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Abstract: Microalgae cultivation in liquid foams is a promising concept which requires the use
of a surfactant as a foam stabilizing agent. The biodegradable character of a surfactant is a key
aspect regarding its applicability in a liquid foam-bed photobioreactor (LF-PBR), since it might
influence microalgal growth and the stability of the foam-based cultivation. In this work, the effects
of the biodegradable surfactants bovine serum albumin (BSA), Saponin and Tween 20 on the whole
microbial community of microalgal cultures (i.e., microalgal and bacterial populations) were studied.
The three surfactants enhanced bacterial and microalgal growth in non-axenic microalgal cultures,
but they differed in their efficiency to sustain bacterial growth. In this sense, Saponin was proven to
enhance the growth of S. obliquus-associated bacteria in microalgae-free cultures, and to sustain it even
when other nutrients were lacking, suggesting that Saponin can be used as an energy and nutrients
source by these bacteria. The degradation and consumption of Saponin by S. obliguus-associated
bacteria was also confirmed by the foaming capacity decrease in Saponin-added bacterial cultures.
The biodegradable character of BSA, Saponin and Tween 20 reduces their suitability to be used in a
LF-PBR since they would not be able to maintain stable foaming.
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1. Introduction

Although microalgae offer a large variety of potential market applications [1-3], the number
of microalgae-based production processes on an industrial scale is still limited by the high
production and processing costs. Currently, large-scale microalgae production is performed in
suspension-based cultivation systems, including open systems or raceways and tubular and flat
plate photobioreactors [4,5]. The innovative concept of microalgae cultivation in liquid foams was
developed as an attempt to reduce production and harvesting costs [6]. The high interfacial surface area
of foam and the subsequent CO,/O; transfer increase, along with the long gas residence time, allow
the operation of a liquid foam-bed photobioreactor (LF-PBR) at high biomass concentrations, which
contributes to the reduced energy requirements for microalgae harvesting. In this sense, the continuous
operation of a LF-PBR at biomass densities higher than 20 g L~! was already achieved, which is
approximately a factor of 10 higher than those employed in conventional suspension-based cultivation
systems [7]. In addition, the energy requirements could be lowered due to enhanced mass transfer,
longer gas residence time and lower pressure drop in the LE-PBR [8].
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The cultivation of microalgae in a LF-PBR requires the addition of a suitable surfactant to stabilize
the liquid foams. It was previously determined that for an optimal microalgae cultivation process in
a LF-PBR, the surfactant used should, among other characteristics, not be rapidly biodegradable [9].
The biodegradability of the surfactant was determined to be crucial due to two different reasons.
First, the use of a biodegradable surfactant in a LF-PBR could result in a decrease in the foaming
capacity of the surfactant-added culture. The biodegradation of the surfactant could have an impact
on the stability of the surfactant concentration in the reactor, possibly resulting in the necessity of
the continuous addition of surfactant in order to maintain an optimal surfactant concentration in the
system. The biodegradation of a surfactant can be either partial or complete [10]. In the latter case, it is
obvious that the foaming capacity of the surfactant-added culture would decrease as the surfactant
is being degraded. As such, the biodegradability of a surfactant was considered to be a drawback
for its application in a LF-PBR. However, whether surfactant biodegradation would influence the
foaming capacity of a microbial culture has not been experimentally assessed yet. Secondly, microalgal
cultures generally contain other associated microorganisms, including bacteria. Obtaining axenic
microalgal cultures is an onerous task [11] and the scaling-up of microalgal cultures to large scales
under axenic conditions would be extremely difficult and impractical. These bacterial populations that
are naturally associated with microalgae are species-specific and their interactions with the microalgal
cells can range from beneficial to detrimental to microalgal growth [12]. For instance, Wang and
co-workers [13] found that adding bacterial culture medium to the dinoflagellate culture altered
the balance between microalgal and bacterial populations in the culture, which in turn resulted in
microalgal cell lysis. However, bacteria can also positively influence microalgal growth and even
modify their biochemical composition. It is known that bacteria can enhance microalgal growth through
the production of growth-promoting factors, such as indole-3-acetic acid, vitamins and siderophores,
among others [12]. As an example, Azospirillum brasilense was found to promote the growth of
Chlorella vulgaris and Chlorella sorokiniana when co-immobilized and grown in wastewater [14], but also
an enhanced accumulation of starch and carbohydrates has been observed for these two Chlorella
strains [15]. Considering the varied effects of the bacteria—microalga interactions summarized above,
the presence of an additional carbon and energy source for the bacteria in the microalgal culture (i.e.,
a biodegradable surfactant) can have unpredictable effects over the culture, and further research in this
sense is necessary.

Scenedesmus obliquus was shown to be a promising microalgal strain to be cultivated ina LF-PBR [16].
For this reason, S. obliquus-associated bacteria were previously used to assess the biodegradability of
10 surfactants as an attempt to find a suitable surfactant for its application in a LEF-PBR [9]. Among the
10 surfactants evaluated, BSA, Saponin and Tween 20 were found to be easily biodegradable [9]. In that
study, the biodegradability of the surfactants was investigated at concentrations of 1 and 10 CMC
(i.e., critical micelle concentration) as an initial approximation, although the surfactant concentration
required for the operation of a LF-PBR may depend on the particular design and size of the system.
Therefore, in order to get a greater insight into the effect of a biodegradable surfactant on the microbial
populations of a microalgal culture, a wider range of surfactant concentrations is studied in this work.
Considering that S. obliquus has been observed to grow in symbiosis with bacteria [17], and that the
co-cultivation of this microalga and selected bacterial strains could result in enhanced microalgal
growth [18], one of the aims of this work is to further study the effects of these biodegradable surfactants
on the growth of both the bacteria and the microalga. To the best of our knowledge, how the presence
of biodegradable surfactants influences the dynamics of both a microalga and the coexistent bacterial
populations has not been investigated yet.

Furthermore, in a previous study, BSA, Saponin and Tween 20 were shown to be the most easily
biodegradable surfactants from a group of 10 compounds, and they were also the best tolerated by the
microalgal species tested [9]. Considering that promoting bacterial growth may have a positive effect
on microalgal growth, the use of a biodegradable surfactant in foam-based microalgal cultures might in
turn enhance microalgal growth. However, very little is known regarding the performance of microalgal
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cultures with the addition of biodegradable surfactants. In this sense, this manuscript intends to provide
insight into how using biodegradable surfactants could impact foam-based microalgae cultivation
in terms of the following: (i) how an increase in the bacterial populations would affect microalgal
growth and the performance of the microalgal culture as a whole and (ii) to what extent this can affect
the foaming capacity of the cultures. In addition, the presented results might also be useful for other
potential microbial applications, including the use of biodegradable surfactants.

Considering the background previously described, this work aims at studying the impact of three
biodegradable surfactants (BSA, Saponin and Tween 20) on the microbial populations of Scenedesmus
obliguus cultures, including both the microalga and the associated bacterial populations. Besides,
a greater insight into the biodegradation of Saponin by S. obliguus-associated bacteria is provided by
studying the effect of the biodegradation of Saponin on its foaming capacity using microalgae-free
bacterial cultures. In addition, the effect of Saponin on the colony-forming characteristic of S. obliquus
was also investigated.

2. Materials and Methods

2.1. Biological Material

Scenedesmus obliquus was kindly provided by Fitoplancton Marino S.L. (Cadiz, Spain).
The microalga was cultivated in modified M-8 culture medium [19], in which urea was replaced
by 3 g L=! KNOj in order to avoid the presence of any other source of organic carbon in the media apart
from the surfactant. The microalga was maintained in linear phase cultures in shake flasks placed in a
growth chamber at 25 °C. The cultures were continuously illuminated at 110 pmol photons m=2 s~
with white fluorescent lamps and bubbled with air containing 2.5% (v/v) CO, as unique carbon source.

The bacteria present in S. obliquus cultures were isolated by streaking aliquots of the microalgal
culture broth on Trypton Glucose Agar (TGA) plates (Ref. 4021452, Biolife, Italy), and were incubated
at 37 °C. Microalgae-free bacterial liquid cultures were prepared in 1 L flasks in Luria—Bertani (LB)
medium. The cultures were inoculated with a mix of the morphologically different colonies previously
grown in the TGA plates. The flasks were placed in an orbital shaker incubator at 37 °C and 115 rpm
(MaxQ 4000, Thermo Scientific, Waltham, MA, USA). The cultures were maintained in these conditions
for a maximum of a week before being used to inoculate cultures for the assays.

2.2. Surfactants

Lyophilized BSA powder (Sigma A7030, bovine albumin fraction V), Saponin (Sigma 84510,
Premium quality, 8-20% sapogenins) and Tween 20 (Sigma P1379) were tested at specific concentrations
expressed in critical micelle concentration (CMC) units. The CMC concentration is a specific value
for each surfactant and it refers to the concentration at which the surfactant molecules start forming
micelles in the liquid phase. The CMC values and other surfactant characteristics are enlisted in Table 1.

Table 1. Characteristics of the surfactants employed. PI. stands for the online product information sheet.

Molecular Carbon
Surfactant Type CMC (gL 1) Weight Content Chemical Composition

(g mol1) (% wfw)
Non-catalytic Bovine serum albumin

BSA protein, anionic 0.03 [20] 2754.11 53.64 .
derived from cows
character
Saponin Non-ionic 0.05 (PL.) 486.69 42.73 Glycoside + Triterpene
Tween 20 Non-ionic 0.06 [21] 1228.00 56.73 Polyoxyethylene (20)

sorbitanmonolaurate
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2.3. Cultivation Conditions to Assess the Biodegradability of BSA, Saponin and Tween 20 in Scenedesmus
obliquus Cultures

The effects of the surfactants BSA, Saponin and Tween 20 on the bacterial and microalgal
populations were assessed in cultures of S. obliquus. The three surfactants were assessed at
concentrations of 1, 5, 10, 25 and 50 CMC. Duplicate cultures were prepared in 100 mL flasks with
75 mL of modified M-8 culture medium, in which the original nitrogen source (i.e., urea) was replaced
by KNOs3. For media preparation, the surfactants were dissolved in autoclaved M-8 culture medium by
magnetic stirring in order to obtain stock solutions at 50 CMC. The culture medium and stock solutions
were vacuum filtered through cellulose nitrate filters (0.2 pm pore size, 11407-47-ACN, Sartorius,
Gottingen, Germany). The different culture media were prepared by mixing the corresponding volumes
of the filtered 50 CMC stock solutions and filtered surfactant-free medium. The stock solutions were
kept homogenous by being magnetically stirred during the media preparation process.

The flasks were inoculated from a S. obliquus culture maintained in the linear phase of growth.
The inoculum volume was adjusted in order to get an initial O.D.759 of 0.2. The inoculum was not
previously centrifuged in order to avoid bacteria loss. The cultures were placed on an orbital shaker
(MAXI HD, OVAN, Badalona, Spain) set at 155 rpm. They were incubated at room temperature and
continuously illuminated at 110 pmol photons m~2 s~! by fluorescent lamps from above.

2.4. Growth Measurements in Scenedesmus obliquus Cultures

Samples of 1 mL of culture were taken and centrifuged at 3000x g for 5 min (MiniSpin centrifuge,
Eppendorf, Hamburg, Germany). Bacterial concentration was measured as the optical density at
600 nm (O.D.¢q) of the supernatant. The resulting microalgal pellets were resuspended in 1 mL of fresh
culture media and the microalgae concentration was measured as the optical density at 750 nm (O.D.75()
of these suspensions in order to reduce possible interferences due to bacteria presence. Bacterial
and microalgal growth were expressed as the increment in optical density (O.D.) during 2.8 days
of cultivation, measured at 600 and 750 nm, respectively (AO.D.gp0 and AO.D.750). The parameter
0.D.400/O.D.750 was calculated and used as an estimation of the bacteria to microalgae ratio.

In addition, samples of 10 mL of culture were taken at the beginning and at the end of the experiment
in order to measure the dry weight of the cultures in duplicate and to calculate the volumetric microalgal
biomass productivities achieved by each culture along the experiment. Microalgae samples were
filtered through pre-washed, pre-dried and pre-weighed filters (glass microfiber filters with a pore
size of 0.7 um) (Filter Lab MFV5, Filtros Anoia S.L., Barcelona, Spain). Filters were then dried at 80 °C
over at least 16 h and cooled down in a desiccator for at least 2 h. The filter weight was determined
on a 0.01 mg precision balance (Sartorius CP225D, Sartorius AG, Gottingen, Germany). The dry
weight concentration, expressed as g L. ™!, was calculated by differential weight. Microalgal biomass
productivities were calculated as the increase in volumetric biomass dry weight that occurred for a
certain period of time and it was expressed in grams of biomass produced per liter of culture per
day (gL' d™).

2.5. Gram Staining

For a general bacterial classification, S. obliquus-associated bacteria were Gram-stained [22].
For the Gram staining, the bacterial suspension sample was fixed by adding a few drops of methanol
and attached to a glass microscope slide by gentle heating. A few drops of crystal violet stain (Crystal
violet oxalate, Scharlau, Sentmenat, Spain) were added and the sample was allowed to stand for one
minute. Then, the sample was gently washed with distilled water and a few drops of Lugol solution
(Lugol’s solution, Scharlau, Sentmenat, Spain) were added. The sample was gently washed with
distilled water after 1 min. A few drops of acetone were added to the sample in order to decolorize
the Gram-negative bacteria. After 20 s, the sample was washed with distilled water and a few drops
of Safranin solution (Safranin O, Scharlau, Sentmenat, Spain) were added to the sample to dye the
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Gram-negative bacteria. After washing the sample with distilled water, the dyed sample was observed
under the optical microscope using the oil immersion objective lens.

2.6. Inverted Optical Microscope

Surfactant-added microalgal cultures were occasionally observed under an inverted optical
microscope (Olympus cooperation IX71S8F-3, SN: 8F15047, Camera: XC30, Software: cellsens
standard 1.14) in order to distinguish morphological changes in the microalgal cells and large increases
in bacterial populations. Surfactant-free cultures and cultures with Saponin at 100 CMC were incubated
in batch in an orbital shaker incubation set at 25 °C, containing a 2.5% CO,-enriched air atmosphere
and providing an illumination of 120 umol photons m~2 s~!. The observations under the inverted
microscope were conducted after 5 days of cultivation under the aforementioned conditions.

2.7. Assessment of the Effects of Surfactant Biodegradation on Foamability

The effects of Saponin biodegradation on the foaming capacity (also referred to as foamability)
of this surfactant were tested using S. obliguus-associated bacteria. Prior to the experiment, both the
surfactant and the bacterial culture medium concentration were optimized. For the determination of
the optimal Saponin concentration, the foamability of Saponin solutions was measured for Saponin
solutions at 0.5, 1.0, 1.5 and 2.0 CMC prepared in 100 mL of Luria—Bertani (LB) medium. Foamability
was measured as the up-flow speed of the foam produced by bubbling the solution with small bubbles
at a superficial velocity of 3.68 mm s~!. For this, 100 mL of each solution was placed in a 1 L glass
graduated cylinder and the foam up-flow speed was measured after 30 s of foaming. The minimum
Saponin concentration at which the maximum foamability was achieved was chosen for the experiment.
On the other hand, the optimal concentration of LB medium was determined. For that, cultures
of S. obliqguus-associated bacteria were prepared in 1 L flasks in LB medium diluted 2-, 5-, 10- and
20-fold. The volume of inoculum was adapted to get an initial optical density at 600 nm (O.D.g09)
of approximately 0.1. The cultures were prepared in duplicate and incubated in and orbital shaker
incubator (MaxQ 4000, Thermo Scientific, Waltham, MA, USA) at 37 °C and 115 rpm. Bacterial growth
was measured as O.D.gpp and the optimal LB medium concentration was determined as the lowest
concentration that resulted in bacterial growth cease during the experimental time (i.e., 72 h).

According to the aforementioned tests, the experiment to evaluate the effects of biodegradability on
the surfactant foamability was performed using Saponin at 2 CMC and twenty-time-diluted LB culture
medium (LB/20). The conditions assessed included Saponin-free culture medium, Saponin-added
culture medium, Saponin-free bacterial cultures and Saponin-added bacterial cultures. The cultures
were prepared in duplicate in 1 L flasks and incubated in an orbital shaker incubator (MaxQ 4000,
Thermo Scientific, Waltham, MA, USA) at 37 °C and 115 rpm for 11 days. Samples of 105 mL were
taken daily. Bacterial growth was measured as O.D.4p9 and the foamability of the cultures was assessed
as described above.

3. Results and Discussion

3.1. Surfactants Biodegradation in Microalgal Cultures

The biodegradation of the surfactants BSA, Saponin and Tween 20 was investigated in microalgal
cultures in order to get a greater insight into the microalgae-bacteria interactions. In this study,
biodegradation was investigated in S. obliquus cultures because, at the time of the experimentation,
this microalga was shown to be the most tolerant to a group of 10 surfactants evaluated [9]; therefore,
its potential for microalgae cultivation in foam was considered the highest among the microalgae
previously tested in related studies [9,16]. Besides, BSA, Saponin and Tween 20 showed to be the most
easily biodegraded by Scenedesmus obliquus-associated bacteria out of 10 evaluated surfactants [9].

BSA, Saponin and Tween 20 were added to S. obliguus cultures at different concentrations: 1, 5,
10, 25 and 50 CMC. The lack of toxicity of these surfactants to S. obliquus was already proven in the
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range of concentrations used in this work [9]. Bacterial and microalgal growth in the presence of the
biodegradable surfactants was measured in terms of optical density at 600 and 750 nm, respectively,
since this is a rapid and commonly-used technique for the estimation of bacterial and microalgal
concentrations in liquid cultures [23,24]. The evolution of bacterial and microalgal concentrations and
the ratio between both populations in the microalgal cultures incubated with the different surfactants
are shown in Figure 1.
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Figure 1. Scenedesmus obliquus (upper figures) and bacterial (middle figures) growth expressed as
optical density at 750 nm (O.D.75p) and 600 nm (O.D.4), respectively. Bacteria to microalgae ratio
(lower figures) expressed as the ratio between the optical density at 600 and 750 nm (O.D.0p/O.D.750).
Cultures with BSA (left), Saponin (middle) and Tween 20 (right) at concentrations of 1, 5, 10, 25
and 50 CMC. The average values of duplicate cultures are shown, together with their corresponding
standard deviations.

As can be seen in Figure 1, the three surfactants promoted both bacterial and microalgal growth
in the range of concentrations tested. Bacterial and microalgal growth increased with the increasing
surfactant concentrations in all cases, especially at above the 10 CMC concentration. In addition,
the photosynthetic efficiency of all the cultures, measured as the maximum photosynthetic efficiency
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of Photosystem II (Fy/Fr), remained unaffected during the experiment (values remained between
0.67 and 0.75 along the experimental time), which restates the non-toxic nature of these surfactants to
S. obliguus.

Besides, both the bacteria and the microalga showed a lag phase of at least 20 h when cultivated at
the different concentrations of the three surfactants, with the exception of the bacteria in Saponin cultures,
which showed growth from the beginning of the experiment (Figure 1). This resulted in a marked
increase in the bacteria-to-microalgae ratio during the first day of cultivation in the presence of Saponin.
Microorganisms usually show a latency time to acclimate themselves to the new substrate [25,26], which
is the surfactants in this case. Bacteria started growing earlier in Saponin-enriched cultures than in
cultures with BSA and Tween 20. Differences in bacterial growth at different surfactant concentrations
were already noticeable after 24 h of cultivation in cultures with Saponin, unlike in those with BSA and
Tween 20. This possibly indicates that the associated changes in the bacterial populations (i.e., growth
of the bacterial populations responsible for the surfactant degradation) or the changes in the bacterial
metabolism to degrade the surfactants (e.g., gene expression and/or enzyme induction) might have
been more complex for the uptake and utilization of BSA and Tween 20 than for Saponin. Moreover,
the bacteria-to-microalgae ratio (i.e., O.D.g09/O.D.750) increased in the presence of the three surfactants.
The experimental cultivation conditions may have contributed to the general increase in this ratio,
which was initially 0.071 + 0.027. Unlike the experimental cultures, the inoculum was obtained from a
culture that was bubbled with CO,-enriched air, which favors microalgal growth over bacterial growth.
Nevertheless, the surfactants influenced the bacteria-to-microalgae ratio differently. For BSA-added
cultures, slightly higher ratios were found with increased BSA concentrations. In these cultures,
the ratio increased in the first 24 h of cultivation and remained constant until the end of the experiment.
As aforementioned, the addition of Saponin resulted in steeply increased bacteria-to-microalgae ratios
in the first day of cultivation. This increase was especially steep at intermediate Saponin concentrations
(i.e., 5-25 CMQ). Finally, the addition of Tween 20 resulted in slightly higher bacteria to microalgae
ratios, but this increase was similar over the range of concentrations tested.

In order to get a better insight into the effect of each biodegradable surfactant on the bacterial
and microalgal populations, the increment in optical density at 600 and 750 nm and the ratio between
these two values were calculated at the end of the experiment, and are shown in Figure 2. Since
the surfactants have varied CMC values and chemical compositions, the carbon supplied by each
surfactant differed when added at the same concentration in CMC units (Table 1). Subsequently,
the X-axis of Figure 2 is expressed as the decimal logarithm of the milligrams of carbon added to each
culture, calculated from the carbon content of the surfactants.

As previously discussed, bacterial growth was stimulated by the three biodegradable surfactants
evaluated at concentrations up to 50 CMC (Figure 1). However, same carbon dosages supplied by
the different surfactants resulted in different bacterial growth—BSA enhanced bacterial growth to the
largest extent while Tween 20 resulted in the lowest bacterial growth (Figure 2a). This can be clearly
exemplified by the bacterial growth observed in cultures with the highest concentrations (25 and
50 CMC) (Figure 2a). These differences might be explained by the energy the bacteria obtain from
the degradation of these molecules with respect to the energy required for this process. Moreover,
the differences in the bacterial growth sustained by the different surfactants might be attributed to
the degradation of these compounds to a different extent. BSA molecules have to be hydrolyzed by
extracellular enzymes to small peptides that can be transported across the bacterial cell wall [27-30].
This possibly implies that BSA molecules are degraded to a large extent, which would explain the large
increase in bacterial growth. Similarly, Saponin has been reported to be completely biodegraded [26].
This is known as ultimate biodegradation or mineralization [31], and it might explain the intermediate
bacterial growth observed in Saponin-added cultures. Lastly, Tween 20 produced the lowest bacterial
growth. This may be due to a partial biodegradation of the molecules, which is in agreement with
previous observations [32,33].



Processes 2020, 8, 1640 8of 16

0.9 2.0
% 15
06 %
g 2 ;
O (S
A i } g 10 %
2 03} 3
: i 4 0s - ﬂ
i A ’ Em o §
A5 § 2 A§ A i "o Di
0.0 ) ) . . 0.0 , , , ,
-3.25 -2.75 -2.25 -1.75 -1.25 -0.75 -3.25 -2.75 -2.25 -1.75 -1.25 -0.75
log1( surfactant carbon supplied log1( surfactant carbon supplied
(a) (b)

Figure 2. Microbial growth in cultures with the addition of BSA (blue symbols), Saponin (red symbols)
or Tween 20 (green symbols). (a) Bacterial growth expressed as the increment in optical density at
600 nm after 2.8 days of cultivation (AO.D.g4q) in the supernatant of Scenedesmus obliquus cultures
enriched with BSA, Saponin and Tween 20 at concentrations of 1, 5, 10, 25 and 50 CMC; (b) Scenedesmus
obliquus growth expressed as the increment in optical density at 750 nm after 2.8 days of cultivation
(AO.D.750) in cultures enriched with BSA, Saponin and Tween 20 at concentrations of 1, 5, 10, 25 and
50 CMC. Surfactant concentration is expressed as the carbon dosage resulting from surfactant addition
(logarithmic values, in milligrams). The average values of duplicate cultures are shown, together with
their corresponding standard deviations.

On the other hand, microalgal growth was measured as the increment of optical density at
750 nm after 2.8 days of cultivation (Figure 2b). As discussed above (Figure 1), a higher surfactant
concentration resulted in increased microalgal growth for the three surfactants evaluated. With respect
to the carbon content of the surfactants (Figure 2a), the highest microalgal growth stimulation was
found for BSA-added cultures, while Tween 20 and Saponin promoted microalgal growth to a similar
lower extent. The microalgal growth was approximately 7-, 4- and 3-fold higher at 50 CMC of BSA,
Saponin and Tween, respectively, than for their corresponding cultures at 1 CMC. The microalgal
growth enhancement at increased surfactant concentrations was noticeable with the naked eye.

The microalgal growth stimulation could be explained by the surfactants’ assimilation by the
microalgal cells, or by an enhanced bacterial growth and the subsequent accumulation of released
microalgal growth-promoting compounds in the broth. The ability of S. obliguus to solely degrade
these surfactants remains unknown. However, it was previously shown that BSA, which stimulated
S. obliquus growth to the highest extent, was not consumed by C. sorokiniana cells [6], and therefore that
hypothesis was disregarded for that specific case. However, the breakdown of the BSA protein by the
bacteria might result in peptides or free aminoacids that could possibly be utilized by the microalga.
In this sense, the assimilation of peptones (i.e., partially hydrolyzed proteins) and free aminoacids by
microalgae has been reported [34-36]. Likewise, the sugar moiety of Saponin, which is composed of
galacturonic acid, glucuronic acid and galactose, might have also been mixotrophically metabolized by
S. obliquus. In this sense, it is known that some Scenedesmus species can grow on other sugars apart
from glucose, including galacturonic acid [37] and galactose [38]. On the other hand, Tween 20 might
have been preferentially or solely degraded by bacteria. In this sense, Tween 80 was reported to be
more intensively utilized by bacteria than by some microalgae [39]. Nevertheless, some Scenedesmus
strains are able to utilize Tween compounds as a carbon source, while other microalgal strains are
not [37]. Therefore, it is hard to predict if the S. obliguus strain used in this study had the ability to
utilize Tween 20.
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The biomass productivities of S. obliquus achieved during the 2.8 days of cultivation in the
presence of the surfactants were also calculated and are shown in Figure 3a. As can be seen, increasing
BSA, Saponin and Tween 20 concentrations resulted in increased microalgal biomass productivities.
The biomass productivities at 50 CMC were approximately 9.5-, 4.5- and 3-fold higher than those
at 1 CMC of BSA, Saponin and Tween 20, respectively. As mentioned above, this might be due to
the possible metabolization of the surfactants by the microalga. However, the increased microalgal
biomass productivities might have also been a result of the growth-promoting effects of the bacteria
on S. obliqguus. Enhanced microalgal growth can be expected in the cultures where bacteria grow to
a higher extent, since microalgal growth can be enhanced by a variety of compounds produced by
bacteria, such as CO;, vitamins, siderophores or growth-promoting factors [12]. In this sense, symbiotic
relationships have been already described between S. obliguus and bacteria [17], and a maximum of
2.5-fold biomass growth enhancement has been reported for S. obliquus through its co-cultivation with
bacteria [18], which could be in agreement with our findings.
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Figure 3. (a) Volumetric biomass productivity of Scenedesmus obliqguus (Biomass Pv), expressed as
grams of biomass produced per liter of culture broth and per day, and (b) bacteria-to-microalgae ratio,
expressed as the ratio between the optical density at 600 nm and that at 750 nm after 2.8 days of
cultivation (O.D.4p0/O.D.750) in cultures enriched with BSA (blue bars and symbols), Saponin (red bars
and symbols) and Tween 20 (green bars and symbols) at concentrations of 1, 5, 10, 25 and 50 CMC.
The average values of duplicate cultures are shown, together with their corresponding standard
deviations. Surfactant concentration is expressed in (a) CMC units and (b) as the carbon dosage
resulting from surfactant addition (logarithmic values, in milligrams).

Furthermore, the biodegradable surfactants were shown to affect the bacteria-to-microalgae ratio
differently. The bacteria-to-microalgae ratios of the cultures at the end of the experiments are shown in
Figure 3b. As can be seen, increasing BSA and Saponin concentrations resulted in similar increases in
the bacteria-to-microalgae ratios. However, no effect on this ratio was found in cultures with Tween 20
at any of the concentrations tested, indicating that this surfactant enhanced bacterial and microalgal
growth to a similar extent when added at concentrations up to 50 CMC. The fact that the bacteria
to microalgae ratio is not affected by the concentration of Tween 20 in the medium might indicate a
co-dependent growth of the two microbial communities (algal and bacterial populations) in Tween
20-added cultures, while the addition of the other surfactants (i.e., BSA and Saponin) seems to favor
bacterial growth over microalgal growth.
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3.2. Morphological Changes in S. obliquus Cultures at High Saponin Concentrations

Morphological changes in the colony-forming strain S. obliquus were occasionally noticed when
the microalga was cultivated at high concentrations of Saponin. Thus, samples of S. obliguus cultures
taken at a high concentration (100 CMC) of the surfactant Saponin were observed under an inverted
microscope in order to gather qualitative information on this event (Figure 4). In cultures at high
Saponin concentrations (Figure 4b), the microalgal colonies disintegrated and the cells became rounder
than those forming the colonies in the surfactant-free cultures (Figure 4a). It has been reported that
surfactants can produce morphological changes in microalgal cells [40]. Since Saponin promoted
bacterial growth in the microalgal cultures, the changes observed in the microalgal colonies might
have also been due to the high bacterial concentration in the microalgal cultures. As an example in this
sense, the high competitive pressure exerted by large populations of other microorganisms such as
Microcystis aeruginosa has been shown to inhibit the formation of colonies of S. obliquus [41].

Figure 4. Scenedesmus obliquus observed under an inverted optical microscope after five days of
cultivation: (a) with no surfactant added and (b) with Saponin at 100 CMC.

3.3. Effects of Surfactant Biodegradation on Foaming Capacity

The bacteria present in Scenedesmus obliquus cultures were previously proved to be responsible
for the biodegradation of the surfactants tested in this study [9]. In order to partly characterize these
bacteria, they were isolated from an S. obliguus culture by streaking aliquots of the culture broth on
Tryptone Glucose Agar (TGA) plates. The Gram-staining of the bacteria isolated from S. obliquus
cultures showed that this consortium was composed of more than one strain, including Gram-negative
and Gram-positive bacteria. Moreover, the differences in the morphological features of the colonies
grown on the agar plates allowed us to identify the presence of at least four bacterial species. As such,
more than one bacterial strain might be responsible for the biodegradation of the surfactants tested.
In this sense, other studies on the bacterial communities of S. obliguus cultures have found bacteria from
at least ten different orders [42], and twenty-five different species were found in S. obliquus cultures by
Wang and co-workers [18], among which five were able to grow using the nutrients secreted by the
alga. As an attempt to understand the implications of using a biodegradable surfactant for microalgae
cultivation in surfactant-stabilized foams, the effects of surfactant degradation by S. obliquus-associated
bacteria on the surfactant foaming capacity were further studied. For that, Saponin was used as an
example of biodegradable surfactant.

In order to make the biodegradation effects on foamability noticeable, the minimal surfactant
concentration that allows us to reach the highest foam production speed in our system was
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experimentally determined. In this sense, the foamability of Saponin solutions at different
concentrations was measured as the foam production speed achieved after 30 s of foaming (Figure 5a).
According to the results, Saponin was employed at 2 CMC, since that was the minimum surfactant
concentration at which the maximum foam production speed (3.4 + 0.05 mm s~!) was achieved in
Luria-Bertani (LB) medium in our system (Figure 5a). The biodegradability experiment was performed
in LB medium because it is a widely used culture medium for the growth of bacteria [43].
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Figure 5. (a) Foamability of the surfactant Saponin in 100 mL of LB culture medium expressed in terms
of the foam up-flow speed achieved after 30 s of foaming (mm s~!) as a function of the surfactant
concentration (CMC). The average values of three experimental replicates are shown, together with
their corresponding standard deviations. (b) Bacterial growth expressed as optical density at 600 nm
(O.D.gqp) in LB culture medium 2-, 5-, 10- and 20-fold diluted. The average values of duplicate cultures
are shown, together with their corresponding standard deviations.

The optimal concentration of the bacterial culture medium (LB) was also determined. For that,
LB medium diluted 2-, 5-, 10- and 20-fold was inoculated with S. obliguus-associated bacteria, and the
analysis of optical density at 600 nm allowed us to follow the bacterial growth in the different solutions
(Figure 5b). The optimal medium concentration for the biodegradation experiment should ensure that
the contained nutrients in the LB-diluted media would be depleted before the end of the experiment
(in less than 72 h of cultivation) in order to distinguish when bacterial growth was supported by the
use of the surfactant as a nutrients and energy source. As such, inoculated cultures with the addition
of Saponin should be the only ones that might continue growing after the nutrients were depleted
from the culture medium.

As can be seen in Figure 5b, only the cultures in the 2-fold diluted medium continued growing
after 48 h of cultivation as a result of the still-available nutrients in the medium. Besides, it was decided
to use 20-fold diluted LB medium to perform the biodegradation experiment, since this was the lowest
concentrated medium which resulted in bacterial growth cease during the experimental time.

Once the optimal surfactant concentration (i.e., 2 CMC) and culture medium (i.e., LB/20)
were identified, the biodegradability experiment was performed. Bacterial growth (Figure 6a)
and foamability (Figure 6b) were analyzed in Saponin-free culture media, in a Saponin-added culture
media, in Saponin-free bacterial cultures, and in Saponin-added bacterial cultures. Bacterial growth
was measured as optical density at 600 nm (Figure 6a). As expected, the optical density remained
constant for non-inoculated solutions during the experimental time, indicating that contamination
did not occur in Saponin-free (blue triangles) or in Saponin-added (red triangles) culture media.
The Saponin-free bacterial cultures (green triangles) grew during the 2-3 first days, after which they
stopped growing due to nutrients depletion. However, the bacterial cultures showed a faster growth
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when Saponin was present (yellow triangles) and bacteria were able to continue growing for 7 days
after nutrients from the LB/20 medium were depleted. This indicates that beyond the biodegradation of
Saponin, this surfactant supports the growth of S. obliguus-associated bacteria. In this sense, it has been
stated that microorganisms can either utilize surfactants as substrates to obtain energy and nutrients,
or co-metabolize surfactants by microbial metabolic reactions [25]. Moreover, the fact that the cultures
with Saponin grew faster than those without the surfactant suggests that either S. obliguus-associated
bacteria consumed Saponin and nutrients from LB/20 medium simultaneously, or that Saponin is
a more efficient substrate to promote bacterial growth compared to other nutrients present in the
culture media.
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Figure 6. (a) Bacterial growth expressed as optical density at 600 nm (O.D.gpp) during the
biodegradability experiments with Saponin. (b) Foamability expressed as foam up-flow speed
(mm s71). Culture conditions: Saponin-free culture media (blue symbols), Saponin-added culture
media (red symbols), Saponin-free bacterial cultures (green symbols) and Saponin-added bacterial
cultures (yellow symbols). Saponin was used at a concentration of 2 CMC. The average values of
duplicate cultures are shown, together with their corresponding standard deviations.

On the other hand, the foamability of the cultures was measured in terms of the foam up-flow
speed achieved in the first 30 s of foaming (Figure 6b). The foamability of Saponin-free culture media
(blue diamonds) remained constant, as did that of the Saponin-added culture media (red diamonds).
This indicates that the foamability of Saponin was not affected by the cultivation conditions (i.e.,
mechanical shaking and incubation at 37 °C). On the other hand, the foamability of Saponin-free
bacterial cultures (green diamonds) increased with bacterial growth during the first 24 h of cultivation,
indicating that the presence of bacterial cells promoted the foaming. However, the foamability
of these cultures remained constant for the rest of the experiment. Finally, the foamability of the
Saponin-added bacterial cultures (yellow diamonds) increased during the first 3 days, which can
be explained by the large increase in bacterial cells during that period (Figure 6a, yellow triangles).
However, it was observed that foamability did not proportionally increase with bacterial growth
beyond a certain bacterial concentration (green triangles). This may explain the foaming capacity of
Saponin-added bacterial cultures (yellow diamonds), which remained stable between days 3 and 9
despite the bacterial growth observed. Lastly, the further bacterial growth in Saponin-added cultures
supported by the degradation and consumption of this surfactant was confirmed by the drop in the
foaming capacity of the cultures with this surfactant, which occurred simultaneously with the cease
of growth (Figure 6a, yellow triangles). It can be suggested that at that time Saponin would have
been completely biodegraded and there would be no remaining nutrients to support bacterial growth
further. This finding is in agreement with the previously reported complete biodegradation of this
biosurfactant [26].
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Biodegradable surfactants, and in particular BSA, Saponin and Tween 20, were previously
considered not suitable to be employed in foam-based microalgae cultivation in a LF-PBR.
This statement was based on the ability of S. obliquus-associated bacteria to degrade them [9]. However,
the present results show that the addition of these surfactants in microalgal cultures promotes not only
the growth of the bacteria, but also that of the microalga within the first days of cultivation. It remains
still uncertain whether this microalgal growth stimulation is based on the ability of S. obliquus to degrade
these compounds and/or is a consequence of the enhanced bacterial growth and potential beneficial
interactions with the coexistent bacteria. Nevertheless, the present work indicates that beyond this
initial microalgal biomass enhancement, the presence of biodegradable surfactants in non-axenic
microalgal cultures would have further implications, such as the loss of the foaming capacity of the
cultures and morphological changes in the microalgal cell colonies. This work ultimately indicates
that biodegradable surfactants would not be adequate to perform stable microalgae production in
a LF-PBR.

4. Conclusions

The biodegradable surfactants BSA, Saponin and Tween 20 enhance the growth of both the
microalga and the bacteria naturally present in non-axenic mono-algal cultures of S. obliguus. Microalgal
biomass productivity was improved 9.5-, 4.5- and 3-fold in cultures supplemented with BSA, Saponin
and Tween 20 at 50 CMC compared to those at 1 CMC, respectively. This can be explained by either
the assimilation of these surfactants by S. obliquus and/or by possible beneficial interactions between
the microalga and the bacterial consortia in the cultures, such as the production of microalgal
growth-promoting factors by the bacteria. It was observed that increasing BSA and Saponin
concentrations in the cultures leads to similarly increased bacteria-to-algae ratios, while Tween
20 promotes bacterial and microalgal growth equally at all the surfactant concentrations tested.
Our results suggest that using a biodegradable surfactant in a LF-PBR would result in an imbalance
in the microbial populations that is specific to the particular biodegradable surfactant employed.
Besides this, high concentrations of Saponin, and/or the consequent high bacterial concentration,
led to microalgal colony disintegration and morphological changes in the cells. This could influence
the performance of foam-based microalgal cultures, for instance, in terms of the extent to which the
cells/colonies are dragged up towards the foam phase in a LF-PBR. Moreover, it was proven that
Saponin can be used as a nutrient and energy source by microalgae-free S. obliqguus-associated bacteria,
which in turn results in a decreased foaming capacity of the cultures. Overall, despite the fact that
the supplementation of these biodegradable surfactants to microalgal cultures results in microalgal
growth enhancement, their application in a LE-PBR for microalgae production in liquid foams would
not be suitable due to the consequent foamability losses, as was proven for Saponin in this work.
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