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Microalgae are a promising feedstock for the future of the industrial chemistry. Among microalgae, Tetradesmus obliquus (generally known as Scenedesmus obliquus) is one of the most studied species due to its robustness and its good performances for production of lipids, proteins and carbohydrates. However, the high production costs still limit large part of the possible applications. The exploitation of the heterotrophic metabolism for microalgae cultivation may potentially improve the biomass production sustainability, especially if organic substrates are obtained from wastewaters. However, this latter strategy has technical limits given by the issue of contamination by bacteria, which have growth rates ~ 10 folds higher than microalgae. 
The estimation of the microalgae growth parameters could allow optimization of the feeding strategy by which wastewaters are supplied to microalgae culture, and consequently, bacteria contamination minimization.
In this work, an axenic culture of T. obliquus was isolated by a sonication pre-treatment followed by an incubation in solid media containing ampicillin (0.1 mg mL-1), penicillin (67 U mL-1) and streptomycin (0.07 mg mL-1). The axenic strain was then cultivated in heterotrophic condition under N-replete and N-starvation. Experimental data of biomass production and nitrogen consumption were well predicted by the Droop model. By means of the model fitting with experimental data, the optimal values for maximum theoretical growth rate ( ), maximum nitrogen quota (qmax), minimum nitrogen quota (qmin) and maximum nitrogen uptake rate (ρmax) were estimated. 
By estimating, in the future, the growth parameters also for other substrates and for contaminant microorganisms, a more effective wastewater supply strategy can be developed. 
Introduction
Microalgae are photosynthetic microorganisms, producing a large variety of different compounds exploitable for applications such as biofuels (Ruiz et al., 2016), biomaterials, food and feed (Spolaore et al., 2006). Although numerous studies have been carried out over the past years, most of the possible applications of microalgae are not economically sustainable yet (Ruiz et al. 2016). The minimum cost for microalgal biomass production has been estimated between 3.2 – 12.4 € kg-1 by Tredici et al. (2016) and between 3.4 – 11 € kg-1 by Ruiz et al. (2016). The integration of microalgae cultivation with wastewaters treatment is one of the most promising approaches to enhance economic and environmental feasibility of microalgal production (Di Caprio et al., 2019). Wastewaters can provide inorganic nutrients such as P, N, S and others at zero cost, plus organic substrates as sugars and organic acids (Di Caprio et al. 2017). In particular, the organic substrates can be exploited to support the heterotrophic metabolism of microalgae (Visca et al., 2017). The exploitation of heterotrophic metabolism can add a further improvement with respect to conventional photoautotrophic processes, thanks to the higher productivity induced by organic substrate and to the lower surface to volume ratio required in the fermenters (Di Caprio et al., 2019). These factors could potentially reduce both capital and operative costs. However, addition of organic substrate increases considerably the issue of bacteria contamination. This issue is the result of the higher maximum growth rate of bacteria (~ 20 d-1) with respect to microalgae (~ 2 d-1) (Deschênes, 2016). The solution generally adopted to overcome this issue is to work by using sterilized wastewaters in a fully axenic environment. However, it is hardly applicable to industrial scale due to the cost increment induced by sterilization.
A possible solution can be found in the optimization of the strategy adopted to supply nutrients to microalgae. For example, by giving nutrients in a strategy by which they are consumed by microalgae before that bacteria contamination becomes relevant. To investigate this possibility, it is required to know the kinetic parameters to describe microalgae growth and the yield of microalgae cells with respect to substrates. T. obliquus (generally known as Scenedesmus obliquus), the strain investigated in this study, is of the more promising microalgae strains for industrial applications, due to its robustness (Wu et al., 2014), its biochemical composition and its good growth performances (Di Caprio et al., 2018a).
However, there is scarce information in literature about its growth parameters in heterotrophic regime (such as ρmax and ). Major difficulty to derive such parameters is to perform heterotrophic cultivation tests under axenic conditions, i.e., by preventing the contamination of bacteria competing with microalgae for the available nutrients (organic substrates and inorganic nutrients).   
The aim of this work was to isolate an axenic strain of T. obliquus, and then to perform heterotrophic cultivations in order to estimate the growth parameters by using a conventional unstructured model.  
Materials and methods
2.1 Microalgae strain
[bookmark: _Hlk527035993]A strain of T. obliquus isolated from Siracusa (Italy) was maintained in Petri dishes in BG11 solid medium under constant illumination (cool-white fluorescent light) at 80 μmol·s-1·m-2 and 25 ± 3 °C. The identification of the strain was previously described (Di Caprio et al., 2018b).
2.2 Axenic strain isolation and maintenance
Microalgae were suspended in 30 mL of distilled water, then the suspension was sonicated for 1 min by using Branson Sonifer S 450 (20 kHz) at 50 % amplitude (76 µm, 145 W). Suspension was then centrifuged at 3,000 rpm for 5 min and washed twice with distilled water. The obtained pellet was diluted in distilled water and plated in Petri dishes containing BG11 solid medium enriched with 1 g L-1 of glucose and different concentrations of antibiotics (Table 1). The plates were illuminated at 80 μmol s-1 m-2 at 25 ± 3 °C. The presence of bacteria was evaluated by making replica plating on plates containing LB solid medium. The microalgae strain isolated from the axenic plates were then inoculated in 50 mL glass bottles containing 25 mL BG11 medium enriched with 1 g L-1 NaHCO3. The bottles were closed and leaved under constant illumination of 40 μmol s-1 m-2 at 25 ± 3 °C. The axenic condition was periodically monitored by inoculating an aliquot of the suspension from bottles in both LB and YPD plates. All the handling of the axenic cultures was carried out in fully sterilized conditions. 
Table 1: Type and concentration of antibiotics in the different tested conditions 
	Tested conditions
	Ampicillin 
(mg mL-1)
	Penicillin 
(U mL-1)
	Streptomycin (mg mL-1)

	Condition 1
Condition 2
Condition 3
Condition 4
	0.07
0.1
-
0.1
	-
-
67
67
	-
-
0.07
0.07

	
	
	
	



2.3 Heterotrophic cultivation of axenic cultures
Microalgae were harvested from maintenance bottles, centrifuged at 3,000 rpm for 5 min, and the pellet suspended in 150 mL culture medium in 300 mL Erlenmeyer flasks at an initial biomass concentration ranging between 20 – 40 mg L-1. Two different culture mediums were tested, with nutrients concentration all the same as BG11, except for NO3-, which was varied at two levels: 0 mg L-1 and 200 mg L-1 (N = 45 mg L-1). In every flask 5 g L-1 of glucose were supplied. All the flasks were covered with aluminum foils to ensure dark environment, closed with cellulose stoppers and continuously shaken at 150 rpm.
2.4 Chemical and biochemical analyses
The concentration of the biomass suspension was measured by reading the optical density at 750 nm by means of a UV-vis spectrophotometer. Biomass concentration (X) was determined by using a calibration line obtained by filtering 10 mL of microalgae suspension on glass microfiber filter (0.7 µm, VWR 698) and by drying the filters in oven at 105 °C. Glucose concentration was measured by using the Dubois colorimetric method (Di Caprio et al., 2018b), while nitrogen concentration (N) in the culture medium was measured by using a ion-selective electrode (perfectIONTM, Mettler Toledo) for NO3-.
2.5 Growth model 
2.5.1 Description of the model
Experimental growth data were described by using the Droop model (Bernard, 2011). Nitrogen was considered as the only limiting nutrient, and its uptake rate ρ (gN gX-1 d-1) was described as follows:
                                                                                                                                            (1)
where N (gN L-1) is the nitrogen concentration in the culture medium, KN is the half-saturation constant (gN L-1) and ρmax is the maximum nitrogen uptake rate (gN gX-1 d-1). The specific growth rate µ (d-1) of the biomass was a function of the internal nitrogen quota q (gN gX-1): 
                                                                                                                                           (2)
where qmin is the minimum internal nitrogen quota and  is the maximum theoretical growth rate (the growth rate at hypothetical infinite quota). 
The variation of q with respect to cultivation time was expressed by Eq (3), as follows:
                                                                                                                         (3)
Variation of X and N during time were given respectively by Eq (4) and Eq (5):
                                                                                                                                                        (4)
                                                                                                                                                     (5)
The model did not include the influence of glucose because during all the tests the glucose concentration remained quite high (> 1000 mg L-1) to exclude any influence on the growth rate. For comparison, the KS typically reported in literature for glucose are < 10 mg L-1 (Deschênes, 2016).
2.5.2 Estimation of the parameters
The KN value was fixed at 10-5 gN L-1, such value was taken from previous literature data (Mairet et al. 2011). The optimal values of , qmin and ρmax were estimated by the minimization of the sum of squared residuals. The value of qmax was estimated by using Eq (6), on the base of the parameter values obtained by fitting the model to the experimental data derived in presence of nitrogen (Bernard, 2011).
                                                                                                                                       (6)
Results and discussion
3.1 Isolation of the axenic strain
Among the different tested strategies, the condition 4 (Table 1) was the only one by which an axenic strain of T. obliquus could be obtained. This condition corresponded to the only one in which all the three tested antibiotics (ampicillin, penicillin and streptomycin) were added simultaneously. This result is likely due to the large variability of the bacteria species that live in symbiosis with microalgae (Ramanan et al., 2015), which makes a single antibiotic effective only versus some strains.
3.2 Heterotrophic growth
The evolution of biomass concentration (X) during the cultivation is reported in Figure 1a for both the initial N concentrations tested. In the test with initial N = 45 mg L-1, the biomass grew until reaching 1.1 ± 0.1 g L-1 of final biomass concentration at the third day, after that X remained constant and qmin was reached (Figure 1c). Instead, in the test in which there was no N in the culture medium at the beginning of the cultivation, the final X was lower and equal to 0.13 ± 0.03 g L-1. The reduced growth was given by the absence of N. While in the presence of N (N-replete) microalgae biomass growth is given by cell duplication, in the absence of N (N-starvation), cell duplication is stopped and biomass growth is mainly given by the limited amount of organic molecules that can be accumulated inside cells. Such accumulation of organic molecules increases cell size and reduces q (Di Caprio et al., 2018a).
In order to determine the growth parameters of the model, a first regression was carried out on experimental data obtained with initial N = 45 mg L-1. As shown in Figure 1a and Figure 1b, the model was able to represent well both data of biomass concentration and data of nitrogen concentration. The parameters estimated by this regression are reported in Table 2. The values of  and qmax were comparable with those previously reported for I. galbana (Mairet et al., 2011), for T. obliquus (Deschênes and Vande Wouwer, 2016) and for S. platensis (Arata et al., 2013) from experiments carried out in photoautotrophic conditions. Instead the value of ρmax is lower than the value of 0.7 ± 0.2 gN gX-1 d-1 previously reported for the same species (T. obliquus) in photoautotrophic condition by Deschênes and Vande Wouwer (2016) and higher than the values reported for I. galbana, which were between 0.04 gN gX-1 d-1 (Mairet et al., 2011) and 0.05 gN gX-1 d-1 (Bernard, 2011). The qmin value found was higher than the one (0.011 ± 0.003 gN gX-1) previously reported for the same species in photoautotrophic conditions by Deschênes and Vande Wouwer (2016) but in agreement with those reported for I. galbana (Bernard, 2011). 
For the regression of the data obtained in N-starvation, the qmax value was fixed as the one estimated from the test with 45 mg L-1 of initial N concentration. Such choice was motivated by considering that the microalgae used as inoculum in the N-starvation test came from a photoautotrophic cultivation in a medium fully replete for every nutrient. Therefore, it could be assumed that they started from a q = qmax and that this latter was equal to the one determined from heterotrophic test with initial N = 45 mg L-1. The regression was repeated for the data obtained in N-starvation. As shown in Table 2, the values of  and qmin were comparable (the difference were not statistically significant) with those previously estimated in presence of N. 
[image: ]
Figure 1: Comparison between model predictions and experimental values; (a) biomass concentration; (b) nitrogen concentration in the culture medium; (c) nitrogen quota; (d) rN (dotted line) and rHq (dashed line) for 45 mg L-1 initial nitrogen concentration. In (a), (b) and (c), solid and dashed lines describe model predictions attained with 45 mg L-1 and 0 mg L-1 initial nitrogen concentration in the medium, respectively.
The Figure 1c and Figure 1d give further information about the dynamic of N uptake inside microalgae biomass. For the test without N in the medium, microalgae started from a q = qmax. During cultivation the internal quota of N gradually decreased until qmin, because ρ(N) was maintained equal to 0 (see Eq(1) and Eq(3)) during all cultivation. 
Instead, in the test with initial N concentration equal to 45 mg L-1, there was a phase of about 2 days, in which q remained constant. During this phase there was an equilibrium between the rise of q given by the N uptake rate ( and the reduction of q due to the biomass production rate ().
Table 2: Parameters values computed by fitting model predictions to the experimental biomass and nitrogen concentrations values attained during microalgae growth. Errors are reported as ± confidence interval (95 %). *Parameter maintained constant during the optimization.
	Parameter
	N 
 0 mg L-1
	N
45 mg L-1

	  (d-1)
qmin (gN gX -1)
qmax (gN gX -1)
ρmax (gN gX-1 d-1)
KN (gN L-1)
	1.7 ± 0.4
0.030 ± 0.005
0.1 ± 0.3
-
-
	1.8 ± 0.3
0.040 ± 0.004
0.1 ± 0.3
0.14 ± 0.02
10-5*
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As shown in Figure 1d, these terms maintained the same value when N was available in the culture medium. Only when N in solution finished (N = 0 mg L-1),  instantaneously dropped to zero. This change was so sudden because of the lower value of KN (0.01 mg L-1) with respect of the ΔN induced by microalgae growth in the time intervals considered (Figure 1b). The value of  decreased progressively after the end of N in solution, because of the gradually reduction of q (that was given by the stopped N uptake) until to 0, when q = qmin was reached.
The experimental data obtained were used to determine the yield factors for the two main substrates, which were NO3- and glucose. The yield factors were determined according to Eq(7) and Eq(8):
                                                                                                                                        (7)
                                                                                                                                             (8)
Where X0 and Xf are the initial and final biomass concentration measured during the cultivation respectively. [NO3-]0 and [NO3-]f are the initial and final NO3- concentration measured during the cultivation respectively. [glu]0 and [glu]f are the initial and final glucose concentration measured during the cultivation respectively.
The yield factors obtained for glucose are comparable with those obtained for the same strain in previous studies conducted by Camacho Rubio et al. (1989) and by Di Caprio et al. (2018c). The lower value obtained in N-starvation condition can be a consequence of a higher percentage of glucose used for maintenance with respect to biomass production. The value determined for  (Table 3) is higher than those previously reported for other microalgae species cultivated in photoautotrophic condition, which were 3.2 g g-1 (Del Río et al., 2005) and 3.3 g g-1 (Del Rio-Chanona et al., 2017). The difference was given by the cultivation conditions. While the previous data from literature were obtained by using microalgae cultivated in a medium replete in N, the  determined in this work includes the biomass produced during N-starvation, which makes the yield factor higher.
Such effect was described also in Di Caprio et al. (2019), showing that, during a batch which includes N-starvation, the  of T. obliquus was ~ 2 folds higher than the value achieved in the only N-replete condition, due to the biomass growth given by the sole organic carbon accumulation during N-starvation. 
Table 3: Yield factors for biomass with respect to NO3- and glucose obtained from T. obliquus cultivated in heterotrophic condition. Errors are reported as ± standard deviation.
	N
	
	

	0 (mg L-1)
45 (mg L-1)
	-
5.7 ± 0.5

	0.13 ± 0.05
0.3 ± 0.1


Conclusions
The results obtained prove that the Droop model can be successfully used to predict T. obliquus growth under heterotrophic conditions. The model parameters  and qmax estimated were comparable with those previously reported in literature for other different microalgae cultivated in phototrophic conditions, while ρmax and qmin were respectively lower and higher than those previously estimated for the same species in phototrophic growth. By coupling these results with the values that can be estimated in future by using other substrates and other microorganisms (including contaminant bacteria), it will be possible to predict the optimal strategies to cultivate microalgae in wastewaters by exploiting their heterotrophic metabolism. 
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