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Abstract This review provides an analysis of recent pub-
lished work on interactions between microorganisms, espe-
cially the ones involving mainly nutrient exchanges and at
least with one microalga species. Examples of microbial part-
ners are given, with a remark to the potential application of
cultures of an autotroph and a heterotroph, which grow simul-
taneously, taking advantage of the complementary metabo-
lisms. These are particularly interesting, either due to econom-
ic or sustainable aspects, and some applications have already
reached the commercial stage of development. The added
advantages of these symbiotic cultures are biomass, lipid,
and other products productivity enhancement a better utiliza-
tion of resources and the reduction or even elimination of
process residues (including carbon dioxide and other green-
house gases) to conduct an increasingly greener biotechnolo-
gy. Among the several symbiotic partners referred, the
microalgae and yeast cultures are the most used. The interac-
tion between these two microorganisms shows how to en-
hance the lipid production for biodiesel purposes compared
with separated (stand-alone) cultures.

Keywords Symbiosis - Mutualism - Commensalism -
Microalgae - Autotrophy - Heterotrophy

Introduction

There are symbioses in nature since the beginning of life on
Earth and mankind grasped the opportunity to apply these
phenomena in biotechnology processes. Symbiosis, which
simply means living together, is a relationship wide spread
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in nature that defines an association between dissimilar organ-
isms, divided in types according to the advantages that the
partners obtain from it. Mutual symbiosis occurs when both
partners get advantages from the association. Commensalism
occurs when one partner gains an advantage but the other is
not damaged in the association. When one of the partners is
damaged, the association is called parasitism (Schlegel 1986;
Black 1996; Norton 1985). This review focuses only on the
positive interaction types, such as mutualism and
commensalism.

There are examples of symbioses in all kingdoms of living
beings and the most widespread reason for that is nutrient
supply (Honegger 2008; Ahmadjian and Paracer 2000). The
same interactions can be found among fungi, bacteria,
microalgae, and cyanobacteria, which are the main target of
biotechnology processes.

A well-known example from nature is that of lichens,
commonly found on rocks and trees as crusts, which are
associations of fungi with photosynthetic algae or
cyanobacteria (Prescott et al. 1999; Oksanen 2006). The fun-
gus and alga are so closely associated that they make up a
unitary vegetative body growing attached to rocks, tree trunks,
and other unlikely habitats. The fungus obtains its organic
nutrients from an alga that fixes CO, by photosynthesis. In
turn, the fungus protects the alga and supplies it with water
and minerals obtained from the atmosphere. These partners in
lichen symbiosis can be separated and will grow as individual
fungi or algae. It is also possible to construct lichens (Schlegel
1986).

Some of the most interesting characteristics of lichens are
the production of secondary metabolites, tolerance to extreme
environments, and sensitivity to pollution. Industrially impor-
tant secondary metabolites isolated from lichens are unique to
this symbiosis and have application in medicine, perfume
industry, brewing, dying industry, and food industry
(Oksanen 2006; Miiller 2001). Some authors report that more
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than 8,000 tonnes annually of two specific species of lichens
are harvested for the purpose to enhance the persistence of a
fragrance on the skin (Lutzoni and Miadlikowska 2009). An
interaction as such is designated as mutualism, as both alga
and fungus are benefiting from it (Schlegel 1986; Ahmadjian
and Paracer 2000). This is one of the oldest symbioses that
have been applied to biotechnology, where the outcome is a
valuable product to market.

The aim of this review is the symbiotic interactions be-
tween microorganisms that are currently under research be-
cause of their role and contribution to biofuels production
from microorganisms in particular the biodiesel production
from single-cell oil (SCO).

Syntrophism

A special kind of symbiosis is syntrophism, a biological
association in which microorganisms are mutually dependent
on one another for nutritional requirements (Prescott et al.
1999).

A very important syntrophism occurs in the anaerobic
methanogenic consortium, where fatty acids are degraded to
produce molecular hydrogen (H,) and methane by two differ-
ent bacterial groups (Prescott et al. 1999). This interaction falls
in the syntrophic symbioses which are cross-feeding symbio-
ses: metabolic products of one organism are required by
another. The H, is produced by a variety of anaerobic fermen-
tative bacteria; then H, is required by anaerobic methanogenic
bacteria in order to carry out anaerobic respiration, according
to the following sequence of reactions:

Propionate—acetate + CO, + H, (fermentative bacteria) (1)

4H, + CO,—CH4 + 2H,0(methanogens) (2)

The metabolism of methanogens maintains a low concen-
tration of H, in the immediate environment of both bacteria
(Eq. 2); only when H, generated by H,-producing bacteria is
consumed can the latter bacteria gain sufficient energy for
growth, as continuous removal of H, promotes further fatty
acid fermentation and H, production (Eq. 1) (Kim and Gadd
2008).

An example of syntrophic bacteria is Clostridium ultunense
and Thermoacetogenium phaeum that oxidize acetate to CO,
and H, in association with H,-consuming sulfidogens or
methanogens (Kim and Gadd 2008). The oxidation of buty-
rate, propionate, and ethanol to acetate are endergonic reac-
tions that do not occur spontaneously and therefore cannot
support growth of the syntrophic bacteria under standard
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conditions. However, oxidation of those substrates be-
comes an exergonic reaction when the reaction product
concentration (H,) is kept very low. The co-culture of
methanogens and sulfidogenic bacteria removes hydro-
gen efficiently, keeping its partial pressure low as these
reactions become exergonic. Co-culture of syntrophic
bacteria and methanogens on butyrate and propionate
is well documented. These mixed cultures are referred
to as syntrophic associations or described as interspecies
hydrogen transfer (Kim and Gadd 2008).

The H,-producing bacteria associated with CH4-producing
bacteria are part of a consortium on anaerobic digestion: in the
absence of the former, methanogens cannot grow, and only
when methanogens uptake the H, can the former grow. This is
a very important association between microorganisms for
biotechnology as it is the basis of biogas production, com-
posed mainly by methane, a renewable energy source
(Marques 2001).

Nutritional interactions applied in biotechnology

It is known from the experience of the food industry that the
more complex microbial communities cope better with envi-
ronmental perturbations. This can be explained by the ex-
change of information and metabolites between the interacting
microbes in mixed cultures. Most of the fermentations for the
production of fermented food products use mixed bacterial
cultures because they provide better quality products.
Important interactions bacteria—bacteria in dairy products
(yogurt) fermentation have a crucial role in final product
quality (Smid and Lacroix 2013). Improved microbial stability
on the obtained final product is one of the most relevant
among these qualities, which is achieved after symbiotic
interaction has been established. As a result of these findings,
the authors concluded that there is a need to use mixed
cultures in fermentation processes, and they highlighted the
difficulties in propagation of such a mixed culture starter
(Smid and Lacroix 2013). The use of high throughput geno-
mic tools can elucidate about the mechanisms of interaction
between microorganisms in mixed cultures. This knowledge
can be used to optimize or control processes in all biotechnol-
ogy subjects.

A number of applications based on the use of complemen-
tary metabolisms have been investigated by several authors,
and some are already giving their contribution to an ecologi-
cally sustainable solution to biotechnology industry.

This has been applied to aquaculture, for example, estab-
lishing a symbiosis between fish and algae in a culture pond
exposed to light resulted in a win—win situation for the indus-
try and ecology. In this case, fish provide dissolved carbon
dioxide, organic nitrogen (ammonia), physical agitation, and
removal of protozoa, which are beneficial to microalgae. In
turn, microalgae provide dissolved oxygen, nutrients, and



Appl Microbiol Biotechnol (2014) 98:5839-5846

5841

consumption of excreted compounds to clean the water, which
are beneficial to fish. The food chain in this pond can be
described shortly as small fish (zooplanktivorous fish) that
eat protozoa that in turn eat microalgae, which can be sustain-
able if the fish is removed periodically (Kazamia et al. 2012a).
Both organisms benefit from this interaction and so a mutual
symbiosis is achieved with commercial aim. The improve-
ment in aquaculture of fish and mass cultivation of microalgae
raises the income of the process as claimed by the author
(Pack 1991).

There is also a practical application of laboratory model
studies of closed ecosystems based on microorganisms in
space science, which began in the 1960s, to show the feasi-
bility of synthesizing micro-ecosystems and to know their
longevity (Pisman and Somova 2003). Those works evi-
denced that a community must include a microalgae as the
autotroph and two or three species of heterotrophs.
Furthermore, it was demonstrated that closed gas cycle sys-
tems had a longer life than the separate cultivation of the same
microorganisms (Pisman and Somova 2003).

Recently, in order to provide the necessary nitrogen re-
quired for microalgae growth for carbon dioxide fixation
purposes, the bacteria Azotobacter vinelandii that is able to
fix nitrogen from the atmosphere, was grown in co-culture
with microalgae (Villa et al. 2013). Two strains of green algae,
Neochloris oleoabundans and Scenedesmus sp. BA032, were
able to utilize the 4. vinelandii siderophore azotobactin as a
source of nitrogen, demonstrating to support microalgae
growth. This interaction between bacteria and microalgae
which could be classified as a commensalism may be applied
to mass culture of microalgae reducing the nitrogen source
cost.

Nutritional interactions based on metabolism
complementarity

The idea of symbiosis between microorganisms based on
complementary metabolisms was first approached in 1958,
as a method to improve the oxygen supply to the oxidation
ponds for wastewater treatment, using algae symbiosis with
bacteria (Oswald et al. 1953). The secondary treatment pro-
cesses of wastewater involve the oxidation of organic matter
by microorganisms under conditions wherein oxygen does not
become depleted so that, to supply the necessary large
amounts of oxygen from atmosphere, the air is forced to enter
the liquid phase at an accelerated rate, consuming high quan-
tities of energy to achieve it. The author disclosed that photo-
synthetic oxygenation by microalgae growing in ponds is a
completely different method for supplying the required oxy-
gen to grow bacteria in the same pond, avoiding intensive
consumption of energy (Oswald et al. 1953). The symbiosis
established between microalgae (autotrophic microorganisms)

and bacteria (heterotrophic microorganisms) is mutual be-
cause both organisms benefit from each other (CO, and O,
respectively) to improve their growth. The use of symbiosis
for wastewater treatment in high-rate oxidation ponds
(HROP) is a known technology since the 1960s (Oswald
et al. 1953), and so it will not be covered in this paper.
Further details can be found elsewhere because this subject
has been already reviewed by other authors (Abeliovich 1986;
Larsdotter 2006; Su et al. 2011).

Mixed cultures of microalgae and bacteria

Interactions between microalgae and bacteria are thought to
exist in natural habitats and that those are responsible for the
failure of microalgae isolation in the laboratory, as the partner
has been discarded in the process. It is quite common that
unicellular microalgae grow in the presence of bacteria. A
survey of 326 algal species revealed that 171 species require
exogenous vitamin By, for growth, implying that more than
half of the algal kingdom is cobalaminauxotrophic (Croft et al.
2005). The authors showed that the role of vitamin B, in algal
metabolism is primarily as a cofactor for vitamin B,,-depen-
dent methionine synthesis, and that cobalaminauxotrophism
has arisen numerous times throughout evolution, probably
owing to the loss of the vitamin B,,-independent form of the
enzyme. The source of cobalamin seems to be bacteria, indi-
cating a symbiotic interaction between microalgae and bacte-
ria (Croft et al. 2005).

A recent study of the bacteria associated with mass
culture of Botryococcus braunii (both the planktonic bacte-
ria in the water column and those forming biofilms adhered
to the surface of the microalgal cells) found ~10—10®
cultivable cells/g of microalgae (Rivas et al. 2010). The
authors found that at least eight different cultivable species
of bacteria were detected in the biofilm and two species,
Pseudomonas sp. and Rhizobium sp., were present in the
bacterial biofilm associated with B. braunii. These bacteria
were not detected in the planktonic bacteria isolated from
the water and the bacterium, Rhizobium sp., acted as a
probiotic bacterium to significantly encourage the growth
of B. braunii. A direct application of these beneficial
bacteria associated with B. braunii could be to use them
as inoculants for large-scale microalgal cultures. They could
optimize biomass production by enhancing growth, espe-
cially when combined with this microalga that has a low
growth rate. Few studies have considered the implications
of this phenomenon as regards the interaction between
bacteria and microalgae (Rivas et al. 2010).

More recently, the study of algal-bacterial interactions for
vitamin By, in a model laboratory system has enlightened this
theme (Kazamia et al. 2012b). The model co-culture was
composed by the following microorganisms: the vitamin
Bi,-dependent green algae Lobomonas rostrata and the
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rhizobial bacterium Mesorhizobium loti. These two were
grown together in a medium, neither containing vitamin
B, nor an organic carbon source, as reported by the
author (Kazamia et al. 2012b). The upshot was that the
algae grew well and, moreover, the algae and the bacteria
reached an equilibrium in their population densities
which was stable in both batch and chemostat conditions.
In this case bacteria provide vitamin B, to algae and
algae give photosynthetic products like organic carbon
source to bacteria, so this is a mutual symbiosis. The
authors suggest that bacterial consortia that will enhance
the growth of algae, through provision of expensive nu-
trients (vitamin B, and iron), may be applied to the
industrial algae cultivation with the referred advantages
over pure cultures.

Another important aspect of using the symbiotic bacteria in
algae cultures, with carefully chosen co-habitants, is the ex-
clusion of bacterial contaminants. The bacteria in the culture
discourage other bacteria from invading it, as that niche is
already occupied. This can be explained by the competitive
exclusion principle of community ecology, as referred by the
authors (Kazamia et al. 2012a). The single-species approach
to algal cultivation on a large scale in open photobioreactors is
difficult because biological communities will inevitably in-
crease in complexity over time as a nature principle. On the
other hand if species with complementary niches are chosen to
form a stable synthetic community, then it is predictable that

these species will grow without the presence of contaminant
species (Kazamia et al. 2012a). This is called synthetic ecol-
ogy as the microbial community has been chosen to solve a
specific problem. The overall lipid yield can be maximized by
choosing the most lipid producing algae in the bigger propor-
tion in this mixed community. This topic is of great interest for
algae production in large scale aimed at biodiesel production
and it highlights the importance of microorganism interactions
when sterile environments are not allowed. Once more the
symbioses between microorganisms can be allies or tools to
improve growth and productivity.

Mixed cultures of microalgae and yeast

The co-culture of microalgae and yeast is being studied for
various purposes such as aquaculture feed (Cai et al. 2007)
and fine chemical production (Dong and Zhao 2004). The
authors showed that there are significant advantages over
monoculture of the same species, like an improved yield of
high value products and a higher growth rate and biomass
concentration. The mixed cultures performed better due to
the higher carbon dioxide available for microalgae use in
photosynthesis, and due to the higher oxygen availability
for heterotrophy of yeast, leading to reduced microalgae
production costs while maintaining alga production
reliability.

Table 1 Overview of symbiotic mixed cultures of microalgae and yeast compared with the respective yeast monoculture for lipid production as

biodiesel feedstock

Autotroph Heterotroph Final biomass Final lipid Py Py, Increase Increase Ref.
concentration concentration (gL'dh (gLtdh in Py in Py,
eLh €L (%) (%)
Spirulina Rhodotorula 3.67 0.47 0.735 0.093 116 244
platensis glutinis
None R. glutinis 1.70 0.14 0.34 0.027 - - Xue et al.
(2010)
S. platensis None 0.20 0.01 0.102 0.0065 - -
Chlorella R. glutinis 22 1.7 0.44 0.34 29 21
vulgaris
None R. glutinis 1.7 14 0.34 0.28 - - Cheirsilp et al.
(2011)
C. vulgaris None 1.0 0.7 0.2 0.14 - -
Chlorella sp. Torulaspora 8.73 1.56 1.456 0.261 6 70
KKU-S2 maleeae Y30
Chlorella sp. Torulaspora 8.01 224 1.335 0.404 0 53
KKU-S2 globosa YUS/2
None 1. maleeae Y30 8.27 0.92 1.378 0.153 - - Papone et al.
(2012)
None T. globosa YUS5/2 8.33 1.14 1.389 0.190 - -
Chlorella sp. None 1.93 0.05 0.322 0.009 - -
KKUS2

P, biomass productivity, Py, lipid productivity
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CO, enriched
air — Fetm, ———— PBR —>

Fig. 1 Schematic representation of the gas stream from a fermenter to a
photobioreactor indicating an artificial symbiosis between the two micro-
organisms in culture (Santos et al. 2013)

Many applications based on the use of complementary
metabolisms have been applied also to SCO production for
biodiesel purposes, as this objective does not necessarily
demand pure cultures, but the requirements of a low price
product and a carbon dioxide neutral process are of major
importance. Also, in natural habitats mixed cultures of micro-
organisms are common.

The symbiosis between a culture of the oleaginous yeast
Rhodotorula glutinis and microalga Chlorella vulgaris was
shown to enhance lipid production from industrial wastes
(Cheirsilp et al. 2011). The authors reported that, in the mixed
culture, the yeast grew faster and the lipid production was
higher than that obtained in the pure cultures (Table 1). This
could be because the microalga acted as an oxygen generator
for the yeast, whereas the latter provided CO, to the microalga
and both carried out the production of lipids. In the mixed
culture, the metabolic reactions of both CO, release and
uptake were combined and complementary. Moreover, with
this strategy of mixed culture cultivation, higher concentra-
tions of CO, and O, that were reported to have deleterious
effects on the yeast and microalga, respectively, are avoided.
This is a mutual symbiosis as both microorganisms are
benefiting from each other and it is an improved biotechno-
logical process with industrial application.

The mixed cultivation of the microalga Spirulina platensis
and yeast R. glutinis significantly increased the accumulation
of total biomass and total lipid yield (Table 1), improving the
strategy for lipid production based on a mutual symbiosis

between these two microorganisms, as reported by the authors
(Xue et al. 2010).

The mixed cultures of microalgae Chlorella sp. KKU-
S2 and oleaginous yeast Torulaspora maleeae Y30 or
Torulaspora globosa YUS5/2, using sugar cane juice as
organic carbon source, resulted in improved growth toward
microbial oil production (Papone et al. 2012). The biomass
concentration in the mixed culture of the oleaginous yeast
with microalgae increased faster and was higher, when
compared with those obtained in monoculture (Table 1).
There was a maximum increase of 96 % in lipid yield in the
mixed culture as compared with the yeast culture alone.
The author explains that the microalga may function as an
O, producer in the mixed culture, enhancing the growth of
the yeast, whereas the latter produces CO, that is used by
the microalgae under photoautotrophic cultivation. In the
mixed culture, the metabolic reactions of both CO, release
and uptake were combined and complementary (Papone
et al. 2012).

The lipid productivity in the mixed cultures is general-
ly higher than the lipid productivity of the yeast culture.
This demonstrates the advantage of symbiosis in mixed
culture when producing lipids (Table 1).

The autotroph to heterotroph inoculum volume ratio
seems to play a key role in the CO, production and
uptake control in mixed cultures. The authors used dif-
ferent strategies: some (Cheirsilp et al. 2011; Papone
et al. 2012) used an equal amount of inoculum (10 %
inoculation volume ratio) for the autotroph and for the
heterotroph; others (Xue et al. 2010) used double amount
of autotroph (20 %, v/v) to heterotroph (10 %, v/v). The
initial proportion of heterotroph to autotroph is one of the
factors that certainly determine the performance of the
mixed culture growth. Another key factor seems to be the
specific growth rate of the autotroph and the heterotroph
as has been pointed out by the author (Papone et al.
2012).

Table 2 Overview of experiments on autotrophic growth aerated with CO,-enriched air from a heterotrophic growth stage (two-bioreactor association)

as compared with autotrophic growth aerated with air

Heterotroph Autotroph Py Puip 0 Increase  Increase Increase  Ref.
(gL'day) (gL'day) (b)) inP (%) inPy, (%) inp(%)

Chlorella protothecoides C. protothecoides  0.28 0.014 0.039 55 55 5 Santos et al. (2011)
None C. protothecoides  0.18 0.009 0.037 - - -
Rhodosporidium toruloides  C. protothecoides  0.36 0.053 0.037 87 83 28 Santos et al. (2013)
None C. protothecoides  0.19 0.029 0.029 - - -
Torulaspora Chlorella sp. 1.15 0.223 0.012 6 15 20 Puangbut and

maleeae Y30 Leesing (2012)
None Chlorella sp. 1.09 0.194 0010 - - -

Px microalga biomass productivity, Plip microalga productivity, p specific growth rate
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Fig. 2 Symbiotic association of bubble columns growing
Chlorella protothecoides autotrophically (a, A) and heterotrophically (7,
H) (Santos et al. 2011)

Symbiosis between two microorganisms in separated
bioreactors

A completely artificial and controlled interaction be-
tween microorganisms can be established in biotechnol-
ogy processes to obtain important products for
humanity.

This is the case of a heterotrophic microorganism growing
in a fermenter with adequate conditions and a photoautotro-
phic microorganism growing in a separate photobioreactor.
Both organisms are cultured separately and the gases

produced while growing are exchanged between the bioreac-
tors, limiting the interaction to this, benefiting both organisms
or only one, but not damaging the other (Santos et al. 2011;
Santos et al. 2013). Autotrophically grown Chlorella
protothecoides improved biomass productivity
(0.015 g L™" h™") and lipid productivity (2.2 mg L' h™") when
acrated with the off-gas from the yeast R. foruloides fermenta-
tion (Fig. 1), representing an increase of 87 and 83 %, respec-
tively, compared with the same culture aerated only with air and
not exchanging gases (Table 2) (Santos et al. 2013).

Symbiosis between microorganisms achieved by
biosystems engineering leads to high concentrations of a
product of the desired quality in the shortest possible time.
That is the case of choosing the heterotroph that has the
highest lipid and biomass productivity, which can be a hetero-
trophic microalga (Santos et al. 2011) or a yeast (Santos et al.
2013), and combining it with a microalga that also has the
highest lipid and biomass productivity.

The overall productivity improvement of autotrophically
grown C. protothecoides aerated with the CO,-enriched air
from its heterotrophic culture was 55 % in biomass and 55 %
in lipids when compared with the bioreactor aerated only with

Table 3 Overview of the most important symbioses with microalgae in biotechnology as reported in the literature

Microorganisms ~ Partners: microalga/heterotroph Type of symbiosis Potential application Ref.
Microalgae/fungi Lichen Mutualism; co-culture Bioproducts for medical and Honegger (2008)
perfume industry
Microalgae/ Botryococcus braunii/Rhizobium sp. Mutualism; co-culture Hydrocarbons for biofuel Rivas et al. (2010)
bacteria Lobomonas rostrata/Mesorhizobium loti Mutualism; co-culture ~ Model algae for interaction assays Kazamia et al.
(2012b)
Neochloris oleoabundans/Azotobacter Commensalism; co- CO, fixation without fertilizer Villa et al. (2013)
vinelandii culture added
Scenedesmus sp. BA032/A. vinelandii Commensalism; co- CO, fixation without fertilizer Villa et al. (2013)
culture added
Microalgae/ Isochrysis galbana/Ambrosiozyma Mutualism; co-culture Aquaculture feed Cai et al. (2007)
yeasts cicatricose
Haematococcus pluvialis/Phaffia rodozyma —Mutualism; co-culture Astaxanthin Dong and Zhao
(2004)
Chlorella vulgaris/Rhodotorula glutinis Mutualism; co-culture Lipids for biodiesel Cheirsilp et al. (2011)
Spirulina platensis/R. glutinis Mutualism; co-culture Lipids for biodiesel Xue et al. (2010)
Chlorella sp. KKU-S2/Torulaspora globosa Mutualism; co-culture Lipids for biodiesel Papone et al. (2012)
YUS/2
Chlorella sp./Torulaspora maleeae Y30 Mutualism; co-culture Lipids for biodiesel Papone et al. (2012)
Chlorella sp. KKU-S2/T. globosa YUS/2 Commensalism; Lipids for biodiesel Puangbut and
separated cultures Leesing (2012)
Chlorella sp./T. maleeae Y30 Commensalism; Lipids for biodiesel Puangbut and
separated cultures Leesing (2012)
Chlorella protothecoides/Rhodosporidium ~ Commensalism; Lipid for biodiesel; carotenoids  Santos et al. (2013)
turoloides separated cultures
C. vulgaris/Candida utilis Mutuslism; separated Model of micro-ecosystem Pisman and Somova
cultures (space science) (2003)
Microalgae/ C. protothecoides heterotroph/C. Commensalism; Lipid for biodiesel; lutein for Santos et al. (2011)
microalgae protothecoides autotroph separated cultures health or food
C. protothecoides autotroph/C. Commensalism; Lipid for biodiesel; lutein for Santos et al. (2011)

protothecoides heterotroph

separated cultures

health or food

@ Springer



Appl Microbiol Biotechnol (2014) 98:5839-5846

5845

air (Table 2) (Santos et al. 2011). The inverse case of hetero-
trophic grown C. protothecoides showed biomass
(0.052 g L' h™") and lipid (28.6 mg L' h™") productivities
increased by 6 and 96 %, respectively, when aerated with the
O,-enriched air from an autotrophic C. protothecoides culture
in bubble columns (Fig. 2), as compared with aeration with
ambient air (Santos et al. 2011). Although the classic concept
of symbiosis mentions an interaction between two different
species, the example discussed here uses the same species
C. protothecoides, growing as a heterotroph in one bioreactor
and as an autotroph in the other, operated independently,
connected only by their gas phases. This particular case raises
the question if it is still a symbiosis or if we have only a
synergetic effect.

Other authors have been growing the yeast 7. maleeae Y30,
that is a SCO producer, and supply the CO, produced to a
photosynthetic microalga, Chlorella sp. KKU-S2, which is
also a lipid producer (Puangbut and Leesing 2012).
According to them, relatively high values of lipid productivity
(0.223 g L' h™") and biomass productivity (0.48 g L' h™")
were obtained by using air coupled with CO, emissions from
the yeast fermentation to supply the alga. Chlorella sp. bio-
mass productivity improved by 6 % and lipid productivity by
15 % when the culture was aerated with air and CO, from the
yeast fermentation, when compared with the control growth
aerated only with air (Puangbut and Leesing 2012).

The advantage of this technology is that two biomasses will
be obtained with different characteristics and can then be
processed separately to obtain two or more products. The
usage of mixed cultures generates a single biomass type that
has a composition equal to the weighted average of those of
each one of the species that originated it, and could be directed
for biodiesel production.

The autotroph to heterotroph culture volume ratio seems to
play a key role in the control of CO, evolution and uptake in
these cases where heterotroph and autotroph cultures in sep-
arate reactors are connected by their gas phases. The specific
growth rate of the autotroph and the heterotroph are also
affecting the CO, production and uptake, respectively, as
these processes are directly related to microbial growth rates.

Conclusions and prospects of symbiosis in biotechnology

Symbiosis is wide spread in nature because of its advantages
over the individual living of organisms.

In biotechnology, the symbiotic interactions also bring
advantages over the single culture option.

As summarized in Table 3, the number of articles found in
the literature has increased considerably in recent years,
reflecting the growing interest in the many applications that
make use of the symbiotic interactions involving microalgae.
From this table, the majority of the research studies concern

the interaction between microalgae and yeasts, which is an
indicator that they are probably the ideal partners to choose in
a synthetic consortium. The use of bacteria in co-culture with
algae can reinforce the photoautotrophic microalgae culture in
open bioreactors, leading to a more reliable production.

Exploring interactions between complementary metabo-
lism microorganisms into its limits, by separating the micro-
organisms in different bioreactors, brings a new perspective to
biotechnology, offering the possibility to add the advantages
of mixed cultures without losing the physical separation be-
tween the two biomasses.

The advantage that through a symbiotic interaction be-
tween microorganisms we can improve targeted operational
variables, for example, productivity, is of major impact be-
cause these variables are directly related to capital and oper-
ational costs in a biotechnological process.

The published uses of microbial symbiosis at least with one
microalga species in the biotechnological exploitation of sev-
eral compounds such as pigments, biofuels and polyunsatu-
rated fatty acids among others, have commercial and environ-
mental positive impacts. Beyond the obvious biomass and
lipid productivity enhancement, there is a more efficient utili-
zation of resources and the reduction or even elimination of
process residues (including carbon dioxide and other green-
house gases) to conduct an increasingly greener
biotechnology.

This biotechnological approach is relatively new (started
one decade ago) and has not attained yet a stage of develop-
ment near to commercialization or even to demonstration.
However, the interest in these symbiotic interactions remains
as an attractive line for further research, development and
demonstration in the near future to come.
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