulina platensis a total of 101 and
93 biological contaminants were identified respectively. In the culture of Spirulina
maxima, the 101 contaminants represent 88.16% of the contaminating biomass,
whereas for Spirulina platensis the 93 contaminants are 85.54% of the contaminating
biomass. Similarly, as done in the previous analyses, 11.83% (S. maxima) and 14.45%
(S. platensis) of the information was discarded due to lack of precision in the
identification.

For Spirulina cultures, the most abundant contaminants are like the
chlorophyte contaminants, however, they do not present the same values. The genus
Rhodobaca is at 44.99% in S. maximum, whereas for S. platensis it is at 22.98%. The
genus Fluviicola in S. maximus culture is found in 6.71% and in S. platensis culture is
9.56%.

In the case of S. platensis, we find other biological contaminants in high
proportions, some genera are: Pseudomonas (4.45%) and Inquilinus (3.78%). With a
lower presence in S. maxima culture, we found the genus Bacillus (0.02%),
Pseudomonas (2,14%), Sthaphylococcus (0.0028%). For S. platensis, we found
genera such as Halomonas (1.21%), Sthaphylococcus and Mycobacterium with
(0.0027%). In the work done by (Choi et al. 2008) with Arthrospira (Spirulina) platensis,
different species of Halomonas and Sthaphylococcus were observed, similarly to the
present work.

FIGURE 5 and 6 show other identified microorganisms (order, family, genus)
for S. maxima and S. platensis cultures. Again, the microorganisms with the lowest
concentration in the cultures are represented with label “others” (3.44% and 2.04%,

respectively).



FIGURE 5. MICROORGANISMS IDENTIFIED IN CULTURES OF Spriulina maxima
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FIGURE 6. MICROORGANISMS IDENTIFIED IN CULTURES OF Spriulina platensis

Source: The author (2017)
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Some of the genera above mentioned are common contaminants of different algal
cultures. Pseudomonas, for example, has been identified along with cultures of
Chilorella vulgaris (GUO and TONG 2013) and Oscillatoria (JONES et al. 2017). Other
contaminants identified here have been described as potentiators in certain microalgae
cultures. Examples of these are bacteria from the genus Sphingomonas,
Microbacterium, Flavobacterium, and Agrobacterium, identified in the present study
and reported elsewhere (WATANABE et al. 2005; SUBASHCHANDRABOSE et al.
2011; LAKATOS et al. 2014; UNNITHAN et al. 2014; CHO et al. 2015).

The enormous diversity of population in stable, dense microalgal cultures indicate
that microalgal inocula may carry a diversity of contaminants, and these contaminants
cannot be easily isolated by classical microbiological techniques — the diversity
observed in the ribosomal RNA gene analysis is far higher than that obtained in colony

isolation.

2.8.3 Population and isolation of contaminating bacteria and metagenomic analyses

Biochemical identification of bacteria isolated from Neochloris oleoabundans
UTEX LB 1185 culture. It was possible to isolate 14 bacterial strains from Neochloris
oleoabundans UTEX LB 1185 cultures (C1-C14). TABLE 4 shows the results from
Gram stain. From the gram stain it was possible to identify 9 Gram-negative, 6 Gram-

positive and 5 Gram-positive cocci.

TABLE 4. GRAM STAIN BACTERIAL ISOLATED FROM Neochloris oleoabundans

Strain Gram |
C1 Rod +
C2 Rod +
C3 Rod +
C4 Cocci +
C5 Cocci +
C6 Rod +
C7 Rod +
C8 Rod -
C9 Rod -
Cc10 Rod +
C11 Cocci +
Cc12 Rod +
C13 Rod -
C14 Cocci +

Source: The author (2017)
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Through the physiological and biochemical characteristics, it was possible to
classify 5 families of bacteria. Bacillaceae (genus Bacillus), Rhizobiales,
Pseudomonadaceae  (genus  Pseudomonas),  Streptomycetaceae  (genus
Streptomyces) and Leuconostocaceae (genus Leuconostoc). These results
correspond to those obtained in the metagenomic analysis Erro! Fonte de referéncia

nao encontrada..

TABLE 5. MORPHOLOGICAL AND BIOCHEMICAL CHARACTERIZATION OF THE ISOLATED
BACTERIA FROM NEOCHLORIS OLEOABUNDANS UTEX LB 1185 CULTURE

Biochemical test

Strain
C1
Cc2
C3
C4
C5
C6
C7
C8
C9

C10
C11
Cc12
C13
Cc14

Colony aspect Oxidase Catalase Motility Indol H2S Citrate MR VP TSI

White colony + - + - - + - . R/R
White colony + - - + _ _ R/R
White colony + - - + + . . R/R
Yellow colony - - + - - - - + A/A
Yellow colony + - - - - - . + AR
White colony + + - - - + _ _ R/R
White colony + - - - - - . R/R
White colony + - - - - - . R/R
White colony + - - - - - - . R/R
Yellow colony - - - - - - - +  AA
White colony + + - - - + _ _ R/R
Yellow colony + - - - + - _ A/A
White colony - + + - + - - R/R
Yellow colony - - - - - - + AR

Source: The author (2017)

As described in the section metagenomic results of Neochloris oleoabuandans,

it is possible to find different types of bacteria associated with microalgae. In the works
carried out by (GOECKE et al. 2013; BIONDI et al. 2017; KROHN-MOLT et al. 2017)
some of the bacteria reported in the present study were identified. Although many of
the relationships between microalgae and bacteria are beneficial in certain cases it is

necessary to establish limits on their growth to avoid damage or loss of cultures.

2.8.4 Isolation and axenization of algae culture

The axenic cultures of Dunaliella salina were obtained after 4 successive

depletion plating’s using Jonhson agar plates (1.2% agar), while in the case of
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Neochloris oleoabundans were obtained successively 5 successive depletion in BG11
plates (1.2% agar) For the case of S. platensis and S. maxima, the positive phototactic
property of cyanobacteria was used. This motility allows to obtain separate colonies in
solid medium for a subsequent planting until obtaining pure culture (OVANDO 2015)
(Appendix VI).

It is known that the process of axenization of algae cultures can be long and
expensive, which is why they are not routine activities in laboratories (PAREEK and
SRIVASTAVA 2013; FUENTES et al. 2016). At the other side, the benefits of cultivating
microalgae with the presence of bacteria have been widely discussed. However, they
should be properly analyzed, and the populations known. For example, when the
conditions of cultivation are modified, the population ratio between the species will be
also altered. This process was observed in cultures of Chlorella vulgaris and
Pseudomonas whose relationship of mutualism changes to competition when culture
conditions were modified from autotrophic to heterotrophic (GURUNG et al. 1999;
JUNG et al. 2008; GUO and TONG 2013).

Adequate knowledge about genetics and the interactions between these
microorganisms, as well as the production of crops with high biotechnology potential
in areas such as pharmaceuticals and food, are reasons why the process of

axenization is important in laboratories.

2.8.5 Modelling microalgal growth

The model proposed is clearly unable to accommodate all the possible
interactions between the populations — and even if it is expanded to include all the
species observed, e.g. one equation for each species, the interaction terms would be
simply too numerous. However, the analysis of figures in the Appendix V show that for
each microalgal culture, more than 75% of the bacterial population belong to ca. 5
species, which gives a manageable number of interactions — 7 equations with 7 terms
each, using only pairwise interactions. Still, the prediction of 35 kinetic parameters that
are necessarily make the model impractical.

Looking at the other side, the simplest model that could represent the system
has only two microorganism populations: one for the microalgal species of interest,
and the other of a mixed bacterial population. With this simplification, which includes a

bioactive substance, it is possible to simulate situations that occur in contaminated
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cultures, e.g. microalgal growth, stability, oscillation or crash, by simply varying the
parameters (TABLE 6).

TABLE 6. MORPHOLOGICAL AND BIOCHEMICAL CHARACTERIZATION OF THE ISOLATED
BACTERIA FROM NEOCHLORIS OLEOABUNDANS UTEX LB 1185 CULTURE

Condition Initial (g/L) Outcome
Algae concentration 0,01 0,05
Bacterial concentration 0,1 0,01
Bioactive substance 0,05 0,01

concentration

Time 20 days

Source: The author (2017)

Using this approach and having laboratory data for the growth rate of the
microalga of interest and representative bacteria in the presence of organic carbon,
and the minimal inhibitory concentrations of antimicrobial agents, it might be possible

to simulate cultures from field data and predict — and prevent — culture crashes.

2.9 CONCLUSIONS

Two microalgae strains, Dunaliella salina SAG 1844,80 and Neochloris
oleoabundans UTEX LB 1185 were axenized. The cyanobacteria Spirulina maxima

and platensis were purified, but final axenization must be confirmed.

A total of 165 bacteria were isolated from the four microalgae cultures
Dunaliella salina (25), Neochloris oleoabundans (14), S. maxima (60) and S. platensis
(56).

With the biochemistry characterization was possible to identify 5 families of
bacterias. Bacillaceae (genus Bacillus), Rhizobiales, Pseudomonadaceae (genus
Pseudomona), Streptomycetaceae (genus Steptomyces) and Leuconostocacea

(genus Leuconostoc).
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From the metagenomics assay were identified in total 372 microorganisms
present in the four cultures analyzed. Of these, 63 are found in Dunaliella salina, 115

in Neochloris oleoabundans, 93 in S. platensis and 101 in S. maxima.

The biological contaminants with the greatest abundance were for the
Dunaliella salina culture was the Marinobacter, with 57.67% mass of bacteria
contaminant; For Neochloris oleoabundans was the Parvibaculum with 25.83% mass
of bacteria contaminant. And in the cases of S. maxima and S. platensis was the
Rhodobaca with 44.99% mass of bacteria contaminant and 22.98% mass of bacteria

contaminant respectively.

A mathematical establishing the direct relations between the constituents of
the system has potential to represent the interactions between bacterial and microalgal
populations. Defining the precise constants for each bacteria-microalga system

essential for adequate modelling.
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3 CHAPTER Il LC50S OF NEOCHLORIS OLEOABUNDANS IN RESPONSE TO
FIVE TERPENES

3.1 ABSTRACT

Microalgae have great attention as a promising source for sustainable
production of fatty acids, carotenoids, vitamins, and biodiesel production. Neochloris
oleoabundans has recently demonstrated its potential to accumulate relevant amounts
of carotenoids, fatty acids. Similarly, to plant crops, the major problems that algal mass
cultures is that they can be affected by biological contaminants. This article reviews
relevant aspects for early detection and control of the biological contaminants that may
affect mass microalgae algae cultures and evaluate the toxicity of 6 terpenes to
contamination control of culture of the green algae Neochloris oleoabundans through
toxicity analysis to obtain the LCso. The LCsp for B-pinene and Limonene were 15 and
16 ppm respectively, the value obtained to a-pinene was 65 ppm. Eugenol and Linalool
have LCso above 250 ppm. The use of compounds such as a-pinene probably
contributes to the "healthy" of the culture of N. oleoabundans. In addition, this is a

green technology alternative to sanitize the cultures.

Key words: Healthy cultures, Microalgae, Terpenes, Toxicity.

3.2 INTRODUCTION

Algae are the vital importance in the primary production of the aquatic
ecosystem because they have been considered good indicators of the bioactivity of
industrial wastes and they vary in response to a variety of toxic compounds. Therefore,
it is important to explore the potential adverse effects of antibiotics and different
contaminants on algae to evaluate their risk an aquatic environment (MA et al. 2002;
FU et al. 2017).

Microalgae have drawn great attention as a promising source for sustainable
production of fatty acids, carotenoids, vitamins, and other compounds of interest (DO
NASCIMENTO et al. 2012; DE JESUS RAPOSO et al. 2013). Altogether, secondary



104

metabolites from microalgae have great potential for industrial development as they
include bioactive compounds such as antioxidant, antiviral, antibacterial, antifungal,
anti-inflammatory, antitumor, and antimalarial effectors. However, natural products in
microalgae remain largely unexplored compared to those in land plants, even though
cultivation of microalgae offers many advantages over those of terrestrial plants, e.g.,
the rapid growth rates, and lack of competition for resources used for food crops,
including the use of fresh water and arable lands.

Microalgae cultures are usually of low concentration and producing large
amounts of biomass requires equally large volumes. An alternative doing so at low
production costs, is the cultivation in open systems (STEPHENSON et al. 2010;
McBride et al. 2014; RICHARDSON et al. 2014; MA et al. 2016); nevertheless, this
technology is still not fully optimized for all types of algae (BOROWITZKA AND
MOHEIMANI 2013; MCBRIDE et al. 2014).

One of the major problems with this algal mass cultures is that they can be
affected by other organisms (contaminants) (ABELIOVICH et al. 2005; DAY et al.
2012b; MCBRIDE et al. 2014). These contaminants may impair the development of
the cultures, resulting in reduced production, and sometimes complete loss of the
desired microorganism population or final products (MESECK 2007; DAY et al. 2012b;
MENDEZ et al. 2012; FOREHEAD AND O’KELLY 2013).

Early detection and control of contaminants are important to avoid significant
culture damage and losses. During the last years, techniques have been developed
aiming to control the contamination in the mass cultures of algae (MAHAN et al. 2005;
KAN and PAN 2010; DAY et al. 2012b; FOREHEAD AND O’KELLY 2013; HUANG et
al. 2014b; HUANG et al. 2014c; HUANG et al. 2014a). This article reviews relevant
aspects of early detection and control of the biological contaminants that may affect
mass microalgae algae cultures.

The success of microalgae biotechnology depends on the choice of
microalgae with relevant properties to specific conditions of cultivation and desired
product (PULZ AND GROSS 2004). For this reason, it is very important to evaluate the
response of microalgae with the biotechnological potential to contaminants (terpenes),
to know which compounds can be used in the contamination control of the culture
without affecting the growth of the algae.

The toxicity analysis is the most commonly used methodology for this

evaluation; the purpose of this test is to determine the effects of a substance on the
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growth of freshwater microalgae and/or cyanobacteria. Exponentially growing test
organisms are exposed to the test substance in batch cultures over a period of normally
72 hours. In spite of the relatively brief test duration, effects over several generations
can be assessed (MA et al. 2002; OECD 2011).

The system response is the reduction of growth in a series of algal cultures
exposed to various concentrations of a test substance. The response is evaluated as
a function of the exposure concentration in comparison with the average growth of
replicate, unexposed control cultures. For full expression of the system response to
toxic effects (optimal sensitivity), the cultures are allowed unrestricted exponential
growth under nutrient-sufficient conditions and continuous light for a sufficient period
of time to measure the reduction of the specific growth rate (HORNSTROM 1990;
OECD 2011).

Growth and growth inhibition are quantified from measurements of the algal
biomass as a function of time. The test endpoint is inhibition of growth, expressed as
the logarithmic increase in biomass (average specific growth rate) during the exposure
period. From the average specific growth rates recorded in a series of test solutions,
the concentration bringing about a specified x % inhibition of growth rate (e.g. 50%) is
determined and expressed as the Lethal Media Concentration(Crane and Newman
2000; OECD 2011; Sebaugh 2011).

3.3 MATERIALS AND METHODS

3.3.1 Algal strains and culture conditions

The green alga Neochloris oleoabundans UTEX 1185 was used as the test
organism. Cells of n. N. oleoabundans were pre-cultivated in a 250 ml bg11 medium.
The culture was massified in 2000-ml Erlenmeyer flask containing 1000-mL (MURRAY
et al. 2011). The inoculum was taken in a ratio of 1/3 compared to the medium and the
initial concentration of biomass in the medium was standardized to 0.1 g/l (OD640 0.2).
The Erlenmeyer were cultivated with photoperiod 12:12 and with an illumination of 60

ue mol.m™. s*1 at 25°C.

3.3.2 Determination of growth parameters
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For growth analyses was considered cell number using a Fusch-Rosenthal
hemocytometer by microscopy. Optical density was determinate at 640 nm (OD640)
with a spectrophotometer (Bioespectro SP-200). The cellular concentration was
determinate using dry weight. 15 mL of samples were filtrated using glass fiber
microfilter (GF-1) of 0,7 ym (Macharey Nagel, Germany) coupled with a vacuum filter
system. The glass fiber microfilter were previously dried and tared, after filtration they
were dried in an oven at 105°C for 24 h. The cultures were analyzed every three days
(COSTARD et al. 2012; LE CHEVANTON et al. 2013).

Maxima specific growth rate (i, ), and doubling time were obtaining from fitting
the experimental data to theorical curves of exponential growth with R2>0.95 (FIGURE

7 and 8 respectively).

FIGURE 7. MAXIMA SPECIFIC GROWTH RATE
Ln (DO, ) + Ln (DO,)

= #?J"Iﬁ.t‘

Source: The author (2017)

FIGURE 8. DUPLICATION TIME

Td — LIng

Hmax

Source: The author (2017)

Where, DO2: Absorbance at the end of the selected time interval; DOxq:

biomass concentration at the beginning of the selected time interval.

3.3.3 Toxicity assays

For the toxicity assay, 20-mL aliquots of the BG11 medium containing green
algal cells (initial cell concentration 2 x 104 /mL) were distributed to sterile 125-mL
Erlenmeyer flasks (OECD 2011). The media of Neochloris oleoabundans UTEX LB
1185 was treated with various terpenes concentrations ranging from 0 to 1000 mg/L,
and incubated for 96 hours, at a temperature 25°C using the same photoperiod and
illumination conditions. The growth of algal cells was calculated using a Fusch-

Rosenthal hemocytometer by microscopy. Each terpene concentration was replicated
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three times. Appropriate control systems containing no terpene were included in each
experiment. Control and treated cultures grew under the same conditions of
temperature, photoperiod of the stock cultures (HORNSTROM 1990; HALLING-
S@RENSEN 2000; MORENO-GARRIDO AND CANAVATE 2000; MA et al. 2002). The
LCso and confidence limits were obtained whit the Dose-Response model (RITZ et. al.

2015) using statistics package R Version 1.1.414.

3.4 RESULTS

3.4.1 Kinetic parameters

The maximum specific growth rate (i,,4, ), was 0.127 d-! and the doubling time
was 5.45 days. These values are lower than those obtained in the work presented by
MURRAY et al., (2011). For biomass production, the maximum value reached was
0.468 g / L after 30 days of production. At present there are reports with biomass
concentrations higher than the one reported in this study, however, production must
be optimized (PRUVOST et al. 2009).

The growth rate of microorganisms can be affected by different factors, i.e.
nutrients, temperature, light intensity, light / dark cycle, CO2 enrichment or others. This
can decrease the growth rates of some strains and results in Differences between

microalgae.

3.4.2 Toxicity assays

Sufficient supply of nutrients, efficient gas transfer and exchange, and delivery
of photosynthetically-active radiation (par) (WANG et al. 2013) are all major challenges
during productions of microalgae, which have been the subject in academic and
industrial studies. besides these, it was also found by us doe in 2010, microalgal
monocultures grown for biofuel and other bioproducts were susceptible to biological
pollutants (RODOLFI et al. 2009; MATA et al. 2010; TATE et al. 2013). infection or
contamination by biological pollutants could cause the sudden and massive death of
microalgal cells, but little attention was paid to this.

The contamination control in microalgal cultures it is a challenge of academic

and industrial researchers in the last years, find which are the compounds and the
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concentration will be used to have axenic culture without affecting the algae growth it
is a critical point. Some researchers are attempted to filter the algae liquid or add drugs
to annihilate the biological contaminations, while others focused on changing the
environmental conditions to control them (GAIKOWSKI et al. 1999; HUANG et al.
2014a). However, are a few publications suggesting how to use chemicals to inhibit or
kill biological pollutants (FISCHER et al. 2012b; FOREHEAD AND O’KELLY 2013;
MOLINA-CARDENAS et al. 2016; PAREEK AND SRIVASTAVA 2016b). Among these
chemicals, pesticides were firstly used to annihilate the zooplankton in the microalgae
suspension (DENG et al. 2015).

Although, adding chemicals is one of the options for controlling biological
pollutants, it may also damage the growth of target microalgae, the screening of
biological drugs which inhibit biological pollutants without damaging the target
microalgae is the preferred route (MORENO-GARRIDO AND CANAVATE 2000). Li et
al. (2006) studies an alcohol extract of Artemisia annua L. to inhibit the growth of
ciliate. A further issue is that the separation and test of biological drugs still require
further investigation.

Biological compounds are an alternative to “axenize” microalgae cultures
because they cause less damage to algae and eliminate biological contaminants
efficiently. Terpene constituent of essential oils from plants, such as lemon, orange,
pine, among others with microbial activity contribute to maintaining cultures "sanitized"
(DAYAN et al. 2009; SALEEM 2014; KONG et al. 2016a). The values of LC50 of
Neochloris oleoabundans UTEX LB 1185 in response to [-pinene, a-pinene,

Limonene, Eugenol and Linalool are shown non- TABLE 7.

TABLE 7. LC50 VALUES OF NEOCHLORIS oleoabundans IN RESPONSE TO THE TERPENES
CITED, AND CONFIDENCE LIMITS 95 %. THE VALUES ARE MEAN * SE (n=3). THE LC50 ARE
OBTAINED WHIT THE DOSE-RESPONSE ANALYSIS (‘DRC’ MODELS) USING R STATISTICS

PACKAGE.
Confidence limits 95%
Terpene LCso £ SE
(Ppm) Lower Upper
o-pinene 17.43+1,85 13.52819 21.32976

B-pinene 65.33 + 14,83 34.03491 96.62316
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Limonene 16.33 + 2,34 11.40149 21.26189
Eugenol 288.08 + 192,27 -117.57119 693.72663
Linalool 249.30 + 159.37 -86.92872 585.53327

Source: The author (2017)

Knowing the values of LC50 can use a correct amount of substances that allow
“cleaning” the culture, in this study the values obtained for 3-pinene and Limonene are
around 16 ppm, while a-pinene the value obtained was 65 ppm. On the other hand,
the values obtained for Eugenol and Linalool are above 250 ppm, however, the
confidence limits are very wide; which suggests that the maximum concentration used
in this study, does not inhibit 50% of the growth of the population of N. oleoabundans,
for this reason, it is advisable to perform a new test with concentrations above 1000
ppm.

It is important to mention, that in this study could not be performed at higher
concentrations because the terpenes Eugenol and Linalool have very low solubility
above 1000 ppm, forming microdroplets within the suspension that make the terpene
not available in the concentration desired.

Until now, LC50 values have been reported for the control of zooplankton
associated with algae cultures, with chemical herbicides (Trichlorphon, Buprofezin),
above 250 mg / L (SNELL AND HOFF 1987; SAHA AND KAVIRAJ 2008). which
implies the application of very large quantities of herbicides to clean the crops, for this
reason, the values obtained in this study seem to indicate that using compounds of
natural origin, in low concentrations (<100 ppm) could effectively control the
proliferation of microorganisms in large-scale microalgae cultures. The use of
compounds such as a-pinene probably contributes to the "axenization" of the culture
of N. oleoabundans. In addition, they represent an ecologically sustainable alternative

that would promote the use of clean technology in this area of research.

3.5 CONCLUSIONS
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The LCS50 values were: a-pinene 17.43 = 1,85; B-pinene 65.33 + 14,83;
Limonene 16.33 * 2,34; Eugenol 288.08 + 192,27; Linalool 249.30 + 159.37.

The terpene that showed the highest level of toxicity was limonene while the

one with the lowest toxicity is Eugenol.
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APPENDIX | - COMPOSITION OF THE JONSHON’S MEDIUM

Concentration

Stocks Reagents
(g/L)
NaCl 87,7
MgCl..6H20 1,5
MgS04.7H20 0,5
KCI 0,2
Macronutrients
CaCl; 0,2
KNOs3 1
NaHCOs3 0,043
KH2POy4 0,035
Na-EDTA 0,189
Fe-solution
FeCls;.6H20 0,244
H3BO3 0,0610
(NH4)6|V|07024.4H20 0,038,
Trace element CuS04.5H,0 0,006
solution CoCl2.2H0 0,0051
ZnCl» 0,0041
MnCl,.4H-O 0,0041

To prepare one liter of culture medium, all macronutrients must be dissolved
in 980 mL of distilled water. For the micronutrient and the iron solution 10 mL should
be used. To prepare solid agar medium, 1.2-1.5% base Agar should be dissolved, then

sterilized and plated.
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APPENDIX Il - COMPOSITION OF THE BG11 MEDIUM

Stocks Reagents Concentration
1 NaNO3 15 (g/L)

KoHPO4 2,0 (g/500 mL)

MgSQO4.7H20 3,75 (g9/500 mL)

CaCl2 1,80 (g/500 mL)

) Citric acid 0,30 (g/500 mL)

Ammonium ferric citrate
0,30 (g/500 mL)

Green
Na2:EDTA 0,05 (g/500 mL)
Na2COs 1 (g/500 mL)
H3BO3 2,86 (g/L)
MnCl2.4H20 1,81 (g/L)
FeCls3.6H20 0,22 (g/L)
3 (Trace metal solution)
ZnS04.7H0 0,39 (g/L)
CuS04.5H20 0,08 (g/L)
Co(NO3)2.6H20 0,05 (g/L)

To prepare one liter of medium, 100 ml of stock 1, 10 ml of stock 2 and 1 ml of
stock 3 should be mixed with 889 ml of distilled water. In the case of agar medium, 1.2-

1.5% base agar will be dissolved, then sterilized and plated.



APPENDIX Ill - COMPOSITION OF ZARROUK MEDIUM

Stocks Reagents Concentration
NaNO3 2,5
KoHPO4 0,5
KoSO4 1
] NaCl 1
MgSO4.7H20 0,2
CaCl 0,04
NaHCOs3 16,8
Na2EDTA 0,08
Fe-solution FeS04.7H20 0,01
ZnS04.7H20 0,1 (g/100mL)
MgSO4.7H20 0,1 (g/100mL)
H3:BO3 0,2 (g/100mL)
Co(NOs3)2.6H20 0,2 (g/100mL)
Micronutrients Na2C04.2H20 002
(g/100mL)
C0S04.5H:0 0,0005
(g/100mL)
FeS04.7H20 0,7 (g/100mL)
EDTA 0,8 (g/100mL)

To prepare one liter of medium, dissolve the reagents in distilled water and
add 1 mL of the micronutrient solution. In the case of solid medium preparation, the
solutions must be prepared and sterilized separately, including the agar solution (1.2-

1.5%) and mixed after cooling.
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APPENDIX IV — MATHEMATICAL MODELLING

Two hypothetical situations were interpreted to analyze the functionality of the
model. First: consider the prey predator base model. It is observed how populations of
prey and predators vary in time. The parameters used were: a=p=y=06 =1 (FIGURE
9).

FIGURE 9. PREDATOR PREY MODEL GRAPHICS
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Source: The author (2017)

In the second case, all constants and interactions are analyzed. In this case it
is possible to observe how the concentration of microalga increases as a function of
time and as the antimicrobial agent decreases, besides generating the death of the
bacteria. The parameters used were: Algae concentration =0.01 g/ L, bacterium = 0.1
g/ L, antimicrobial agent=0.05g/L.A=01,=-05,y=-01,6=01,=01,¢e=-
05,n=-1,6=01,1=-05kk=01=A=-1,u=0.1 (FIGURE).
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FIGURE 10. SIMULATION OF THE CONCENTRATIONS OF ALGAE, BIOLOGICAL CONTAMINANT
AND ANTIMICROBIAL AGENT, USING ALL INTERACTIONS
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APPENDIX V — ORIGINAL SAMPLES OF HEALTHY (BUT NOT AXENIC)
MICROALGAL CULTURES AFTER 10 DAYS IN AUTOTROPHIC MEDIA

FIGURE 11. NUTRIENT AGAR PLATE WITH THE FIRST INOCULATION OF a) Dunaliella salina
SAG 184.80 b) Spirulina platensis SAG 257,80, c) Neochloris oleoabundans UTEX LB 1185, d)
Spirulina maxima SAG 84.79
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APPENDIX VI - ORIGINAL SAMPLES OF HEALTHY (BUT NOT AXENIC)
MICROALGAL ISOLATED AND AXENIC CULTURES

FIGURE 12. PHOTOTACTISM IN CULTURES OF a) Spirulina platensis; b) Spirulina maxima




