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Abstract 24 

Microalgae and cyanobacteria have received ample attention in the last decades due to their 25 

environmental and biotechnological applications. Co-cultures of these microorganisms may 26 

present benefits particularly on wastewater bioremediation and biomass production. However, 27 

the understanding on the interactions between photosynthetic microorganisms are still in an 28 

early stage of knowledge. In this line, the aim of the present study was the evaluation of the 29 

growth dynamics of co-cultures of a cyanobacterium, Synechocystis salina, and a microalga, 30 

Pseudokirchneriella subcapitata, under low phosphate-phosphorus concentrations. Kinetic 31 

growth parameters were determined through the Monod and modified Gompertz models and 32 

evidence of allelochemicals production was confirmed through metabolomic analysis of the 33 

supernatant obtained from the co-cultures using GC-MS and 1D-NMR. Kinetic growth 34 

parameters have shown that P. subcapitata was better adapted to grow under low phosphorus 35 

concentrations. Co-cultivation of these microorganisms has not influenced P. subcapitata 36 

growth; however, S. salina growth was strongly inhibited. Modified Gompertz model has 37 

shown that growth inhibition of S. salina in co-cultures may be related to the activity of 38 

allelochemicals produced by P. subcapitata. This assumption was corroborated by the 39 

assessment of the antimicrobial potential of lactic acid (2-hydroxypropanoic acid), an organic 40 

acid identified in the supernatant from the co-cultures with growth inhibitory effects against S. 41 

salina.  42 

 43 

Keywords: Allelochemicals, Co-cultures, Growth inhibition, Lactic acid, 44 

Microalgal/cyanobacterial growth, Mathematical modelling.  45 
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1. Introduction 46 

Microalgal/cyanobacterial culturing has been the focus of several research studies worldwide 47 

due to the huge biotechnological potential of these photosynthetic microorganisms 
1,2

. When 48 

growing autotrophically, microalgae and cyanobacteria perform photosynthesis converting 49 

CO2 (from the atmosphere or flue gas emissions) into organic carbon compounds thus 50 

reducing CO2 accumulation in the atmosphere 
3-6

. Additionally, these microorganisms can 51 

assimilate nutrients, such as nitrogen and phosphorus species released into the environment 52 

and frequently found in wastewaters, meaning that they can be applied in wastewater 53 

treatment processes 
7-10

. Furthermore, microalgal/cyanobacterial biomass has other diverse 54 

attractive applications 
1,11-13

, particularly human food and animal feed, production of 55 

cosmetics, drugs, functional food and biofuels.  56 

Although the majority of research studies using microalgae and cyanobacteria refer to mono-57 

cultures, several studies have reported the use of microalgal/cyanobacterial co-cultures for 58 

diverse applications 
14-16

 namely: (i) biomass production and CO2 uptake in adverse 59 

conditions; (ii) pollutant removal from wastewaters; (iii) carbohydrate accumulation for 60 

biofuels production; (iv) production of high-valued secondary metabolites; and (v) bio-61 

flocculation and biofilm formation. The use of co-cultures combining microorganisms 62 

presenting different metabolic activities and adapted to different environmental conditions 63 

results in the development of a robust system that can operate under different environmental 64 

conditions and different nutrient supplies 
17-19

. Therefore, important characteristics of these 65 

cultures include: (i) high tolerance to environmental fluctuations and to multiple nutrient 66 

sources; and (ii) resistance to invasion by other species. However, due to the huge number of 67 

possible combinations between these microorganisms, studies on multispecies growth are still 68 

in an early stage of knowledge. 69 
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Furthermore, the study of interactions between different microalgal species or between 70 

microalgae and cyanobacteria is of great importance to understand their behaviour in aquatic 71 

environments. Aquatic photoautotrophs often face severe competition for resources, either 72 

space, light or nutrients 
15,20

. In these competitive environments, microorganisms tend to 73 

produce secondary metabolites, known as allelochemicals. The biosynthesis pathways and 74 

mode of action of these compounds, also identified as the chemical ecology of microalgae, 75 

has received much attention in the last few years, due to their importance in natural products 76 

chemistry and in several biotechnological processes, such as bioremediation and wastewater 77 

treatment 
14,21

. 78 

Allelopathy is defined as the direct or indirect harmful effect of one species on another 79 

through the production of chemicals released to the environment. It occurs essentially under 80 

stress situations, such as nutrient limitation. Target organisms might be more susceptible to 81 

allelochemicals under stress, and/or donor organisms might induce or increase the production 82 

of allelopathically active compounds in such conditions 
20,21

. For example, polyphenolic 83 

compounds produced by some organisms interfere with alkaline phosphatase, an exoenzyme 84 

used by several algae and cyanobacteria to overcome phosphorus limitation 
20

. 85 

To better understand the behaviour of photosynthetic organisms in aquatic environments, 86 

mathematical models have been developed to describe microalgal/cyanobacterial growth 
22,23

. 87 

The majority of these models are mainly applied to mono-cultures and in laboratory 88 

environments 
24

. Therefore, these type of models need to be adapted to allow their application 89 

to more complex systems, such as co-cultures of photosynthetic microorganisms. 90 

This study provides an experimental and mathematical approach towards the understanding of 91 

the interactions between Synechocystis salina and Pseudokirchneriella subcapitata when 92 

exposed to a stress condition (low phosphate-phosphorus concentrations), trying to overcome 93 

the limitations of current mathematical models that can only be applied to 94 
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microalgal/cyanobacterial mono-cultures. The specific aims of this study were: (i) to 95 

characterize the growth dynamics of mono- and co-cultures of these microorganisms when 96 

grown under limiting phosphorus concentrations; (ii) to establish a mathematical model able 97 

to describe the behaviour of these microorganisms in mono- and co-cultures; and (iii) to 98 

evaluate possible allelopathic interactions between these microorganisms. Phosphorus is one 99 

of the most important macronutrients for microalgae and cyanobacteria, as this nutrient is 100 

used for the synthesis of proteins, nucleic acids and phospholipids 
25,26

. Accordingly, 101 

microalgal/cyanobacterial cultures were supplied with low concentrations of this nutrient to 102 

evaluate possible growth competition between the studied microorganisms. Selection of the 103 

microorganisms integrating the co-cultures is a critical step. One possible alternative is to 104 

combine, for example, photoautotrophs and mixotrophs, ammonia and nitrate users, or marine 105 

and freshwater, aiming to improve both biomass productivities and the resilience of the co-106 

culture 
18

. In this study, a marine cyanobacterium, S. salina, was co-cultured with a freshwater 107 

microalga, P. subcapitata. Selection of a marine microorganism was based on the following 108 

factors 
18

: (i) marine microalgae or cyanobacteria are more resilient to salinity changes and 109 

can be cultured in freshwater; and (ii) the high productivities observed in marine coastal 110 

waters, even when submitted to considerable salinity and nutrient oscillations, suggest that 111 

these microorganisms may be effectively used for biomass production using wastewaters as 112 

culture medium. P. subcapitata is a green microalga that has shown to easily adapt to grow 113 

under low phosphorus concentrations 
21

. Additionally, several authors have reported the use 114 

of both S. salina and P. subcapitata a wide variety of biotechnological applications, such as 115 

wastewater treatment 
27

 and synthesis of bioactive compounds 
18

.  116 

2. Materials and methods 117 

2.1. Microorganisms and culturing conditions 118 
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S. salina LEGE 06079 was obtained from the Laboratory of Ecotoxicology, Genomic and 119 

Evolution (LEGE) – CIIMAR (Centre of Marine and Environmental Research of the 120 

University of Porto, Porto, Portugal) and P. subcapitata 278/4 was obtained from the Culture 121 

Collection of Algae and Protozoa (CCAP, Scotland, UK). Stock solutions of these 122 

microorganisms were prepared in OECD test medium (Organisation for Economic Co-123 

operation and Development 
28

), a synthetic medium commonly used for 124 

microalgal/cyanobacterial growth 
29-31

. Culture medium was sterilized by autoclaving at 121 125 

°C for 15 min. Cultures were incubated in 500-mL flasks at room temperature (25±2 ºC), 126 

under continuous exposure to fluorescent light with irradiance of approximately 72 µE m
-2

 s
-1

. 127 

Atmospheric air (filtered through 0.22 µm cellulose acetate membranes, Orange Scientific, 128 

Braine-l'Alleud, Belgium) was bubbled at the bottom of the flasks to promote agitation. 129 

2.2. Mono- and co-cultures growth under different phosphorus concentrations 130 

Batch experiments with mono- and co-cultures were performed to study the influence of low 131 

phosphate-phosphorus (KH2PO4, Sigma-Aldrich, St. Louis, MO, USA) concentrations (1.50 132 

to 24.0 ×10
-3

 mg L
-1 

of KH2PO4, which corresponds to 0.341 to 5.46 ×10
-3

 mgP L
-1 

of 133 

phosphate-phosphorus) on S. salina and P. subcapitata growth dynamics. Selection of this 134 

concentration range was based on the one reported by Fergola et al.
21

, when evaluating 135 

allelopathic competition between Chlorella vulgaris and P. subcapitata. After an acclimation 136 

period of seven days under these concentrations, microorganisms were cultured for twelve 137 

days in 500-mL flasks (working volume of 400 mL), with an initial cell concentration of 138 

about 1.0 to 2.0×10
6
 cells mL

-1
. Other growth conditions, such as light, temperature and 139 

aeration, were similar to those previously described. Two independent experiments were 140 

performed for each studied condition. 141 

2.3. Determination of S. salina and P. subcapitata growth parameters 142 
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Specific growth rates (�, h
-1

) were determined by the evaluation of cell concentration within 143 

the cultivation time. These assays were performed in duplicate using a Neubauer counting 144 

chamber (Marienfeld, Lauda-Königshofen, Germany) and a Leica DM LB (Leica 145 

Microsystems, Wetzlar, Germany) microscope. The relationship between cell and biomass 146 

concentrations was obtained by determination of cell dry weight of both microorganisms for 147 

different cell concentrations and established through linear regression (R
2
≥0.995; data not 148 

shown). Specific growth rates were determined according to Equation 1 
32

: 149 

� = �� �� − �� ��	� − 	�  (1) 

where �� and �� correspond to biomass concentration (in mg L
-1

) at times 	� and 	� (the end 150 

and beginning of exponential growth phase, in h, respectively). 151 

Average biomass productivities (
, mg L
-1

 d
-1

) were calculated from the variation in biomass 152 

concentration within the cultivation time, as shown in Equation 2 
32,33

: 153 


 = �� − ��	� − 	�  (2) 

where �� and �� correspond to biomass concentration (in mg L
-1

) at times 	� and 	� (the end 154 

and beginning of cultivation time, in days, respectively). 155 

2.4. Kinetic modelling of specific growth rates from mono- and co-cultures 156 

Specific growth rates determined for each phosphate-phosphorus concentration assessed (, 157 

mgP L
-1

) were used to determine the kinetic parameters ���� (maximum specific growth rate, 158 

h
-1

) and �� (half saturation constant, mgP L
-1

), according to the Monod model 
34

: 159 

��� = ���� ∙ �� +   (3) 
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The use of the Monod model to predict microalgal and cyanobacterial growth in response to 160 

varying phosphorus concentrations was selected based on previous reports describing the 161 

effective use of this model to evaluate phytoplankton growth kinetics 
35-37

. 162 

2.5. Kinetic modelling of allelopathic-based competition in co-cultures 163 

As the kinetic growth parameters determined through the Monod model have shown that the 164 

growth of S. salina in co-cultures may be limited by other factors rather than nutrient 165 

limitation, the growth of both microorganisms in mono- and co-cultures was evaluated using a 166 

modified version of the Gompertz model 
38

: 167 

� = � ∙ ����−����� − �	�  (4) 

where � is the output value, � is the upper asymptote, � (� > 0) sets the displacement along 168 

the � axis and � (� > 0) sets the tangent at the inflection point. The Gompertz model was 169 

selected in this study because several authors have already reported the use of this model to 170 

predict microalgal and cyanobacterial growth, evidencing that it sufficiently predicted the 171 

growth of Scenedesmus obliquus 
39

, Spirulina platensis 
22

 and Aphanothece microscopica 172 

Nägeli 
40

. By substituting the parameters �, � and � (see ESI, File S1), the modified Gompertz 173 

model was obtained: 174 

� = # ∙ ����−���������$ − 	� + 1�  (5) 

where $ is the lag time (in h) and # is the highest biomass concentration (in mg L
-1

) achieved. 175 

Specific growth rates were considered as a function of phosphate-phosphorus concentration in 176 

the culture medium. For that, the Monod model already determined for both microorganisms 177 

was used. To assess the temporal variation of phosphorus and biomass concentrations of 178 

mono-cultures two differential equations (Equation 6) were defined as following: 179 
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& ''	 = −( '�'	'�'	 = # ∙ ��� ∙ ����−������� ∙ �$ − 	� + 1� ∙ ������� ∙ �$ − 	� + 1� (6) 

where ( corresponds to the mass fraction of phosphorus in the biomass. In the calculations, it 180 

was assumed that the mass fraction of phosphorus in the biomass was 0.01%, considering the 181 

typical molecular formula of microalgal biomass: CO0.48H1.83N0.11P0.01 
41

. The differential 182 

equations were integrated using the fourth-order Runge-Kutta method, as described by Chapra 183 

and Canale
42

.  184 

As experimental data has shown that the growth of S. salina in co-cultures was strongly 185 

influenced by the presence of P. subcapitata, the model was adapted by including the 186 

parameters )	and + proposed by Fergola et al.
21

. Therefore, it was assumed that the microalga 187 

produced allelochemicals towards the cyanobacterium and that the specific growth rate of the 188 

cyanobacterium decreased for increasing concentrations of allelochemicals, undergoing a 189 

function of type: 190 

���� = �����,-./  (7) 

where ���� is the specific growth rate (in h
-1

) of S. salina in co-cultures, ���� corresponds 191 

to the function determined by the Monod model (Equation 3) for S. salina grown in mono-192 

cultures, )�> 0� denotes a measure of the inhibitory effect of the allelochemicals produced by 193 

P. subcapitata and �� corresponds to the concentration of P. subcapitata (in mg L
-1

) at time 	. 194 

On the other hand, P. subcapitata growth in co-cultures was defined as: 195 

���� = �����1 − +� (8) 

where ���� is the specific growth rate (in h
-1

) of P. subcapitata in co-cultures, ���� 196 

corresponds to the function determined by the Monod model (Equation 3) for P. subcapitata 197 

grown in mono-cultures and +�0 < + < 1� denotes the fraction of potential growth devoted 198 

to allelochemicals production. 199 
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The modified Gompertz model established in Equation 5, as well as the assumptions 200 

expressed in Equations 6 and 7, resulted in a three-equation system, which was used to model 201 

the phosphorus uptake and the growth of both S. salina and P. subcapitata in co-cultures: 202 

12
3
24''	 = −(� '��'	 − (�#����� ∙ ����−���������$� − 	� + 1� ∙ ���������$� − 	� + 1�'��'	 = #����� ∙ ����−���������$� − 	� + 1� ∙ ���������$� − 	� + 1�'��'	 = #����� ∙ ����−���������$� − 	� + 1� ∙ ���������$� − 	� + 1�

 (9) 

where (� and (� correspond to the mass fraction of phosphorus in S. salina and P. 203 

subcapitata cells, respectively. 204 

The parameters $�, $�, #� and #�, previously determined for mono-cultures, were applied in 205 

this system to allow the determination of ) and +. Integration of these equations was also 206 

performed using the fourth-order Runge-Kutta method 
42

. 207 

The model fits of the Monod and modified Gompertz models were obtained through nonlinear 208 

regression techniques and the estimated parameters were determined using an iterative 209 

procedure that minimizes the sum of squared residuals. The quality of the model fits was 210 

evaluated by calculating the performance indexes described by Queiroz et al.
43

: (i) root mean 211 

squared error (567); (ii) standard error of prediction (%7
); (iii) Bias factor (9�); and (iv) 212 

accuracy factor (#�) (see ESI, File S2). 213 

2.6. Analytical methods for allelochemicals identification 214 

2.6.1. Sample preparation 215 

After the cultivation time, duplicate samples were collected from the flasks corresponding to 216 

S. salina and P. subcapitata co-cultures. These samples were centrifuged at 2900 g for 15 min 217 

in an Eppendorf 5810 R centrifuge (Eppendorf, Hamburg, Germany) and the supernatant was 218 

lyophilized in a Snijders Scientific freeze-dryer (Snijders, Tilburg, Netherlands). The 219 

supernatant was then analysed by gas chromatography-mass spectrometry (GC-MS) and one-220 
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dimensional nuclear magnetic resonance (1D-NMR), as described by Li and Hu
44

 and Ni et 221 

al.
45

. 222 

2.6.2. GC-MS analysis 223 

Instrumentation. GC-MS analysis was performed on an Agilent Technologies 7890A gas 224 

chromatograph coupled to a 5975C mass selective detector (Agilent Technologies, Palo Alto, 225 

CA, USA). The mass spectra were obtained by electron ionization at 70 eV. 226 

Chromatographic conditions. DB-5 capillary column (cross-linked, 5% diphenyl, 95% 227 

dimethyl polysiloxane, 30 m×0.25 mm×0.25 µm, Agilent Technologies Inc., Santa Clara, CA, 228 

USA). Helium was used as the carrier gas at a flow rate of 1 mL min
-1

. The injection volume 229 

was 1 µL and split ratio was 20:1. The oven temperature was increased to 50 °C and held at 230 

this temperature for 2 min. Then, temperature was raised to 250 °C at a rate of 8 °C min
-1

, to 231 

300 ºC at a rate of 3 °C min
-1

 and to 310 °C at a rate of 3 °C min
-1

. Total run time was 47 min. 232 

Data Processing. Registered peaks were identified by comparison with the mass spectra 233 

available in the National Institute of Standards and Technology (NIST) library. 234 

Derivatization conditions. An aliquot of the sample (2.5 mg) was transferred into a vial and 235 

75 µL of pyridine followed by 75 µL of N,O-bis(trimethylsilyl) trifluoroacetamide (Alfa 236 

Aesar, Ward Hill, MA, USA) containing 1% trimethyl chlorosilane was added. The 237 

derivatization was allowed to occur, firstly, at 60 °C for 1 h and then at 40 °C for 30 min. 238 

2.6.3. NMR analysis 239 

Instrumentation. NMR spectra were recorded at room temperature on a 600 MHz DMX-600 240 

spectrometer (Brucker, Karlsruhe, Germany) operating at a proton NMR frequency of 600.13 241 

MHz. Methanol-d4 was used as the internal lock. The resulting spectra were manually phased, 242 

baseline corrected and calibrated to the internal standard, trimethylsilylpropionic acid sodium 243 

salt at δ 0.0 using TOPSPIN software (version 2.0, Bruker).  244 
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Sample preparation. The lyophilized material was placed in a 1.5-mL microtube and 245 

dissolved in 1 mL of a mixture (1:1) containing methanol-d4 and KH2PO4 buffer (pH 6.0) 246 

dissolved in D2O containing 0.29 mM 3-(trimethylsilyl)propionic acid sodium salt (Sigma 247 

Aldrich, St. Louis, MO, USA). The mixture was vortexed at room temperature for 1 min, 248 

ultrasonicated for 15 min in a Branson 5510E-MT ultrasonic cleaner (Branson Ultrasonics, 249 

Danbury, CT, USA) and centrifuged at 17000 g for 20 min in a Thermo Scientific Heraeus 250 

Pico 17 centrifuge (Fischer Scientific, Landsmeer, Netherlands). An aliquot (0.3 mL) of the 251 

supernatant was transferred to a 3-mm NMR glass tube and analysed.  252 

Data Processing. The signals detected in the spectra were analysed by spectral patterns and 253 

intensities. After statistical analysis, compounds were identified by comparison of spectral 254 

patterns of enrichment and depletion found in the following metabolomic database libraries: 255 

Chenomx NMR Suite (Chenomx Inc.) and Leiden University - Natural Products Laboratory 256 

(private). 257 

2.7. Evaluation of the inhibitory activity of identified allelochemicals 258 

After analysing co-cultures medium, some allelochemicals, particularly organic acids, were 259 

selected (2-hydroxypropanoic acid (5), butanedioic acid (16), 4-aminobutanoic acid (21) and 260 

2,3,4-trihydroxybutanoic acid (22)) to assess their growth inhibitory potential against S. salina 261 

and P. subcapitata. Stock solutions of the selected organic acids, obtained from Sigma 262 

Aldrich (St. Louis, MO, USA), were prepared in sterilized distilled water at a concentration of 263 

1000 µg mL
-1

. 264 

The growth inhibition caused by the selected organic acids was evaluated according to the 265 

Bauer et al.
46

 disc diffusion method. Suspensions of S. salina and P. subcapitata in the 266 

exponential growth phase were harvested, washed twice and resuspended in saline solution 267 

(0.85% w/v NaCl) to obtain a final concentration of about 5.0×10
6
 cells mL

-1
. The 268 
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suspensions were seeded in Petri dishes (90 mm diameter) containing modified Bold’s Basal 269 

Medium 
24

 supplemented with agar. Sterile filter paper discs (6 mm diameter) impregnated 270 

with approximately 1 mg of the organic acid solutions (1000 µg mL
-1

) were placed in Petri 271 

dishes. Afterwards, these Petri dishes were incubated for one week at room temperature under 272 

continuous light supply (72 µE m
-2

 s
-1

). The clear zones around the discs were recorded. 273 

Three independent experiments were performed. 274 

2.8. Statistical analysis 275 

Results were expressed as the mean value ± standard error of the mean (SEM). Statistical 276 

analysis of experimental data were carried out at a significance level of 0.05 using paired-277 

samples t-test from the statistical software SPSS 22.0 (SPSS Inc., Chicago, IL, USA). 278 

3. Results and discussion 279 

3.1. Influence of phosphorus concentrations on S. salina and P. subcapitata growth 280 

parameters 281 

Specific growth rates and average biomass productivities determined for mono- and co-282 

cultures of S. salina and P. subcapitata grown under different phosphate-phosphorus 283 

concentrations are presented in Table 1 (the respective growth curves are presented in ESI, 284 

File S3). In general, higher specific growth rates were observed for increasing phosphorus 285 

concentrations (p<0.05). These results are in agreement with those reported by Litchman et al. 286 

47
 for the microalgae Nitzschia sp. and Sphaerocystis schroeteri and the cyanobacterium 287 

Phormidium luridum. Specific growth rates of P. subcapitata were significantly higher 288 

(p<0.05) than those of S. salina in both mono- and co-cultures. In mono-cultures, specific 289 

growth rates for the microalga ranged from (0.821±0.115)×10
-2

 to (2.87±0.13)×10
-2

 h
-1

, while 290 

for the cyanobacterium ranged from (0.296±0.071)×10
-2

 to (1.59±0.20)×10
-2

 h
-1

. Lower 291 

specific growth rates determined for S. salina suggest that low phosphorus concentrations 292 
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favour the growth of P. subcapitata. Similar orders of magnitude were described for two 293 

different strains of the cyanobacterium Trichodesmium sp. grown under phosphate-294 

phosphorus concentrations ranging from 0 to 20 µM 
48

. No significant differences (p>0.05) 295 

were found on the specific growth rates determined for P. subcapitata grown in mono- and 296 

co-cultures. On the other hand, specific growth rates of S. salina in co-cultures were 297 

statistically lower (p<0.05) than those determined in mono-cultures. These results indicate 298 

that co-cultivation with P. subcapitata is prejudicial to cyanobacterial growth. For diverse 299 

phosphorus concentrations higher average biomass productivities were determined for the 300 

highest nutrient concentrations. Additionally, average biomass productivities determined for 301 

P. subcapitata (ranging between (0.641±0.134)×10
-2

 and (2.54±0.08)×10
-2

 mg L
-1

 h
-1

) were 302 

statistically higher (p<0.05) than those determined for S. salina (ranging between 303 

(0.119±0.032)×10
-2

 and (0.413±0.028)×10
-2

 mg L
-1

 h
-1

). Comparing mono- and co-cultures, 304 

average biomass productivities determined for both S. salina and P. subcapitata grown in 305 

mono-cultures were higher than those determined in co-cultures. These results indicate that in 306 

co-cultures, lower phosphorus availability leads to lower average biomass productivities, 307 

proposing the inadequacy of these co-cultures when large biomass amounts are required. 308 

Average biomass productivities determined in mono- and co-cultures of S. salina presented a 309 

similar behaviour to the one observed for specific growth rates. In P. subcapitata cultures, 310 

average biomass productivities contrast with specific growth rate values, which have shown 311 

to be similar (p>0.05) in both mono- and co-cultures. Inhibitory growth effects in co-cultures 312 

of microalgae has already been reported in the literature. For example, Solé et al. [40] have 313 

reported growth inhibition of Heterocapsa triquetra when co-cultured with Chrysocromulina 314 

polylepis. The mechanisms involved in the inhibitory effects of C. polylepis remain unknown. 315 

3.2. Kinetic modelling of specific growth rates from mono- and co-cultures 316 
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Specific growth rates obtained for the different phosphate-phosphorus concentrations were 317 

used to establish a model fit (Fig. 1) according to the hyperbolic Monod function (Equation 3) 318 

and to determine the associated kinetic growth parameters (Table 2). The quality of the model 319 

fits was evaluated through the performance indexes presented in Table 2. The low values 320 

determined for 567 and %7
 as well as 9� and #� values of approximately 1 have shown 321 

that the models are able to accurately describe the relationship between specific growth rates 322 

and phosphorus concentrations in the culture medium. As phosphorus concentration increases, 323 

there is an increase in specific growth rates until a certain concentration, where this kinetic 324 

parameter remains approximately constant (Fig. 1). Similar results were obtained for P. 325 

subcapitata and Trichodesmium sp. in the studies performed by Fergola et al. 
21

 and Fu et al. 326 

48
, respectively. The maximum specific growth rates determined for P. subcapitata in mono- 327 

and co-cultures were not statistically different (p>0.05). However, they were significantly 328 

lower (p<0.05) for S. salina, suggesting that low phosphorus concentrations can be a growth 329 

limiting factor to this microorganism. Additionally, ���� determined for S. salina grown in 330 

co-cultures was statistically lower (p<0.05), meaning that these conditions favoured the 331 

growth of P. subcapitata. Lower �� values obtained for the microalga indicate that this 332 

organism is better adapted to uptake phosphate-phosphorus supplied at low concentrations. 333 

On the other hand, higher �� values estimated for S. salina indicate that the growth of this 334 

strain may be limited by phosphorus concentration. However, half saturation constant 335 

determined for the cyanobacterium in co-cultures (1.57±0.26 ×10
-3

 mgP L
-1

) was statistically 336 

lower (p<0.05) than the one obtained for mono-cultures (2.45±0.40 ×10
-3

 mgP L
-1

), indicating 337 

that the growth of S. salina in co-cultures may be limited by other factors rather than 338 

phosphorus limitation. 339 

3.3. Kinetic modelling of allelopathic-based competition in co-cultures 340 
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As the kinetic parameters determined through the model fit of the Monod function suggested 341 

that the growth of the cyanobacterium in co-cultures may be inhibited by other factors rather 342 

than phosphorus limitation, a new model was established to describe the behaviour of both 343 

microorganisms (in mono- and co-cultures). The new model, which was based on the 344 

Gompertz model, takes into account the hypothesis that S. salina growth inhibition can be 345 

related to the presence of allelochemicals excreted by P. subcapitata. The use of the 346 

Gompertz model to describe microalgal and bacterial growth has already been reported in the 347 

literature 
22,39,40,49

. In this study, the referred model was adapted by assuming that S. salina 348 

growth decreased in response to increased concentrations of the allelochemicals produced by 349 

P. subcapitata and that P. subcapitata presented a fraction of potential growth devoted to the 350 

production of allelochemicals. In fact, lower biomass productivities determined for this 351 

microalga in co-cultures suggest that unlike mono-cultures, nutrients removal was devoted to 352 

the production of other molecules, rather than microalgal biomass. The excretion of metabolic 353 

molecules and harmful chemicals presenting inhibitory effects towards cyanobacteria or 354 

microalgae in co-cultures has already been reported in the literature 
20,21,50,51

. Moreover, 355 

Bittencourt-Oliveira et al.
50

 suggested that nutrient limitation is not the only factor that can 356 

explain the prevalence of a given strain in co-cultures. The presence of allelochemicals can 357 

also regulate the interaction of these microorganisms 
50

.  358 

Fig. 2A and 2C show the modified Gompertz model fits obtained for mono-cultures of S. 359 

salina and P. subcapitata, respectively. Differences in initial biomass concentrations between 360 

both microorganisms were related to the different cell densities of the microorganisms, as all 361 

the cultures were inoculated with the same initial cellular concentration (between 1 and 2 362 

×10
6
 cells mL

-1
). The closeness of the fits obtained through the modified Gompertz model can 363 

be evaluated by observing the model curves superimposed on the experimental data, which 364 

means that the modified Gompertz model correctly describes the behaviour of the selected 365 
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microorganisms. In fact, low 567 and %7
 values were determined for all the model fits 366 

(Table 3). In addition, the values of 9� and #� close to one (Table 3) also confirm the 367 

existence of a good correlation between estimated values and experimental data. 368 

Biological parameters, such as lag time, $, and upper asymptote value, #, determined for S. 369 

salina and P. subcapitata grown in mono-cultures are shown in Table 3. Values of lag time 370 

determined for these microorganisms were negative, indicating that both cultures were 371 

acclimated to the experimental conditions. These results were not surprising since both S. 372 

salina and P. subcapitata were acclimated to phosphorus concentrations within the range used 373 

in this study prior to the mono- and co-culture experiments. Additionally, low $ values, 374 

approximately 4-5 h, or even negative values were obtained in the studies performed by 375 

Çelekli et al.
39

. Regarding maximum biomass concentrations,	#, the values determined for S. 376 

salina and P. subcapitata were 400 and 418 mg L
-1

, respectively. These maximum values 377 

indicate the biomass concentration achieved when stationary growth phase was reached. Both 378 

microorganisms reached the stationary growth phase after 67 h of culturing. 379 

Fixing $ and # values determined for mono-cultures, the parameters + and ) were determined 380 

according to Equation 9. Fig. 2B and 2D show the growth curves obtained for S. salina and P. 381 

subcapitata in co-cultures and the respective model fits. The positive parameter value 382 

obtained for the measure of the inhibitory effect of the allelochemicals produced by P. 383 

subcapitata, ), confirms the hypothesis of growth inhibition of S. salina by allelochemicals 384 

released by the microalga (Table 3). Although the production of allelochemicals by this 385 

microalga is not documented in the literature, it has already been reported for other freshwater 386 

species, such as C. vulgaris 
52

, Botryococcus braunii 
53

, S. obliquus 
54

 and Chlamydomonas 387 

reinhardtii 
55

. In the study performed by Fergola et al.
21

, ) value estimated for the assessment 388 

of the inhibitory effect of C. vulgaris towards P. subcapitata was 7.81. The fraction of 389 

potential growth devoted to allelochemicals production, represented by +, was estimated to be 390 
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0.710, which indicates that a large amount of 
� present in the culture medium is used by P. 391 

subcapitata to produce allelochemicals. These results corroborate the low average biomass 392 

productivities determined for P. subcapitata grown in co-cultures. According to Fergola et 393 

al.
21

, if 0 < + < 1, the competition is driven towards the extinction of the strain that presents 394 

lower biomass productivities. In this study, biomass productivities determined for S. salina 395 

grown in co-cultures were lower than those determined for P. subcapitata, meaning that its 396 

growth inhibition was promoted by allelochemicals produced by the co-cultivated microalga. 397 

3.4. Co-cultures medium analysis and evaluation of the inhibitory activity of 398 

identified allelochemicals 399 

The analysis of the supernatant of S. salina with P. subcapitata co-cultures by GC-MS and 400 

1D-NMR demonstrated the presence of several metabolites, such as alkaloids, amino acids, 401 

organic acids, sugars (mono- and disaccharides) and alcohols (see ESI, File S4). Excretion of 402 

this type of compounds in microalgae and cyanobacteria polycultures has already been 403 

described 
56-62

. 404 

Four organic acids (2-hydroxypropanoic acid - 5, butanedioic acid - 16, 4-aminobutanoic acid 405 

- 21 and 2,3,4-trihydroxybutanoic acid - 22), identified from GC-MS analysis (Fig. 3), were 406 

selected for an in-depth growth inhibitory study. In fact, several studies have pointed out that 407 

this type of organic acids can act as effective antimicrobial agents 
63-67

; therefore it was 408 

decided to inspect their effects on the growth of each microorganism. Accordingly, their 409 

inhibitory potential towards S. salina and P. subcapitata was evaluated (see ESI, File S5). 410 

Results have shown that all the organic acids tested had no inhibitory effect on the growth of 411 

P. subcapitata and S. salina, except 2-hydroxypropanoic acid (5). Lactic acid (2-412 

hydroxypropanoic acid (5)) displayed an inhibitory growth activity on S. salina, but not P. 413 

subcapitata, suggesting the role of this organic acid as an allelochemical able to modify the 414 

growth of S. salina. This result corroborates the data obtained with the modified Gompertz 415 
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model, by which it was proposed that the inhibition of S. salina growth was a consequence of 416 

the presence of allelochemicals excreted by P. subcapitata. 417 

4. Conclusions 418 

The behaviour of S. salina and P. subcapitata under low phosphate-phosphorus 419 

concentrations was assessed by studying their growth in mono- and co-cultures. For 420 

increasing phosphorus concentrations, higher average biomass productivities were determined 421 

for both microorganisms. However, lower values were determined in co-cultures. Regarding 422 

specific growth rates, values determined for both microorganisms were higher for increased 423 

phosphorus concentrations, being constant for higher nutrient concentrations. This behaviour 424 

was correctly described by the Monod model fitted to the experimental data. Higher specific 425 

growth rates were obtained for the microalga (both in mono- and co-cultures), indicating that 426 

this microorganism presents higher ability to uptake phosphorus supplied at low levels. 427 

Regarding S. salina, the specific growth rates determined in co-cultures were significantly 428 

lower than those obtained in mono-cultures. Data coming from the development of the 429 

modified Gompertz model suggested that growth inhibition of S. salina in co-cultures was 430 

related to the presence of allelochemicals produced by P. subcapitata. Metabolomic and 431 

antimicrobial analysis demonstrated that lactic acid (2-hydroxypropanoic acid) can be 432 

proposed as an allelochemical involved in growth inhibition of S. salina when co-cultured 433 

with P. subcapitata. This study provides new insights on allelochemical production by the 434 

freshwater microalga P. subcapitata and how they can influence the growth of other species, 435 

such as S. salina. This information can be very useful to maintain naturally-occurring species 436 

in natural lakes or ponds and in aquaculture. Additionally, this study proposes simple methods 437 

for the understanding of interactions involved in co-cultures. 438 
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Table 1. Specific growth rates (�, in h
-1

) and average biomass productivities (
, in mg L
-1

 h
-1

) 1 

determined for mono- and co-cultures of S. salina and P. subcapitata grown under different 2 

phosphorus concentrations (, in mgP L
-1

) 3 

 : 
(×10

-3
 

mgP L
-1
) 

Mono-cultures Co-cultures 

 
S. salina P. subcapitata S. salina P. subcapitata 

; (×10-2 h-1) 0.341 0.296±0.071 1.02±0.19 0.650±0.110 0.429±0.082 

 0.683 0.638±0.119 0.821±0.115 0.250±0.015 1.10±0.15 

 1.37 0.758±0.245 1.99±0.03 0.275±0.058 2.26±0.38 

 2.73 0.892±0.216 2.87±0.13 0.475±0.029 2.43±0.44 

 5.46 1.59±0.20 2.82±0.40 1.21±0.14 2.69±0.36 < (×10-2 mg L-1 h-1) 0.341 0.127±0.027 0.828±0.318 0.154±0.060 0.641±0.134 

 0.683 0.136±0.072 0.952±0.022 0.119±0.032 0.668±0.211 

 1.37 0.191±0.033 1.97±0.10 0.142±0.022 1.38±0.04 

 2.73 0.202±0.037 2.28±0.01 0.182±0.013 2.20±0.08 

 5.46 0.413±0.028 2.54±0.08 0.243±0.031 2.31±0.05 

Values are presented as the mean ± standard error of the mean of two independent experiments. 4 

  5 
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Table 2. Kinetic parameters and performance indexes of the Monod model for mono- and co-1 

cultures of S. salina and P. subcapitata 2 

 
Mono-cultures Co-cultures 

S. salina P. subcapitata S. salina P. subcapitata ;=>? (×10-2 h-1) 2.13±0.56 3.75±0.71 0.932±0.198 3.47±0.59 @: (×10-3 mgP L-1) 2.45±0.40 1.32±0.67 1.57±0.26 1.22±0.57 AB:C (×10
-2
 h
-1
) 0.14 0.29 0.321 0.26 %:C< 17 16 56 14 DE 0.943 1.01 0.802 1.11 FE 1.17 1.21 1.71 1.21 

Values are presented as the mean ± standard error of the mean of two independent experiments. μ���, maximum 3 

specific growth rate (×10-2 h-1); ��, half saturation constant, (mgP L-1); 567, root mean squared error; %7
, 4 

standard error of prediction; 9� , Bias factor; #� , accuracy factor. 5 

 6 
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Table 3. Kinetic parameters and performance indexes of the modified Gompertz model for 1 

mono- and co-cultures of S. salina and P. subcapitata 2 

 
Mono-cultures Co-cultures 

S. salina P. subcapitata S. salina P. subcapitata H (h) <0 <0 - - F (mg L-1) 400 418 - - I - - 33.0 J - - 0.710 AB:C (mg L
-1
) 4 30 9 17 %:C< 3 22 7 17 DE 0.990 0.886 1.06 0.880 FE 1.02 1.22 1.06 0.18 $, lag time (h); #, maximum biomass concentration or upper asymptote value (mg L

-1
); ), measure of the 3 

inhibitory effect of the allelochemicals produced by P. subcapitata; +, fraction of potential growth devoted to the 4 

production of allelochemicals; 567, root mean squared error; %7
, standard error of prediction; 9�, Bias 5 

factor; #� , accuracy factor. 6 
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Figure Captions 1 

Fig. 1. Model fit of the Monod model to the experimental data: A. S. salina grown in mono-2 

cultures; B. S. salina grown in co-cultures; C. P. subcapitata grown in mono-cultures; D. P. 3 

subcapitata grown in co-cultures. Dashed lines represent the predicted values obtained 4 

through the Monod model. 5 

Fig. 2. Model fit of the modified Gompertz model to the experimental data: A. S. salina 6 

grown in mono-cultures; B. S. salina grown in co-cultures; C. P. subcapitata grown in mono-7 

cultures; D. P. subcapitata grown in co-cultures. Dashed lines represent the predicted values 8 

obtained through the modified Gompertz model. 9 

Fig. 3. GC-MS chromatogram of the co-cultures medium of S. salina and P. subcapitata. 10 

Peaks 5, 16, 21 and 22 correspond to 2-hydroxypropanoic acid, butanedioic acid, 4-11 

aminobutanoic acid and 2,3,4-trihydroxybutanoic acid, respectively. The mass spectra 12 

correspond to the organic acids silane derivatives.  13 
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 1 

Fig. 1. 2 

  3 
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 1 

Fig. 2. 2 
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 1 

Fig. 3. 2 
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