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Abstract: Olive mill wastewater has significant pollut-
ing properties due to its high phenolic content [mainly 
tyrosol (trs) and hydroxytyrosol (htrs)]. Growth kinetics 
and a series of fluorescence induction measurements 
for Scenedesmus obliquus cultures showed that micro-
algae can be tolerant of these phenolic compounds. 
Changes in the cellular energy reserves and concentra-
tion of the phenolic compounds adjust the “toxicity” 
of these compounds to the microalgae and are, there-
fore, the main parameters that affect biodegradation. 
Autotrophic growth conditions of microalgae and high 
concentrations of trs or htrs induce higher biodegrada-
tion compared with mixotrophic conditions and lower 
phenolic concentrations. When microalgae face trs and 
htrs simultaneously, biodegradation begins from htrs, 
the more energetically demanding compound. All these 
lead to the conviction that microalgae have a “rational” 
management of cellular energy balance. Low toxicity 
levels lead to higher growth and lower biodegradation, 
whereas higher toxicity levels lead to lower growth and 
higher biodegradation. The selection of appropriate 
conditions (compatible to the bioenergetic strategies of 
microalgae) seems to be the key for a successful biodeg-
radation of a series of toxic compounds, thus paving the 

way for future biotechnological applications for solving 
complicated pollution problems, like the detoxification 
of olive mill wastewater.

Keywords: biodegradation; hydroxytyrosol; olive mill 
wastewater; photosynthesis; tyrosol.

1  Introduction
Phenolic compounds are known hazardous pollutants, 
even at low concentrations. Some of them are suspected 
to be endocrine disrupters and have adverse effects on 
humans and other organisms in the natural ecosystem at 
concentrations even lower than those in the adopted emis-
sion standards [1]. Therefore, they need to be removed 
from industrial effluents and obsolete standards need to 
be modified. The management of wastewater containing 
high concentrations of phenolic compounds represents 
major economic and environmental challenges to most 
industries [2].

The bioremoval of phenolics by bacteria [3–5] and 
fungi [6, 7] has been studied extensively. On the contrary, 
the use of algae has only been investigated during the last 
decades [8–15]. Biodegradation is a multivariable process 
during which many biotic and abiotic factors are involved. 
Numerous factors affect the degradation ability or meta-
bolism of microorganisms by either preventing or stimu-
lating the growth of organisms. These factors may include 
temperature [16], pH [17], oxygen content and availability 
(aeration and agitation) [18], initial cell concentration 
[19], pollutant concentration [8], physical and chemical 
properties of contaminants [10, 11], exogenously supplied 
energy source [9], and light intensity for photosynthetic 
organisms [9, 20]. To achieve maximum degradation of 
toxic phenolic compounds, each of these factors has to be 
optimized for the selected organism.

In recent work, we have shown that the unicellular 
green alga Scenedesmus obliquus follows an interesting 
bioenergetic strategy to biodegrade phenolic compounds 
such as phenol, monochlorophenols, monobromophe-
nols, monoiodophenols [9], dichlorophenols [11], mononi-
trophenols, and monomethylphenols [8, 10]. The selection 
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of the appropriate conditions was the key for increasing 
biodegradation.

Based on the previous results, we proposed a com-
plete model for the bioenergetic strategy of the biodeg-
radation of phenolic compounds by unicellular green 
algae. Previous work showed [8–11] that energy reserves 
play a crucial role in the biodegradation yield. Microal-
gae utilize two main detoxification strategies. The main 
purpose of both strategies (lower or higher toxicity of the 
phenolic compounds) is the detoxification of the algal 
medium environment. Algal cells seem to be tolerant 
of the lower toxicity molecules and invest their energy 
mainly toward algal growth rather than biodegrada-
tion. Thus, after incubation, the culture has more cells 
than at the starting point, and each cell has to “face” a 
lower quantity of toxic molecules. Therefore, cell toler-
ance increases without investing additional energy into 
biodegradation, because the increasing growth is the 
strategy to face toxicity. On the other hand, under condi-
tions of high toxicity, microalgae consume more energy 
in detoxifying its culture environment (biodegradation) 
than the energy they “invest” on growth. In this article, 
for the first time, we apply this model to the phenolic 
compounds present in the olive mill wastewater (OMW). 
Tyrosol (trs) and hydroxytyrosol (htrs) are two of the main 
phenolic compounds present in OMW. Both are strongly 
resistant to air/oxygen, bacterial, and enzymatic degra-
dation, and are highly polluting.

The aim of the present contribution was to investigate, 
in-depth, the bioenergetic strategy used by the unicellular 
green alga S. obliquus to biodegrade trs and htrs, and to 
optimize their biodegradation using the previously reported 
model [11] by changing the microalgal energy status.

2  �Materials and methods

2.1  �Organism and culture conditions

Axenic cultures of the unicellular green alga S. obliquus, 
wild type D3 [21] were autotrophically grown in liquid 
culture medium [22] and maintained for 1  week in con-
trolled temperature (30°C) and light (150 μmol m− 2 s− 1) 
conditions. The cultures were continuously percolated 
with air for CO2 supply and sedimentation avoidance.

In all the experiments, inoculums of the above cul-
tures were distributed into 125  mL hermetically sealed 
bottles (diameter 5 cm, height 9.5 cm) until a concentration 
of approximately 1 μL packed cell volume (PCV)  per  mL 
culture medium was achieved (see Section 2.2). The final 

culture volume in each bottle was 50 mL and the rest was 
atmospheric air at the beginning of the experiment. The 
experiments were performed in a temperature-controlled 
chamber (30°C) at a light intensity of approximately 
60 μmol m− 2 s− 1.

Four series of experiments were carried out using 
treatments of Scenedesmus cultures exogenously supplied 
with trs (C8H10O2) (Sigma-Aldrich, Munich, Germany) and/
or htrs (C8H10O3) (Cayman, Ann Arbor, MI, USA). The first 
series of experiments took place under mixotrophic condi-
tions (5 g L− 1 glucose was added in the culture medium) 
with four different concentrations of trs (0.05, 0.1, 0.15, 
and 0.3  mM) compared with the control (no addition of 
trs). The second series of experiments was carried out in 
an autotrophic culture medium, exogenously supplied 
with the lower (0.05 mM) and the higher (0.3 mM) trs con-
centrations mentioned previously.

The third series of experiments was carried out in an 
autotrophic culture medium supplied with two different 
concentrations of htrs (0.05 and 0.3  mM). Htrs was dis-
solved in ethanol, whereas trs was dissolved in deionized 
water. The corresponding ethanol concentration was also 
added in control cultures to take into consideration the 
influence of ethanol. Thus, there were two different con-
trols, one for the concentration of 0.05 mM of htrs (control 
0.05 mM) and one for the concentration of 0.3 mM of htrs 
(control 0.3 mM). Specifically, control 0.05 mM contained 
0.05% (v/v) ethanol, whereas control 0.3  mM contained 
0.3% (v/v) ethanol.

The last series of experiments was carried out using 
both phenolic compounds (trs and htrs) at the same time. 
One treatment was supplied simultaneously with 0.05 mM 
trs and 0.05 mM htrs, whereas the other was supplied with 
0.3 mM trs and 0.3 mM htrs. Both treatments were com-
pared with their corresponding controls (control 0.05 mM 
and control 0.3 mM). Differential concentration of ethanol 
was added in the culture medium in each experimental 
treatment, as explained previously.

Sampling took place daily, at the same time, in sterile 
conditions using sterile needles without opening the 
bottles. To achieve complete solubility of the cells in the 
culture medium, cultures were shaken manually before 
each sampling.

2.2  �Determination of growth

The culture’s growth rate was estimated by measur-
ing the PCV of the culture according to the method of 
Kotzabasis et al. [23]. Briefly, the PCV of a cell suspension 
was determined by centrifugation at 1500 g for 5 min using 
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hematocrit tubes (Techno Plastic Products AG, Trasadin-
gen, Switzerland) and expressed as microliters of PCV 
(mL culture)− 1.

2.3  �Fluorescence induction measurements

The Handy Plant Efficiency Analyser, HandyPEA (Hansat-
ech Instruments, King’s Lynn, Norfolk, UK) was used for 
the fluorescence induction measurements. The maximum 
yield of photochemistry (Fv/Fm), the functional antenna 
size per active reaction center (ABS/RC), the dissipation 
energy per active reaction center (DIo/RC), the density 
of active photosynthetic reaction centers (RC/CSo), the 
primary photochemistry (PSIo), and a photosynthetic 
index [PI(abs)] were measured according to the JIP 
method of Strasser and Strasser [24]. This method is based 
on the measurement of a fast fluorescence transient with a 
10 μs resolution in a time span of 40 μs to 1 s. Fluorescence 
was measured at 12-bit resolution and excited by three 
light-emitting diodes providing a saturated light inten-
sity of 3000 μmol m− 2 s− 1 of red (650 nm) light. The Handy 
PEA data sampling operates at a maximum frequency of 
100 kHz only for the first 300 μs and then the frequency 
decreases. This method allows the dynamic measurement 
of a photosynthetic sample at a given physiological state.

2.4  �Determination of phenolic compounds

The determination of phenolics (trs and htrs) in the culture 
medium was carried out using two different procedures. 
The first one was evaluation by spectrophotometric method 
using the Folin-Ciocalteu method [25]. Briefly, 2.5  mL 
portion of Folin-Ciocalteu reagent 0.2  N (Sigma-Aldrich, 
Munich, Germany) was mixed with 0.5 mL of the sample. 
The reaction was kept in the dark for 5 min. Then, 2 mL of 
a sodium carbonate solution (75 g L− 1) was added to the 
mixture and the reaction was kept in the dark for 1 h. The 
absorbance was measured at 765 nm in spectrophotometer 
Lambda 20 (Perkin Elmer, Waltham, MA, USA). Gallic acid 
(Sigma-Aldrich, Munich, Germany) was used as a phenolic 
compound standard for the calibration curve. The above-
mentioned determination was used in the experiments in 
which only one phenolic compound (trs or htrs) existed in 
the algal culture. The phenolic compound was expressed 
as grams of gallic acid equivalents per liter (g GAE L− 1) [26].

When more than one phenolic compound was 
included in the algal culture (trs and htrs), high-perfor-
mance liquid chromatography (HPLC) was used for the 

qualitative and quantitative determination of each of the 
two compounds. Culture samples were centrifuged for 
5 min at 1500 g and the supernatants injected directly into 
HPLC. The analyses were performed following an isocratic 
method with a Shimadzu Liquid Chromatography appa-
ratus LC 10AD (Shimadzu, Kyoto, Japan) equipped with a 
diode array detector (Shimadzu SPD-M10A) and a narrow-
bore column C18, 2.1 × 150 mm, 5 μm particle size hyper-
sil (Supelco, Bellefonte, PA, USA). The mobile phase was 
methanol/water (1 : 9 v/v) at a flow rate of 0.2 mL min− 1. 
Detection was carried out by measuring absorbance at 
280 nm. Quantification of the compounds was determined 
after calibration against known quantities of the phenolic 
compounds.

2.5  �Data analysis

Each treatment has 18 separate repetitions. Six repetitions 
were used for each tested method. The standard deviation 
(Stdev) was represented in the error bars of each graph.

3  �Results

3.1  �Biodegradation of trs under mixotrophic 
conditions

The influence of trs in the mixotrophic cultures of 
S. obliquus was tested using four different concentrations 
of the phenolic compound (see Section 2.1). Under these 
conditions, the growth kinetic curves (Supplementary 
Material, Figure 1A) for 5 days of incubation time showed 
that there was no inhibition of algal growth. This can be 
deduced by comparing trs to control culture (no trs addi-
tion). To determine stress effects due to trs, we further 
investigated the molecular structure and function of 
the photosynthetic apparatus (Supplementary Material, 
Figures 1B and 2). There are a series of known responses in 
the molecular structure and function of the photosynthetic 
apparatus that confirms the presence of stress effects. In 
particular, abiotic stress conditions such as ozone eleva-
tion [27], high UV-B radiation [28, 29], and high salinity 
[30] led to a decrease of the reaction center’s density (RC/
CSo), an increment of the functional antenna size (ABS/
RC) and, subsequently, an enhancement of the nonpho-
tochemical dissipation energy (DIo/RC), a decrease of the 
PSIo, and the photosynthetic efficiency (Fv/Fm).

Contrary to the above-mentioned stress responses, 
in the present experiments, the normalized (to Fo) 
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fluorescence induction curves for the fifth incubation 
day (Supplementary Material, Figure 2A) were typical 
ones and the presence of trs did not lead to differentia-
tion over the control treatment. Detailed analysis of the 
JIP test parameters indicated that the density of the active 
reaction centers (RC/CSo) (Supplementary Material, Figure 
2C), the functional antenna size (ABS/RC) (Supplementary 
Material, Figure 2D), the PSIo (Supplementary Material, 
Figure 2E), the dissipation energy (DIo/RC) (Supplemen-
tary Material, Figure 2F), the [PI(abs)] (Supplementary 
Material, Figure 2B), and the photosynthetic efficiency 

(Fv/Fm) (Supplementary Material, Figure 1B) were quite 
similar between trs treatments and control.

Trs biodegradation is shown in Figure 1. The lower trs 
concentrations led to higher biodegradation percentages 
(Figure 1A). These results may lead to misleading conclu-
sions because, in absolute values, 17.2% biodegradation 
of the 0.3 mM trs was higher than 34.3% of the 0.05 mM. 
To clarify the bioenergetic strategy underlying the biodeg-
radation values, we present the removed amount of the 
phenolic compound in terms of PCV for the fifth incuba-
tion day (Figure 1B).

Trs concentration and algal biomass seem to be the 
most important parameters affecting biodegradation. It 
became obvious that algal cells use more energy for bio-
degradation at the highest trs concentrations compared 
with the energy used for lower trs concentrations. In 
Figure 1C, there is a linear correlation between the initial 
trs concentration and the biodegradation per PCV under 
mixotrophic conditions (no energy limitation). Under 
these circumstances, we can predict the biodegradation 
yield on the basis of the initial trs concentration. This pre-
diction, however, can be accurate provided that microal-
gal energy levels will always be in abundance.

To assess if there was any biodegradation that was 
not attributable to microalgae, the same experiment was 
carried out without any algal cells. The results confirmed 
that the measured biodegradation was exclusively due to 
the presence of the green alga. No biodegradation was 
noted in the absence of green algae (data not shown).

Consequently, it was found that the green alga 
S.  obliquus is able to biodegrade trs under mixotrophic 
conditions. The results showed that the yield of trs removal 
per PCV was more efficient in the higher concentrations 
tested (Figure 1B). However, the absolute biodegradation 
values were not so high in the fifth day of incubation (bio-
degradation lower than 50%) and therefore the biodegra-
dation yields have to be improved.

As found previously [8–11], energy reserves play a 
crucial role in the biodegradation yield. The microal-
gae utilize two main detoxification strategies. The main 
purpose of both strategies (lower or higher toxicity of the 
phenolic compounds) is the detoxification of the algal 
medium environment. Algal cells seem to be tolerant in the 
lower toxicity molecules and invest their energy mainly to 
algal growth rather than biodegradation. As a result, after 
incubation, a higher number of cells, compared with the 
initial number, were counted. Furthermore, each cell had 
to “face” a lower quantity of toxic molecules. Therefore, 
the cell tolerance increases without investment of addi-
tional energy to biodegradation. Increasing growth is the 
strategy for facing the toxicity. On the other hand, under 
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Figure 1: Biodegradation of several trs concentrations from S. 
obliquus cultures growing in a closed system under mixotrophic 
conditions. (A) Kinetics of trs biodegradation expressed as a per-
centage of the initial trs level. (B) Biodegradation of trs in the fifth 
incubation day expressed as grams of GAE per PCV. (C) Linear cor-
relation between the initial trs concentration and the biodegraded 
trs per PCV.
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higher toxicity, the microalgae consume more energy to 
directly detoxify its culture environment (biodegradation) 
while “investing” less energy on growth [11].

The results of the above-mentioned experimental 
series clearly show that under these growth conditions 
(mixotrophic growth), trs is not toxic for algal culture. 
The absence of toxicity was evidenced by the lack of algal 
growth inhibition (Supplementary Material, Figure 1A) as 
well as by the absence of the typical stress characteristics 
in the molecular structure and function of the photosyn-
thetic apparatus (Supplementary Material, Figures 1B and 
2). To test whether algal cells change their strategy for trs 
biodegradation, we changed the culture conditions (auto-
trophic growth) by diminishing the availability of the cel-
lular energy level.

3.2  �Biodegradation of trs under 
autotrophic conditions

The last mentioned strategy led to the repetition of the 
tests for the trs biodegradation by the green alga S. 
obliquus in the absence of any exogenously supplied 
glucose (autotrophic conditions). The influence of trs in 
the autotrophic cultures of S. obliquus was tested using 

two different concentrations of the phenolic compound 
(the “low” 0.05 mM and the “high” 0.3 mM).

Under these conditions, the biomass increase (Sup-
plementary Material, Figure 3A) and the molecular 
structure and function of the photosynthetic apparatus 
(Supplementary Material, Figures 3B and 4) were rein-
vestigated to detect any stress effect caused by trs in 
the absence of any exogenously supplied energy source 
(glucose). The growth kinetic curves (Supplementary 
Material, Figure  3A) exhibited trends identical to the 
control. No inhibition in the autotrophic algal growth 
caused by trs was detected. Moreover, the fluorescence 
induction curves of the fifth incubation day (Supplemen-
tary Material, Figure 4A) confirmed the previous obser-
vation. They were typical curves and did not exhibit any 
difference between trs and control treatments. Further 
analysis of the JIP test parameters supported the hypoth-
esis that trs did not affect, in any adverse way, the 
molecular structure and function of the photosynthetic 
apparatus even in autotrophic cultures (Supplementary 
Material, Figures 3B and 4B–F).

Trs at the lower concentration (0.05 mM) was biode-
graded up to 73.5%, whereas at the higher concentration 
(0.3  mM) it was only up to 15% (Figure 2A). Contrary to 
this, if biodegradation was expressed as the amount of 
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Figure 2: Biodegradation of two different trs concentrations (0.05 and 0.3 mM) from S. obliquus cultures growing in a closed system under 
autotrophic conditions. (A) Kinetics of trs biodegradation expressed as a percentage of the initial trs level. (B) Comparison among auto-
trophic and mixotrophic biodegradation of trs in the fifth incubation day expressed as grams of GAE per PCV. (C) Autotrophic/mixotrophic 
biodegradation ratio. (D) Growth/biodegradation ratio between autotrophic and mixotrophic conditions.
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the phenolic compound removed per PCV and for the fifth 
incubation day (Figure 2B), then it can be seen that an 
increased amount of trs was removed at higher concen-
trations. The same trend was established in either auto-
trophic or mixotrophic conditions. Furthermore, it seems 
that the higher the biodegradation difficulty, the higher 
the biodegradation yield. The difficulty was increased 
either by increasing the trs concentration or by decreasing 
the energy reserves (autotrophic vs. mixotrophic condi-
tions). The ability of the cells to biodegrade trs was higher 
in autotrophic conditions compared with the mixotrophic 
ones (Figure 2B) in each tested trs concentration. However, 
the autotrophic/mixotrophic biodegradation ratio per PCV 
(Figure 2C) was lower at 0.3 mM compared with 0.05 mM. 
A possible explanation could be that the energy reserves 
are lower under autotrophic conditions and that the bio-
degradation at 0.3 mM trs demands more energy than at 
0.05  mM. As a result, energy consumption under auto-
trophic conditions was faster in the higher trs concentra-
tions, whereas the lower ratio of autotrophic/mixotrophic 
biodegradation represents the energy limitation.

Interesting conclusions could be drawn by observ-
ing the growth/biodegradation ratio (Figure 2D). Under 
mixotrophic conditions, microalgae invest more energy 
into growth than into biodegradation. This energy strat-
egy increased the number of algal cells that had to react 
with the phenolic compound. As a result, each cell had to 
“face” a lower quantity of trs. On the other hand, under 
autotrophic conditions, more energy was invested into 
biodegradation and therefore growth was maintained at 
lower levels.

3.3  �Biodegradation of htrs under autotrophic 
conditions

The above-mentioned observations led us to testing the 
bioenergetic biodegradation strategy under conditions 
with higher biodegradation difficulty through the use of 
htrs under autotrophic conditions. Compared with trs, 
htrs has an additional hydroxyl group in the phenolic ring. 
As a result, microalgae need more energy for the fission of 
the additional bond, a requirement that increases the bio-
degradation difficulty.

The influence of htrs in the autotrophic Scenedesmus 
cultures was tested using two different concentrations 
of htrs (0.05 and 0.3  mM). Under these conditions, the 
biomass increase (Supplementary Material, Figure 5A) 
and the molecular structure and function of the photosyn-
thetic apparatus (Supplementary Material, Figures 5B and 
6) confirmed once again that the presence of htrs did not 

stress the cultures. Growth kinetic curves (Supplementary 
Material, Figure 5A) showed that there was no inhibition 
in the algal growth due to the presence of htrs compared 
with the corresponding control cultures (no htrs addition).

The previous observation is in agreement with the 
fluorescence induction measurements in control and htrs 
treatments. The fluorescence induction curves for the fifth 
incubation day (Supplementary Material, Figure 6A) were 
typical ones and did not exhibit any significant differenti-
ation among the algal treatments. More detailed analyses 
of the JIP test parameters also showed that the density of 
the active reaction centers (RC/CSo) (Supplementary Mate-
rial, Figure 6C), antenna size (ABS/RC) (Supplementary 
Material, Figure 6D), PSIo (Supplementary Material, Figure 
6E), dissipation energy (DIo/RC) (Supplementary Mate-
rial, Figure 6F), [PI(abs)] (Supplementary Material, Figure 
6B), and photosynthetic efficiency (Fv/Fm) (Supplemen-
tary Material, Figure 5B) were not significantly different 
between htrs treatments and the corresponding controls.

At lower concentrations (0.05  mM), htrs was biode-
graded by up to 18.3%, whereas at higher concentrations 
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(0.3  mM), it was biodegraded by approximately 33% 
(Figure 3A). When biodegradation of htrs was expressed 
as htrs removed on per PCV basis, then it followed the 
same trend as for trs, that is, higher htrs concentration 
resulted in higher biodegradation yield (Figure 3B). The 
scenario of increasing the biodegradation yield in the case 
of higher biodegradation difficulty (higher htrs initial con-
centration) was again confirmed.

A comparison of the biodegradation data between 
trs and htrs (the latter exhibiting increased difficulty of 
biodegradation) showed that at a higher concentration 
(0.3  mM) htrs was biodegraded significantly more than 
trs, whereas at a lower concentration (0.05 mM) the trend 
was reversed (Figure 3B).

However, this could be attributed to the small quantity 
of ethanol that existed in the culture medium as htrs was 
dissolved in ethanol (see Section 2.1). As a result, in the 
lower concentration of 0.05 mM htrs, the culture contains 
traces of ethanol and it is possible that the microalgae ini-
tially preferred consuming ethanol as an “easier” carbon 
source and when the ethanol was depleted the microalgae 
then invested its energy toward htrs biodegradation. That 
could cause a delay in the biodegradation of htrs in the 
lower concentration of 0.05  mM compared with the cor-
responding trs treatment at the same concentration.

3.4  �Combinational biodegradation of trs  
and htrs under autotrophic conditions

The influence of simultaneously adding trs and htrs in the 
autotrophic cultures of S. obliquus was tested using two 
different treatments. The first consisted of 0.05 mM trs and 
0.05 mM htrs, whereas the second consisted of 0.3 mM trs 
and 0.3  mM htrs. Under these conditions, the biomass 
increase (Supplementary Material, Figure 7A) and the 
molecular structure and function of the photosynthetic 
apparatus (Supplementary Material, Figures 7B and 8) 
again showed that the phenolic mixture did not exert any 
stress effect in the microalgal cultures.

Biomass increase did not differ significantly among 
tested treatments irrespective of the presence or absence 
of the phenolic mixture of trs and htrs in each tested con-
centration (Supplementary Material, Figure 7A). Similarly, 
fluorescence induction curves (Supplementary Material, 
Figure 8A) and the JIP test parameters (Supplementary 
Material, Figure 7B and 8B–F) did not differ significantly 
between any of the phenolic mixtures and the correspond-
ing controls.

Biodegradation of trs and htrs is shown in Figure 4. 
Htrs was preferentially biodegraded compared with trs in 

all tested combinations of concentrations (Figure 4A and 
B). Trs appeared as a less biodegradable compound at 
lower concentrations (0.05  mM), whereas at higher con-
centrations (0.3 mM trs) it seemed to have increased com-
pared with the quantity added in the culture at the onset 
of the experiment. This can be attributed to the conversion 
of htrs to trs before the complete mineralization.

The percentage of htrs biodegradation after 5 days was 
approximately 93.5% at 0.05 mM and 83.5% at the higher 
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Figure 4: Biodegradation of simultaneously supplied trs and htrs 
at various concentrations in autotrophic S. obliquus cultures. (A) 
Kinetics of trs and htrs biodegradation (expressed as a percentage) 
for the lower concentration of 0.05 mM of each phenolic compound. 
(B) Kinetics of trs and htrs biodegradation (expressed as a percent-
age) for the higher concentration of 0.3 mM of each phenolic com-
pound. (C) Comparison of htrs biodegradation among trs presence 
or trs absence from the culture medium in the fifth incubation day 
expressed as grams of GAE per PCV.
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concentration (0.3 mM). However, the amount of phenolic 
compounds removed per PCV (Figure 4C) showed that 
the higher concentration led to higher biodegradation 
efficiency. Again, the microalgae biodegraded primar-
ily the most energetically demanding compound (htrs) 
and the higher biodegradation yield was linked to higher 
concentration (Figure 4A and B). Moreover, the yield of 
htrs biodegradation was higher in the simultaneous 
presence of trs and htrs (phenolic mixture) than in the 
unique presence of the compound (Figure 4C). This fact 
could be attributed to the higher difficulty that was estab-
lished in the culture when both compounds were present 
simultaneously. As a result, the microalgae diverted more 
energy into detoxifying their environment, starting with 
the most energetically demanding phenolic compound 
(htrs). Trs was the compound that biodegraded to a lesser 
extent in the presence of htrs. In higher concentrations of 
the phenolic compound mixtures, trs increased instead 
of decreasing. This could be explained on the basis of the 
observation that after the bond fission of one hydroxyl 
group, htrs was converted to trs, which was further accu-
mulated, and this continued until all htrs was depleted 
from the culture medium. After that time point, trs bio-
degradation increased because trs was the only substrate 
left. This finding is in agreement with the previously 
reported bioenergetic biodegradation strategy of green 
algae [11]. The most “annoying” phenolic compound, 
that is, the most energetically demanding one, takes pri-
ority for algal biodegradation. The exogenously supplied 
carbon source, the concentration, and the toxicity of the 
phenolic compounds are parameters that can be modi-
fied, changing the algal cultivation conditions as well as 
its biodegradation.

4  �Discussion
The bioenergetic strategy of the microalgae S. obliquus for 
the biodegradation of trs and htrs is presented in a simpli-
fied model (Figure 5). Energy reserves are the switch for 
the selection of an appropriate biodegradation pathway. 
In mixotrophic conditions (Figure 5A, left side) there exist 
sufficient energy reserves. The strategy of microalgae is to 
invest energy into growth instead of biodegradation. As a 
result, more cells have to face a smaller quantity of the 
toxic compound. On the other hand, in autotrophic con-
ditions (Figure 5A, right side), microalgae select an abso-
lutely different strategy. This can be concluded from the 
fact that energy reserves in autotrophic conditions were 
noticeably lower than those in mixotrophic conditions. 
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Figure 5: Simplified biodegradation models of microalgae. (A) Bio-
energetic strategy of microalgae for the biodegradation of phenolic 
compounds under mixotrophic and autotrophic conditions. (B) Com-
bined biodegradation of htrs and trs under autotrophic conditions. 
(C) Cellular energy management among biodegradation and growth 
under increasing toxicity levels. The three parallel zones (light 
green, gray, and pink) indicate different management of energy in 
relation to the concentration of phenolic compound (e.g. trs). The 
first zone (low concentrations of xenobiotics) represents the full 
development of the culture and very low biodegradation. In the third 
zone (high concentrations of xenobiotics), there is increased stress 
and all the energy reserves are invested into biodegradation, essen-
tially stopping the growth. In the middle zone (relatively high con-
centrations of xenobiotics), high biodegradation can be observed 
at the expense of growth, unless a win-win situation for growth and 
biodegradation (such as in the present contribution) is possible.
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As a result, microalgae direct their energy to biodegrada-
tion and maintain their growth at survival levels. In higher 
toxicity levels [two phenolic compounds (trs and htrs) in 
autotrophic conditions; Figure 5B], microalgae direct their 
energy to biodegrading the more energetically demand-
ing phenolic compound, htrs. The concentration of trs 
increases beyond that originally added, because it seems 
that trs is also an intermediate product derived from the 
biodegradation of htrs (following fission of the hydroxyl 
substitute). When the htrs concentration approaches a 
critical level, then the trs biodegradation starts.

The above-mentioned results lead to the conviction 
that microalgae maintain an energy balance. Low toxic-
ity levels lead to higher growth and lower biodegrada-
tion, whereas higher toxicity levels lead to lower growth 
and higher biodegradation, unless a win-win situation 
for growth and biodegradation (such as in the present 
contribution) is possible. This is the case when the bio-
degradation product is again invested into cellular meta-
bolism and cellular energy production (Figure 5C). This 
fact permits the manipulation of the biodegradation of 
toxic compounds changing the energy reserves of the 
microalga. It is important to determine the critical energy 
level that permits algae to survive with a functional meta-
bolism while, at the same time, it maintains an appropri-
ate activation energy to start bond fission and as a result 
biodegradation.

The selection of the appropriate conditions (compat-
ible to the bioenergetic strategies of microalgae) seems to 
be the switch for an effective biodegradation of several 
toxic compounds, paving the way for future biotechnolog-
ical applications for solving complicated pollution prob-
lems such as those produced by OMW.

5  �Conclusions
The use of the microalga S. obliquus for the biodegrada-
tion of trs and htrs has shown several advantages:

–– Trs and htrs can be biodegraded by microalgae.
–– Growth kinetics and a series of fluorescence induction 

measurements showed that microalgae are tolerant to 
these phenolic compounds.

–– Changes in the cellular energy reserves and the con-
centration of the phenolic compounds adjust the 
“toxicity” of these compounds to the microalgae 
and therefore are the main parameters that affect 
biodegradation.

–– In agreement with previous findings, the auto-
trophic growth conditions of microalgae and high 

concentrations of trs or htrs induce higher biodegra-
dation than mixotrophic conditions and lower phe-
nolic concentrations, respectively. In case microalgae 
have to face trs and htrs simultaneously, the biodegra-
dation starts from the more energetically demanding 
compound, htrs.

–– Based on previous results, it can be concluded that 
microalgae have a “rational” management scheme 
of cellular energy balance. Lower toxicity levels lead 
to higher growth and lower biodegradation, whereas 
higher toxicity levels lead to lower growth and higher 
biodegradation. A win-win situation for growth and 
biodegradation (such as in the present contribution) 
is possible when the biodegradation product of the 
toxic compound is invested again to cellular meta-
bolism and cellular energy production.

–– The selection of the appropriate conditions (com-
patible to the bioenergetic strategies of microalgae) 
seems to be the switch for a successful biodegrada-
tion of a series of toxic compounds, paving the way 
for future biotechnological applications for solving 
complicated pollution problems such as the detoxi-
fication of OMW.
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