
1 

Acclimation of the microalga Amphidinium carterae to different nitrogen sources. 

Potential application in the treatment of marine aquaculture effluents  

A. Molina-Miras1, L. López-Rosales1, M.C. Cerón-García1, A. Sánchez-Mirón1, A. 

Olivera-Gálvez2, F. García-Camacho1*, E. Molina-Grima1

1Department of Chemical Engineering, Research Centre CIAIMBITAL, University of 

Almería, 04120 Almería, Spain 

2Departamento de Pesca e Aquicultura, Universidade Federal Rural de Pernambuco - 

UFRPE, Dois irmãos, Recife, Pernambuco, CEP: 52171-900, Brasil.  

*Corresponding author: fgarcia@ual.es

Address: Department of Chemical Engineering, University of Almería. Carretera 

Sacramento s/n. E04120, Almería, Spain. 

Telephone number: +34 950015303; e-mail address: fgarcia@ual.es 

Journal of Applied Phycology: https://doi.org/10.1007/s10811-020-02049-9 
Accepted manuscript. © 2020. This manuscript version is made available under  the CC-BY-NC-ND 4.0 
 license https://creativecommons.org/licenses/by-nc-nd/4.0/(opens in new tab/window)

https://www.editorialmanager.com/japh/download.aspx?id=200480&guid=480995be-ddb8-4e63-9458-ffd6e363edb2&scheme=1
https://www.editorialmanager.com/japh/download.aspx?id=200480&guid=480995be-ddb8-4e63-9458-ffd6e363edb2&scheme=1
https://www.editorialmanager.com/japh/viewRCResults.aspx?pdf=1&docID=10038&rev=1&fileID=200480&msid=014e14f6-0ae4-4492-bb32-eee6f9fbf2c9


 
 

2 
 

Abstract  

There is growing interest in finding microalgae species that efficiently convert 

dissolved nutrients contained in aquaculture effluents into highly valuable biomass. The 

different nitrogen forms that are present in aquaculture effluents are particularly 

concerning. This study demonstrated that the dinoflagellate microalga A. carterae can 

acclimate to both combined and sole nitrogen sources such as nitrate, ammonium and 

urea over a wide concentration range. As far as is known, it is the first time that a 

species of the genus Amphidinium has been successfully cultured with urea as the sole 

source of nitrogen. In the presence of 882 µM of nitrate, A. carterae tolerated urea 

concentrations up to 5000 µM. With respect to ammonium-N tolerance, it has been 

observed that it is lethal at concentrations higher than 441 µM. A robust laboratory 

experimental design was critical for accurately assessing this acclimation. Alternative N 

sources did not affect the production of high-value specific polyketide secondary 

metabolites from A. carterae, such as amphidinols, with an average concentration of 

0.435 ± 0.038% biomass d.w. An analysis of the symbiotic microbial assemblages 

developed in a long-term A. carterae culture in an open raceway pond, and the fact that 

it is able to metabolize all three nitrogen sources simultaneously, supports the idea that 

this microalga has the potential to be successfully cultured with aquaculture effluents. 
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1. Introduction 

 The environmental and social impacts resulting from the aquaculture industry 

have been comprehensively reviewed (Jegatheesan et al. 2011). In extensive aquaculture 

systems, the effluents are rich in nutrients, which are highly polluting if released 

untreated into the sea. Aquaculture wastewater includes particulate organic matter, 

organics, dissolved metabolites such as ammonia, urea and carbon dioxide, and feed 

nitrogen and phosphorous that has not been retained by the fish. At much lower 

proportions, the effluents might also contain other contaminants such as metals, dioxins, 

organohalogens, and agrochemicals (e.g. pesticides, antifungals, disinfectants or 

fertilizers). However, one of the main problems associated with partially treated or 

untreated aquaculture effluent being discharged into natural water bodies is the 

eutrophication caused by an excess of nitrogen and phosphorous.  

 Algal blooms are evidence of eutrophication in coastal waters. Dinoflagellates, 

diatoms, raphidophytes, prymnesiophytes and silicoflagellates are the microalgae 

groups reported to be presumably responsible (Landsberg 2002). This ability of the 

microalgae to thrive in eutrophicated waters is probably one of the underlying reasons 

for their use in studies focused on microalgae-based effluent re-use and/or treatment 

systems. In this regard, the biofloc systems stands out (BFT; Biofloc Technology) (Crab 

et al. 2007; Marinho et al. 2017; Wasielesky Jr et al. 2006). However, BFT has still to 

overcome important challenges since its large-scale application is limited and the 

effective abatement of the main contaminants is an unresolved issue. Other microalgae 

have provided interesting results in laboratory-scale cultures of freely-suspended cells 

(Attasat et al. 2013).  

 Interestingly, the incidence of algal blooms in marine environments is 

dominated by dinoflagellates rather than non-dinoflagellate microalgae (Landsberg 

2002). This might be explained by the fact that most marine dinoflagellates are able to 

grow in mixotrophic environments (Burkholder et al. 2008); i.e., they can 

simultaneously photosynthesize and use organic sources of carbon for growth, and they 
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are able to take up and store substantial amounts of various N forms (Dagenais-

Bellefeuille and Morse 2013). In general, dinoflagellates seem to proliferate more in 

summer when regenerated, reduced forms of N make up a large proportion of the 

available N pool (Davidson et al. 2012). Mixotrophic consumption of dissolved organic 

matter (DOM) by dinoflagellates has also been extensively reviewed (Davidson et al. 

2012). The mixotrophic growth rates reported are usually higher than those determined 

in photoautotrophic cultures. Laboratory studies have confirmed DOM utilization in the 

form of urea by a few marine dinoflagellate species, finding that urea supported similar 

growth rates to those using NO3
- or NH4

+ as the substrate (Solomon et al. 2010).  

 Nonetheless, as far as we know, dinoflagellates have never been utilized for 

the treatment of aquaculture effluents. Only one study reported the satisfactory use of a 

marine dinoflagellate for municipal wastewater treatment at the laboratory scale (Ho et 

al. 2013) but not in aquaculture. It is evident that the potential of using aquaculture 

effluent for the cultivation of marine dinoflagellate microalgae should be explored. 

Candidate species may be those having a specific biotechnological significance 

(Gallardo-Rodríguez et al. 2012). In particular, Amphidinium carterae is attractive 

because it produces interesting compounds (Abreu et al. 2019; Molina-Miras et al. 

2018a; Molina-Miras et al. 2018b): (i) the polyunsaturated fatty acids EPA 

(eicosapentaenoic acid) and DHA (docosahexaenoic acid), which have numerous 

nutraceutical and pharmaceutical applications; (ii) the carotenoid peridinin, which 

possesses unique photophysical properties and can potentially be used in medicine as a 

therapeutic agent against various diseases; and (iii) polyketide metabolites, which are 

potently bioactive. Specific polyketide secondary metabolites from dinoflagellates, such 

as amphidinolides and amphidinols (APDs) from A. carterae, with potent anticancer, 

antibacterial and antifungal activities are particularly attractive and are priority objective 

of dinoflagellate based bioprocess. Recent studies have addressed the challenge that 

arises from recovering the largest amount of the relatively minority metabolites (APDs) 

while minimising the loss of other valuable by-products (López-Rodríguez et al. 2019). 
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Moreover, A. carterae has been successfully cultured in pilot-scale photobioreactors in 

photoautotrophic nutritional mode (Molina-Miras et al. 2018a; Molina-Miras et al. 

2018b).  

 Different combinations of cell transporters acting on the nitrogen sources 

present in aquaculture effluent, each with their own particular kinetics and levels of 

expression and activity, may operate simultaneously in microalgae, particularly in 

dinoflagellates (Dagenais-Bellefeuille and Morse 2013). As a result, the large intra- and 

inter-specific variability of the kinetic parameter values reported in the literature may be 

partially justified. However, another source of variability might be associated with the 

experimental design and, particularly, with the culture timescale. Kinetic parameter 

values in the same dinoflagellate strain can vary from short-term to long-term 

experiments by more than one order of magnitude (Collos et al. 2007; Harrison 1976). 

There is a need for better designed laboratory experiments to reduce variability caused 

by acclimation. The acclimation of some non-dinoflagellate microalgae to a nitrogen 

source might take at least one cultivation before consistent µmax can be determined for 

comparative purposes (Podevin et al. 2015). Appropriately evaluating acclimation to 

new culture conditions is essential for determining a microalga’s preference to a specific 

culture medium, particularly in the case of macronutrients.  

Consequently, this work aims to assess and compare the kinetic parameters of 

the marine dinoflagellate microalga Amphidinium carterae on different dissolved 

inorganic (NO3
- and NH4

+) and organic (urea) nitrogen sources. These N forms are 

usually present in aquaculture effluents at varying concentrations. Experiments were 

carried out in batch cultures of freely suspended cells. The initial concentrations of urea-

N and ammonium-N in the culture medium varied from 0 to 5000 µM, while nitrate-N 

were between 0 and 1764 µM. The acclimation response of the cells to each 

combination of assayed N-forms and concentrations was evaluated by repeated 

subcultivation. The production of APDs was determined in cultures that attained 

acclimation in the most important kinetic parameters. 
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 The potential application of A. carterae in the treatment of marine aquaculture 

effluents was analyzed based on its ability to (i) remove the nitrogen and phosphorous 

dissolved in a culture medium and (ii) form an associated bacterial community during 

long-term culture in a pilot-scale open raceway pond (ORP) (nitrate was used as the 

nitrogen source).  

 

2. Materials and methods 

2.1. The microalga 

The marine dinoflagellate microalga Amphidinium carterae (strain Dn241 EHU) 

was used. It was obtained from the Culture Collection of the Plant Biology and Ecology 

Department of the University of the Basque Country. Inocula were grown in flasks at 21 

± 1 °C placed in a thermostated chamber under a 12:12 h light–dark cycle. Four 58 W 

fluorescent lamps were used for illumination and the irradiance at the surface of the 

culture flasks was 60 µE m2 s1. The f/2 medium, prepared with filter-sterilized (0.22 

µm Millipore filter; Millipore Corporation, Billerica, MA, USA) Mediterranean 

seawater, was used both for inocula maintenance and as the basis for the experiments. 

The f/2 medium composition was as follows (Guillard, 1975): NaNO3, 882 µM; 

NaH2PO4 H2O, 36.2 µM; Na2SiO3 9H2O, 106 µM; FeCl3.6H2O, 11.7 µM; Na2EDTA 

2H2O, 11.7 µM; CuSO4 5H2O, 0.04 µM; Na2MoO4 2H2O, 0.03 µM; ZnSO4 7H2O, 0.08 

µM; CoCl2 6H2O, 0.04 µM; MnCl2 4H20, 0.9 µM; Thiamine, 0.3 µM; Biotin, 2.1 nM; 

B12, 0.37 nM. The f/2 medium has a N:P molar ratio of 24.  

 

2.2. Growth Experiments  

The influence of both the nitrogen source and its concentration on the A. 

carterae culture was investigated as described below. Experiments consisted of static 

batch cultures conducted in vertically arranged T-flasks (ref. 169900 Nunc, EasYFlask 

25cm2 Thermo Fisher Scientific) with a 50 mL working volume, equivalent to a 4.7 cm 

culture height. The lighting system used was similar to that described by Molina-Miras 
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et al. (Molina-Miras et al. 2018b) for photoacclimation experiments. In this device the 

light source was multicolored light emission diodes (LEDs). Parallel LED strips were 

attached to a flat reflective plastic (PVC) cover and the T-flasks were arranged arranged 

vertically in front of them. The illumination system provided a mean irradiance of 400 

μE·m−2·s−1 measured on the T-flask surface facing the LEDs. A 12h/12h light/dark 

(L/D) cycle was set. The culture system was placed in a thermostatic room at 20±1 ºC. 

The cells to be used in the experiments were pre-photoacclimated to this illumination 

regime. 

Fifteen media were prepared changing both the nitrogen source and its 

concentration in the basal f/2 medium formulation. Sodium nitrate (NaNO3) and 

ammonium chloride (NH4Cl) were tested as inorganic nitrogen sources and urea 

(CH4N2O) as an organic source. The combinations of the nitrogen sources and the 

concentration levels are detailed in Table 1. Since the basal phosphate concentration in 

the f/2 medium (36 μM) has been shown to limit growth in A. carterae cultures 

(Molina-Miras et al. 2018a), excess phosphate was added in all the experiments 

(181μM; five times the original f/2 medium concentration). Thus, the control medium 

(CTRL) contained 882 μM of nitrate-N and 181 μM of phosphate-P (a N:P molar ratio 

of 5). The assays, summarized in Table 1, allowed us to assess the effect of (i) each of 

the three nitrogen sources individually (experiments 1-3; coded as CTRL, URE and 

AMO, respectively); (ii) increasing urea concentrations (experiments 1 and 3-7) (coded 

as URE and URE1-4, respectively); (iii) increasing concentrations of NH4Cl 

(experiments 1, and 8-11; coded as AMO and AMO1-4, respectively) - both (ii) and (iii) 

were in the presence of 882 μM of nitrate-N; and (iv) the simultaneous presence of the 

three nitrogen sources at different concentrations (experiments 12-15; coded as NUE1-

4). Most of the concentrations in each of the combinations detailed in the Table 1 

significantly exceeded those reported in typical aquaculture effluents as will be 

discussed below in section 3.8. The cultures were inoculated with cells in linear growth 

phase. The initial cell concentration in the freshly inoculated T-flasks was around 4.5 ± 
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1.5×104 cell mL−1. Each experiment was conducted in duplicate. To study the cellular 

acclimation to each of the culture medium compositions assayed, the entire 

experimental design of Table 1 was repeated three times, i.e. three subcultures were 

performed in each experiment (this involved 78 batch culture experiments in total). 

Cells grown in any given formulation (shown in Table 1) in the first subcultivation were 

transferred to the same freshly prepared medium and subcultured again in a second 

batch culture; the cells obtained were then finally subcultured in a third subcultivation. 

For this, a culture fraction was transferred to a fresh growth medium. 

The initial pH for all the cultures was fixed at 8 using an acid (0.1 M HCl) or 

base (0.1 M NaOH). The pH of the culture is particularly relevant for the assays with 

NH4Cl (Experiments 2 and 8-15 in Table 1). Ammonium and urea were added 

aseptically after autoclaving the culture medium to avoid the evaporation of either 

(Harisson and Berges 2005). At a seawater pH of 8.0 at 20 oC, only around 10% of the 

total ammonia is present as the more toxic form, ammonia (NH3) (Spotte and Adams 

1983). Since most of the initial total nitrogen at 8 pH (close to 90%) was present as 

NH4
+, nitrogen from NH4Cl would be referred to NH4

+-N or ammonium-N indistinctly, 

even though both ammonia and ammonium were present at the initial fixed pH. The pH 

was allowed to evolve freely in all the cultures.  

 

2.3. Analytical measurements 

Using samples taken throughout the culture, the biomass dry weight was 

determined as described previously (Molina-Miras et al. 2018b). All the analyses were 

performed in triplicate. In this way, a biomass concentration calibration curve, 

expressed as dry weight (𝐶𝐵
𝑏) versus optical density at 720 nm (OD720), was 

determined ((𝐶𝐵
𝑏 (g L-1) = 1.038OD720; r

2= 0.938; n= 66). 𝐶𝐵
𝑏 was also found to linearly 

correlate with the average cell biovolume (Vc) of the sample ((𝐶𝐵
𝑏 (g L-1) = 

0.173𝐶𝐵
𝑐Vc; r

2= 0.900; n= 66), where 𝐶𝐵
𝑐 was the cell number concentration. Both 

calibration curves confirmed previous predictions (Molina-Miras et al. 2018a). The 
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maximum photochemical yield of photosystem II (FV/FM) was determined using a pulse 

amplitude modulation (PAM) chlorophyll fluorometer (Mini-PAM-2500; Heinz Walz 

GmbH, Effeltrich, Germany), as described previously (López-Rosales et al. 2015). The 

FV/FM value, which is the ratio between the maximum variable fluorescence (FV) and 

the maximum fluorescence (FM) of chlorophyll, is universally considered as an indicator 

of microalgae cell stress. 

Concentrations of the three N-sources and phosphorous in the supernatants 

obtained at the end of each subcultivation were determined as follows. Nitrate nitrogen 

(Nitrate-N) was measured using the spectrophotometric methods 4500-P and 4500-N 

for examination of water published by the American Public Health Association (APHA, 

1995). Ammonium nitrogen (NH4
+-N) was measured colorimetrically using Nessler’s 

method (protocol D1426-08 proposed by the American Society for Testing and 

Materials (ASTM, 2008)). The generated color from samples and ammonium sulfate 

standards were measured at 410 nm using a spectrophotometer. Total phosphorus (PT) 

and nitrogen (NT) in supernatants were measured according to the protocols 4500-P and 

4500-N, respectively, proposed by the APHA (1995), as reported elsewhere (Molina-

Miras et al. 2018b). Urea nitrogen (Urea-N) was estimated using the following balance: 

Urea-N= NT – (Nitrate-N + NH4
+-N). Measurements were carried out in duplicate 

samples and the average value was used. 

To evaluate possible stoichiometric limitations resulting from the medium 

supply and elemental balancing, the biomass elemental composition was determined as 

described earlier (Molina-Miras et al. 2018b). Only atoms bound in the main 

macromolecules (C, O, N, H, S, P) were taken into account. NOCHSP analysis was 

carried out for the biomass harvested at the end of the subcultivations.  

 

2.4. Hemolytic activity and amphidinol quantification 

A. carterae (strain Dn241EHU) contains at least two members of the amphidinol 

family, namely amphidinol A and its 7-sulfate derivative amphidinol B (Abreu et al. 
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2019). Their titers were firstly expressed in terms of pg saponin per A. carterae cell, the 

so-called equivalent saponin potency (ESP), as described earlier (López-Rosales et al. 

2015). The percentage of APDs in the biomass was determined from the following 

equation based on principles of quantitative nuclear magnetic resonance (NMR) 

spectroscopy as reported elsewhere (Henderson 2002): 

𝐴𝑃𝐷𝑠, % 𝑑. 𝑤. = (
𝑛𝑅

𝑚𝑏
) × (

𝐼𝐴𝑃𝐷𝑠

𝐼𝑅
) × 𝑀𝐴𝑃𝐷𝑠 × 100 (1) 

where, IR is the NMR signal intensity of the reference compound, IAPDs is the NMR 

signal intensity of the APDs spectra, nR are the number of mols of reference standard 

used in the determinations, MAPDs is the average molecular weight of amphidinols A and 

B (g·mol-1) and mb is the mass of dried biomass in the sample (g). The above parameters 

were determined as detailed earlier (Abreu et al. 2019). The values of IAPDs for the dried 

biomass obtained from several treatments of Table 1 were estimated from a correlation 

previously developed (Abreu et al. 2019) : 

𝐼𝐴𝑃𝐷𝑠 =
𝐸𝑆𝑃 − 122.68

0.0002
 (2) 

This correlation is only valid for this A. carterae strain, and eliminates the need to 

acquire complicated NMR spectra for biomass extracts.  

 

2.5. Flow cytometric measurements 

Flow cytometry was used to quantify the following: cell number concentration 

(𝐶𝐵
𝑐); the average equivalent cell diameter (De); the side scatter (SS) related to cell 

composition and complexity; and the average autofluorescence intensity at specified 

wavelengths (López-Rosales et al. 2016). Five measurements were performed per 

sample and an average value was used. Cell volume (Vc) was calculated as π𝐷𝑒
3/6. 

Fluorescence was measured using three photomultiplier tubes: FL1 (525 nm band-pass 

(BP)), FL2 (575 nm BP) and FL3 (670 nm long-pass). All flow cytometric 
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measurements used a CellLabQuanta SC flow cytometer (Beckman Coulter Inc., Brea, 

CA, USA) equipped with an argon-ion excitation laser (blue light, 488 nm). At least 

60,000 cells were analysed per sample. The flow rate was kept at a moderate setting 

(data rate = 600 events s-1) to prevent interference between cells.  

The autofluorescence of native pigments and the morphology of microalgal cells 

are accurate parameters to track the acclimation of cells to new, particular culture 

environments (Chen et al. 2017). These cell responses are closely related to the content 

and distribution of pigment in cells. Thus, the cells were illuminated in the flow 

cytometer with a 488 nm argon laser light and the mean fluorescence intensities were 

measured in the three different wavelength ranges (photomultiplier detectors FL1, FL2 

and FL3) in such a way that each range was characteristic of a group of pigments. The 

intensity of the fluorescence signals (FL1,2,3) are determined by the pigment quantity 

and profile contained in the cell (Hyka et al. 2013). The fluorescence detected by FL3 

and FL1-FL2 can be used as a proxy for monitoring the chlorophyll and carotenoid 

content, respectively, when excited at 488 nm (Chen et al., 2017). Recently, 

mathematical relationships between the cell pigment content or the effective cell 

attenuation cross-section and the FL1,2,3, and SS measurements have been reported 

(Chen et al. 2017; López-Rosales et al. 2016). For comparison purposes, FL1,2,3 

intensities were expressed relative to average cell volume (Vc).  

 

2.6. Kinetic parameters 

 The dimensionless cell concentration 𝐶𝐵
𝑐/𝐶𝐵𝑜

𝑐  versus time (t) data were fitted to 

the following asymmetric logistic equation (Molina-Miras et al. 2018b): 

( )

1 exp

c

B

c

Bo

C t b
a

t cC

d

 
 

  
 

 
(3) 

where a, b, c, and d are fit constants. The cell-specific growth rate  (day1) was 

calculated using the best fit curve of Eq. (3); thus:  
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𝜇(𝑡) =
1

𝐶𝐵
𝑐(𝑡)

(
𝑑𝐶𝐵

𝑐

𝑑𝑡
) (4) 

The maximum specific growth rate, max (day1), was determined using the curve 

obtained from the fit in Eq. (4) to the experimental data. The global cell 𝑃𝐵
𝑐(𝑡) and 

biomass 𝑃𝐵
𝑏(𝑡) productivities, at a given culture time, t, were calculated as follows: 

( )
( )

c c
c B Bo

B

C t C
P t

t


  (5) 

( )
( )

b b
b B Bo

B

C t C
P t

t


  (6) 

The maximum values 𝑃𝐵𝑚𝑎𝑥
𝑐  and 𝑃𝐵𝑚𝑎𝑥

𝑏  were determined from Eqs. (5) and (6). 

Removal efficiencies of dissolved inorganic nitrogen (DIN), ΓN, and the 

dissolved inorganic phosphorous (DIP), ΓP, were calculated as follows: 

ΓN (%) = (DINo – DINf)/ DINo × 100 (7) 

ΓP (%) = (DIPo – DIPf)/ DIPo × 100 (8) 

the superscripts o and f represent DIN at the beginning and at the end of the culture, 

respectively. The equation (7) was applied to each nitrogen source and total nitrogen 

used in every treatment (i.e. Nitrate-N, Urea-N, NH4
+-N and NT).  

 

2.7. Determination of the bacterial flora of A. carterae in a long-term ORP culture 

The potential use of marine aquaculture effluents for large-scale cultivation of 

any microalga also requires that selected microalga is able to develop symbiotic 

microbial assemblages in long-term unialgal cultures because microalgal-bacterial 

consortiums are inevitable phenomena when using aquaculture effluents (Milhazes-

Cunha and Otero 2017). To evaluate this, we used biomass produced in a previous study 

with an open raceway photobioreactor (ORP) and using nitrate as the N source (Molina-

Miras et al. 2018a). The biomass sample was harvested after 260 days of uninterrupted 

culture. Thus, 10 mL of culture were centrifuged at 2500g for 5 min at room 

temperature. The pellet was resuspended in 1 mL of nuclease-free water and re-

centrifuged under the same conditions. Total genomic DNA was extracted from the 

pelleted microalgae using the Soil DNA Isolation Plus Kit (Norgen Biotek Corp.) and 
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quantified with the Qubit dsDNA HS Assay Kit (Molecular Probes). Metagenomics 

analyses were performed on a MiSeq equipment of the Illumina massive sequencing 

platform, based on the reversible terminators method of the DNA polymerization 

reaction, using fluorescently labeled nucleotide analogues. In the preparation of the 

library, two pairs of primers designed against V3 and V4 hypervariable regions of 16S 

rRNA gene were used. Subsequently a series of raw sequence data was generated. 

Finally, a basic 16S based-characterization of bacterial population was carried out. For 

the identification and classification of the different taxonomic levels, the DNA 

sequences were confronted with the GreenGenes database (released by the Greengenes 

Database Consortium). The algorithm used to classify each sequence is the RDP -

Ribosome Database Project-. The accuracy required for each sequence to be classified 

at a given taxonomic level ranged from the 98.24% to assign a species to 100% for a 

sequence to be classified at the Kingdom, Phylum or Class level 

 

2.8. Statistical analyses 

One-way ANOVA followed by a post-hoc test (Duncan’s test) was performed to 

determine if there were differences between conditions, i.e. effect of the treatments 

described in Table 1 and subcultivation within a same treatment. ANOVAs were made 

with the software Statgraphics Centurion XVIII (StatPoint, Herndon, VA, USA). For 

the majority of the responses above described (VC, μmax, 𝐶𝐵𝑚𝑎𝑥
𝑐 , 𝑃𝐵𝑚𝑎𝑥

𝑐 , 𝑃𝐵𝑚𝑎𝑥
𝑏 , Fv/Fm, FL1, 

FL2, FL3 and SS), the assumptions of normal distribution (Shapiroe Wilk’s test) and 

homogeneity of the variance (Bartlett’s test) were not violated. In a few cases they were 

not met, so that the data were log-transformed and validity was assessed. Statistically 

significant differences in the mean response amongst the treatments or subcultivations 

were fixed at a 5.0% significance level threshold (p-value<0.05). The method used to 

discriminate between the means at the 95.0% confidence level was Fisher's least 

significant difference (LSD) procedure. The non-linear regressions to fit data to the 

equation (3) were performed with the same software.  
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3. Results and discussion 

3.1. Kinetic parameters in the acclimation process 

After carbon, nitrogen is the second most relevant nutrient consumed by 

microalga. In natural marine habitats, a wide variety of nitrogen compounds with 

different oxidation states are accessible to and used by microalgae (e.g. nitrate, nitrite, 

ammonium, urea, amino acids, proteins, etc.). Microalgae have evolved highly efficient 

pathways for obtaining and consuming nitrogen nutrients from the surrounding 

environment where they are found in very diluted forms. These pathways are based on 

enzyme-mediated series-parallel processes that, in general, obey Michaelis-Menten 

kinetics and control the overall cell growth. The kinetic parameter values derived from 

the growth response are usually obtained in laboratory batch culture experiments where 

the species used have previously been maintained for weeks, months or years under 

unaltered environmental conditions (i.e. the culture medium composition, growth mode, 

temperature, irradiance, etc.).  

Microalgae cultivation studies concerning the use of inocula acclimated to 

specific conditions that are different from those prevailing in the photobioreactor culture 

(e.g. under modified culture medium compositions) are abundant in the literature. 

Consequently, the cells might undergo a process of acclimation on a species-dependent 

timescale, the impact on the growth dynamics being a function of the magnitude and 

direction of the shifts performed (e.g. the type of illumination, the nutrient source and 

the concentration level etc.) (García-Camacho et al. 2012; Voltolina et al. 1998). 

However, the basic kinetic parameter values are still reported without ensuring 

acclimated cell responses. As a result, it is common to find different growth curves and 

kinetic parameters reported for the same species grown under similar conditions in 

different laboratories.  

In this work, the acclimation of A. carterae to different nitrogen sources and 

initial concentrations of nitrogen was studied (see Section 2.2.). A. carterae had been 
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previously maintained over a long period (> 1 year) in f/2 medium (with 882 µM NO3
--

N as the sole nitrogen source). The following kinetic parameters, typically reported in 

microalgae culture studies, were considered: VC, max, 𝐶𝐵𝑚𝑎𝑥
𝑐,𝑏

, 𝑃𝐵𝑚𝑎𝑥
𝑐,𝑏

, FV/FM, FL1, FL2, FL3 

and SS. Accordingly, in a first set of experiments (Subcultures 1), the cells from the 

original inoculum were cultured in the T-flasks in batch mode with different nitrogen 

sources and concentrations, as described in Table 1. The cells grown in each culture 

medium formulation were then subcultured (i.e. a culture fraction was transferred to a 

fresh growth medium) in the same medium two more times. The evolution of the 

𝐶𝐵
𝑐/𝐶𝐵𝑜

𝑐  experimental values over the time course was obtained for each T-flask culture. 

The kinetic parameter values determined from the growth curves are displayed in Tables 

2-4 and 6. To analyze the effect of the factors involved (subcultivation and treatment) 

on the variability of the kinetic parameters for each experiment in Table 1, an one-way 

ANOVAs were carried out as explained in section 2.6. The effect of the subcultivation 

factor are also shown in Tables 2-4 and 6 (values denoted by a different superscript 

lowercase letter at each mean value differ significantly at p<0.05). The subcultivation 

had a statistically significant effect on several kinetic parameters. This effect was a 

function of the N source and the concentration. Arrows representing the direction of 

shift of each kinetic parameter are included in Tables 2, 3 and 4. The results are 

discussed in the sections below. 

 

3.2. Acclimation to nitrate 

 As expected, the kinetic parameters for Amphidinium caterae grown in the 

control (CTRL in Table 2) did not present variability (p<0.05) between subcultivations; 

being in line with a pre-acclimated inoculum of the same culture medium composition 

at a 882 µM NO3
--N concentration. The Fv/Fm value did not change significantly, with 

an average value of 0.51±0.02 by the end of the third subcultivation. Although the cells 

were healthy, this value was almost 20% below that reported for A. carterae grown in 

photobioreactors (Molina-Miras et al. 2018a; Molina-Miras et al. 2018b). A. carterae 
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has already demonstrated excellent tolerance to nitrate, enduring NO3
--N levels as high 

as 2646 µM (equivalent to f/2×3) in PBR cultures and f/2×8 in flasks (Dixon and Syrett 

1988a; Molina-Miras et al. 2018a; Molina-Miras et al. 2018b). The mechanisms 

facilitating this tolerance are still unknown although luxury nitrogen uptake under 

excess nitrogen conditions may be feasible. For example, the dinoflagellate 

Protoceratium reticulatum is able to accumulate significant amounts of intracellular 

nitrate in culture media with nitrate levels as high as 8820 µM without it affecting the 

specific growth rate (Gallardo-Rodríguez et al. 2009). P. reticulatum actively 

transported nitrate against the driving force towards the cell’s interior (Gallardo-

Rodríguez et al. 2009). Consistent with this, several previous studies on various 

microalgae have demonstrated the versatility of dinoflagellates in acquiring nitrogen 

nutrients by possessing a wide range of uptake transporters and assimilation enzymes 

for different forms of nitrogen (Dagenais-Bellefeuille and Morse 2013; Jing et al. 2017; 

Zhuang et al. 2015). These transporters can continue to operate in a nitrate-repleted 

medium. Some non-dinoflagellate microalgae can tolerate nitrate concentrations up to 

100 mM (Jeanfils et al. 1993). 

 

3.3. Acclimation to ammonium 

 The results from the first subculture in the AMO experiment were similar to 

the CTRL. Acclimation was not observed in any of the kinetic parameters (p<0.05) (see 

Table 2). However, NH4
+-N-related toxicity became evident from subculture 2. By the 

end of the third subculture, there were hardly any intact cells (𝐶𝐵𝑚𝑎𝑥
𝑐 <5000 cell mL-1). 

The slow cell decay observed through the subcultures seems to indicate that the NH4
+-N 

concentration of 882 µM (AMO) may be close to the tolerance level for this A. carterae 

strain. As a result of the NH4
+-N-related toxicity, the kinetic parameters for subculture 3 

were clearly abnormal. Both µmax and 𝑃𝐵𝑚𝑎𝑥
𝑐,𝑏

 had negative values due to the 

disappearance of cells over the culture time (AMO in Table 2). The Fv/Fm declined by 

nearly 70% compared to subculture 1, suggesting that the photosynthetic capacity was 
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negatively affected by the NH4
+-N concentration used. The detrimental effect of 

ammonium-N on microalgal photosynthesis remains a complex matter. Even though 

several mechanisms have been proposed for explaining the toxic effects of ammonium-

N in microalgae, the primary target of ammonium-N damage in the photosynthetic 

machinery is still to be identified. Recent advances point to ammonium-N directly 

inducing photodamage to PSII, and affecting PSI, the electron transport chain and the 

oxygen-evolving complex; this last one being the main site of damage. Accordingly, a 

feasible working model of ammonium-N competition between N assimilation and PSII 

damage is able to convincingly interpret cell tolerance to ammonium-N toxicity (Wang 

et al. 2018).  

 The significant concomitant increase in VC and side scatter (SS) was indicative 

of aberrant cell forms (as confirmed by optical microscopy). The extremely high values 

of FL1, FL2 and FL3, compared to the CTRL, revealed a marked increase in cell 

pigments. This is consistent with the increase in the Chla cell quota, based on 

biovolume, reported for the dinoflagellate G. sanguineum grown in ammonium-N rather 

than a nitrate-N culture (Levasseur et al. 1993). It is unknown whether this Chla 

increase is a response associated with the PSII repair mechanism boosted by 

ammonium-N toxicity, as one might hypothesise from the Wang model (Wang et al. 

2018).  

 Experiments with increasing NH4
+-N concentrations (AMO1 to AMO4 in 

Table 4), maintaining an 882 μM NO3
--N concentration in the culture medium, were 

also dominated by pronounced NH4
+-N toxicity. With NH4

+-N at 1000 μM (AMO1), the 

three subcultivations responded in a similar way to subculture 3 of AMO (882 μM, 

Table 2). None of the kinetic parameters changed significantly between subcultures 

(p<0.05), thus indicating acclimation from subculture 1. The interactive effect between 

NO3
--N and NH4

+-N could not be properly evaluated due to the severe NH4
+-N toxicity 

experienced by the subculture 1 cells. Nevertheless, it has been reported for A. carterae 

that adding a 250 μM non-toxic NH4
+-N concentration to a culture grown at 880 μM 
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NO3
--N brings about rapid and almost complete inhibition of NO3

+ uptake (Dixon and 

Syrett 1988b). As a general rule, dinoflagellates prefer to take up NH4
+-N at subtoxic 

levels in the presence of various different N sources (Dagenais-Bellefeuille and Morse 

2013). At NH4
+-N concentrations above 1000 μM (AMO2 to AMO4), the severity of 

NH4
+-N damage was such that there were no cells left at the end of any of the 

subcultures (see Table 4).  

Ammonium toxicity in marine microalgae has been associated with the effects of 

both unionized ammonia (NH3) and ionized ammonium (NH4
+). However, it is 

complicated to measure these forms separately so current chemical procedures measure 

both forms as total ammonia (NH3 + NH4
+). Apparently, the NH3 form is considered the 

most toxic because it is readily lipid soluble and crosses cell membranes passively. 

Thus, toxicity at pH values ≥ 9 is almost solely attributed to NH3 since its concentration 

increases markedly as pH increases; whereas  at pH values ≤ 8, any toxicity effects are 

more likely associated with NH4
+ rather than NH3 (Erickson 1985). As mentioned in the 

M&M section, the pH of NH4Cl cultures remained at around 8. Therefore, the main 

contribution to inhibition is likely attributed to NH4
+; nevertheless, NH3 should not be 

discarded because, despite being present in a much smaller proportion, its toxicity is 

greater. Indeed, cultures were carried out without agitation and bubbling, conditions that 

minimize NH3 desorption to the atmosphere, and favor NH3 retention in the broth. The 

observed low tolerance level of A. carterae to NH4
+-N relative to the CTRL (NO3

--N) is 

in line with the results reported in the literature for dinoflagellates. As reported recently 

(Collos and Harrison 2014), this group of microalgae is the least tolerant compared to 

the other five microalgae classes (Chlorophyceae, Cyanophyceae, Prymnesiophyceae, 

Diatomophyceae and Raphidophyceae), with an average ammonium concentration 

threshold of 1200 µM, close to the 882 µM concentration used in AMO (Table 1). 

However, the few existing studies on A. carterae have reported contradictory results. 

On this matter, tolerance was reported for a different strain (A. carterae Hulburt) at 882 

µM NH4
+-N with growth similar to that of the 882 µM NO3

--N control (Dixon and 
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Syrett, 1988b). In contrast, the same authors reported a much lower NH4
+-N 

concentration threshold, as low as 143 µM (Dixon and Syrett, 1988a). The differences 

were not justified nor was the prior acclimation to NH4
+-N mentioned in either study.  

 Fig. 1A displays 𝐶𝐵
𝑐/𝐶𝐵𝑜

𝑐  versus time for AMO (882 μM NH4
+-N as the sole 

nitrogen source) compared to the CTRL (882 μM nitrate as the sole nitrogen source) 

corresponding to subcultures 3. Growth inhibition in AMO was evident before day 4; 

afterwards, toxicity gave rise to significant cell decay. This contrasts with the previous 

subculture 2, where a lag phase of several days was established without affecting cell 

survival and coming right after a short exponential growth phase (data not shown). 

Moreover, the growth kinetics of AMO subculture 1 were similar to the CTRL (data not 

shown). Such progressive AMO acclimation allows us to clearly illustrate the impact 

that the choice of a single first subculture would have on interpreting acclimatization to 

AMO. Studies on long-term microalgae acclimation to nitrogen sources are generally 

scarce, particularly with ammonium and dinoflagellates. Nevertheless, long lag phases 

in cells acclimated to NH4
+-N have been previously observed in cultures with non-

dinoflagellate microalgae such as Chlorella vulgaris (Przytocka-Jusiak et al. 1977). In 

contrast, short-term transient responses of algal cells to a pulse of ammonium over a 

few hours are well-documented for microalgae, including dinoflagellates (recently 

reviewed in (Collos and Harrison 2014)). The few dinoflagellate species studied also 

showed a lag period for ammonium uptake, as in AMO subculture 2, with high 

interspecific variability; this was surprisingly not related to the assayed NH4
+-N 

concentrations observed in AMO2 to AMO4 (see Table 3). The severe NH4
+-related 

toxicity observed above 1000 μM prevented lag phases to form in AMO2 to AMO4 

(Fig. 1B).  

 

3.4. Acclimation to urea  

 The results from the URE treatment (see Table 2 and Fig. 1A) indicate that A. 

carterae could efficiently assimilate urea as the sole N source and achieve growth rates 
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and photosynthetic capability comparable to the nitrate control (CRTL). To the best of 

our knowledge, this is the first time that growth supported by urea-N has been reported 

for species of the Amphidinium genus. Acclimation to urea was evident. Kinetic 

parameters, except for µmax, Fv/Fm and SS, changed significantly (p<0.05) from the first 

subcultivation. The shift direction (T in Table 2) in the values for a group of parameters 

(𝐶𝐵𝑚𝑎𝑥
𝑐,𝑏

, 𝑃𝐵𝑚𝑎𝑥
𝑐,𝑏

, FL1, FL2 and FL3) descended from the first to second subcultivation 

and acclimation was confirmed in the third subculture while VC increased and did not 

achieve an acclimation value. Compared to the control (CTRL), three groups of 

parameters could be statistically distinguished in subculture 3: (i) those that remained 

constant (µmax and SS); (ii) those that increased (p<0.05) (VC and Fv/Fm); and (iii) those 

that decreased (p<0.05) (𝐶𝐵𝑚𝑎𝑥
𝑐,𝑏

, 𝑃𝐵𝑚𝑎𝑥
𝑐,𝑏

 , FL1, FL2 and FL3). The diminished values of 

𝐶𝐵𝑚𝑎𝑥
𝑐  and 𝑃𝐵𝑚𝑎𝑥

𝑐  relative to the CTRL were mostly compensated for as consequence of 

larger cells in UREA (Vc was almost 3-times higher); however, this was insufficient to 

equal the biomass dry weight yield (𝑖. 𝑒. 𝐶𝐵𝑚𝑎𝑥
𝑏 ). The scenario is compatible with an N 

quote in the cells that is higher under urea-replete conditions (URE) than under nitrate-

replete condition (CTRL). This hypothesis is supported by recent studies where the 

impact of high urea bioavailability on C:N stoichiometry and the sensitivity of urea 

transporter gene expression to urea availability have been documented for 

dinoflagellates (Jing et al. 2017).  

 The decrease in FL1,2 and 3 indicated a lower cell pigment content compared 

to the CTRL. This is in line with the Chla cell quota reduction reported for other 

dinoflagellates grown in urea rather than nitrate (Abadie et al. 2015; Levasseur et al. 

1993). In the past, it was speculated that this urea-induced decrease in Chla quotas, 

shared by other microalgae, may reflect a N-limited status in the cells (Levasseur et al. 

1993). Since the CTRL experiment had the same nitrogen concentration but in the form 

of nitrate, this explanation seems inadequate, as demonstrated by recent studies 

highlighting the complexity of N metabolism in dinoflagellates (Dagenais-Bellefeuille 

and Morse 2013). However, as urea provided in the UREA experiment contained 20% 
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organic carbon, mixotrophic nutrition may have been feasible. This is supported by the 

fact that Fv/Fm was higher in UREA (see Table 2) as reported for other dinoflagellates 

in terms of Chla-specific fluorescence yield when grown with urea (Levasseur et al. 

1993). In general, mixotrophically grown microalgae produce much lower chlorophyll 

levels compared to those grown under photoautotrophic conditions, whereas carotenoids 

production is hardly affected at low irradiances (Azaman et al. 2017).  

 Table 3 collects the results obtained in the experiments with increasing urea-N 

concentrations in the presence of 882 μM NO3
--N (URE1 to URE4). Most of the kinetic 

parameters achieved acclimation values after the second subculture. A few remained 

constant (VC, µmax, Fv/Fm and SS) in all the subcultures within each treatment. Overall, 

the kinetic parameter levels for all the urea-N concentration subcultures assayed were 

closer to those determined in the CTRL (with only nitrate as the N-source) than those in 

URE (with only urea as the N-source), particularly the FL1-3 values. The growth curves 

for 𝐶𝐵
𝑐/𝐶𝐵𝑜

𝑐  versus time in Figure 1C evidence the high tolerance to urea shown by A. 

carterae. The highest µmax value (p<0.05) was determined in URE4 at the maximum 

urea concentration. 

 The higher FL1-3 values in URE1-4 compared to URE suggest a simultaneous 

urea-N and nitrate-N uptake. Evidence of this can be seen in Table 5. It displays the 

removal efficiencies of urea-N (𝛤𝑢𝑟𝑒𝑎) and nitrate-N (𝛤𝑁𝑂3
−) on the basis of 

measurements of their concentration in the supernatants of URE1-4 as described in the 

Material and Methods section (Table 5 only includes those treatments for which 

acclimation was attained in the subcultivation 3). 𝛤𝑢𝑟𝑒𝑎 varied from 7.4 %  to 14.6 %, 

whereas the 𝛤𝑁𝑂3
− values were significantly higher, ranging from 26.0 %  to 37.4 %. It 

is, thus, shown that A. carterae had more affinity for nitrate than for urea. In fact, the 

nitrate-N uptake was inhibited by urea-N when the second one was four times or more 

superior to the first one: 5.34 urea-N mg L-1 vs. 4.44 nitrate-N mg L-1 were removed in 

URE3 and 10.22 urea-N mg L-1 vs. 3.21 nitrate-N mg L-1 in URE4. Therefore, the 
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ability of A. carterae to simultaneously remove nitrate and urea dissolved in a culture 

medium is demonstrated.  

 Interactions between concurrent uptakes of different nitrogen sources by 

dinoflagellates are not yet completely understood. As mentioned above, ammonium is 

known to inhibit nitrate and urea uptake but scant information concerning the effects of 

urea on nitrate uptake is available. An exception is a recent study carried out on the 

dinoflagellate Prorocentrum minimum (Matantseva et al. 2016). In that work, the 

simultaneous uptake of urea-N and nitrate-N was demonstrated for the first time in a 

dinoflagellate. Nitrate-acclimated P minimum prevalently also consumed urea-N over 

the concurrent NO3
--N when these nutrients were simultaneously present in the culture 

medium. Nitrate-N uptake was also inhibited in the presence of urea-N concentrations 

well above the urea-N to nitrate-N ratio of 1. In our experiments, this ratio ranged from 

1.1 (URE1) to 5.9 (URE4). In any case, P. minimum also consumed nitrate-N in the 

presence of urea-N (Matantseva et al. 2016). In fact, adding urea increased the total-N 

uptake by P. minimum compared to using nitrate as the sole nitrogen source (i.e. without 

urea). It was suggested that the enzyme urease, present in the transcriptome of P. 

minimum, hydrolysed urea to produce two ammonium ions for every urea molecule 

according to the urease reaction stoichiometry (Matantseva et al. 2016). As such, the 

ammonium quota in the cells growing in urea may have been theoretically high, 

resulting in ammonium-mediated inhibition of the nitrate uptake. However, this 

hypothesis is not supported by our results with ammonium-N because the A. carterae 

tolerance to this N-source clearly seems to be below 882 μM (see below), far from the 

5000 μM of urea-N tolerated. A mechanism regulating enzymatic conversion in the 

cytosol may be involved in the case of urea in ammonium at non-toxic levels.  

 

3.5. Concurrent acclimation to the three N-sources 

 The effect of concurrent uptakes of the three nitrogen sources on the 

acclimation response of A. carterae was explored through the experiments NUA1-4 
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described in the Table 1. The nitrogen concentrations used in NUA1-4 in the form of 

NO3
--N and urea-N were below those applied in URE1-3 for which deleterious effects 

were not observed (see results in section 3.4). In addition, the total nitrogen 

concentration in NUA1-4 did not exceed those of URE1-3. Accordingly, the supply of 

NH4
+-N was the main explanation for the effect observed on the kinetics parameters 

corresponding to NUA1-4 (see Table 6). In this sense, the growth inhibition in NUA1-3 

observed in Fig. 1D revealed also NH4
+-N-related toxicity in this experiments where the 

NH4
+-N concentration was equal or higher than 441 μM. The toxicity was such that, at 

the end of the third subcultivation or there were no cells left (NUA1-2 in Table 5) or the 

cells continued to disappear (NUA3 in Table 6). In general terms, the effect of NUA1-3 

on the kinetic parameters was similar to that discussed above related to the acclimation 

to ammonium in presence of nitrate (AMO1-4).  

 Acclimation for the most of kinetic parameters, except for FL1 and FL3, was 

only observed in NUA4 (NH4
+-N was 110 μM). This indicates that the tolerance level of 

A. carterae NH4
+-N is below 441 μM. On the whole, the kinetic parameter values for 

NUA4 were closer to those determined in URE1-4 (Table 3) where NH4
+-N was 

absence. The presence of NH4
+-N in NUA4, although in a proportion as low as a 5.9% 

of total nitrogen added, increased slightly the values FL1-3 compared to URE1-3. This 

was characteristic in the experiments with ammonium (AMO and AMO1) and nitrate 

(CTRL) as sole nitrogen sources (Fig. 1A and B).  

 Similarly to the experiments URE1-4, the higher FL1-3 values in NUA4 

compared to URE also seemed to suggest N uptake concurrent from the three N-sources 

present in NUA4. This is supported by the values of the nitrogen removal efficiencies in 

NUA4 displayed in Table 5. Results confirmed that  A. carterae is able to 

simultaneously remove NH4
+, NO3

-and urea dissolved in a culture medium. The affinity 

to the N-source was observed in that order, which is consistent with the general 

response of dinoflagellates at subtoxic NH4+-N concentrations (Dagenais-Bellefeuille 

and Morse 2013). 
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3.6. Effect of the nitrogen sources on kinetic parameters in acclimated cultures 

 Only the subcultivations 3 of the treatments where acclimation was attained 

(i.e., CTRL, URE, URE1-4 and NUA5) were considered. A one-way ANOVA was 

performed for each kinetic parameter determined in Tables 2, 3, 4 and 6. The ANOVA 

analysis decomposed the variance of each kinetic parameter into two components: one 

between-group component and other within-group component, with 6 and 7 as degrees 

of freedom, respectively. For μmax (F-ratio=3.46; p= 0.065) and Fv/Fm (F-ratio=1.13 ; 

p= 0.433) there is not a statistically significant difference between the mean value of the 

parameter from one treatment to another at the 5% significance level. The Fv/Fm value 

averaged for all treatments was 0.557±0.053 and the difference between the absolute 

maximum and minimum weres about the 26% of the average value. A similar 

percentage difference was found in a long-term (> 170 days) culture of the same strain 

in a raceway photobioreactor. In respect of μmax, the multiple range tests  determined 

two homogenous groups: one of them composed by URE4 (average μmax=0.56 ± 0.00 

day-1) and the other by the remaining treatments (average μmax=0.376 ± 0.053 day-1). No 

specific reason was found for this difference. Perhaps in part it is related to the low 

affinity of A. carterae for urea as discussed above. Since URE4 contained the same 

nitrate concentration as CTRL (882 μM), a fairly high concentration of urea (5000 μM) 

compared to nitrate was needed to achieve this increase in μmax. At this high urea 

concentration with respect to nitrate it is unknown as A. carterae managed nitrogen 

metabolism during the exponential phase. 

 For the remaining kinetic parameters there was a statistically significant 

difference in the mean value of the parameter between treatments: 𝐶𝐵𝑚𝑎𝑥
𝑏  (F-

ratio=23.55; p=0.000)   , 𝐶𝐵𝑚𝑎𝑥
𝑐  (F-ratio=22.99; p= 0.000), 𝑃𝐵𝑚𝑎𝑥

𝑏  (F-ratio= 16.62; p= 

0.001), 𝑃𝐵𝑚𝑎𝑥
𝑐  (F-ratio= 65.72; p=0.000), VC (F-ratio= 31.16; p=0.000), FL1 (F-ratio= 

47.37; p=0.000), FL2 (F-ratio= 14.49; p=0.001), FL3 (F-ratio=83.51; p=0.000) and SS 

(F-ratio= 37.16; p=0.000). Although several pairs of means for each kinetic parameter 
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showed statistically significant differences, not all of them were relevant. Particular 

attention is drawn to the differences between the treatments URE (urea as the sole 

nitrogen source) and NUA (concurrent presence of the three N-sources, with subtoxic 

NH4+-N concentrations). Regarding 𝐶𝐵𝑚𝑎𝑥
𝑏  (g L-1), the averaged value was 0.089 

±0.004 g L-1 with a percentage difference between maximum (NUA4) and minimum 

(URE) around 56% relative to the average value. As the nitrogen and phosphorous 

contained in the culture medium were not exhausted completely (see Table 5), the 

maximum biomass capacity of the different treatments based on the elemental 

composition of A. carterae was not achieved. Therefore, the variation in 𝐶𝐵𝑚𝑎𝑥
𝑏  may be 

also attributed to the different affinity by the N-source because it determines differences 

in the growth rates of the linear phase as discussed below. Likewise, maximum values 

of 𝐶𝐵𝑚𝑎𝑥
𝑐 , 𝑃𝐵𝑚𝑎𝑥

𝑏,𝑐
 and FL1-3 were observed for NUA4, while the minimum values were 

provided by URE. An opposite trend was observed in the cell volume (Vc). The 

response of Vc in microalgae seems to generally be linked to their nutrient storage 

capacity (Stolte et al. 1994). As it is also dependent on species and nitrogen source, 

specific studies should be conducted to address this issue.  

 

3.7. Nutrients removal efficiency and N-balance 

 Results from Table 5 shown that A. carterae was able to remove different 

dissolved inorganic and organic nitrogen sources and phosphorous. Since the culture 

experiments were first conceived to study acclimatization, their duration was limited. 

As result, total nitrogen and phosphorous removal efficiencies (𝛤𝑁 𝑇
 and 𝛤𝑃 𝑇

 were far 

from 100%, indicating nutrients were not exhausted at the end of the culture. This is 

related with the appearance of a linear growth phase in the cultures as can be seen in Fig 

1. A linear growth phase in a batch culture is established when CO2 and/or light energy 

consumptions balanced the CO2 and photons transfer (Contreras et al. 1998). The low 

light path of the T-Flak (less than 40 mm), a controlled illumination and a relatively low 

maximum cell concentration in the cultures assured a sufficiency of light during the 
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culture. On contrast, CO2 limitation was apparently an issue during most of the culture 

period because cultures were static and not bubbled with air. Thus, atmospheric CO2 

diffusion through culture free surface was the only way for supplying CO2 to cells. As a 

consequence, the pH increased over culture time due to the photosynthetic activity of 

cells confirming the CO2 limitation. It is reasonable to infer that the 𝛤𝑁 𝑇
 and 𝛤𝑃 𝑇  values 

in Table 5 might be feasibly improved in agitated photobioreactor cultures of A. 

carterae (Molina-Miras et al. 2018a; Molina-Miras et al. 2018b), since they are 

operated at a constant pH (usually < 8.5) controlled by automatic injection of carbon 

dioxide, as needed. As a result, there was no carbon limitation; linear phases are thus 

caused by light limitation and stationary phases by complete exhaustion of growth 

limiting macronutrients (nitrate and/or phosphate).  

 Regarding N-balance, the biomass amount harvested in each treatment listed 

in Table 5 along with its elemental composition allowed us to determine the quantities 

of the total nitrogen and phosphorous actually fixed in the biomass. These values 

differed from those contained in the culture medium of each treatment (see Table 1) by 

less than 4% for phosphorous and a maximum of 20 % for nitrogen in URE4. This lost 

nitrogen in the N-balance implies the likely existence of another small sink of nutrients 

incorporating N and P, the main candidate being biofouling layer of A. carterae 

developed on the surface of the T-flasks. This is in line with similar observations 

previously reported in PBR cultures of A. carterae (Molina-Miras et al. 2018a).  

 Except for CTRL and URE, nitrogen were apparently in excess, as 

demonstrated by the P-molar formulas in Table 5, since cell N:P molar ratios were 

higher than the N:P molar ratios in the culture media (see Table 1). This is consistent 

with the data of nutrient removal efficiency in Table 5, as all values of 𝛤𝑃 𝑇
 were higher 

than the corresponding 𝛤𝑁 𝑇
 ones, particularly in URE1-4 and NUA4.  

 Since the elemental composition of the biomass varied slightly among the 

treatments, although not systematically, a weighted average elemental composition of 

47.9±0.5 (C %), 32.6±0.4 (O %), 7.2±0.1 (H %), 8.0±0.1 (N %), 0.7±0.1 (S %), 3.3±0.1 
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(P %) was calculated (n=14) for the whole biomass obtained. The corresponding 

average P-molar formula derived from the above average biomass elemental 

composition was C37.0±0.5 O18.9±0.2H66.7±0.7N5.3±0.1S0.2±0.1P1, with the molar ratios 

C:P=37.0, C:N= 7.0 and N:P=5.3. This average P-molar formula is similar to that 

recently reported for the same strain of A. carterae (Molina-Miras et al. 2018a). The 

low variability observed in the P-molar formula due to effect of the treatments (Table 5) 

is expected in the context of the changeability of the macronutrient (C:N:P) 

stoichiometry associated with both phylogenetic differences and the growth conditions 

as discussed in elsewhere (Molina-Miras et al. 2018a). 

 

3.8. Potential use of marine aquaculture effluents to culture A. carterae.  

 There is great interest in finding microalgae species that efficiently convert the 

nitrogen, phosphorous and other dissolved nutrients contained in aquaculture effluents 

into valuable biomass. However, any species selected must be able to tolerate, and 

simultaneously reduce, the high ammonium, urea and nitrate concentrations in the 

effluents. Concentrations of the main nutrients in aquaculture systems reported in 

different studies are provided in Table 7. Although the presence of urea was only 

documented in two of the studies, this did not preclude its presence into the rest of 

effluents. Apparently, several microalgae species could be used with a same effluent 

(Table 7). However, the characteristics of these effluents may be species-specific and 

microalgae of particular interest should be tested as mentioned in recent revision works 

(Milhazes-Cunha and Otero 2017). Regarding the microalga A. carterae, the 

combinations collected in Table 1, whose nutrient concentration levels allowed growth 

after three subcultivations, have been distributed through the cases referred to in Table 7 

in function of whether nutrient concentration levels in a particular effluent are equal or 

inferior to those of a particular treatment of Table 1. The assignments revealed that in an 

important percentage of the cases the use of aquaculture effluents for A. carterae 

cultivation as a substitute or a basis to prepare culture media may be feasible.  
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 Although several interesting non-dinoflagellate species (Milhazes-Cunha and 

Otero 2017) seem to fulfill the requirements above mentioned, none produce high 

added-value molecules such as those used in pharmacological applications. 

Dinoflagellates, such as the Amphidinium species, which produce bioactive polyketides 

such as APDs, may be serious candidates (Molina-Miras et al. 2018a; Molina-Miras et 

al. 2018b). This is supported by the APDs measurements performed in the biomass 

harvested from the treatments included in Table 7. Thus, APDs were produced in the 

cultures of the all treatments with a similar average content in the biomass (0.435±0.038 

% d.w). This absence of significant differences between treatments was expected since 

APDs are secondary metabolites that mainly accumulate in stationary phases because 

their synthesis is strongly stimulated when nitrogen and/or phosphorus are exhausted in 

the culture medium (Molina-Miras et al. 2018b).  

 The experimental results presented here show that A. carterae can acclimate to 

varied, combined or sole nitrogen sources over a wide range of concentrations. It is 

more than likely that this ability may have been exploited by a species in this genus 

(Amphidinium eilatiensis n. sp) to bloom in mariculture ponds, where it survived 

adapting well to the highly eutrophic environment and can cyclically tolerate (daily and 

annual) fairly wide ranges of abiotic factors (Lee et al. 2003). These observations were 

supported by laboratory experiments where A. eilatiensis endured the following ranges: 

temperature (20-32 ºC), salinity (20-40‰), pH (6.5-9), and nutrients (NO3
- 100-10000 

μM; NH4
+ 900-2800 μM; phosphorous 50-500 μM). A. eilatiensis outgrew faster-

growing diatom species such as Navicula, Nitzschia, and Amphora (Lee et al. 2003). 

These characteristics are probably shared by the Amphidinium genus strains, including 

A. carterae, explaining their abundance in seas and oceans and their cosmopolitan 

character, as cited in the literature (Lauritano et al. 2017), making them capable of 

conquering not only the majority of seas and oceans, but also estuaries and eutrophic 

coastal areas. The reasons supporting this are varied; for example, substantial 

experimental evidence shows that dinoflagellates can also uptake particulate and 

Journal of Applied Phycology: https://doi.org/10.1007/s10811-020-02049-9 
Accepted manuscript. © 2020. This manuscript version is made available under  the CC-BY-NC-ND 4.0 
 license https://creativecommons.org/licenses/by-nc-nd/4.0/(opens in new tab/window)



 
 

29 
 

dissolved organic matter (POM and DOM, respectively) as nutrient sources (Burkholder 

et al. 2008). Given that effluents from aquaculture ponds contain high levels of POM 

(from sludges) and DOM (e.g. backwash supernatants), A. carterae may contribute to 

valorizing aquaculture backwash wastewaters; this is because one might expect a 

growth stimulating effect via mixotrophic or heterotrophic nutritional modes from this 

microalga. Therefore, if the level of ammonium or ammonia was demonstrated to be 

inhibitory, photobioreactor performance may be enhanced by pre-treatment of marine 

aquaculture effluent, either by diluting it with seawater, mixing it with other nutrients 

(e.g. industrial fertilizers) or treating it with industrial adsorbents to reduce the 

ammonium concentration.  

 Open raceway ponds (ORP) are the preferred microalgae photobioreactors for 

treating aquaculture wastewaters because they need less aeration than the costly 

mechanical aeration present in conventional activated sludge systems (Li et al. 2019; 

Sfez et al. 2015). Long-term robust culture of A. carterae in ORPs is feasible (Molina-

Miras et al. 2018a). The harvested biomass would need further valorization to be turned 

into a marketable co-product. High value valorization pathways have been recently 

reported for A. carterae biomass grown in photobioreactors (López-Rodríguez et al. 

2019; Molina-Miras et al. 2018b), particularly the apocarotenoid peridinin, the 

polyunsaturated fatty acids EPA and DHA, and polyketide secondary metabolites that 

exhibit potent anticancer, antifungal and hemolytic activities.  

 A carterae seems to be a potential microalga for consideration in the 

Integrated Multi-trophic Aquaculture (IMTA) methodology, a promising alternative 

strategy for the log-term sustainability and profitability of the aquaculture industry (Li 

et al. 2019; Milhazes-Cunha and Otero 2017). An A. carterae culture facility could 

occupy one of the biological compartments of a marine IMTA, connected to others by 

water streams carrying nutrients. However, it is expected that long-term unialgal 

cultures using aquaculture effluents as the culture medium lead to microalgal-bacterial 

consortia (Milhazes-Cunha and Otero 2017). In fact, a photoautotrophic long-term 
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culture of A. carterae in an ORP with a culture medium based on the f/2 formulation 

(nitrate as the N source), as reported elsewhere (Molina-Miras et al. 2018a), ended up 

being unialgal but not completely axenic. To document (for the first time) the bacterial 

flora of A. carterae in an ORP culture, a sample of broth was withdrawn from the ORP 

after 260 days of uninterrupted culture, and the bacterial community was examined 

using a combination of mass-amplification of the short DNA sequences encoding 16S 

rRNA and high-throughput sequencing, as described in the Materials and Methods 

section. A total of 19 Phylum-level Taxonomic Categories were identified. The eight 

most abundant phyla (according to the percentage of total bacterial sequences) were the 

following: Proteobacteria (86.93%), Bacteroidetes (10.03 %), Firmicutes (1.74%), 

Spirochaetes (0.2%), Verrucomicrobia (0.2%), Actinobacteria (0.1%), Planctomycetes 

(0.07%) and unclassified phyla (0.63%). The predominant phylum was Proteobacteria 

as anticipated for other dinoflagellates (Zhang et al. 2015b). Figure 2 shows the most 

prevalent taxonomic categories. The species richness and the diversity of the bacterial 

community existing within the A. carterae sample was in good agreement with recent 

results reported for dinoflagellates of the genus Alexandrium, in which the symbiotic 

bacterial biodiversity depends on the species (Zhang et al. 2015a). This is consistent 

with the cell surface characteristics of A. carterae. It has small, rounded structures of 

less than 100 nm that provide an extensive surface area covered by glycocalyx, an 

adhesive cell-surface coat to which a perfect habitat for bacterial adherents has been 

attributed (Liu and Place 2017). These observations also support the idea that A. 

carterae has the potential of being successfully cultured with aquaculture effluents since 

it may develop symbiotic microbial assemblages. In addition, dinoflagellates can 

phagocytize bacteria and a wide range of eukaryotic prey (Burkholder et al. 2008).  

 It will be valuable to conduct an interaction study of symbiotic bacteria with 

the host dinoflagellate in the near future. This could eventually lead to the identification 

of selective mechanisms operating in ORPs integrated in IMTA systems, which favor 

specific types of bacterial populations. Obviously, the sources, concentrations and 
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relative amounts of nitrogen, phosphorous and organic carbon will vary from natural 

and artificial laboratory environments, and thus may also contribute to the in vitro 

development of bacterial communities dominated by specific taxa.  

 Future work will be addressed at studying the influence of environmental 

conditions and wastewater composition on A. carterae stability and population density, 

as well as the microbial community structure, which in turn may modify the wastewater 

treatment capability and synthesis of interesting metabolites.  

 

4. CONCLUSIONS  

 A. carterae can acclimate to varied, combined or sole nitrogen sources over a 

wide range of concentrations. On the basis of nitrogen removal efficiency, the affinity 

of A. carterae to the N-sources was established in the following order: ammonium, 

nitrate and urea. Our results highlighted the need for better designed laboratory 

experiments in order to reduce the variability found in the literature due to acclimation. 

A. carterae is able to develop symbiotic microbial assemblages in long-term robust 

cultures in pilot-scale open raceway ponds (ORP). Since ORPs are the preferred 

microalgae photobioreactors for treating aquaculture wastewaters, A. carterae has the 

potential to be successfully cultured with aquaculture effluents containing different 

nitrogen sources, up to 441 µM of ammonia, and to produce biomass that is rich in high 

added-value metabolites such as amphidinols.  
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Table 1. Summary of the experimental design assayed. The nitrogen concentrations correspond 

to those established in the culture medium at the beginning of each culture. All experiments 

were performed at an initial phosphate concentration of 181 μM in the culture medium. The NT 

column represents the total nitrogen concentration provided from all the nitrogen sources. 

Nº Treatment 
Nitrogen (N) source, µM 

NT, mg/L 
Nitrate-N Urea-N NH4

+-N 

1 CTRL 882 0 0 12 

2 AMO 0 0 882 12 

3 URE 0 882 0 12 

4 URE1 882 1000 0 26 

5 URE2 882 2000 0 40 

6 URE3 882 3500 0 61 

7 URE4 882 5000 0 82 

8 AMO1 882 0 1000 26 

9 AMO2 882 0 2000 40 

10 AMO3 882 0 3500 61 

11 AMO4 882 0 5000 82 

12 NUA1 441 441 1000 26 

13 NUA2 882 1125 882 40 

14 NUA3 1764 2150 441 61 

15 NUA4 882 882 110 26 
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Table 2. Progress of the acclimation of Amphidinium carterae to different sole nitrogen sources 

(nitrate, ammonium and urea) over three subcultivations (1, 2 and 3). Experiments CTRL, AMO 

and UREA are coded in Table 1. The kinetic parameters were measured in broth samples 

extracted at the end of every subculture. Data points are the averages along with their standard 

deviation for duplicate cultures. Values denoted by a different lowercase at each point for the 

same kinetic parameter, differ significantly at p<0.05 in the one-way ANOVA (degrees of 

freedom=5). Column T represents the direction of shift of each kinetic parameter in the 

acclimation process. Vc: Average cell volume; max; maximum specific growth rate; 𝐶𝐵𝑚𝑎𝑥
𝑐 : 

maximum cell concentration; 𝐶𝐵𝑚𝑎𝑥
𝑏 : maximum biomass concentration expressed as dry weight; 

𝑃𝐵𝑚𝑎𝑥
𝑐 : maximum cell productivity; 𝑃𝐵𝑚𝑎𝑥

𝑏 : maximum biomass productivity expressed as dry 

weight; FV/FM:  maximum photochemical yield of photosystem II; FL1,2,3: cell fluorescence 

intensities measured by the photomultiplier detectors FL1, FL2 and FL3 in the flow cytometer; 

SS : cell side scatter. 

Parameter 
CTRL 

1 2 3 T 

VC (×103), μm3 1.39±0.23 a 1.30±0.05 a 1.52±0.17 a ↔ 

μmax, day-1 0.40±0.11 a 0.32±0.07 a 0.35±0.05 a ↔ 

𝐶𝐵𝑚𝑎𝑥
𝑐  (×105), cell·mL-1 5.44±1.18 a 5.54±0.21 a 3.89±0.22 a ↔ 

𝑃𝐵𝑚𝑎𝑥
𝑐  (×104), cell·mL-1·day-1 5.88±1.23 a 5.40±0.32 a 3.55±0.22 a ↔ 

𝐶𝐵𝑚𝑎𝑥
𝑏

, g·L-1 0.11±0.02 a 0.12±0.00 a 0.10±0.01 a ↔ 

𝑃𝐵𝑚𝑎𝑥
𝑏   (×10-2), g·L-1·d-1 1.22±0.20 a 1.18±0.01 a 1.00±0.08 a ↔ 

Fv/Fm 0.55±0.04 a 0.50±0.04 a 0.50±0.09 a ↔ 

FL1 (x10-3), a.u. µm-3 14.37±0.61 a 15.09±0.81 a 18.10±1.24 a ↔ 

FL2 (x10-3), a.u. µm-3 9.26±0.07 a 10.85±0.05 a 15.72±2.88 a ↔ 

FL3 (x10-3), a.u. µm-3 9.62±0.21 a,b 8.35±0.38 b 11.11±0.87 a ↔ 

SS  4.18±0.09 a 4.21±0.10 a 4.46±0.18 a ↔ 

Parameter 
AMO 

1 2 3 T 

VC (×103), μm3 1.60±0.68 b 2.14±0.45 a,b 3.08±0.05 a ↑ 

μmax, day-1 0.42±0.08 b 0.67±0.05 b -0.29±0.01 a ↓ 

𝐶𝐵𝑚𝑎𝑥
𝑐  (×105), cell·mL-1 4.42±0.33 c 2.07±0.35 b 0.04±0.00 a ↓ 

𝑃𝐵𝑚𝑎𝑥
𝑐  (×104), cell·mL-1·day-1 4.40±0.40 c 1.70±0.23 b -0.15±0.01 a ↓ 

𝐶𝐵𝑚𝑎𝑥
𝑏

, g·L-1 0.12±0.02 c 0.07±0.00 b <0.01±0.00 a ↓ 

𝑃𝐵𝑚𝑎𝑥
𝑏   (×10-2), g·L-1·d-1 1.31±0.21 c 0.74±0.05 b -0.02±0.00 a ↓ 

Fv/Fm 0.54±0.04 b 0.47±0.08 a,b 0.18±0.04 a ↓ 

FL1 (x10-3), a.u. µm-3 8.45±1.54 b 13.55±2.51 b 118.93±0.61 a ↑ 

FL2 (x10-3), a.u.µm-3 5.15±1.19 b 5.80±0.74 b 86.97±1.30 a ↑ 

FL3 (x10-3), a.u.µm-3 3.88±0.39 b 8.01±1.05 b 34.66±2.75 a ↑ 

SS  4.39±0.13 c 5.78±0.07 b 14.19±0.29 a ↑ 

Parameter 
URE 

1 2 3 T 

VC (×103), μm3 1.61±0.16 b 1.78±0.07 b 2.91±0.07 a ↑ 

μmax, day-1 0.52±0.16 a 0.49±0.09 a 0.38±0.07 a ↔ 

𝐶𝐵𝑚𝑎𝑥
𝑐  (×105), cell·mL-1 4.15±0.29 b 2.17±0.23 a 1.20±0.15 a ↓ 

𝑃𝐵𝑚𝑎𝑥
𝑐  (×104), cell·mL-1·day-1 3.95±0.25 b 1.90±0.38 a 0.95±0.19 a ↓ 

𝐶𝐵𝑚𝑎𝑥
𝑏

, g·L-1 0.12±0.01 b 0.07±0.01 a 0.06±0.01 a ↓ 

𝑃𝐵𝑚𝑎𝑥
𝑏   (×10-2), g·L-1·d-1 1.29±0.12 b 0.63±0.15 a 0.62±0.08 a ↓ 

Fv/Fm 0.59±0.03 b 0.59±0.04 b 0.65±0.02 a ↑ 

FL1 (x10-3), a.u. µm-3 9.37±0.65 b 6.76±0.84 a,b 5.16±0.51 a ↓ 

FL2 (x10-3), a.u. µm-3 5.69±0.61 b 3.11±0.99 a,b 1.63±0.38 a ↓ 

FL3 (x10-3), a.u. µm-3 3.48±0.54 b 2.23±0.21 a 1.56±0.00 a ↓ 

SS  4.23±0.33 a 4.76±0.34 a 5.05±0.10 a ↔ 

Journal of Applied Phycology: https://doi.org/10.1007/s10811-020-02049-9 
Accepted manuscript. © 2020. This manuscript version is made available under  the CC-BY-NC-ND 4.0 
 license https://creativecommons.org/licenses/by-nc-nd/4.0/(opens in new tab/window)



 
 

44 
 

Table 3. Progress of the acclimation of Amphidinium carterae to different urea concentrations in presence of 882 µM nitrate through three 

subcultivations (1, 2 and 3). Experiments URE1 to URE4 are coded in Table 1. The kinetic parameters were measured in broth samples taken at the end 

of every subculture. Data points are averages along with their standard deviation for duplicate cultures. Values denoted by a different lowercase at each 

point, for the same kinetic parameter, differ significantly at p<0.05 in one-way ANOVA (degrees of freedom=5). The T column represents the direction 

of shift of every kinetic parameter in the acclimation process. Vc: Average cell volume; max: maximum specific growth rate; 𝐶𝐵𝑚𝑎𝑥
𝑐 : maximum cell 

concentration; 𝐶𝐵𝑚𝑎𝑥
𝑏 : maximum biomass concentration expressed as dry weight; 𝑃𝐵𝑚𝑎𝑥

𝑐 : maximum cell productivity; 𝑃𝐵𝑚𝑎𝑥
𝑏 : maximum biomass 

productivity expressed as dry weight; FV/FM:  maximum photochemical yield of photosystem II; FL1,2,3: cell fluorescence intensities measured by the 

photomultiplier detectors FL1, FL2 and FL3 of the flow cytometer; SS: side scatter of the cells. 

Parameter 
URE1  URE2   

1 2 3 T 1 2 3 T 

VC (×103), μm3 1.19±0.17 a 1.24±0.08 a 1.35±0.06 a ↔ 1.24±0.26 a 1.22±0.09 a 1.46±0.15 a ↔ 

μmax, day-1 0.38±0.00 a 0.27±0.03 a 0.35±0.09 a ↔ 0.39±0.10 a 0.30±0.05 a 0.39±0.03 a ↔ 

𝐶𝐵𝑚𝑎𝑥
𝑐  (×105), cell·mL-1 6.05±0.52 b 5.11±0.22 a,b 3.75±0.20 a ↓ 5.25±0.78 b 5.20±0.27 b 3.54±0.19 a ↓ 

𝑃𝐵𝑚𝑎𝑥
𝑐  (×104), cell·mL-1·day-1 6.23±0.41 b 4.95±0.31 a,b 3.53±0.21 a ↓ 5.36±1.04 b 5.27±0.25 b 3.29±0.24 a ↓ 

𝐶𝐵𝑚𝑎𝑥
𝑏

, g·L-1 0.12±0.01 b 0.11±0.01 a,b 0.09±0.00 a ↓ 0.11±0.01 b 0.11±0.00 b 0.09±0.00 a ↓ 

𝑃𝐵𝑚𝑎𝑥
𝑏   (×10-2), g·L-1·d-1 1.25±0.12 b 1.04±0.18 a,b 0.86±0.01 a ↓ 1.16±0.05 b 1.11±0.02 b 0.88±0.06 a ↓ 

Fv/Fm 0.44±0.01 a 0.48±0.04 a 0.56±0.09 a ↔ 0.52±0.06 a 0.48±0.04 a 0.56±0.02 a ↔ 

FL1 (x10-3), a.u. µm-3 11.87±0.65 b 16.87±1.51 a 18.12±0.33 a ↑ 11.97±0.55 b 16.82±0.87 a,b 18.05±1.53 a ↑ 

FL2 (x10-3), a.u. µm-3 7.03±1.41 b 13.18±0.03 a 14.55±1.04 a ↑ 6.37±0.65 b 11.35±0.40 a,b 14.91±3.00 a ↑ 

FL3 (x10-3), a.u. µm-3 8.31±0.11 a 6.41±0.76 b 8.51±0.58 a ↑ 9.03±1.17 a,b 7.44±0.56 b 9.47±0.38 a ↑ 

SS  4.22±0.01 a 4.19±0.28 a 4.39±0.11 a ↔ 4.90±0.20 a 4.87±0.09 a 4.89±0.21 a ↔ 

Parameter 
URE3  URE4   

1 2 3 T 1 2 3 T 

VC (×103), μm3 1.13±0.43 a 1.20±0.02 a 1.51±0.26 a ↔ 1.04±0.23 b 1.47±0.30 a,b 1.85±0.00 a ↑ 

μmax, day-1 0.45±0.02 b 0.28±0.02 a 0.39±0.06 a,b ↔ 0.61±0.13 a 0.70±0.03 a 0.56±0.00 a ↔ 

𝐶𝐵𝑚𝑎𝑥
𝑐  (×105), cell·mL-1 6.03±1.77 a,b 7.27±0.64 b 4.01±0.83 a ↓ 3.43±0.63 a,b 4.86±0.00 b 2.35±0.05 a ↓ 

𝑃𝐵𝑚𝑎𝑥
𝑐  (×104), cell·mL-1·day-1 6.20±2.08 b 5.27±0.25 b 3.29±0.24 a ↓ 3.39±0.93 a,b 5.15±0.06 b 2.16±0.00 a ↓ 

𝐶𝐵𝑚𝑎𝑥
𝑏

, g·L-1 0.11±0.01 a,b 0.15±0.01 b 0.10±0.00 a ↓ 0.06±0.01 a 0.11±0.03 b 0.07±0.00 a ↓ 

𝑃𝐵𝑚𝑎𝑥
𝑏   (×10-2), g·L-1·d-1 1.16±0.10 b 1.11±0.02 b 0.88±0.06 a ↓ 0.61±0.00 a 1.24±0.38 b 0.76±0.01 a ↓ 

Fv/Fm 0.51±0.03 a 0.48±0.07 a 0.56±0.09 a ↔ 0.51±0.05 a 0.43±0.04 b 0.53±0.02 a ↑ 

FL1 (x10-3), a.u. µm-3 15.25±0.21 a,b 13.03±0.38 b 17.97±0.96 a ↑ 19.14±2.26 b 12.63±1.84 a 17.18±0.24 a,b ↔ 

FL2 (x10-3), a.u. µm-3 7.63±2.02 b 7.32±0.92 b 13.70±0.80 a ↑ 9.79±0.99 a,b 7.78±0.06 b 10.99±0.45 a ↑ 

FL3 (x10-3), a.u. µm-3 15.62±1.47 a 13.74±0.41 a 14.96±0.83 a ↔ 13.04±1.71 b 6.61±0.72 a 8.65±0.46 a ↓ 

SS  4.98±0.08 a 4.61±0.17 a 5.01±0.31 a ↔ 6.69±0.27 a 4.96±0.07 b 6.49±0.06 a ↑ 
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Table 4. Progress of the acclimation of Amphidinium carterae to different ammonium concentrations in the presence of 882 µM nitrate over three 

subcultivations (1, 2 and 3). Experiments AMO1 to AMO4 are coded in Table 1. The kinetic parameters were measured in broth samples taken at the 

end of every subculture. Data points are averages along with their standard deviation for duplicate cultures. Values denoted by a different lowercase at 

each point, for the same kinetic parameter, differ significantly at p<0.05 in the one-way ANOVA (degrees of freedom=5). The T column represents the 

direction of shift of every kinetic parameter in the acclimation process. Vc: Average cell volume; max: maximum specific growth rate; 𝐶𝐵𝑚𝑎𝑥
𝑐 : 

maximum cell concentration; 𝐶𝐵𝑚𝑎𝑥
𝑏 : maximum biomass concentration expressed as dry weight; 𝑃𝐵𝑚𝑎𝑥

𝑐 : maximum cell productivity; 𝑃𝐵𝑚𝑎𝑥
𝑏 : maximum 

biomass productivity expressed as dry weight; FV/FM:  maximum photochemical yield of photosystem II; FL1,2,3: cell fluorescence intensities measured 

by the photomultiplier detectors FL1, FL2 and FL3 of the flow cytometer; SS: side scatter of the cells. (The symbol -- means that there were no cells left 

at the end of the subculture) 

Parameter 
AMO1  AMO2   

1 2 3 T 1 2 3 T 

VC (×103), μm3 2.76±0.11 a 2.81±0.20 a 2.89±0.12 a ↔ -- -- -- -- 

μmax, day-1 -0.30±0.15 a -0.35±0.08 a -0.26±0.06 a ↔ -0.60±0.01 a -0.60±0.00 a -0.58±0.01 a ↔ 

𝐶𝐵𝑚𝑎𝑥
𝑐  (×105), cell·mL-1 0.09±0.03 a 0.09±0.00 a 0.10±0.02 a ↔ -- -- -- -- 

𝑃𝐵𝑚𝑎𝑥
𝑐  (×104), cell·mL-1·day-1 -0.31±0.06 b -0.51±0.03 a -0.51±0.04 a ↓ -0.28±0.08 a -0.46±0.00 a -0.42±0.00 a ↔ 

𝐶𝐵𝑚𝑎𝑥
𝑏

, g·L-1 <0.01±0.00 a <0.01±0.00 a <0.01±0.00 a ↔ -- -- -- -- 

𝑃𝐵𝑚𝑎𝑥
𝑏   (×10-2), g·L-1·d-1 -0.03±0.02 a -0.04±0.01 a -0.04±0.02 a ↔ -0.05±0.01 a -0.05±0.02 a -0.07±0.00 a ↔ 

Fv/Fm 0.39±0.03 a 0.38±0.01 a 0.29±0.12 a ↔ -- -- -- -- 

FL1 (x10-3), a.u. µm-3 79.37±11.83 a 83.68±11.26 a 85.96±3.31 a ↔ -- -- -- -- 

FL2 (x10-3), a.u. µm-3 53.84±9.37 a 56.91±10.62 a 58.88±2.54 a ↔ -- -- -- -- 

FL3 (x10-3), a.u. µm-3 30.52±2.56 a 29.20±0.37 b 29.61±4.84 a ↔ -- -- -- -- 

SS  11.68±0.75 a 12.27±0.18 a 12.58±0.70 a ↔ -- -- -- -- 

   Parameter 
AMO3  AMO4   

1 2 3 T 1 2 3 T 

VC (×103), μm3 -- -- -- -- -- -- -- -- 

μmax, day-1 -0.68±0.11 a -0.70±0.11 a -0.66±0.10 a ↔ -0.60±0.14 a -0.62±0.05 a -0.59±0.14 a ↔ 

𝐶𝐵𝑚𝑎𝑥
𝑐  (×105), cell·mL-1 -- -- -- -- -- -- -- -- 

𝑃𝐵𝑚𝑎𝑥
𝑐  (×104), cell·mL-1·day-1 -0.42±0.05 b -0.46±0.00 b -0.42±0.00 a ↔ -0.30±0.02 a -0.39±0.06 a -0.35±0.06 a ↔ 

𝐶𝐵𝑚𝑎𝑥
𝑏

, g·L-1 -- -- -- -- -- -- -- -- 

𝑃𝐵𝑚𝑎𝑥
𝑏   (×10-2), g·L-1·d-1 -0.07±0.01 a -0.05±0.02 a -0.07±0.02 a ↔ -0.06±0.01 b -0.04±0.00 a -0.03±0.01 a ↔ 

Fv/Fm -- -- -- -- -- -- -- -- 

FL1 (x10-3), a.u. µm-3 -- -- -- -- -- -- -- -- 

FL2 (x10-3), a.u.µm-3 -- -- -- -- -- -- -- -- 

FL3 (x10-3), a.u.µm-3 -- -- -- -- -- -- -- -- 

SS  -- -- -- -- -- -- -- -- 
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Table 5. Nutrient removal efficiency (Γ, %) and P-molar formula of A. carterae biomass in those treatments where 

acclimation was attained in subcultivation 3. Data points are averages along with their standard deviation for 

duplicate cultures. 
Treatment 𝛤𝑁𝑂3

− (%) 𝛤𝑢𝑟𝑒𝑎  (%) 𝛤𝑁𝐻4
+ (%) 𝛤

𝑁𝑇
 (%) 𝛤

𝑃𝑇
 (%) P-molar formula 

CTRL 53.2±2.1  -- -- 53.2±2.1 62.2±2.4 C39.3 O22.9 H72.8 N3.8 S0.2 P1 

URE -- 49.6±3.4  -- 49.6±3.4  74.2±1.8  C40.5 O17.0 H70.1 N5.5 S0.2 P1 

URE1 34.2±3.4  12.6±1.2  -- 22.7±2.2  61.2±3.1  C32.1 O17.7 H56.7 N3.4 S0.2 P1 

URE2 37.4±7.4  7.4±3.5  -- 16.6±4.7  60.0±3.6  C32.6 O15.6 H58.3 N4.1 S0.2 P1 

URE3 36.0±3.0  10.9±7.4  -- 16.0±5.3  66.7±3.4  C41.4 O22.5 H73.2 N6.8 S0.2 P1 

URE4 26.0±5.0  14.6±2.5  -- 16.3±1.3  68.7±3.4  C30.2 O14.4 H59.4 N7.9 S0.2 P1 

NUA4 50.8±2.9 16.9±4.4  87.0±1.4 37.0±3.3  63.4±4.4  C44.6 O21.7 H78.8 N6.3 S0.2 P1 
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Table 6. Progress of the acclimation of Amphidinium carterae using the three nitrogen sources (nitrate, ammonium and urea) together in the culture 

medium, over three subcultivations (1, 2 and 3). Experiments NUA1 to NUA4 are coded in Table 1. The kinetic parameters were measured in broth 

samples taken at the end of every subculture. Data points are averages along with their standard deviation for duplicate cultures. Values denoted by a 

different lowercase at each point, for the same kinetic parameter, differ significantly at p<0.05 in the one-way ANOVA (degrees of freedom=5). The T 

column represents the direction of shift of every kinetic parameter in the acclimation process. Vc: Average cell volume; max: maximum specific growth 

rate; 𝐶𝐵𝑚𝑎𝑥
𝑐 : maximum cell concentration; 𝐶𝐵𝑚𝑎𝑥

𝑏 : maximum biomass concentration expressed as dry weight; 𝑃𝐵𝑚𝑎𝑥
𝑐 : maximum cell productivity; 

𝑃𝐵𝑚𝑎𝑥
𝑏 : maximum biomass productivity expressed as dry weight; FV/FM:  maximum photochemical yield of photosystem II; FL1,2,3: cell fluorescence 

intensities measured by the photomultiplier detectors FL1, FL2 and FL3 of the flow cytometer; SS: side scatter of the cells. (The symbol -- means that 

there were no cells left at the end of the subculture). 

Parameter 
NUA1  NUA2   

1 2 3 T 1 2 3 T 

VC (×103), μm3 2.22±0.16  2.83±0.40  -- -- 1.92±0.10  2.66±0.15  -- -- 

μmax, day-1 0.39±0.04 c 0.07±0.01 b -0.47±0.01 a ↓ 0.38±0.02 c 0.09±0.02 b -0.53±0.08 a ↓ 

𝐶𝐵𝑚𝑎𝑥
𝑐  (×105), cell·mL-1 0.97±0.06  0.70±0.06  -- -- 1.55±0.14  0.84±0.04  -- -- 

𝑃𝐵𝑚𝑎𝑥
𝑐  (×104), cell·mL-1·day-1 0.77±0.06 c 0.46±0.07 b -0.45±0.02 a ↓ 1.44±0.16 c 0.62±0.05 b -0.41±0.02 a ↓ 

𝐶𝐵𝑚𝑎𝑥
𝑏

, g·L-1 0.03±0.00  0.02±0.00  -- -- 0.05±0.01  0.03±0.00  -- -- 

𝑃𝐵𝑚𝑎𝑥
𝑏   (×10-2), g·L-1·d-1 0.30±0.04 c 0.16±0.03 b -0.09±0.02 a ↓ 0.48±0.06 c 0.20±0.02 b -0.10±0.01 a ↓ 

Fv/Fm 0.50±0.03  0.21±0.01  -- -- 0.54±0.02  0.31±0.15  -- -- 

FL1 (x10-3), a.u. µm-3 72.44±6.45  86.93±7.74  -- -- 47.43±2.23  54.62±5.91  -- -- 

FL2 (x10-3), a.u. µm-3 19.61±2.28  79.39±3.38  -- -- 22.77±2.51  44.32±3.28  -- -- 

FL3 (x10-3), a.u. µm-3 30.61±2.99  33.85±3.54  -- -- 5.03±1.35  7.95±3.16  -- -- 

SS  5.91±0.42  7.61±0.55  -- -- 4.48±0.23  8.65±0.49  -- -- 

   Parameter 
NUA3  NUA4   

1 2 3 T 1 2 3 T 

VC (×103), μm3 1.52±0.25 c 2.14±0.08 ,b 3.02±0.35 a ↑ 1.09±0.18 a 1.05±0.04 a 1.18±0.14 a ↔ 

μmax, day-1 0.37±0.02 b 0.13±0.04 b -0.02±0.01 a ↓ 0.43±0.07 a 0.39±0.01 a 0.41±0.01 a ↔ 

𝐶𝐵𝑚𝑎𝑥
𝑐  (×105), cell·mL-1 5.15±0.19 c 2.74±0.20 b 0.31±0.08 a ↓ 6.79±1.47 a 6.70±0.25 a 4.96±0.28 a ↔ 

𝑃𝐵𝑚𝑎𝑥
𝑐  (×104), cell·mL-1·day-1 5.46±0.21 c 2.69±0.23 b -0.10±0.10 a ↓ 7.16±1.67 a 7.05±0.29 a 5.07±0.32 a ↔ 

𝐶𝐵𝑚𝑎𝑥
𝑏

, g·L-1 0.12±0.00 c 0.04±0.00 b 0.01±0.00 a ↓ 0.11±0.02 a 0.14±0.02 a 0.11±0.01 a ↔ 

𝑃𝐵𝑚𝑎𝑥
𝑏   (×10-2), g·L-1·d-1 1.30±0.01 c 0.39±0.00 b -0.01±0.00 a ↓ 1.21±0.20 a 1.53±0.23 a 1.16±0.07 a ↔ 

Fv/Fm 0.57±0.02 c 0.43±0.01 b 0.30±0.02 a ↓ 0.55±0.02 a 0.54±0.02 a 0.54±0.04 a ↔ 

FL1 (x10-3), a.u. µm-3 21,10±0.26 b 33.77±3.39 b 75.06±3.85 a ↑ 17.97±0.76 b 19.62±1.05 a,b 24.43±1.68 a ↑ 

FL2 (x10-3), a.u.µm-3 13.60±0.51 c 30.51±3.67 b 64.62±4.17 a ↑ 11.57±0.08 a 14.10±0.07 a 21.23±3.89 a ↔ 

FL3 (x10-3), a.u.µm-3 14.13±0.73 c 21.82±1.87 b 30.38±1.18 a ↑ 12.02±0.26 a,b 10.86±0.50 b 15.00±1.18 a ↑ 

SS  4.59±0.04 c 7.57±0.31 b 10.62±0.70 a ↑ 4.16±0.24 a 4.31±0.25 a 4.45±0.02 a ↔ 
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Table 7. Representative experiments from Table 1 (right column) in which the concentration levels of the main nutrients were higher than those reported for different 

aquaculture effluents. When available from literature, information on the microalgae used for each treatment of the effluents is included. The experiments of Table 1 

placed in the right column are distributed in two groups in function of an effect deleterious or favourable on the growth according to the analysis carried out in Tables 

2 to 4 and 6. SW: seawater, FW: freshwater: 

 

Microalgae Source Water 
Nutrients, mg·L-1  Representative experiments from Table 1 

NO3
--N Urea-N NH4

+-N PO4
3--P Favorable Deleterious 

Skeletonema costatum. (Hussenot et al. 1998) SW 1.1 -- -- 0.3 CTRL, URE1-4, NUA4 AMO1-4, NUA1-3 

S. costatum. (Hussenot et al. 1998) SW 0.2 -- -- 0.4 CTRL, URE1-4, NUA4 AMO1-4, NUA1-3 

Platymonas sub cordiformis. (Guo et al. 2013) SW 1.7 -- 0.5 0.2 NUA4 AMO1-4, NUA1-3 

Chlorella sp. (Nasir et al. 2015) FW -- -- -- 2.6 CTRL, URE, URE1-4, NUA4, AMO, AMO1-4, NUA1-3 

Chlorella vulgaris. Scenedesmus 

obliquus. Chaetoceros calcitrans 
(Gao et al. 2016) SW 2.0 -- -- -- CTRL, URE1-4, NUA4, AMO1-4, NUA1-3 

Oocystis borgey (Liu et al. 2018) SW 0.8 1.0 0.8 -- NUA4 NUA1-3 

Tetraselmis suecica.  (Andreotti et al. 2017) SW 4.0 -- 0.3 0.3 NUA4 AMO1-4, NUA1-3 

Dunaliella tertiolecta.  (Andreotti et al. 2017) SW 4.1 -- 0.3 0.6 NUA4 AMO1-4, NUA1-3 

Isochrysis galbana (Andreotti et al. 2017) SW 4.2 -- 0.3 0.6 NUA4 AMO1-4, NUA1-3 

Oocystis sp. (Riaño et al. 2011) FW -- -- 13.7 -- -- AMO1-4, NUA1 

Oocystis sp. (Riaño et al. 2011) FW -- -- 17.3 -- -- AMO2-4 

Tetraselmis chuii. (Khatoon et al. 2018) SW -- -- 5.3 5.6 -- AMO, AMO1-4, NUA1-3 

Tetraselmis sp. Stauroneis sp. 

Phaeodactylum sp. 
(Li et al. 2019) SW 5.1 -- 0.4 0.3 NUA4 AMO1-4, NUA1-3 

Tetraselmis suecica (Andreotti et al. 2019) SW 3.8 -- 0.1 0.7 NUA4 AMO1-4, NUA1-3 

Dunaliella tertiolecta (Andreotti et al. 2019) SW 2.9 -- 0.4 0.6 NUA4 AMO1-4, NUA1-3 

Phaeodactylum tricornutum (Borges et al. 2005) SW 0.6 -- 4.9 0.7 -- AMO1-4, NUA1-3 

Isochrysis galbana. (Borges et al. 2005) SW 0.9 -- 0.4 0.6 NUA4 AMO1-4, NUA1-3 

Tetraselmis suecica. (Borges et al. 2005) SW 0.2 -- 1.4 0.3 NUA4 AMO1-4, NUA1-3 

Synechococcus sp. 
(Srimongkol et al. 

2019) 
SW -- -- 16.5 0.4 -- AMO2-4 

Chlorella sorokiniana. (Chen et al. 2019) FW 12.3 -- 8.1 0.4 -- AMO1-4, NUA2 

Chlorella sp. Scenedesmus 

quadricuada 
(Halfhide et al. 2014) SW 18.1 -- -- 2.1 -- NUA3 

-- 
(Halfhide et al. 2014; 

Hussenot et al. 1998) 
SW 0.2 0.6 0.6 0.2 NUA4 NUA1-3 

-- (Pagand et al. 2000) SW 8.2 -- -- 1.3 CTRL, URE1-4, NUA4, AMO1-4, NUA2-3 

-- (Deviller et al. 2004) SW 14.5 -- 0.3 1.7 -- NUA3 

-- (Schulz et al. 2003) FW 0.7 -- 0.6 0.4 NUA4 AMO1-4, NUA1-3 
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Legends 

 

Fig. 1. Variation in 𝐶𝐵
𝑐/𝐶𝐵𝑜

𝑐  versus culture time for the third subculture of each 

treatment, the kinetic parameters of each are displayed in Tables 2 to 4. Experiments are 

encoded in Table 1. Solid and dashed lines show Eq. (1) predictions. Experimental data 

are given as the average of the duplicate cultures ±SD. The nitrogen sources are: A) a 

sole N-source (nitrate, ammonium or urea); B) nitrate and ammonia; and C) nitrate and 

urea; D) nitrate, ammonium and urea. 

 

Fig. 2. Microbial species biodiversity analysis of the symbiotic bacteria of Amphidinium 

carterae grown in a long-term raceway open pond using nitrate as the sole nitrogen 

source, as earlier described (Molina-Miras et al. 2018a). The most predominant 

taxonomic categories were included. 
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