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Abstract
Iron (Fe) is an essential nutrient for microalgal metabolism. The low solubility of Fe in oxic aquatic environments 
can be a growth-limiting factor for phytoplankton. Synthetic chelating agents, such as ethylenediaminetetraacetic acid 
(EDTA), are used widely to maintain Fe in solution for microalgal cultivation. The non-biodegradable nature of EDTA, 
combined with sub-optimal bioavailability of Fe-EDTA complexes to microalgae, indicates opportunity to improve 
microalgal cultivation practices that amplify production efficiency and environmental compatibility. In the present study, 
the effects of four organic chelating ligands known to form readily bioavailable organic complexes with Fe in natural 
aquatic environments were investigated in relation to growth and biochemical composition of two marine microalgae 
grown as live feeds in shellfish hatcheries (Chaetoceros calcitrans and Tisochrysis lutea). Three saccharides, alginic acid 
(ALG), glucuronic acid (GLU), and dextran (DEX), as well as the siderophore desferrioxamine B (DFB), were compared 
to EDTA. Organic ligands characterized by weaker binding capacity for cationic metals (i.e., ALG, GLU, DEX) sig-
nificantly improved microalgal growth and yields in laboratory-scale static batch cultures or bubbled photobioreactors. 
Maximal microalgal growth enhancement relative to the control (e.g., EDTA) was recorded for GLU, followed by ALG, 
with 20–35% increase in specific growth rate in the early stages of culture development of C. calcitrans and T. lutea. 
Substitution of EDTA with GLU resulted in a 27% increase in cellular omega 3-polyunsaturetd fatty acid content of C. 
calcitrans and doubled final cell yields. Enhanced microalgal culture performance is likely associated with increased 
intracellular Fe uptake efficiency combined with heterotrophic growth stimulated by the organic ligands. Based upon 
these results, we propose that replacement of EDTA with one of these organic metal-chelating ligands is an effective 
and easily implementable strategy to enhance the environmental compatibility of microalgal cultivation practices while 
also maximizing algal growth and enhancing the nutritional quality of marine microalgal species commonly cultured 
for live-feed applications in aquaculture.
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Introduction

Microalgal biomass and derived products are biological 
resources relevant to various products in the feed, food, 
energy, and pharmaceutical sectors (Vanthoor-Koopmans 
et al. 2013; Enzing et al. 2014; Koller et al. 2014). Micro-
algal growth in the natural environment, as well as in con-
trolled cultivation systems, occurs within a complex suite 
of environmental parameters including light, nutrients, tem-
perature, pH, and salinity (Lavens and Sorgeloos 1996). Iron 
(Fe) nutrition is essential for phytoplankton metabolism. 
This nutrient is required for numerous biological processes 
(e.g., photosynthesis and respiration, chlorophyll synthe-
sis, and detoxification of reactive oxygen species) (Sunda 
and Huntsman 1995a; Marchetti and Maldonado 2016) that 
significantly affect algal productivity and biomass composi-
tion (Liu et al. 2008). The most readily available form of 
Fe to phytoplankton, the oxidized ferric form of inorganic 
Fe (Fe(III)), is poorly soluble in oxygenated waters and rapidly 
precipitates into biologically unavailable complexes (i.e., 
hydrous ferric oxides) (Byrne and Kester 1976; Anderson 
and Morel 1982; Johnson et al. 1997; Turner and Hunter 
2001).

To compensate for low Fe bioavailability (defined here 
as the degree to which a Fe-substrate can be accessed and 
utilized by an organism), a plethora of inorganic and organic 
processes have evolved to enable phytoplankton to meet Fe 
requirements in oxic aquatic environments where dissolved 
“free” (unchelated) Fe can be growth-limiting (Morel et al. 
2008; Shaked and Lis 2012). The processes and factors gov-
erning Fe bioavailability are multifaceted, with aspects of 
Fe speciation and kinetics, phytoplankton physiology, light, 
temperature, and microbial interactions all intricately inter-
twined (Bruland et al. 1991; Sunda and Huntsman 1995b; 
Worms et al. 2006; Shaked and Lis 2012). Although our 
understanding of this complex ecological interplay remains 
partial (Shaked and Lis 2012), advances in aquatic Fe biogeo-
chemistry and microbial ecology (Hassler et al. 2011, 2015; 
Norman et al. 2015) have revealed opportunities for direct 
applications to the optimization of microalgal cultivation. 
In the marine environment, most dissolved Fe(III) is bound 
to naturally occurring organic compounds, which increases 
solubility and residence time in solution, and is thus a deter-
mining factor for phytoplankton growth (Rue and Bruland 
1995; Gledhill and Buck 2012). In addition, complex feed-
backs exist between microorganisms and Fe wherein biologi-
cally produced, Fe-chelating molecules (e.g. exopolymeric 
substances and siderophores) can influence Fe chemistry with 
consequences for bioavailability (Völker and Wolf-Gladrow 
1999; Shaked and Lis 2012; Hassler et al. 2015).

Most microorganisms, including microalgae and bacteria, 
release organic compounds, which are often grouped under  

the term extracellular polymeric substances (EPS), as part  
of fundamental metabolism (Decho and Gutierrez 2017).  
EPS possess a wide range of chemical structures and are  
composed of a variety of macromolecules (e.g., amino  
acids, saccharides, proteins, and carbohydrates) containing 
polyanionic (negatively charged) functional groups (e.g., 
carboxylic, phosphoric, and uronic acid groups) with high 
metallic-cation-binding properties (Kennedy and Sutherland 
1987; Aluwihare et al. 1997; Liu and Fang 2002; Decho and 
Gutierrez 2017). In natural aquatic environments, a major pool 
of EPS serves as precursor for the formation of transparent 
exopolymer particles (TEPs), which are large (< 1 to 200 μm 
in longest dimension), discrete, suspended microgels rich in 
saccharides, and operationally defined as being retained by a  
filter with a pore size of > 0.4 μm (Alldredge et al. 1993; 
Decho and Gutierrez 2017). Although the biochemical prop-
erties of marine bacterial and microalgal EPS and TEP, and 
their contribution to Fe biogeochemistry (e.g., the nature of 
their Fe-binding properties and how these relate to Fe solubility 
and bioavailability) remain poorly defined, the paramount 
importance of organic complexation for determining  
Fe bioavailability and phytoplankton growth in aquatic  
environments is well-established (Flemming and Wingender 
2001; Hassler et al. 2011, 2017; Gutierrez et al. 2012).

Industrial microalgal bioreactors are characterized by  
continuous light and excess nutrient availability (Muller-Feuga 
2013). To support optimal microalgae growth, seawater-based 
culture medium formulations are enriched with dissolved, 
essential metals (including Mn, Fe, Co, Ni, Cu and Zn), in  
balanced proportions, at concentrations that are neither limiting  
nor toxic (Guillard and Ryther 1962; Anderson and Morel 1982;  
Bruland et al. 1991). Depending upon the culture system and 
the intended use of the cultured algae, a variety of mechanical 
and/or chemical water treatment procedures are undertaken to 
condition the growth media prior to microalgal inoculation.  
In the case of bivalve hatcheries, for example, filtration and/ 
or high temperature and pressure treatment (autoclaving or  
pasteurization) of seawater results in low bacterial levels within 
the growth medium (Richmond 2008). Water sterilization 
eliminates nutrient competition between bacteria and algae 
and also reduces the risk of introducing pathogenic bacteria 
into larval cultures feeding on cultured microalgae (Nicolas 
et al. 2004). As a result, microorganisms that would normally 
release metal-complexing agents in situ are removed, and in the 
process, the suite of naturally occurring organic compounds 
in seawater which act as metal-chelating agents is diminished 
(Richmond 2008; Joyce and Utting 2015). Consequently, poor 
Fe solubility, restricted bioavailability, and resulting microalgal  
Fe-deficiency may be recurring growth-limiting factors in 
commercial microalgal cultivation systems (Liu et al. 2008; 
Joyce and Utting 2015). Natural (e.g., humic compounds) and 
synthetic (e.g., aminopolycarboxylate chelating agents, such 



3521Journal of Applied Phycology (2021) 33:3519–3537 

1 3

as ethylenediaminetetraacetic acid (EDTA) and nitrilotriacetic 
acid (NTA)) metal-chelating agents, first repurposed from 
agricultural soil amendment products in the 1950s, are now 
included in most freshwater and marine microalgal culture 
growth media to provide a constant and controlled supply of 
free metal ions (Hutner et al. 1950; Myers et al. 1951; Anderson  
and Morel 1982; Gerringa et al. 2000). Despite widespread 
use and utility in diverse industrial processes, synthetic  
metal chelators such as EDTA have a number of detrimental  
environmental consequences arising from intrinsically  
poor biodegradability and their potential to promote the  
remobilization and bioavailability of heavy metal pollutants 
in the environment upon discharge (Oviedo and Rodríguez 
2003; Pinto et al. 2014). To mitigate the ecotoxicological risks 
associated with the use of EDTA in microalgal cultivation, the 
evaluation of biodegradable alternatives that can still support  
optimal microalgal growth performance is a priority for  
sustainable aquaculture and bio-based industries.

Recent field and laboratory studies have generated 
compelling evidence for the pivotal role of EPS compo-
nents (e.g., saccharides and uronic acids) in enhancing 
Fe solubility, and most importantly Fe bioavailability and 
microalgal Fe uptake in both natural and cultured marine 
microalgal populations (Rue and Bruland 2001; Hassler and 
Schoemann 2009; Hassler et al. 2011, 2015). Hassler and 
co-workers (Hassler et al. 2015) have demonstrated that Fe 
bound to algal EPS is not only highly bioavailable but is also 
extremely efficient at sustaining the growth and photosyn-
thetic efficiency in the diatom Chaetoceros simplex under 
laboratory conditions. Increased Fe bioavailability in the 
presence of saccharides is attributed to both the formation of 
bioavailable (or chemically labile) organic forms of Fe and 
the stabilization of Fe within the dissolved phase (mainly 
as colloidal Fe) (Hassler and Schoemann 2009; Benner 
2011). Substitution of EDTA with biodegradable chelating 
ligands (e.g., hydroxyiminodisuccinic acid (HIDS), meth-
ylglycinediacetic acid, and iminodisuccinate) in the growth 
medium resulted in higher intracellular Fe concentrations in 
three coastal phytoplankton species (Hasegawa et al. 2018). 
Similarly, in hydroponic systems, substitution of EDTA with 
HIDS, when used in the cultivation of rice seedlings (Oryza 
sativa L), resulted in optimized Fe cycling (enhanced Fe sol-
ubility and more efficient Fe uptake) and faster plant growth 
(Rahman et al. 2009; Hasegawa et al. 2012). Collectively, 
such evidence highlights the sub-optimal growth conditions 
in EDTA-chelated culture media (Hasegawa et al. 2018).

Although our knowledge of trace metal organic complexa-
tion and its relationship to Fe bioavailability and assimilation 
in both marine and terrestrial environments has progressed 
substantially (Worms et al. 2006; Gledhill and Buck 2012; 
Hassler et al. 2015), these advances have not directly transi-
tioned into practical solutions for the optimization of microalgal 
cultivation. To encourage this transition, in the present study, 

we examined the efficacy of organic metal-chelating ligands  
as EDTA alternatives in microalgal growth media and assessed 
performance of two key marine microalgal species (Chaetoceros  
calcitrans and Tisochrysis lutea) used for the production of 
live aquaculture feeds (Guedes and Malcata 2012; Brown and 
Blackburn 2013). As Fe bioavailability and Fe uptake strate-
gies depend upon both cell size and microalgal species, two 
microalgal species with distinct cell morphology and taxonomy 
(haptophyte vs. centric diatom) were selected as model organ-
isms for this study. Four organic ligands with varying physico-
chemical properties and chelating strengths, and representing 
chemical analogues of marine compounds within the pool of 
organic ligands enhancing iron bioavailability, were evaluated 
in this study: (i) the polysaccharide alginic acid extracted from 
brown macroalgae, (ii) the siderophore desferrioxamine B, (iii) 
the monosaccharide glucuronic acid, and (iv) the bacterially 
secreted polysaccharide Dextran (Hassler et al. 2011). The 
effect of EDTA substitution with organic ligands upon microal-
gal growth rate, algal biomass composition (C:N ratio, unsatu-
rated fatty acid content and chlorophyll a), algal EPS produc-
tion, and Fe solubility was determined. Treatment effects were 
evaluated relative to the results obtained in standard (EDTA-
chelated) growth media. These experimental, alternative ligand 
culture media additives were tested at different concentrations 
under both laboratory (static batch cultures) and small-scale 
bubbled bioreactor settings that are characteristic of the micro-
algal cultivation systems found in bivalve hatcheries for live 
algal feed production (Brown and Blackburn 2013).

Materials and methods

Marine microalgae

For laboratory-scale experiments, bacteria-free Tisochrysis 
lutea (T-Iso) and Chaetoceros calcitrans (Chaet cal.) cul-
tures were obtained from the NOAA Milford Laboratory 
Microalgal Culture Collection, Northeast Fisheries Science 
Center, Milford, CT, USA. The marine flagellate T. lutea, a 
species within the haptophyte clade, is one of the most com-
monly cultured microalgae used as a live feed in aquaculture 
because of its rapid growth rate and high docosahexaenoic 
acid (DHA) content (Bendif et al. 2013). The diatom C. 
calcitrans is routinely produced in mass cultures (Kaspar 
et al. 2014) and represents a key shellfish hatchery species 
because of its small size and nutritional profile containing 
essential polyunsaturated fatty acids (Tredici et al. 2009) as 
well as metabolizable sterols (Tsitsa-Tzardis et al. 1993).

For shellfish hatchery trials at the Australian Research 
and Development Institute (SARDI-PIRSA), bacteria-
free microalgal strains (Chaetoceros calcitrans (CS-178) 
and Tisochrysis lutea (CS-177)) were sourced from the 
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Australian National Algae Culture Collection, CSIRO, 
Hobart, Australia.

Prior to the onset of the microalgal culture experiments,  
starter cultures were maintained in 500-mL Erlenmeyer 
flasks containing 1-µm-filtered, autoclave-sterilized,  
Guillard’s F (full strength) nutrient-enriched seawater  
(Guillard and Ryther 1962). Starter cultures were kept at 
19 °C, exposed continuously to cool-white fluorescent light, 
and swirled gently daily.

Experimental solutions and metal‑chelating ligands

The experimental growth media in the Milford Labora-
tory experiment consisted of 1-µm-filtered Milford Harbor 
seawater (salinity 26, pH 7.9) enriched with “modified” 
F-nutrients, wherein EDTA was substituted with one of the 
candidate, alternative metal-chelating agent (Guillard and 
Ryther 1962; Guillard 1975) . The adapted F-nutrient growth 
media were selected to match microalgal growth conditions 
commonly found in commercial shellfish hatcheries (Helm 
2004).

Following the F-nutrients seawater growth medium 
formulation, iron chloride hexahydrate  (FeCl3·6H2O; spe-
cial grade, Mallinkrodt), dosed at 0.23 µM, was used for 
the experimental media preparation (Guillard and Ryther 
1962; Guillard 1975). The organic ligands examined in this 
study were selected to represent the groups of hydroxamate 
siderophores (desferrioxamine B (DFB)) and saccharides 
(monosaccharide d-glucuronic acid (GLU); and polysac-
charides alginic acid (ALG) and dextran (DEX)). Powders 
of (i) d-glucuronic acid (> 98% purity), (ii) alginic acid 
extracted from the brown macroalgae Macrocystis pyrifera, 
(iii) dextran, a bacterial extracellular polysaccharide from 
Leuconostoc spp., and (iv) desferrioxamine B were sourced 
from Sigma-Aldrich.

Microalgal growth and other responses to experimental 
treatments were evaluated relative to a control consisting 
of standard Guillard’s F-nutrient-enriched seawater, with 
EDTA (Sigma-Aldrich) as metal chelator. Stock solutions 
of EDTA and organic ligands of 1 mM were prepared with 
0.25-µm-filtered, ultra-pure water (Millipore Element, 18.2 
MΩcm). To avoid modification or destruction of the metal-
chelating agents, the experimental growth media were auto-
clave-sterilized before these were added.

Each EDTA and organic ligand experimental medium 
additive was added as a single dose to obtain a final cul-
ture concentration of 0.23 µM, consistent with Guillard’s 
F-nutrients growth media formulation for metal-chelating 
agent dosage. As a negative control, a treatment consist-
ing of F-nutrient-enriched seawater with omission of EDTA 
(referred as No EDTA treatment) was added. To study dos-
age effects, Fe and organic ligand concentrations in the 
experimental media were amplified by a factor 5 and 10, 

respectively, equivalent to 1.15  µM and 2.34  µM final 
culture concentration. Following addition of the organic 
metal-chelating ligands, the experimental media were left to 
equilibrate overnight prior to microalgal culture inoculation. 
Assuming equilibration within 24 h, the Fe-reactive organic 
ligands were likely bound and saturated with Fe (Hassler 
and Schoemann 2009) and as such, alternative ligand cul-
ture media additive treatments corresponded to organically 
bound Fe speciation treatments.

Prior to inoculation, growth media aliquots (2 mL × 2) 
were sampled for dissolved Fe concentration and TEP abun-
dance analysis. Samples were taken in triplicate. Aliquots 
for dissolved Fe concentration measurements were stored 
in acid-washed centrifuge vials. Acid cleaning procedures 
as outlined in Cullen and Sherrell (1999) were applied. To 
avoid Fe precipitation onto the centrifuge vials during sam-
ple storage, 0.01 μL 70% trace metal grade  HNO3 (Sigma-
Aldrich) was added to the samples.

Microalgal growth experiments comparing different 
metal‑chelating ligands

Static batch-culture experiments were conducted at the 
NOAA Milford Laboratories in Milford, CT, USA. Fernbach 
flasks (2.8-L) were filled with 650 mL modified F-enriched 
seawater media and inoculated with 70 mL microalgal starter 
culture. Initial cell densities for C. calcitrans and T. lutea 
cultures were 1.00–1.15 ×  106 cells  mL−1. All cultures were 
kept at a constant temperature (19 ± 0.5 °C) under continuous 
illumination. The artificial light source consisted of 1.2-m 
fluorescent light tubes (T8 35 Watt, 4100 K, GE Ecolux with 
Starcoat, F32T8 SPP4) located 30 cm from the culture flasks 
illuminating one side of the cultures at a photosynthetically 
active radiation (PAR) light intensity of ~ 120 μmol photons 
 m−2  s−1, measured at the surface of the flasks with a Licor 
Inc., Quantum/Radiometer/Photometer (Model LI-185B). 
Experimental flasks were capped with a cotton stopper, ran-
domly organized, and swirled daily to remobilize cells and 
promote gas exchange. Experimental treatments were con-
ducted in quadruplicate (4 biological replicates per treatment, 
n = 4). Experimental cultures were incubated under condi-
tions detailed above until maximal population yields of C. 
calcitrans and T. lutea were reached (i.e., 21 and 15 days, 
respectively). Culture aliquots were withdrawn aseptically 
every 2 days, during early stages of culture development, and 
every 3 days when approaching the stationary growth phase 
for microalgal cell density determination using an Accuri 
C6 + flow cytometer (BD Biosciences, USA).

During the course of the experiment, aseptic techniques 
were employed to prevent bacterial contamination in all 
culture manipulation and solution preparations. Following 
termination of the experiment, the absence of bacteria in the 
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cultures was confirmed utilizing SYTO 9 (ThermoFisher) 
staining of culture aliquots that specifically binds to bacte-
rial DNA. Stained bacterial cells were detected using flow 
cytometry. Algal cultures were considered bacteria-free if 
counts within the bacterial gate were below 100 flow cytom-
eter events per mL of sample analyzed (at this level consid-
ered to be electronic noise events).

Photobioreactor microalgal growth experiments, 
description, and experimental design

Experimental organic ligand treatments that were  
carried out for static batch cultures at the NOAA Milford  
Laboratories were repeated in small, hatchery-style  
bioreactors to ensure replicability at the SARDI-PIRSA  
site. Photobioreactors were accommodated with an influx  
of an air/CO2 mixture designed to mimic medium-scale 
microalgae production units commonly found in shellfish  
hatcheries (carboy or bag cultivation) (Helm 2004).  
Photobioreactors consisted of 250-mL Erlenmeyer flasks, 
each fitted with a rubber stopper with two holes serving as 
the gas inlet and outlet. Air at a flow rate of 0.4 L  min−1 
with 0.5%  CO2/air mixture was sparged from the bottom of 
the flask by a glass distribution tube that was inserted into  
the photobioreactor through one of the holes in the cap. 
LED lamps were used to illuminate the photobioreactors 
from one side of the flasks with a continuous PAR light  
intensity of 130 μmol photons  m−2   s−1 measured at the  
surface of the flasks. The total culture volume in each  
reactor was 150 mL, consisting of autoclave-sterilized, 
modified F-enriched seawater medium (30 ppt, pH 8)  
and algal inoculum (20 mL). Evaluated treatments in the 
photobioreactor experimental setting were performed  
in triplicate. Initial cell counts ranged between 1 and  
1.3  105 cells  mL−1 for C. calcitrans and T. lutea. The 
temperature of the reactors was maintained at 20.5 °C.  
The  CO2/air mixture ratio was increased gradually during 
algal culture development to maintain the desired culture 
pH of 8.2. Bubbled photobioreactor microalgal growth 
experiments for each treatment were conducted in triplicate  
(n = 3). Microalgal culture development was monitored 
every 2  days throughout the course of the experiment  
by aseptically extracting a 200 μL culture subsample  
followed by the enumeration of microalgal cells by flow 
cytometry (Accuri C6 + flow cytometer). Experiments 
were terminated after confirmation that the cultures had 
reached stationary phase for two consecutive sampling 
points (~ 8 days). Algal culture growth condition variables 
(temperature, light,  CO2 flow, and pH) were monitored  
periodically throughout the course of the experiment. Prior  
to termination of the algal growth experiments, the absence 
of bacteria in the microalgal cultures was confirmed  
utilizing SYTO 9 staining of culture aliquots followed by  

flow cytometry enumeration of stained particles. At the 
onset of the stationary phase (i.e., after 8 days culture 
period), a 100-mL culture subsample was collected to 
quantify microalgal culture transparent exopolymer particle  
(TEP) concentration, chlorophyll a concentration, and for 
algal biomass biochemical composition characterization.

Biochemical analysis

For each treatment and replicate culture (n = 3), microalgae  
harvested at the start of the stationary phase were used  
for quantification of algal biomass C:N ratio, fatty  
acid composition and concentration, and chlorophyll a  
concentration. Microalgal culture samples were centrifuged 
at 7000 × g at 15 °C for 15 min to obtain concentrated algal 
pellets which were freeze-dried prior to analysis. Fatty acid 
methyl esters (FAMEs) were extracted using a modification  
of the Lepage and Roy (1984) protocol based upon a 
methanol/toluene (3:2 v/v) combined with acetylchloride/
methanol (1:20 v/v) extraction method as described in  
Sauvage et al. (2021). FAMEs were separated and measured  
by gas chromatography using an Agilent 7890B Gas  
Chromatograph equipped with a polar capillary column, 
BPX70 (Forte series, SGE Australia, 50 m, 0.32-mm internal  
diameter, 0.25-μm film thickness). For each analysis, a 20 
μL subsample of lipid extract diluted in iso-octane was 
injected into the instrument. Hydrogen was the carrier gas 
(3.1 mL  min−1 flow rate). Samples were injected at an oven 
temperature of 85 °C, which was increased to 150 °C at a 
rate of 30 °C  min−1. The temperature conditions were further 
adjusted past 150 °C: increase at 0.1 °C  min−1 from 150 to 
152 °C, at 0.5 °C  min−1 from 152 to172 °C, at 50 °C  min−1 
from 172 to 200  °C and then held for 7 min. Standard  
reference FAME mixtures (GLC-68 series, Nu-Chek-Prep, 
Inc., USA) were used for FAME peak identification on the 
chromatograms. Individual FAME concentrations in each 
sample were quantified relative to the concentration of the 
internal standard.

Total carbon and nitrogen contents of microalgal biomass, 
expressed as a percent of dry mass, were quantified by com-
bustion at 1025 °C using an elemental analyzer (Flash 200 
Elemental Analyzer, Thermo Scientific). Helium was used 
as a carrier gas and sulfanilamide was used for instrument 
calibration.

Chlorophyll a (Chl a) analysis followed Li et al. (2009). 
Briefly, microalgae culture samples (0.5 mL) were filtered 
onto 0.7-μm Whatman GF/F glass-fiber filters and incubated 
in 90% acetone for 18 h in the dark at 4 °C to allow pigment 
extraction. The supernatant was used for Chl a determina-
tion with a 10AU fluorometer (Turner Designs, USA) which 
had been calibrated with a Chl a standard from spinach 
(Sigma-Aldrich).
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Transparent exopolymer particle concentration 
and visualization

The abundance of transparent exopolymer particles (TEPs) 
in microalgal cultures was determined according to a dye-
binding assay technique described in Passow and Alldredge 
(1995). TEPs are made visible through staining with alcian 
blue, a hydrophilic cationic dye that complexes with ani-
onic carboyl or halfester-sulfate groups of acidic polysac-
charides (Passow and Alldredge 1995). Microalgal culture 
samples (0.5 mL) were filtered (< 130 mbar) onto 0.4-μm 
pore-size polycarbonate filters (nucleopore track–etched 
membranes, Whatman). For each sample, filters were pre-
pared in triplicate. Particles on the filter were stained for 
approximately 4 s with 1 mL of a 0.02% aqueous solution 
of Alcian Blue (8GX; Sigma-Aldrich) dissolved in 0.06% 
acetic acid (0.2-μm-filtered, pH = 2.5). Stained filters were 
rinsed with 2 mL ammonium formate solution (0.47 M) to 
remove excess dye, transferred into centrifuge tubes, and 
stored at − 20 °C until further analysis. The Alcian Blue 
stain was extracted from the filters in 80% sulfuric acid 
(3-h incubation period), and the abundance was determined 
through spectrophotometry by measuring UV absorption 
at 787 nm (Cytation 3 Cell Imaging Multi-Mode Reader, 
BioTek Instruments). The concentration of TEP is expressed 
as concentration equivalents for the alcian blue adsorption 
given by standardization with the commercially available 
polysaccharide xanthan (X) gum (in μg  Xeq  mL−1). The cali-
bration protocol as described in Bittar et al.’s work (2018) 
was followed. When the chemical composition of TEP is 
unknown, the resulting TEP concentration measurements are 
semi-quantitative because alcian blue binds only to acidic 
and sulfated moieties of polysaccharides. The abundance 
of TEP in microalgal cultures was quantified at stationary 
phase for all biological replicates (n = 3). Measured TEP 
concentrations were normalized by cell density (measured 
with flow cytometry) to allow comparison between treat-
ments and algal species. Microalgal culture aliquots used for 
TEP concentration determination were examined under the 
microscope (Zeiss, 40 ×) for visualization of EPS abundance 
and distribution following alcian blue staining.

Dissolved Fe concentration in the growth media

The concentration of Fe in the growth medium was deter-
mined using inductively coupled plasma-mass spectrometry 
(Thermo Scientific Element 2 sector field ICP-MS) at the 
Analytical, Environmental and Geo-Chemistry research labo-
ratories of the Vrije Universiteit Brussel. Sample preparation 
and analytical protocols followed are similar to those reported 
in Milne et al. (2010). All solutions were prepared using ultra-
high-purity water (> 18 MΩ.cm) and subboiled 14 M  HNO3. 
Following suitable dilution using 5%  HNO3, the concentration 

of Fe was determined using multiple isotopes (56Fe and 57Fe) 
in the medium resolution mode of the instrument. Indium was 
used as an internal standard and quantification took place ver-
sus an external calibration curve. The limit of detection for 
Fe is calculated to be equal to or better than 0.1 ppb over the 
course of the measurement campaign. Based on the repeated 
measurements, the determined precision of the procedure out-
lined above [(standard deviation) / (average) × 100] is better 
than 5–10% relative standard deviation (RSD).

Estimation of growth and statistics

Specific growth rates (μ) for microalgae cultures during 
exponential growth were calculated using the following 
equation:

where μ is in divisions per day, to and t1 determine the time 
interval of the exponential growth phase over which specific 
growth rate are being calculated (in days), No is the number 
of algal cells at the start of the exponential phase (in cells 
 mL−1), and N1 is the cell density measured at time t1 (Guil-
lard 1973).

Microalgal growth rates, final cell densities, biochemical 
composition, and TEP concentration data in this study are 
expressed as means with standard error. The significance 
of the differences between treatments and the control upon 
microalgal growth rates, stationary-phase algal cell density, 
C/N ratio, Chl a concentration, culture TEP concentration, 
and algal biomass fatty acid composition and concentration 
was analyzed by one-way analysis of variance (ANOVA). 
The level of significant difference was set at p < 0.05. Data-
sets analyzed conformed with the assumptions of normality 
and homogeneity of variance.

Results

Effect of EDTA substitutes on microalgal growth 
and algal biomass composition

Both microalgal species grew at rates and achieved final 
population densities in the range of typical performance in 
aquaculture settings. Nevertheless, organic metal-chelating 
ligands applied at equivalent dosage as EDTA in the growth 
medium, as well as a fivefold enhancement factor for GLU, 
were shown to have significant effects on the growth per-
formance of C. calcitrans and T. lutea, under both static 
(non-bubbled) and bubbled culture conditions (Tables 1, 2, 
and 3; Figs. 1 and 2). Microalgal cultures remained bacteria-
free throughout the course of the algal growth experiments. 

� =

log
2

N
1

N
0

t
1
− t

0
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Treatment effects upon culture performance (specific growth 
rate, stationary (final) cell density, and time required to reach 
stationary phase and presence/absence of a lag phase follow-
ing culture inoculation) were evaluated relative to microalgal 

culture development using EDTA. Under static, batch-cul-
ture growth conditions, maximal increases in specific growth 
rate of C. calcitrans for all organic ligand treatments were 
observed in the first 2 days of culture development, ranging 

Table 1  Specific growth rate (in divisions  day−1) of C. calcitrans static batch cultures in response to different chelating compounds in standard 
and modified F-nutrients enriched seawater

Experimental treatments consisted of modified F-nutrients enriched seawater wherein EDTA was substituted by the alternate chelators D-glu-
curonic acid (GLU), Dextran (DEX), alginic acid (ALG), or desferrioxamine B (DFB) [metal chelating ligand additives applied at a dosage 
of 0.23 μM final culture concentration] and wherein EDTA was omitted from the F-nutrients growth media formulation (No EDTA). Culture 
responses to experimental treatments are compared to the control (highlighted in bold) consisting of standard F-nutrients enriched seawater 
(EDTA-enriched, 0.23 μM). Specific growth rates are reported as means ± standard error (n = 4) and calculated for different time intervals of 
the growth curve. For each time interval, specific growth rates for control and treatment cultures are organized in descending order. Significant 
differences in one column relative to the control are notated with an asterisk (p < 0.05)

Time after inoculation 2 days 6 days 9 days 14 days 21 days

Specific growth rate (divisions  day−1) GLU GLU GLU GLU EDTA
1.10 ± 0.02* 0.35 ± 0.02* 0.27 ± 0.02* 0.19 ± 0.01 0.17 ± 0.02
ALG ALG ALG ALG GLU
0.91 ± 0.03* 0.31 ± 0.01* 0.25 ± 0.01 0.17 ± 0.01 0.14 ± 0.02
DFB DEX No EDTA No EDTA ALG
0.82 ± 0.01* 0.28 ± 0.02 0.23 ± 0.02 0.17 ± 0.01 0.13 ± 0.03
DEX No EDTA EDTA DEX DEX
0.75 ± 0.02* 0.27 ± 0.01 0.23 ± 0.0.1 0.17 ± 0.02 0.12 ± 0.02
No EDTA DFB DEX EDTA No EDTA
0.67 ± 0.01* 0.26 ± 0.02 0.21 ± 0.0.1 0.17 ± 0.02 0.11 ± 0.01*
EDTA EDTA DFB DFB DFB
0.57 ± 0.03 0.25 ± 0.02 0.20 ± 0.01 0.14 ± 0.01 0.10 ± 0.01*

Table 2  Specific growth rate (in 
divisions  day−1) of C. calcitrans 
cultures grown in bubbled 
photobioreactors in response to 
different chelating compounds 
in standard and modified 
F-nutrient enriched seawater

Experimental treatments consisted of modified F-nutrients enriched seawater wherein EDTA was substi-
tuted by the alternate chelators D-glucuronic acid (GLU, 0.23 μM), Dextran (DEX, 0.23 μM) or alginic 
acid (ALG, 0.23 μM); and for modified F-nutrients enriched seawater growth media consisting of (i) omit-
ted EDTA in the growth media (No EDTA), (ii) factor of 5 enhanced EDTA and Fe dosage ([EDTA-Fe]’ 5, 
1.15 μM ]) and (iii) factor of 5 enhanced GLU and Fe dosage ([GLU-Fe]’ 5, 1.15 μM). Culture responses 
to experimental treatments are compared to the control (highlighted in bold) consisting of standard F-nutri-
ents enriched seawater (EDTA-enriched, 0.23 μM). Specific growth rates are reported as means ± standard 
error (n = 3) and calculated for different time intervals of the growth curve. For each time interval, specific 
growth rates for control and treatment cultures are organized in descending order. Significant differences in 
one column relative to the control are notated with an asterisk (p < 0.05)

Time after inoculation 2 days 5 days 7 days 9 days

Specific growth rate (divisions  day−1) [GLU-Fe] × 5 ALG [GLU-Fe] × 5 [GLU-Fe] × 5
1.55 ± 0.05* 1.17 ± 0.04* 1.01 ± 0.03* 0.79 ± 0.03*
ALG [EDTA-Fe] × 5 GLU GLU
1.54 ± 0.06* 1.15 ± 0.03* 0.97 ± 0.02* 0.76 ± 0.02*
[EDTA-Fe] × 5 GLU ALG ALG
1.50 ± 0.04* 1.14 ± 0.03* 0.95 ± 0.04* 0.73 ± 0.03
GLU [GLU-Fe] × 5 DEX DEX
1.46 ± 0.04* 1.08 ± 0.03* 0.93 ± 0.03* 0.72 ± 0.03
DEX DEX [EDTA-Fe] × 5 [EDTA-Fe] × 5
1.42 ± 0.03* 1.03 ± 0.05* 0.89 ± 0.03* 0.70 ± 0.02
EDTA EDTA EDTA EDTA
1.35 ± 0.03 0.84 ± 0.03 0.79 ± 0.02 0.62 ± 0.03
No EDTA No EDTA No EDTA No EDTA
1.03 ± 0.02* 0.61 ± 0.03* 0.50 ± 0.04* 0.39 ± 0.02*
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between a 93% increase (for GLU treatments) to 32% (for 
DEX treatments) (Table 1). Logarithmic microalgal growth 

with candidate chelators was maintained over the first 9 days 
of culture development, with an averaged specific growth 

Table 3  Specific growth rate (in divisions  day−1) of T. lutea static batch cultures in response to different chelating compounds in standard and 
modified F-nutrient enriched seawater

Experimental treatments consist of adapted F-nutrients enriched seawater wherein EDTA was substituted by the alternate chelators D-glucuronic 
acid (GLU), Dextran (DEX), alginic acid (ALG) or desferrioxamine B (DFB) [metal chelating additives applied at a dosage of 0.23 μM final 
culture concentration]; and wherein EDTA was omitted from the F-nutrients growth media formulation (No EDTA). Culture responses to experi-
mental treatments are compared to the control (highlighted in bold) consisting of standard F-nutrients enriched seawater (EDTA-enriched, 0.23 
μM). Specific growth rates are reported as means ± standard error (n = 4) and and calculated for different time intervals of the growth curve. For 
each time interval, specific growth rates for control and treatment cultures are organized in descending order. Significant differences relative to 
the control are notated with an asterisk (p < 0.05)

Time after inoculation 2 days 4 days 6 days 9 days 12 days 15 days

Specific growth rate (divisions  day−1) GLU GLU GLU GLU GLU No EDTA
1.06 ± 0.02* 0.80 ± 0.02* 0.61 ± 0.01 0.45 ± 0.02 0.35 ± 0.02 0.29 ± 0.02
ALG DEX DEX EDTA DEX GLU
0.92 ± 0.01* 0.70 ± 0.02 0.60 ± 0.01 0.45 ± 0.02 0.34 ± 0.01 0.28 ± 0.01
DEX EDTA EDTA DEX EDTA EDTA
0.87 ± 0.01* 0.66 ± 0.01 0.60 ± 0.02 0.41 ± 0.02 0.34 ± 0.02 0.27 ± 0.01
EDTA ALG No EDTA No EDTA No EDTA DEX
0.79 ± 0.02 0.65 ± 0.02 0.55 ± 0.02 0.40 ± 0.01 0.32 ± 0.01 0.27 ± 0.xx
No EDTA No EDTA DFB ALG ALG ALG
0.75 ± 0.02 0.60 ± 0.02 0.46 ± 0.03* 0.40 ± 0.01* 0.31 ± 0.01 0.25 ± 0.01
DFB DFB ALG DFB DFB DFB
0.67 ± 0.02* 0.54 ± 0.02* 0.40 ± 0.01* 0.32 ± 0.02* 0.27 ± 0.02* 0.22 ± 0.01*

EDTA

GLU

ALG

DEX

DFB

No EDTA

Percent change in maximum cell density

relative to control EDTA (%)
Final cell density (cells mL-1)

EDTA

GLU

ALG

DEX

DFB

No EDTA

-0.20 -0.10 0.00 0.10 0.200.0 5.0 106 1.0 107 1.5 107 2.0 107

C. calcitrans

T. lutea

*

*

*

*

*

Fig. 1  Stationary-phase cell density and percent change in maximal 
cell density relative to the control of C. calcitrans and T. lutea static 
batch cultures in response to different chelating compounds in stand-
ard and modified F-nutrient-enriched seawater. The control treatment 
consists of standard F-nutrient-enriched seawater (EDTA-chelated; 
highlighted in yellow and bold). Experimental treatments consisted 
of modified F-nutrients enriched seawater wherein EDTA was sub-
stituted by the alternate chelators d-glucuronic acid (GLU), dextran 
(DEX), alginic acid (ALG), or desferrioxamine B (DFB) (metal-

chelating ligand additives applied at a dosage of 0.23 µM final cul-
ture concentration) and wherein EDTA was omitted from the F-nutri-
ents growth media formulation (No EDTA). Values are reported as 
means ± standard error (n = 4). Significant differences relative to the 
control are notated with an asterisk (p < 0.05). Maximal cell densities 
were reached after a 21- and 15-day culture period for C. calcitrans 
and T. lutea, respectively. Vertical dotted lines delineate no statisti-
cally significant difference in final cell density relative to the control
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rate amplification of 18% over EDTA for GLU treatments. 
For the final fraction of the exponential growth phase (from 
day 9 until stationary phase), organic ligand and EDTA treat-
ments supported similar growth characteristics. Chaetoceros 
calcitrans grown in adapted F-nutrient-enriched seawater 
medium devoid of external EDTA also exhibited a statisti-
cally significant increase (17%) in specific growth rate rela-
tive to standard growth medium (complete F-nutrients suite) 
during the early exponential growth phase. In combination 
with increased specific growth rates, final cell yields of C. 
calcitrans were enhanced by 20% and 12% in the GLU and 
ALG treatments, respectively (Fig. 1). Similarly, specific 
growth rates for C. calcitrans cultures grown in bubbled 
photobioreactors were significantly increased over EDTA 
cultures in the presence of alternate chelators (Table 2). 
A maximum specific growth rate amplification of ~ 20%, 
when averaged over the 9-day exponential growth phase, 
was recorded for GLU and ALG treatments. Final cell den-
sities for C. calcitrans cultures in bubbled photobioreactors 
were markedly enhanced in the presence of candidate metal 
chelators by 2.0–2.5 times (Fig. 2).

Static batch cultures of T. lutea also were positively 
affected by candidate chelators, with the exception of DFB 
which inhibited growth (Table 3). Specific growth rate 
amplifications in response to alternate chelator additions 
were most notable in the early stages of the exponential 
growth phase, with GLU and ALG treatments supporting 
increases of 15 and 34%, respectively. Tisochrysis lutea 
culture performance in EDTA and alternate chelator treat-
ments converged to similar growth characteristics as cultures 
approached mid-exponential phase. In static and bubbled 
bioreactor culture conditions, a lag phase in the initial stage 
of culture development (from inoculation until day 2) of T. 
lutea in the presence of EDTA was observed. No lag phase 
in culture development following inoculation was observed 
for other evaluated candidate metal-chelator treatments. 
Tisochrysis lutea cultures grown in modified F-nutrient-
enriched seawater devoid of external EDTA showed sta-
tistically significant reduced growth relative to the EDTA 
control. Substitution of EDTA with candidate chelators in 
static batch cultures had no statistically significant effect 
upon final cell yield of T. lutea cultures, except for the ALG 

T. lutea

EDTA

[EDTA-Fe] x 5

GLU

[GLU-Fe] x 5

ALG

DEX

Factorial change in maximum cell density

relative to control EDTAFinal cell density (cells mL-1)

EDTA

[EDTA-Fe] x 5

GLU

[GLU-Fe] x 5

ALG

DEX

0.5 1.0 1.5 2.5 3.00.0 1.0 107 2.0 107 3.0 107 4.0 107

C. calcitrans

No EDTA

No EDTA

2.0

*

*

*

*

*

*

*

*

*

Fig. 2  Stationary-phase cell density and factorial change in maxi-
mal cell density relative to the control of C. calcitrans and T. lutea 
cultures grown in bubbled photobioreactors in response to different 
chelators in standard and modified F-nutrient-enriched seawater. The 
control treatment consists of standard F-nutrients enriched seawa-
ter (EDTA-enriched; highlighted in yellow and bold). Experimen-
tal treatments consisted of modified F-nutrient-enriched seawater 
wherein EDTA (0.23 µM) was substituted by the alternate chelators 
d-glucuronic acid (GLU, 0.23  µM), dextran (DEX, 0.23  µM), or 
alginic acid (ALG, 0.23 µM); and for modified F-nutrients enriched 

seawater growth media consisting of (i) omitted EDTA in the growth 
media (No EDTA), (ii) factor of 5 enhanced EDTA and Fe dos-
age ([EDTA-Fe × 5], 1.15  µM), and (iii) factor of 5 enhanced GLU 
and Fe dosage ([GLU-Fe × 5], 1.15  µM). Values are reported as 
means ± standard error (n = 3). Significant differences relative to the 
control are notated with an asterisk (p < 0.05). Maximal cell densities 
were reached after a 9- and 8-day culture period for C. calcitrans and 
T. lutea, respectively. Vertical dotted lines delineate no statistically 
significant difference in final cell density relative to the control
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treatment wherein a 20% decrease in final cell density was 
observed (Fig. 1). In contrast, final cell densities of T. lutea 
grown in bubbled reactors were not negatively affected by 
inclusion of ALG in the medium and were amplified by 27% 
in the presence of GLU (dosage independent) (Fig. 2).

In both microalgal species examined, a distinct 
GLU > ALG > DEX > DFB trend in growth stimulation 
(for both static and photobioreactor batch cultures) was 
observed. Increasing the dosage of the organic ligand in 
the growth medium by an order of magnitude, based upon 
the recommended metal chelator dosage in the F-nutrient-
enriched seawater growth medium formulation, had no effect 
on microalgae growth (for GLU and DEX) and resulted in 
growth inhibition (for DFB and ALG) and precipitate forma-
tion for ALG treatments. Enhancing the GLU and Fe dosage 
by a factor 5 relative to recommended dosage for F-nutrients 
in the growth medium of the bubbled photoreactors resulted 
in no statistically significant increase in specific growth rate 
of C. calcitrans cultures relative to the standard GLU dos-
age; however, there was a dosage-dependent increase in 
final cell yields relative to the EDTA control (factor of 2.0 
increase for standard GLU and Fe dosage, compared to a 
factor of 2.7 increase for (GLU-Fe) × 5 dosage) (Fig. 2).

Experimental treatments consisted of modified F-nutri-
ent-enriched seawater wherein EDTA was substituted by the 
alternate chelators d-glucuronic acid (GLU), dextran (DEX), 
alginic acid (ALG), or desferrioxamine B (DFB) (metal-
chelating ligand additives applied at a dosage of 0.23 µM 
final culture concentration) and wherein EDTA was omitted 
from the F-nutrient growth media formulation (No EDTA). 
Culture responses to experimental treatments are compared 
to the control (highlighted in bold) consisting of standard 
F-nutrients enriched seawater (EDTA-enriched, 0.23 µM). 
Specific growth rates are reported as means ± standard error 
(n = 4) and calculated for different time intervals of the 
growth curve. For each time interval, specific growth rates 
for control and treatment cultures are organized in descend-
ing order. Significant differences in one column relative to 
the control are notated with an asterisk (p < 0.05).

Experimental treatments consisted of modified F-nutri-
ent-enriched seawater wherein EDTA was substituted by 
the alternate chelators d-glucuronic acid (GLU, 0.23 µM), 
dextran (DEX, 0.23 µM). or alginic acid (ALG, 0.23 µM); 
and for modified F-nutrient-enriched seawater growth media 
consisting of (i) omitted EDTA in the growth media (No 
EDTA), (ii) factor of 5 enhanced EDTA and Fe dosage 
((EDTA-Fe) × 5, 1.15 µM), and (iii) factor of 5 enhanced 
GLU and Fe dosage ([GLU-Fe] × 5, 1.15  µM). Culture 
responses to experimental treatments are compared to the 
control (highlighted in bold) consisting of standard F-nutri-
ent-enriched seawater (EDTA-enriched, 0.23 µM). Specific 
growth rates are reported as means ± standard error (n = 3) 

and calculated for different time intervals of the growth 
curve. For each time interval, specific growth rates for 
control and treatment cultures are organized in descending 
order. Significant differences in one column relative to the 
control are notated with an asterisk (p < 0.05).

Experimental treatments consist of adapted F-nutri-
ent-enriched seawater wherein EDTA was substituted 
by the alternate chelators d-glucuronic acid (GLU), dex-
tran (DEX), alginic acid (ALG), or desferrioxamine B 
(DFB) (metal-chelating additives applied at a dosage of 
0.23 µM final culture concentration), and wherein EDTA 
was omitted from the F-nutrient growth media formu-
lation (No EDTA). Culture responses to experimental 
treatments are compared to the control (highlighted in 
bold) consisting of standard F-nutrient-enriched seawa-
ter (EDTA-enriched, 0.23 µM). Specific growth rates are 
reported as means ± standard error (n = 4) and calculated 
for different time intervals of the growth curve. For each 
time interval, specific growth rates for control and treat-
ment cultures are organized in descending order. Signifi-
cant differences relative to the control are notated with 
an asterisk (p < 0.05).

The stoichiometric C:N ratio of C. calcitrans and T. lutea 
harvested towards the end of the log phase for the control 
cultures averaged 7.18 ± 0.11 and 5.12 ± 0.42, respectively 
(Table 4). Substitution of EDTA with alternate metal-chelat-
ing compounds had no statistically significant effect upon 
cellular C:N ratio at stationary phase. Similarly, enhanced Fe 
and metal chelator (EDTA and GLU) dosage in the growth 
medium had no effect on cellular C:N ratio. Stationary-phase 
cellular Chl a concentration for C. calcitrans cultures grown 
in the GLU-containing growth media were significantly 
enhanced by ~ 24% relative to EDTA-enriched cultures, irre-
spective of GLU dosage (Table 4). Other candidate metal 
chelators in C. calcitrans cultures had no statistically signifi-
cant effect upon cellular Chl a concentration. Substitution of 
EDTA with alternate chelators had no detectable effect on 
cellular Chl a levels of T. lutea cultures.

Chaetoceras calcitrans biomass harvested at stationary  
phase was characterized by a total fatty acid content of 
96.24 ± 1.27 mg FAME  g−1 dry weight in EDTA- and GLU-
enriched cultures (Table 4). A ~ 22% decrease in total fatty 
acid content for C. calcitrans was observed for ALG and DEX 
treatments, mainly driven by decreased saturated and mono-
unsaturated fatty acid content. A dosage-dependent increase 
of 27 to 32% over EDTA-enriched cultures in C. calcitrans 
omega-3 polyunsaturated fatty acid (PUFA) content was 
observed in GLU treatments. Increased GLU dosage in the 
growth medium was paired with an increased algal omega-3 
PUFA content. No statistically significant change in C.  
calcitrans omega-3 PUFA content was observed for DEX and 
ALG. Total fatty acid content and omega-3 PUFA content  
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in T. lutea cultures averaged 135.11 ± 2.13 and 11.90 ± 0.72, 
respectively, and was not affected by the choice of metal-
chelating agent and applied dosage in the growth medium.

Independent of the metal-chelator compound considered 
in the growth medium (control or experimental treatments), 
no statistically significant difference in measured dissolved 
Fe concentrations in the growth medium prior inoculation 
was observed. Dissolved Fe concentrations at the onset of 
algal culture experiments were 0.23 ± 0.03 µM for control 

and alternate chelator candidates, applied at equivalent dos-
age. The measured abundance of TEP in the growth media 
prior inoculation was below limit of detection across control 
and experimental treatments.

Depending upon the metal-chelating agent present in 
the growth media (control or treatments), microscopic 
examination of T. lutea cultures, grown in static condi-
tions, showed a different abundance of alcian blue–stained 
particles indicative for polysaccharide-containing TEP. 

Fig. 3  Transparent exopolymer 
particle (TEP) distribution in 
stationary-phase Tisochrysis 
lutea cultures exposed to dif-
ferent chelating compounds 
in standard and modified 
F-nutrient-enriched seawater 
(static batch culture growth 
conditions). TEPs were made 
visible through alcian blue 
staining of the anionic carboyl 
or halfester-sulfate groups of 
acidic polysaccharides. A, B 
EDTA (control). C F-nutrients 
growth media formulation 
devoid of EDTA (No EDTA). 
D desferrioxamine B (DFB). E 
d-Glucuronic acid (GLU). F, G 
Alginic acid (ALG). H Dextran 
(DEX)

A

B

C

D

E

F

G

H
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Abundant and large (> 20  μm) TEPs were present in 
the culture media of GLU and ALG treatments (Fig. 3). 
Smaller (< 20 μm) and less abundant TEPs are observed in 
the control (EDTA-chelated) F-nutrient-enriched seawater 
treatment. In DFB and DEX treatments and microalgal 
cultures devoid of externally added metal-chelating agent 
(No EDTA), no significant amounts of alcian blue stain-
able TEPs were visualized. Colorimetric determination of 
TEP abundances in C. calcitrans cultures grown in bub-
bled photobioreactors ranged between 67.6 μg X eq.  mL−1 
for ALG; 23.4 μg X eq.  mL−1 for the EDTA (control treat-
ment); and 12.3 μg X eq.  mL−1 in the absence of an exter-
nal metal-chelating agent in the culture media (Table 5). 
TEP abundances in T. lutea cultures were systematically 
lower relative to TEP abundances for the diatom species 
when comparing equivalent treatments. Maximal TEP 
abundances in T. lutea cultures were equally observed 
for ALG treatments (42.1 μg X eq.  mL−1), representing 
over a factor of 3 increase relative to the control (EDTA) 
treatment.

Discussion

General findings

Substitution of EDTA with organic metal-chelating ligands 
in the growth media of two model marine microalgae spe-
cies (C. calcitrans and T. lutea) cultivated in static batch 
cultures and in bubbled photobioreactors generally had no 
detrimental effects on culture development and in some 
cases improved microalgal culture characteristics (specific 
growth rate and final cell density) as well as algal nutri-
tional profile (omega-3 PUFA and Chl a content). Observed 
effects of EDTA substitution with alternate metal-chelating 

compounds were dependent upon culture condition, micro-
algal species, chelator type, and dosage. Inclusion of alter-
nate chelators in the growth media induced a generally more 
pronounced culture response for C. calcitrans, relative to T. 
lutea, in terms of specific growth rate and final cell yield 
enhancement, as well as on algal biochemical composi-
tion alteration. In both microalgal species and both cultur-
ing types (batch and photobioreactor), microalgal growth 
stimulation by EDTA alternatives examined in this study 
consistently followed a GLU > ALG > DEX > DFB trend in 
culture response (with the exception of DFB with T. lutea, 
wherein reduced growth relative to EDTA was observed).

Collectively, our results (i) emphasize the sub-optimal 
growth conditions provided by EDTA-chelated growth 
media for microalgal cultivation, and (ii) show that inclu-
sion of candidate alternative chelators in growth medium 
formulations may represent a promising strategy to reduce 
the use of non-biodegradable chelators such as EDTA in 
microalgae cultivation practices while providing growth 
acceleration and algal biomass nutritional profile enhance-
ment. Several physiological and ecological mechanisms may 
underlie our observations.

Effect of alternate metal‑chelating compounds 
upon microalgal growth and biomass composition

Synthetic aminopolycarboxylates, such as EDTA, are used 
widely in microalgal culture media formulations as trace 
metal ion–chelating agents (Gerringa et al. 2000; Sunda 
et al. 2005). Although EDTA is effective at controlling 
speciation of free metal ions in growth media, sub-optimal 
growth conditions for the microalgal species examined in 
this study were observed relative to several alternatives. 
These observations are consistent with reported sub-optimal 
growth related to lower Fe bioavailability and Fe uptake for 

Table 5  Transparent exopolymer particle (TEP) concentration and 
microalgal-cell normalized abundance of TEP of C. calcitrans and 
T. lutea cultures grown in bubbled photobioreactors in response to 
different chelating compounds in standard and modified F-nutri-
ent-enriched seawater. Culture samples were harvested at station-

ary phase following 8  days of cultivation. TEP abundances are 
expressed in mass xanthan (X) gum equivalent. Values are reported as 
means ± standard error (n = 3). Significant differences relative to the 
control are notated with an asterisk (p < 0.05)

Chaetoceros calcitrans Tisochrysis lutea

TEP culture
(μg X eq.  mL−1)

TEP per cell (pg X eq. 
 cell−1)

TEP culture
(μg X eq.  mL−1)

TEP per cell 
(pg X eq. 
 cell−1)

EDTA (control) 23.42 ± 2.32 1.71 ± 0.33 13.01 ± 1.18 0.74 ± 0.07
[EDTA-Fe] × 5 25.10 ± 3.17 1.40 ± 0.10 12.55 ± 3.02 0.75 ± 0.21
GLU 42.57 ± 2.07* 1.57 ± 0.38 24.89 ± 1.68* 1.11 ± 0.73*
[GLU-Fe] × 5 59.72 ± 4.10* 1.65 ± 0.47 29.86 ± 2.92* 1.35 ± 0.53*
ALG 67.60 ± 3.02* 3.03 ± 0.12* 42.11 ± 4.21* 2.42 ± 0.60*
DEX 26.89 ± 1.08* 1.18 ± 0.30 12.72 ± 1.81 0.72 ± 0.34
No EDTA 15.26 ± 1.92* 4.05 ± 0.41* 14.37 ± 2.42 2.81 ± 0.17*
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the cultivation of plants (i.e., rice seedlings) and coastal 
microalgal species (i.e., Heterosigma akashiwo, Prymnesium 
parvum, and Skeletonema marinodohrnii complex) when 
EDTA was used as the metal chelator in the hydroponic or 
microalgal growth medium, compared to when EDTA was 
replaced by HIDS, a biodegradable chelator (Hasegawa et al. 
2012; 2018). In the present study, substitution of EDTA with 
several organic alternatives increased microalgal growth 
rates, especially in the initial days following culture inocu-
lation, for C. calcitrans and T. lutea. Observed effects of 
organic metal-chelating ligands upon algal growth are likely 
related to metal bioavailability.

At a fundamental level, the conditions that control Fe bio-
availability include the physical state (precipitate, colloidal, 
or soluble) and chemical speciation (free, organically bound, 
mineral bound) of the element, combined with biological 
cellular Fe requirements and Fe-uptake pathways (Bruland 
et al. 1991; Sunda and Huntsman 1995b; Worms et al. 2006; 
Shaked and Lis 2012). Complexation of Fe with metal-
chelating ligands (L) [Fe–L complex] solubilizes ferric Fe 
in the growth medium. Ligand concentration and stability 
constants of Fe–L complexes (KFe-L) are important factors 
determining Fe solubility in the growth medium and also 
influence the bioavailability and uptake of Fe in plants and 
phytoplankton (Hassler and Schoemann 2009; Hasegawa 
et al. 2018). The candidate ligands examined in this study 
cover a range of molecule sizes, physiochemical properties, 
and Fe-chelating strengths. Chelating organic ligands com-
monly are categorized into two classes, operationally defined 
as L1 and L2, based upon relative binding affinities with Fe 
(Hunter and Boyd 2007). Strong binding ligands, L1, such 
as the hydroxamate siderophore desferrioxamine B (DFB), 
have affinity for Fe similar to those of bacterial siderophores, 
whereas L2 class ligands have weaker binding capacity (Rue 
and Bruland 1997; Gledhill and Buck 2012). Saccharides, 
such as GLU, DEX, and ALG, are considered to be L2 class 
ligands. Iron in the presence of weaker ligand classes (L2) 
is stabilized within the dissolved phase, predominantly in 
inorganic  (Fe3+, Fe(OH)2+, Fe(OH)+

2) and colloidal form of 
Fe that are highly bioavailable (chemically labile) (Hassler 
et al. 2011). In contrast, siderophores are characterized by 
a high affinity constant for Fe(III), and efficiently compete 
for organically bound Fe(III) (Croot et al. 2004; Maldonado 
et al. 2005). As such, L1 class ligands like DFB can inhibit 
microalgal growth, as observed in this study, which is proba-
bly attributable to the competitive behavior of complexation 
of Fe(III)-L in the medium and Fe uptake by phytoplankton 
(Shaked and Lis 2012).

In the present study, at equivalent dosage the effect of 
weaker binding ligands GLU > ALG > DEX for both model 
microalgae examined was consistent with expectations based 
on the respective KFe-L of these compounds. The efficiency 

of GLU, relative to ALG and DEX, in promoting Fe solu-
bility and enhanced Fe algal uptake has been observed in 
several groups of eukaryotic polar phytoplankton in both 
cultured and natural settings (Hassler and Schoemann 2009; 
Hassler et al. 2011). The uronic acid, glucuronic acid (GLU, 
a monosaccharide), is a major constituent in the EPS of het-
erotrophic and autotrophic microbes, such as the haptophytes 
Emiliania huxleyi and Phaeocystis (Hoagland et al. 1993; 
Nichols et al. 2005). Hassler et al. (2011) demonstrated that 
the presence of GLU (5 nM) in the growth medium increased 
the Fe uptake rate by eukaryotic phytoplankton (Chaetoceros 
sp. and Phaeocystis sp.) by 2.3-fold (Hassler et al. 2011), 
highlighting increased iron bioavailability resulting from 
saccharides forming highly bioavailable organic associations 
with iron and increasing iron solubility. Our observations 
of increased algal growth in the presence of organic metal-
chelating ligands in the growth medium of two “domesti-
cated” marine microalgal species show that the influence of 
these organic compounds on microalgal culture performance 
is a common phenomenon that goes beyond enhancing Fe 
solubility in oxic environments and represents an opportunity 
for improved commercial production of microalgae.

Inclusion of L2 organic ligands in the growth medium 
resulted in microalgal species-dependent growth responses, 
with C. calcitrans grown with GLU showing the most prom-
ising improvement over EDTA. Based upon the Fe uptake 
model for eukaryotic phytoplankton in the presence of L2 
chelating ligands, it is inferred that dissolved Fe(III) species 
in the growth medium may become precipitated on the algal 
cells as colloidal forms of Fe (denoted as Fe(III)′) that facili-
tate algal Fe uptake (Hasegawa et al. 2018). Prior to intracel-
lular Fe uptake, Fe(III)′ species supplied on the cell surface 
are transformed into suitable forms (biologically mediated 
reduction of Fe(III) compounds by reductases located on 
the cell surface) and subsequently transported across the 
cell membrane (Anderson and Morel 1982; Marchetti et al. 
2006). Weak ligands, such as the saccharides examined in 
this study, have been shown to facilitate access of phyto-
plankton to Fe by more readily disassociating and releas-
ing Fe(III)′ to the cell surface (Hassler et al. 2011, 2015). 
Iron acquisition for phytoplankton is biologically mediated 
through highly species-dependent uptake transport systems 
often involving the reduction of Fe(III)′ (Shaked and Lis 
2012). Generally, diatoms are known to use a surface reduc-
tase that reduces Fe(III) organically bound to the cell sur-
face, thus favoring the subsequent dissociation of the Fe(II) 
complex and Fe internalization (Shaked et al. 2005). The 
varying culture response following exposure to a series of 
organic ligands for the two microalgal species examined in 
this study are likely partly attributable to (i) Fe uptake strat-
egy differences between the microalgal species examined for 
both ferric and ferrous iron Fe and/or involved ferrireductase 
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system, or (ii) different Fe-binding capacity of the cell sur-
face before uptake of Fe.

GLU significantly increased algal growth and final cell 
density for both microalgal species examined in this study. 
For C. calcitrans, inclusion of GLU also significantly 
increased final cell yield and EPS abundance in the cul-
ture and enhanced the Chl a and omega 3-PUFA contents 
of algal biomass. Enhanced microalgal growth, combined 
with increased yield, indicates that in the alternate-chelator-
supplemented growth medium, more nutrient and carbon 
are bioavailable for microalgal assimilation. In regard to the 
higher chlorophyll contents, Fe is an essential element for 
chlorophyll biosynthesis, acting in elementary enzymatic 
reactions of photosystems I and II (Sun et al. 2014). Accord-
ingly, increased algal growth may reflect proficient photo-
synthetic performance in the presence of GLU-Fe chela-
tion. Enhancement of the PUFA content of algal biomass, 
and specifically omega-3 PUFAs, is essential to improve 
the quality of algal biomass feedstock in various industries 
(Tocher 2015). Although enhanced fatty acid and lipid pro-
ductivity are often obtained under nutrient (N, Fe) stress 
conditions (Singh et al. 2015), increased biomass production 
and lipid content of the microalgae Chlorella vulgaris and 
Scenedesmus obliquus were reported when the medium was 
supplemented with high Fe concentration (Liu et al. 2008; 
Abd El Baky et al. 2012).

A significant increase in final cell density was observed 
for both model microalgae species examined in the presence 
of GLU in the growth medium, with a more pronounced 
(and dosage-dependent) effect in C. calcitrans (up to a factor 
2–2.5 increase in yield) relative to T. lutea (25% increase). 
Glucuronic acid is the uronic acid analog of glucose. Conse-
quently, enhanced final cell yields could partly be explained 
by mixotrophy (use of phototrophy and heterotrophy in 
combination) using organic substrates in the growth media 
(Burkholder et  al. 2008). The marine green microalgae 
Tetraselmis suecica and diatom Cyclotella cryptica have 
recently been shown capable of mixotrophic growth on glyc-
erol, glucose, and acetate (Smith et al. 2020). Similarly, the 
diatom Phaeodactylum tricornutum can be cultured mixo-
trophically in the presence of glycerol resulting in fourfold 
increases in final cell density compared to photoautotrophic 
culture (Smith et al. 2020). The varying effect of GLU upon 
final cell yield of C. calcitrans and T. lutea in our experi-
ments likely reflects a species-dependent ability for the 
uptake of organic substrates. Collectively, our observations 
show that the effect of substitution of EDTA with several 
organic metal-chelating ligands extends beyond maintaining 
optimal Fe solubility in the growth medium, with beneficial 
effects on maximal cell yield and algal biomass composition.

Organic complexation of Fe with EPS is essential for 
the biogeochemical cycling of Fe in the oceans (Hassler 
et al., 2015). Distinct 5–20 μm TEPs were visualized in 

stationary-phase T. lutea cultures in the presence of GLU 
and ALG and were less obvious in other evaluated chelator 
compounds (control and treatments). Stationary-phase gross 
TEP concentrations in C. calcitrans and T. lutea cultures in 
the presence of GLU and ALG were markedly higher rela-
tive to the control and other examined candidate chelators. 
Accordingly, cell normalized TEP abundances were signifi-
cantly enhanced for both microalgae species in the presence 
of ALG, and in the presence of GLU for T. lutea cultures. 
Observed TEP abundances are likely of algal origin given 
the below detectable levels of TEP in the growth medium 
prior inoculation. These saccharide-rich TEPs interfere with 
metal bioavailability as formerly observed for closely related 
EPS compounds (Hassler et al. 2011). The paired increased 
microalgal culture performance and algal EPS production 
in the presence of GLU and ALG implies a potential role of 
these compounds in the stimulation of algal EPS production, 
enhancing iron bioavailability and correspondingly algal 
growth. The absence of detectable differences in measured 
dissolved Fe concentrations in the growth media at the onset 
of algal growth experiments imply that observed difference 
in microalgal culture performance is not related to initial 
dissolved Fe levels in the growth media, and likely partly 
controlled by the in situ EPS budget and EPS-Fe complexa-
tion dynamics.

The omission of metal chelators addition in the growth 
medium of C. calcitrans cultures grown in static batch cul-
ture conditions had no detrimental effect on algal growth 
and resulted in statistically similar final cell yields at station-
ary phase relative to the control. These observations imply 
the presence of sufficient naturally occurring metal-chelat-
ing compounds in the algal inoculum or originating from 
organic carbon impurities on the culture flasks, to support 
microalgal growth.

Similarly, consideration of the contribution of these 
organic compounds in microalgal cultivation is relevant to 
our understanding of Fe nutrition and has a series of practi-
cal implications for the optimization of microalgal cultiva-
tion practices. Upon inoculation, growth lag and fail are a 
concern and likely result from sub-optimal bioavailability of 
essential metals associated with low dissolved organic mat-
ter levels following conditioning (filtration, pasteurization, 
autoclaving, or oxidation with hypochlorite or UV light) of 
growth media. Furthermore, the amount of natural chelat-
ing compounds in unconditioned (unheated and unsterilized) 
seawater is 10,000 X too dilute to balance macronutrient 
concentrations in media formulations and anticipated final 
cell abundances. Sub-optimal growth conditions in the 
presence of EDTA (with no inclusion of external organic 
ligands) in our experiments show a lag phase in cultures 
of T. lutea and significantly slower growth for both species 
examined, particularly in the initial days of culture develop-
ment. In this context, the present study demonstrates that 
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balancing organic metal-chelating compounds in growth 
media formulations is an important component for maximiz-
ing growth and preventing potential culture failures.

Implications for aquaculture live‑feed production 
and cellular agriculture

Attractive biochemical compositional features and rapid 
growth rates confer on marine microalgae significant prom-
ise for the production of whole-cell aquaculture live feeds 
and functional feed ingredients, as well as other valuable 
chemicals with broad biotechnology applications (Yarnold 
et al. 2019). The ability to achieve high cell yields of strains 
with high nutritional value (elevated lipid or omega-3-PUFA 
content), and rapid growth rates, is a key requirement to 
achieve large-scale, economically viable microalgal pro-
duction (Khan et al. 2018). The present study demonstrates 
that the benefits of substituting EDTA, or other synthetic 
aminopolycarboxylate (APC) ligands, with organic metal-
chelating compounds goes beyond decreasing the environ-
mental footprint of microalgal production practices to confer 
production advantages.

Microalgal species examined in this study are widely cul-
tivated for live single-cell feed production during larval rear-
ing of bivalves, crustaceans, and marine fish in aquaculture 
hatcheries (Borowitzka 1997). Observed increased specific 
growth rates of C. calcitrans cultures, paired with doubling 
of the final cell yield when grown in GLU-chelated growth 
media, are advantages maximizing microalgal production 
output (Oostlander et al. 2020). Additionally, enhanced 
biosynthesis of omega-3 PUFA in C. calcitrans in the pres-
ence of GLU is an important added-value, as PUFAs are an 
essential and short-supplied ingredient in aquacultural feeds 
(Tocher 2015).

Chaetoceros calcitrans has been found to be difficult to 
grow in continuous cultures systems, and thus is widely pro-
duced in labor-intensive batch culture systems ranging from 
carboys to plastic bags to high-volume tanks (Kaspar et al. 
2014). Our proposed modifications of seawater enrichment 
represent a strategy to (i) reduce the time interval between 
inoculation and harvest, (ii) significantly increase cell yields 
of labor-intensive microalgal cultures, and (iii) improve the 
algal biomass biochemical profile by increasing omega-3 
PUFA content at no additional cost relative to industry 
standard (EDTA). Proposed EDTA alternatives are readily 
applicable across commercial high-density microalgal pro-
duction systems and are operationally equivalent (shelf life, 
thermal stability, etc.).

Microbially derived organic compounds and other EPS 
components (e.g., alginate, sulfated polysaccharides) pos-
sess a spectrum of physiochemical properties and bioac-
tivities of relevance for pharmaceutical applications (e.g., 
antiviral, antibacterial, anti-inflammatory, antioxidant, and 

immunostimulatory activities), as well as biotechnological  
applications (anti-adhesive, biosurfactant, and bioemulsifying  
properties) (Xiao and Zheng 2016; Yu et al. 2018). Inclusion  
of these compounds in microalgal growth media formulations  
may also contribute to beneficial downstream effects for the 
marine animals consuming microalgal feeds, such as improved 
resistance to abiotic and biotic stressors. Microbial EPS, such 
as dextran (synthesized by Lactobacillus sakei MN1), have 
been confirmed to possess antiviral and immunomodulatory 
properties, for instance against salmonid viruses (Nácher-
Vázquez et al. 2015). Similarly, immunostimulatory effects in 
juvenile shellfish, white shrimp, and juvenile carp have been 
reported following dietary supplementation with marine (alg-
inate-derived) oligosaccharides (Mohan et al. 2019). Hence, 
marine-derived saccharides and other EPS components, 
closely resembling the candidate metal chelators examined 
in this study, show notable promise to optimize microalgal 
cultivation practices but also the growth performance and 
health conditions of aquatic animals.

Conclusion

Replacement of EDTA as a metal-chelating agent in micro-
algal seawater enrichments with several candidate alterna-
tives was shown to have significant advantages related to 
culture performance of relevance for industrial microalgal 
production. Perhaps more importantly, substituting biode-
gradable ligands for EDTA, which can be characterized as 
a persistent organic pollutant, answers the societal call for 
aquaculture and other industrial practices that are environ-
mentally benign and sustainable.

Fe is fundamental for algal metabolism; therefore, 
sufficient Fe bioavailability for microalgal cultivation is 
an important consideration for the development of high-
output marine microalgal production systems. This study 
demonstrates that substitution of EDTA in the growth 
media by organic metal-chelating compounds character-
ized by a weak binding capacity for metallic cations (e.g., 
glucuronic acid, alginic acid, and dextran) has no detri-
mental effect, and can enhance growth and biochemical 
composition of two model marine microalgal species, 
Chaetoceros calcitrans and Tisochrysis lutea. Besides 
presenting an environmentally sustainable alternative to 
EDTA, modifications of media formulations to include 
organic metal-chelating compounds have the potential 
to increase specific growth rates, especially in the early 
stages of microalgae culture development, increase final 
cell yield, and increase the omega-3 PUFA content of algal 
biomass. The beneficial effects of organic chelators upon 
algal growth, yield, and nutritional composition are likely 
attributable to Fe uptake pathways, which depend upon the 
types and concentrations of chelating ligands, combined 
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with the potential for mixotrophy of the microalgal species 
considered. Proposed organic metal-chelating enrichment 
alternatives are easily implementable in current microalgal 
cultivation practices, add no significant additional cost, 
and furthermore have the potential to enhance the produc-
tivity and nutritional profile of microalgae of relevance to 
a wide range of algae-based biotechnologies.
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