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« Quant aux infusoires, reprit-il, quant à ces  

milliards d’animalcules, qui existent par millions  

dans une gouttelette, et dont il faut huit cent mille  

pour peser un milligramme, leur rôle n’est pas  

moins important. Ils absorbent les sels marins, ils  

assimilent les éléments solides de l’eau, et,  

véritables faiseurs de continents calcaires, ils  

fabriquent des coraux et des madrépores! » 

 

Jules Verne, Vingt mille lieues sous les mers, 1869 
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Summary 
 

Phosphorus (P) is generally the limiting nutrient for primary production in freshwater systems. 

Elevated P concentrations can cause eutrophication, potentially resulting in adverse effects on the 

quality of water systems due to excessive algal blooms. Algal growth is not only related to the total P 

concentration in water but also to the P speciation i.e. the chemical form of P such as ionic 

orthophosphate (Pi), organic P forms (mainly phosphate esters) and inorganic colloidal P forms such 

as iron colloids loaded with P. Current analytical methods detect different proportions of these P 

forms and simple detection techniques, like colorimetric methods, are not sufficiently successful in 

predicting the bioavailable P fraction. The general objective of this study was to quantify the 

bioavailability of dissolved (<0.45 µm) P species in freshwater in relation to P detected by most 

frequently used analytical methods. Previous studies, mostly neglecting colloidal P forms, report that 

the long term bioavailable P fraction of organic P range from 0 to 100%. The long term availability 

is generally defined as the P that becomes ultimately bioavailable by naturally occurring processes 

and is higher than the short term (readily) P bioavailability. 

Four analytical methods to measure P in solution were compared: ion chromatography (IC), 

malachite green colorimetric method (CM), diffusive gradient in thin films technique (DGT) and, for 

total dissolved P (TDP), inductively coupled plasma with optical emission spectroscopy (ICP-OES). 

These methods were compared on three sets of solutions in the dissolved (filtered over < 0.45 µm) 

fraction: solutions with model organic P compounds, suspensions of synthesized inorganic Fe and 

Al colloids loaded with P, and environmental P containing samples. Model organic P compounds 

were found to be generally rather refractory towards both colorimetry and ion chromatography 

(typical P detection < 2% of TDP) while synthetic inorganic colloids were detected almost 

completely by colorimetry and partially by chromatography. The DGT technique is the best method 

to exclude inorganic colloidal P from in measurement of Pi. It is hypothesized that colloidal particles 

are too large to diffuse through the diffusive DGT layer. However, substantial fractions of certain 

organic P compounds might contribute to the DGT measurement since colorimetric detection of 

the DGT eluates was lower than TDP detection for three out of the five tested organic P 

compounds. Detection of organic P by DGT could be reduced by (i) using ion chromatographic or 
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colorimetric detection of the DGT eluates instead of TDP detection, (ii) decreasing the acidity of the 

eluents and (iii) decreasing the elution time. From a wide set of 271 samples of soil pore water, 

groundwater and surface water, data suggest that surface water P is largely present as 

orthophosphate and phosphate sorbed onto inorganic colloids, whereas organic P forms contribute 

more importantly in groundwaters and soil pore waters. 

It is well established that inorganic colloidal and dissolved organic forms of P are bioavailable to 

freshwater algae but analytical P measurements have rarely been compared with bioavailability for 

both model systems and environmental samples. In a second part, the P bioavailability of similar 

sample sets as described above (organic, colloidal and environmental) was examined in relation to 

analytical measurements of initial P concentrations. The P bioavailability test used the 14 day growth 

response of an axenic culture of Pseudokirchneriella subcapitata in solution with P as limiting nutrient. 

Growth on these P forms was referenced to supplies of Pi as operational definition of the relative 

potential bioavailability. The 14 environmental samples were standardized to equal concentrations of 

dissolved organic C and other nutrients. The bioavailability of organic P compounds ranged from 1 

to 70% of Pi while these forms were generally not detected by colorimetry or ion chromatography 

The bioavailability of colloidal P ranged from 55 to 85% of Pi and these forms were completely 

detected by colorimetry and partially by ion chromatography. The bioavailability of total dissolved P 

in the environmental samples ranged from 7 to 85% (mean 43%) of Pi. The P detected by ion 

chromatography underestimates largely, while colorimetric detection and TDP overestimate the 

bioavailable P fraction by, on average 44% (colorimetric detected P) or 57% (TDP) in the 

environmental samples. We conclude that colorimetric P detection is the best index among the three 

tested for predicting long term availability of environmental dissolved P in which colloidal P 

contributes more importantly than organic P.  

Phosphorus starved algae have a capacity to rapidly take up P when resupplied with P. In the third 

part of this research, an experiment to measure to what extent P starvation enhances the potential of 

algae to utilize organic P forms was carried out. The initial (< 0.5 h) Pi uptake rates of cells of 

Pseudokirchneriella subcapitata increased up to 18-fold with increasing starvation. Algae from different 

levels of P starvation were subsequently exposed to different model organic P forms and carrier-free 
33Pi. Uptake (1h) of P from organic P increased up to 5-fold with increasing P starvation. The 
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bioavailability of organic P, relative to Pi, was calculated from uptake of 31P and 33P isotopes 

assuming no isotopic exchange with organic P forms. This relative bioavailability ranged from 0 to 

57% and remained generally unaffected by the extent of P-starvation. This result was found for cells 

that were either or not treated by a wash method to remove extracellular phosphatases. Short term P 

uptake rate sharply increases with decreasing internal P content of the algal cells but the 

bioavailability of organic P, relative to PO4, is not enhanced. Such finding suggests that P-starvation 

enhances the PO4 uptake capacity and the hydrolysis capacity of organic P forms to about the same 

extent. 

Overall, this study illustrates that colloidal P forms may contribute importantly in environmental 

water samples. These P forms contribute importantly to P detection by ion chromatography and 

colorimetry measurement but its bioavailability would remain rather limited. It is not expected that 

organic P forms in environmental waters contribute significantly to ion chromatographical or 

colorimetrical detection but these forms may contribute to P bioavailability, with increasing 

importance in function of time (minutes versus weeks). Future research should test the DGT 

technique for P bioavailability estimation in environmental samples as indirect evidence in this work 

suggest that DGT may be superior than colorimetric P detection. Subsequently, the short term P 

bioavailability of environmental inorganic colloidal P may be examined as well as the presence of 

other algal and bacterial species on this P bioavailability. 
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Samenvatting 

Fosfor (P) wordt algemeen beschouwd als het meest limiterende nutriënt voor de primaire 

productie in zoetwatersystemen. Verhoogde P-concentraties kunnen eutrofiëring veroorzaken, met 

nadelige gevolgen voor de waterkwaliteit door een overdadige algenbloei. Algengroei is niet zonder 

meer afhankelijk van de totale P-concentratie in het water maar ook van de P-speciatie; of met 

andere woorden van de verdeling van P over verschillende chemische vormen zoals orthofosfaat 

(Pi), organische P-verbindingen (voornamelijk fosfaatesters) en anorganische colloïden (P 

geassocieerd met ijzercolloïden). Frequent gebruikte analytische methoden voor de bepaling van de 

P-concentratie detecteren verschillende proporties van deze P-vormen waardoor eenvoudige 

technieken, zoals colorimetrie,  niet voldoende precies zijn om de biologisch beschikbare fractie te 

voorspellen. Het algemene doel van deze studie was om de biologisch beschikbare P-fractie in de 

opgeloste fase (< 0,45 µm) te kwantificeren en in verband te brengen met de P zoals die 

gedetecteerd wordt met gebruikelijke analytische methoden. Voorgaande studies, die  de colloïdale 

P-vormen meestal niet in rekening brachten, rapporteren dat de biobeschikbaar P op lange termijn 

kan variëren van 0 tot 100%. Deze lange termijn biobeschikbare P wordt algemeen gedefinieerd als 

de P die uiteindelijk beschikbaar is door natuurlijke processen. Ze is groter dan de korte termijn 

biobeschikbare P; de onmiddellijk beschikbare P-fractie. 

Er werd begonnen met de vergelijking van vier analytische methoden om de P-concentratie in 

water te meten: ion chromatografie (IC), colorimetrie  met malachiet groen (CM), de diffusive gradient 

in thin films technique (DGT) en, voor totaal opgeloste P (TDP), inductively coupled plasma met optische 

emissie spectroscopie (ICP-OES). Deze methoden werden vergeleken op drie reeksen van 

oplossingen gefilterd doorheen een membraanfilter (< 0,45 µm): oplossingen met organische P-

componenten, suspensies van synthetische Fe- en Al-colloïden geladen met P en natuurlijke 

waterstalen die P bevatten. De meeste model organische P-componenten bleven eerder inert onder 

invloed van colorimetrische en chromatografische detectie (< 2% van TDP). De P geassocieerd met 

synthetische colloïden werd echter bijna volledig gedetecteerd via colorimetrie en gedeeltelijk ook 

met ionchromatografie. De DGT was de beste methode om colloïdale P-vormen uit te sluiten 

gedurende Pi-meting. Er werd verondersteld dat de colloïdale partikels te groot zijn om ongehinderd 
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doorheen de diffuse gellaag van de DGT’s te diffunderen. Bepaalde organische P-componenten 

kunnen echter wel substantieel bijdragen tot P-meting door DGT. Deze fractie kan geminimaliseerd 

worden door (i) chromatografie of colorimetrie te gebruiken als methode om P in de DGT-eluaten 

te meten, (ii) het verminderen van de zuurheid van de oplossing van de eluaten en (iii) verminderen 

van de elutietijd. De data van een uitgebreide reeks natuurlijke stalen van bodemporiewater, 

grondwater en oppervlaktewater suggereren dat oppervlaktewater-P grotendeels bestaat uit Pi en P 

geassocieerd met colloïdale partikels terwijl organische P-vormen een groter belang hebben in 

grondwater. 

Het is gekend dat colloïdale en organische P-vormen biobeschikbaar kunnen zijn voor 

zoetwateralgen maar eenduidige verbanden tussen analytische P-metingen van model P-

componenten en P aanwezig in natuurlijke waterstalen enerzijds en hun biobeschikbaarheid 

anderzijds ontbreken. In een tweede deel werd de biobeschikbare P van gelijkaardige stalen als 

hierboven beschreven (organisch, colloïdaal, natuurlijk) onderzocht en gerelateerd met de 

analytische P-meting van de P-concentraties bij aanvang van de algengroeitest. De P-

beschikbaarheidstest was gebaseerd op de groeirespons gedurende 14 dagen van een axenische 

cultuur van Pseudokirchneriella subcapitata in testmedia met P als limiterend nutriënt. Voor de 

berekening van de biobeschikbare P werd een operationele definitie gehanteerd waarbij we de 

verhouding namen van de maximale celdensiteit bereikt op een bepaalde P-vorm relatief tegenover 

de maximale celdensiteit bereikt op dezelfde Pi-concentratie. De 14 natuurlijke waterstalen werden 

gestandaardiseerd naar gelijke concentraties aan opgelost C en andere nutriënten. De 

biobeschikbaarheid van de organische componenten varieerde tussen 1 en 70% van Pi-

beschikbaarheid terwijl deze P-vormen niet gedetecteerd werden door ion chromatografie en 

colorimetrie. De biobeschikbaarheid van de colloïdale P varieerde tussen 55 en 85% van de Pi-

beschikbaarheid terwijl deze vormen compleet gedetecteerd worden met colorimetrie en gedeeltelijk 

met ionchromatografie. De biobeschikbaarheid van de totale opgeloste P van de natuurlijke 

waterstalen varieerde tussen 7 en 85% (gemiddeld 43%) van de Pi-beschikbaarheid. De P gemeten 

met ionchromatografie onderschat, terwijl colorimetrie en TDP de biobeschikbare P overschatten 

met respectievelijk 44 en 57%. We stellen dat de CM de beste index van de drie geteste analytische 

methoden vormt om de lange termijn biobeschikbare P van natuurlijk opgeloste P-stalen te 
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voorspellen in media waar colloïdale P-vormen in belangrijkere mate bijdragen dan organische P-

vormen. 

Algencellen die uitgehongerd zijn wat P betreft, beschikken over de capaciteit om snel P te 

accumuleren na aanvulling van P in het medium. Daarom werd het potentieel van P-uitgehongerde 

algencellen om Pi en organische P-vormen te accumuleren nagegaan. De initiële (< 0.5 uur) P-

opnamesnelheden van Pseudokirchneriella subcapitata verhoogden met een factor 18 met toenemende 

P-uitputting. Algen met verschillende graad van initiële P-uitputting werden vervolgens blootgesteld 

aan verschillende model organische P-componenten in combinatie met carrier-vrij 33Pi. De P-

opname (gedurende 1 uur) van organische P-componenten vermeerderde met een factor vijf met 

toenemende P-uitputting. De biobeschikbaarheid van de organische P, relatief tegenover Pi, werd 

berekend aan de hand van opname van 31P en 33P isotopen in de veronderstelling dat geen 

isotopische uitwisseling optreedt met de organische P-vormen. De relatieve biobeschikbaarheid 

varieerde van 0 tot 57% en was doorgaans onafhankelijk van de graad van P-uitputting. Het 

toepassen van een wasmethode om extracellulaire fosfatasen te verwijderen had geen invloed op 

deze resultaten. De korte termijn P-opnamesnelheid steeg snel met dalend intern P-gehalte van de 

algencellen maar de biobeschikbaarheid van organisch P, relatief tegenover Pi, bleef ongewijzigd. 

Deze bevindingen suggereren dat P-uitputting van algencellen de opnamecapaciteit van Pi bevordert 

maar dat tegelijk ook de capaciteit om organisch P te hydrolyseren ongeveer proportioneel 

toeneemt. 

Samengevat toont deze studie aan dat colloïdale P-vormen een belangrijke rol spelen in natuurlijke 

waterstalen. Deze P-vormen worden vlot meegemeten via ionchromatografie en colorimetrie terwijl 

hun biologische beschikbaarheid eerder laag blijft. Van de meest voorkomende organische P-

vormen in natuurlijke waterstalen wordt niet verwacht dat ze veel bijdragen tot ionchromatografisch 

of colorimetrisch gemeten P terwijl deze P-vormen wel bijdragen tot de biologisch beschikbare 

fractie, zeker na een langere blootstellingsduur (weken versus minuten). Toekomstig onderzoek kan 

zich toespitsen op de DGT-techniek als een nog betere index dan de colorimetrie voor de 

voorspelling van biobeschikbaar P in waterstalen. Vervolgens kan de korte termijn biobeschikbare P 

voor natuurlijke colloïden onderzocht worden en nagegaan worden of de aanwezigheid van 
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bacteriën en/of andere algensoorten de biobeschikbaarheid van de verschillende P-vormen doet 

toenemen.
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List of abbreviations 

Alox: aluminium oxide 

ATP: adenosine-5’-triphosphoric acid 

BAP: bioavailable phosphorus  

butP: tri-n-butyl phosphate 

cAMP: adenosine 3’-5’-cyclic monophosphate 

CM: colorimetric method 

cP: creatine phosphate disodium 

DAPI: 4',6-diamidino-2-phenylindole  

DGT: diffusive gradient in thin films 

DMT: donnan membrane technique 

DOC: dissolved organic carbon 

DOM: dissolved organic matter 

DOP: dissolved organic phosphorus 

DRP: dissolved reactive phosphorus 

DUP: dissolved unreactive phosphorus 

EDTA: Ethylenediaminetetraacetic acid 

gluP: D-glucose-6-phosphate 

glyP: calcium glycerolphosphate hydrate 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IC: ion chromatography 

ICP(-OES): inductively coupled plasma (with optical emission spectroscopy as detection) 
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MBL: mixed binding layer 

MES: 2-(N-morpholino)ethanesulfonic acid 

Nmax: maximum algal cell density (cell mL-1) 

NOM: natural organic matter 

mbP: 4-methylumbelliferyl phosphate 

OECD: organization for economic co-operation and development  

33P: phosphorus 33 radionuclide 

pa: phytic acid sodium salt hydrate 

Pcell: phosphorus content of algal cells (% of algal dry weight mass) 

Pi: ionic phosphate 

Phenylph: phenyl phosphonic acid 

polyP: polyphosphate 

Pser: O-phospho-Dl-serine 

RO: reverse osmosis 

SRNOM: Suwannee river natural organic matter 

SUVA: specific ultraviolet absorbance measured at 254 nm 

TDP: total dissolved phosphorus 

triP: pentasodium triphosphate 

UV: ultraviolet 

WC medium: Wright’s Cryptophyte medium 
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Chapter 1. Phosphorus in fresh-water systems: environmental 

context, speciation and bioavailability for algae 

 

1.1 Phosphorus in the aquatic environment 

Phosphorus (P) is a multivalent nonmetallic element of the nitrogen group. Phosphorus plays a 

major role in biological molecules such as DNA, RNA, ATP, phospholipids and is incorporated in 

bone tissue. Being an essential macronutrient in all living cells, P finds its major use as a constituent 

of fertilizers for agricultural applications. Apart from agricultural applications, P is also used in 

detergents and cleaning agents and in different metallurgic processes including the production of 

steel and phosphor bronze. Twenty-three isotopes of P are known but only 31P is stable and natural 

samples constitute completely out of this isotope. Two radioactive isotopes (32P and 33P), both beta 

emitters with short (< 25 days) half-lifes, are available for scientific research. 

Phosphorus can be present in natural waters as either inorganic or organic forms (Figure 1.1). The 

inorganic P forms consist mainly of ionic phosphate or orthophosphate (Pi) but also contain 

condensed phosphates. In addition, Pi can be associated to inorganic colloids of, for example, Fe 

and Al oxyhydroxides. These forms are furthermore termed inorganic colloidal P. Organic P forms 

in aquatic systems may include phosphate esters, phosphonates and phosphinates. The former are 

expected to be the most abundant in natural waters (Turner 2005). Humic substances can adsorb 

onto inorganic colloids and can make ternary compounds of organic and inorganic P as shown in 

Fig. 1.1(C). 

Membrane filtration, typically with cut-off of 0.45 µm, is often used as a first step in the 

preparation of environmental samples to separate the particulate from the dissolved phase. The P in 

the unfiltered water is called ‘total P’ while that in the filtrate is termed ‘dissolved P’. Within the 

dissolved phase, phosphorus can be present as Pi, as dissolved organic P (DOP) or as inorganic 

colloidal P. No clear distinction can, however, be made between the truly dissolved (i.e. molecular or 

ionic forms) and inorganic colloidal P forms since no generally accepted cut-off exists for the 
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separation of both fractions. Colloidal forms commonly refer to both inorganic (e.g. ferrihydrite 

colloids) and organic components in the size range 1–1000 nm (Buffle and Leppard 1995; Turner 

2005). 

     

  (A)    (B)    (C) 

Figure 1.1 Adenosine triphosphate (ATP) as an example of organic P (A), n-cyclotetraphosphate as an example of a 
condensed phosphate (B) and ferrihydrite coated with fulvic acids in which the ferrihydrite might act as binding spots 
for Pi as an example of inorganic colloidal components (C) 

 

Ionic phosphate concentrations in rivers around the world are generally low, varying on average 

from below detection limit up to 0.8 µmol L-1 with most commonly encountered values around 0.3 

µmol L-1 (Meybeck 1982). Ionic phosphate is generally not the dominant P species in rivers and its 

contribution to the total P load varies typically from 20% to 70% of the total dissolved P (TDP) 

concentration with a median value of 40% (Meybeck 1982). In European rivers, the average Pi 

concentrations in freshwater bodies are much larger than global averages, likely due to higher 

population density and more intensive agriculture. The estimated mean Pi concentrations in rivers 

have steadily dropped from 6.5 µmol L-1 in 1990 to 3.2 µmol L-1 in 2005 (EEA 2012). The average Pi 

concentrations in European lakes are currently about 0.8 µmol L-1 but remain above global values, 

e.g. the East African lakes (Guildford and Hecky 2000) (Table 1). The Pi concentrations in Flanders’ 

surface waters have also steadily decreased from the beginning of the 1990’s from on average 15 

µmol L-1 down to 4 µmol L-1 in 2000 and have largely stabilized by then. However, they remain 

higher than the worldwide or EU average values (VMM 2010; European Environmental Agency 

(Table 1.1)), most likely as a result of intensive agriculture. Environmental limits on P in Flanders 

fresh water systems are listed in the attachment of VLAREM II. Surface waters are categorized into 
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25 types of surface water, each having defined limits for total P and/or Pi, ranging from 1 to 14 

µmol L-1. A summary of P concentration and limits can be found in Table 1.1. The fraction of 

waters not compliant with surface water limits of P in Flanders is currently about 40% and this 

fraction is one of the largest compared to any other surface water limit of contaminants (metals, 

pesticides) or nutrients (nitrate) (VMM 2010). This suggests that fate and effects of P in water 

systems are currently of utmost environmental importance. 

 

Table 1.1 Average P concentrations and P limits in selected water systems. (conc: average concentration (µmol L-1), P: 
phosphate, Pi: ionic phosphate and total P: total P without prior filtration) 

 Location Source P species Conc 

Average Flanders’ surface waters (1990) VMM,  2010$ Pi 15.0 

Average Flanders’ surface waters (2010) VMM,  2010$ Pi 4.0 

Flanders’ limit for rivers (2012): Average VLAREM II, Bijlage 2.3.1 Pi 3.2 

Flanders’ limit for rivers (2012): Average VLAREM II, Bijlage 2.3.1 total P 4.5 

Average European rivers 2005 European Environmental Agency* Pi 3.5 

Average European lakes 2005 European Environmental Agency* Pi 0.8 

Average east African lakes (2000) Guildford and Hecky, 2000 total P 0.3 

Worldwide average surface waters (1982) Meybeck, 1982 Pi 0.3 

$VMM, Jaarrapport water 2010, p. 12 
*http://www.eea.europa.eu/data-and-maps/figures/concentrations-of-nitrate-left-no3-and-phosphorus-right-op-
orthophosphate-or-tp-total-phosphorus-in-european-freshwater-bodies-in-the-period-1992-2005 (retrieved on 05-09-
2012) 

 

Phosphorus input in fresh water systems can be attributed to a point source (e.g. discharge of 

waste water treatment plant) or a non-point source contamination (e.g. fertilization of agricultural 

fields). As procedures of waste water treatment plants improved by removing P more efficiently and 

as land use became more intense, non-point sources became more important (Correll 1999). 

Phosphorus input in Flanders surface waters is mainly dominated by household and agricultural 

inputs (Table 1.2). While the P input of households and industry is steadily decreasing since 2000, 

the agricultural P input remains constant and will probably become the most important source of P 
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input in Flanders for the next decade (VMM 2011). The long residence time of P in soil causes 

surface water P to react only slowly to changing P input and it is predictable that limits will be 

exceeding in the future even at strongly reduced P-input into agricultural land. 

 

Table 1.2 Phoshorus input in Flanders surface waters in 2011. (source: VMM 2011: MIRA indicatorrapport 2011, p.101) 

Source Relative importance Evolution 
households 44% slightly decreasing since 2000 

industry 13% sharply decreased over 2000-2005 and 
slightly decreasing since 2005 

agriculture 42% constant since 2000 
 

Recently, attention has been given to the role of P containing herbicides and insecticides (e.g. 

parathion, malathion or glyphosate) on the increase of eutrophication risk in fresh water systems. 

Some of these organic P compounds may readily be broken down in aquatic systems (e.g. half-life of 

malathion < 11 h and glyphosate 2-7 weeks) while others may be more recalcitrant (half-life > 1 

year) (Turner 2005; Saenz et al. 1997). These herbicides and insecticides are potentially less toxic 

towards aquatic species (non-target organisms) since these compounds may focus on specific 

metabolisms of the target organism (e.g. inhibition of aromatic amino acid synthesis, auxin 

stimulator,…) (Wong 2000). The P incorporated in these compounds may become bioavailable after 

decomposition by bacterial activity or photoinduced degradation (Wong 2000; Tsui and Chu 2003; 

Chen et al. 2007) (see below). 

 

1.2 Phosphorus related to eutrophication 

Anthropogenic inputs of nutrients to the Earth's surface and atmosphere have increased greatly 

during the last two centuries. This nutrient enrichment, or eutrophication, can lead to highly 

undesirable changes in ecosystem structures and their functioning (Smith et al. 1999). 

Eutrophication of a freshwater ecosystem is generally understood to refer to the enrichment of 

waters by inorganic plant nutrients which can result in an increased -or an excessive- production of 
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algae (OECD 1982). Algal growth can reduce the quality of aquatic ecosystems, mainly by (i) 

lowering the oxygen concentration in the water upon their death, (ii) production of toxins, (iii) 

reduction of light entering the water column and (iv) increased productivity of biomass by 

phytoplankton and/or suspended algae (Smith 2003; Smith et al. 1999). 

Studies conducted from 1930 to 1950 revealed that phytoplankton in both marine and fresh water 

systems have relatively constant molar ratios of C:N:P, amounting on average 106:16:1 (Redfield 

1934; Redfield 1958). This Redfield N:P ratio of 16, however, does not emerge as a universally 

optimal value and should be considered as merely the current average stoichiometry of 

phytoplankton in the ocean instead (Klausmeier et al. 2004; Klausmeier et al. 2008). Recent studies 

observed large variations in the N:P ratio to support optimal phytoplankton growth, ranging from 

6:1 (Glibert and Burkholder 2011; Wan et al. 2011; Wan et al. 2012) to 87:1 (Townsend et al. 2008; 

Hall et al. 2005).  

Although Redfield ratios do not provide a complete and accurate perspective of nutrient 

availability, they can nonetheless yield useful information. Plant and bacterial growth in an aquatic 

system would ultimately become limited by the availability of an essential element. This element 

would then constitute the limiting nutrient for that system at that time (Correll 1999). Natural 

systems in which the molar ratio N to P is greater than the Redfield ratio (N:P > 16) are often 

assumed to be systems in which algal growth or biomass production is limited by P or at least that 

algal growth rates in such systems will be greatly reduced (Correll 1998). Average N:P ratios of input 

sources of freshwater systems can range from < 0.1 up to over 500, depending on their origin 

(Downing and McCauley 1992). River waters, ground waters and runoff from agricultural fields or 

forests generally have a N:P > 27 and can consequently be classified as P limited. The N:P ratio is 

typically lower in urban runoff and sewage waters (N:P < 11 and N limited). Some studies also stress 

that, especially in shallow lakes, the limiting nutrient may vary in small geographical and time frames 

(Vitousek et al. 2010; Liu and Yin 2010; Symons et al. 2012). Note that these N:P ratios used to 

consider only the inorganic forms of N and P and different ratios may be obtained, depending on 

which form(s) is (are) used (Dodds 2003). The ratio of inorganic N over total P is suggested to be 

the best overall performing indicator with respect to nutrient requirement for natural populations of 

phytoplankton (Ptacnik et al. 2010).  
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It is consequently widely accepted that fresh water systems are generally P limited in natural or 

agricultural areas whereas N limited systems may be found near waste water discharges. The nutrient 

status in marine and brackish waters differs largely from fresh water systems, and are typically N 

limited because of higher denitrification rates and lower N fixation rates in marine systems 

compared to fresh water systems (Blomqvist et al. 2004) and P release from sediments due to higher 

ionic strength of the water (Howarth and Marino 2006). 

 

1.3 Phosphorus availability to algae 

1.3.1 Uptake of P in algae 

Phosphorus uptake by algae is restricted to the uptake of Pi while organic P needs to undergo 

hydrolysis prior to algal uptake (Pandey and Parveen 2011). Ionic phosphate can be taken up by 

algae by mainly four mechanisms: (i) transmembrane electrochemical potential gradient, (ii) passive 

diffusion, (iii) facilitated diffusion and (iv) active transport (Cembella et al. 1984a). The two latter 

methods require metabolic energy and enable transport of Pi against an electrochemical or 

concentration gradient. Although Pi uptake is traditionally described by Michaelis-Menten kinetics 

(Cembella et al. 1984b; Currie and Kalff 1984a), some authors emphasize that the Pi uptake process 

is likely to be a two-stage kinetic process in which Pi is first adsorbed onto the algal surface and next 

internalized in the algal cells (Fu et al. 2005; Yao et al. 2011). Michaelis-Menten kinetics describe the 

increase in biomass as a function of external Pi content, with typical values of the half-saturation 

constant (Ks) ranging 0.01-5 µmol L-1, depending on the algal species (Cembella et al. 1984a). 

However, algal growth does not necessarily depend on only the external P concentration but might 

also be affected by the internally stored P (see below). 

The algal cell functions as a homeostate: as long as P in the medium is not limiting, algae can store 

internally a relatively large but constant P stock. Phosphorus uptake and algal growth prove no 

longer to be directly coupled under P limiting conditions in the medium: phosphate uptake can 

occur in P-starved, non-growing algal cells and growth is possible without phosphate uptake, at the 

expense of internally stored phosphate (Aubriot et al. 2011). Different algal species have shown to 
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be able to grow at maximum growth rate in a P-limiting medium by means of addressing their 

internal P stocks (Laws et al. 2012; Laws et al. 2011). Consequently, the composition of the algal 

biomass with respect to P does not necessarily remain constant with respect to the external Pi 

concentration. 

A fraction of P in the algal biomass is located outside the cell. Phosphate can adsorb onto specific 

carrier systems or can precipitate as Ca-phosphates. Chemical precipitation may be initiated by an 

elevated pH locally around the outer cell membranes as a result of HCO3
- - or NO3

- -uptake 

(Cembella et al. 1984a; Fu et al. 2005; Pandey and Parveen 2011). Formation of polyphosphate 

(polyP) around the outer cell membrane is also possible (Nishikawa et al. 2006). Polyphosphate is a 

polymer of Pi with a phosphoanhydride bond which has a free energy close to that of ATP (Bental 

et al. 1991). Internal P varies between 0.2-2% depending on P-supply. Phosphorus starved algae are 

able to accumulate large amounts (> 2% of algal dry weight mass) of internal P as polyP when 

exposed to media with adequate P concentration (Harold 1966; Nishikawa et al. 2006; Powell et al. 

2009). Phosphate can be rapidly accumulated and stored in polyP granules in algal cells as long as Pi 

concentrations in the medium are above a certain threshold concentration, typically in the nmol L-1 

range (Cembella et al. 1984a; Falkner et al. 1995). This polyP pool can consequently be used as a P 

source when the medium becomes P depleted (Harold 1966). The polyP pool functions as: (i) a Pi 

reservoir or as a substitute for ATP in the sugar metabolism, (ii) a factor in regulatory responses to 

stresses and nutritional deficiencies and (iii) it functions as a chelator for divalent cations and can 

detoxify trace metals.  

The P content associated with the algal cells combines the externally adsorbed P pool and the 

internal P content. The development of washing procedures to wash off the adsorbed P pool is a 

prerequisite to distinguish both pools. The most frequently used washing procedures are: the test 

medium without P (Fu et al. 2005), an oxalate reagent wash (Tovar-Sanchez et al. 2003) and a Ti 

based wash medium (Morel et al. 1979). These methods are based on different removal mechanisms 

of the adsorbed pool. The adsorbed P pool can vary from below detection limit up to 90% of total 

cellular phosphorus content depending on the used method, algae species and culture conditions (Fu 

et al. 2005; Sanudo-Wilhelmy et al. 2004; Yao et al. 2011). 
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1.3.2 Competition between bacteria and algae for using (organic) P 

Bacteria compete with algae for the limiting nutrient ‘P’ in fresh water systems. It is not always 

unambiguous which microorganisms are the most efficient in P uptake, especially since the outcome 

of these studies is likely to depend on the specific study conditions (e.g. medium, composition of 

algal and bacterial strains in the consortium). Most studies indicate that bacteria are more efficient 

than algae in the uptake of Pi while algae are superior competitors for organic P compounds 

compared to bacteria (Cotner and Wetzel 1992; Currie and Kalff 1984a; Currie and Kalff 1984b; 

Labry et al. 2005; Tarapchak and Moll 1990). Some studies differentiate between nucleotide DOP 

and non-nucleotide DOP. The former would generally be used more efficiently by bacteria since 

they excrete both alkaline phosphatase and highly substrate specific nucleotidases while the latter is 

utilized preferentially by algae because of their elevated production of the non-substrate specific 

alkaline phosphatase compared to bacteria (Labry et al. 2005; Nedoma et al. 2003). These are, 

however, generalizations and bacteria-algae interactions are likely to be highly specific and 

dependent on the location and microorganism composition (Cotner and Wetzel 1992; Nedoma et al. 

2003). 

 

1.3.3 Hydrolysis of P bonds 

Ionic phosphate can be taken up immediately and completely by algae but organic P forms are 

assumed to undergo hydrolysis prior to biological uptake (Björkman and Karl 1994). The long term 

P availability is P that is potentially available to algae and refers to the sum of the P that is 

immediately available and the P that can be transformed into an available form by naturally 

occurring processes (Boström et al. 1988). These naturally occurring processes are mainly based on 

hydrolysis reactions and might occur either abiotically (due to hydrolytic or photolytic reactions) or 

biotically (due to enzyme production by phytoplankton) and these processes contribute substantially 

in long term availability studies. 

Hydrolysis refers to the cleavage of a bond by the addition of a water molecule. Essentially, the 

hydrolysis of a phosphate ester (expected to be the most abundant organic P form in environmental 

water samples) can follow one of the two competing pathways (Figure 1.2): (i) a dissociative pathway 
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that follows a first-order nucleophilic substitution kinetic model or (ii) an associative pathway that is 

described by a second-order nucleophilic substitution kinetic model. In the associative model a 

nucleophile attacks the phosphate center to produce an unstable five coordinated oxyphosphorane 

molecule in the rate limiting step. Towards the phosphate center, hydroxyl ions are up to a factor 108 

a better nucleophile compared to water, catalyzing the nucleophilic substitution reaction 

(Schwarzenbach et al. 2002; Turner 2005). Acid hydrolysis is generally not important in the 

environment with most natural waters being at pH >7.5.  

 

 

Figure 1.2: Hydrolysis of phosphate esters following the dissociative (A) or the associative pathway (B). (Turner 2005) 

 

Hydrolysis of phosphate monoesters may proceed by either the associative or dissociative pathway 

depending on the type of phosphate ester, the properties of the leaving group and the pH of the 

solution. The neutral diprotonated form of phosphate monoesters appears to react via the 

associative pathway, while the mono- and dioionic forms react solely by the dissociative pathway. 

The pKa of most phosphate diesters is generally low (about 1.5) and therefore, except at very low 

pH, most diesters are anions and are susceptible to anionic nucleophilic attack. Phosphate triesters 

do not have an ionizable proton associated with the phosphate group and therefore are neutral at all 

pH values. Consequently, phosphate triesters tend to be the most reactive of all phosphate esters 

(Turner 2005). The hydrolysis rate constants (kh) of some phosphate esters vary 4 10-9 to 10-7 s-1 in 

pH neutral solution at 25°C, resulting in half-lives ranging from 23 days up to over 5 years. This kh 

depends on the chemical structure of the phosphate ester and the solution pH: the kh increases with 

decreasing pKa of the conjugate acid of the leaving group and may vary up to 100-fold in function of 

the solution pH in the pH range 1-13 (Kirby and Varvogli 1967; Schwarzenbach et al. 2002). 
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Photochemical reactions are another important mechanism for the breakdown of organic 

phosphorus compounds in the environment. A wide range of organic phosphorus compounds are 

susceptible to photochemical reactions, including humic-phosphorus complexes, biological 

molecules -mainly consisting of DNA and RNA- and organophosphorus pesticides. Photochemical 

reactions arise from the absorption of light by molecules when the energy of an incoming photon 

corresponds to the energy difference between the highest occupied energy level in the molecule and 

the lowest unoccupied energy level.  

Enzymatic hydrolysis of organic phosphorus compounds is an essential step in the biological 

phosphorus nutrition cycle. The ability of microorganisms to acquire organic P requires the action of 

enzymes, catalyzing the hydrolysis of organic P and liberating Pi and organic matter. These enzymes 

are mainly associated with the outer cell membrane of algae and -to a lesser extent- of bacteria but 

can also be present in the dissolved fraction after cell lysis or after excretion (Cembella et al. 1984a; 

Turner et al. 2005). Extracellular enzyme concentrations increase in function of time but the 

contribution of these dissolved enzymes would remain limited to below 20% of total enzymatic 

activity (Yamaguchi et al. 2004). A large variety in enzyme types is known to be synthesized by algae 

and bacteria. Some are characterized by a high substrate specificity (e.g. 5’-nucleotidase) while others 

are able to hydrolyze a wide variety of P species (e.g. alkaline phosphatase) (Turner 2005). Alkaline 

phosphatases are the most important enzymes with respect to hydrolysis of organic P in the 

environment because of their universal presence in the planktonic community -including bacteria, 

algae, fungi and zooplankton- and higher organisms and their low substrate specificity (Hernandez et 

al. 2002; Shi et al. 2011). Phosphatase production is species- or cell-specific (dependent on internal 

cellular P concentration of phytoplankton and on phytoplankton strains) (Litchman and Nguyen 

2008; Rengefors et al. 2003; Štrojsová and Vrba 2006) and alkaline phosphatase production would 

be inhibited by Pi concentrations above 0.05 to 0.5 µ mol L-1 (Hoppe 2003; Labry et al. 2005), or 

above 50 µmol L-1 (Garcia Ruiz et al. 1997), depending on the studied algal strains. As a result, 

alkaline phosphatase activity has often been recommended as an indicator of P status in aquatic 

water samples, or at least P starvation in aquatic systems (Cao et al. 2009). Once Pi concentrations 

drop below these threshold concentrations, phosphatase production by natural communities of 
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phytoplankton can be initiated fast (within hours) (Kuenzler and Perras 1965; Vanboekel and 

Veldhuis 1990; Yamaguchi et al. 2004).  

 

1.3.4 Long term algal P availability 

Many authors have already demonstrated that algae are capable of utilizing DOP as a P source to 

sustain growth (Cembella et al. 1984a; Huang and Hong 1999). The bioavailability of a given organic 

P component depends on the tested algal strain and on the characteristics of the organic P 

component. The long term availability of DOP, also termed potentially available P, is affected by the 

feedback effect of the algal communities on the supply, e.g. the increased production of 

phosphatatses in response to P-starvation. In that respect, the % availability is affected by abiotic 

factors (e.g. structure of DOP) and biotic factors. Long term algal growth on organic P substrates 

can range from virtually 0% to 100% relative to growth on Pi (Huang et al. 2005). Some of the 

organic P forms, e.g. nucleic acids, and inorganic phosphates, e.g. polyphosphates and 

metaphosphates, are quite labile to algae while more resistant forms may include certain phosphate 

esters (e.g. glucose phosphate, glycerophosphate) or P associated with high molecular weight organic 

molecules (Oh et al. 2002; Reynolds and Davies 2001). It has been demonstrated that DOP 

compounds, in particular nucleotides, appear to be highly bioavailable to the microbial community 

in an oligotrophic marine environment (Björkman and Karl 1994). 

The long term P availability in environmental samples is highly variable and ranges from 0 to 100% 

of the total P depending on sample’s origin. Long term uptake of P from a suite of natural waters 

showed that the fraction of total P used, ranked: wastewater > river water > lake sediment (Ekholm 

and Krogerus 2003). Only part of this variation can be explained by considering the P speciation (Pi, 

organic or inorganic colloidal) in the water samples. Samples with a high Pi fraction are associated 

with the highest availability whereas samples with a high particulate fraction are associated with the 

lowest availability. The abundance of particulate P in water samples is mainly a function of 

climatologic influences: e.g. precipitation and associated river flow rates. Moreover, it is generally 

accepted that this fraction can only contribute to bioavailability after becoming dissolved by 

desorption or biological degradation (Uusitalo et al. 2003). Consequently, no further attention will be 
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paid to this particulate P fraction in our study. The same study also measured the dissolved P in 

these samples. The availability of the dissolved P ranged 0-99% of the colorimetrically measurable 

dissolved P and 0-75% of the non-colorimetrically measurable dissolved P. 

So far, only little attention has been paid to the inorganic colloidal forms and its bioavailability. 

Also, the availability studies of environmental P samples have not been examined in a standardized 

manner, making comparison difficult in between the different studies or even within the same study. 

 

1.3.5 Short term algal P availability 

The short term (min-h) availability of DOP to algae refers to P uptake in systems where the algal 

response to the nutrient supply is minimal and these studies can identify effects of DOP structure.  

These studies need other types of experimental design than the long term studies and typically assays 

with radioactive tracers are used for this purpose. For bioavailability tests in the short run, the 

uptake of P by the algal cell is measured rather than a growth response. The decline of radioactive P 

in solution is attributed to phytoplankton uptake and the rate constant, half-life, or turnover time of 

the relevant Pi pool is calculated. The calculated turnover time is dependent on the immediately 

available P pool, the biomass of algae and bacteria and their activity (Boström et al. 1988). These 

experiments typically take minutes so that one assumes that the radioactive P remains ionic 

phosphate in the time span of the experiment (Björkman and Karl 1994; Björkman and Karl 2003; 

Boström et al. 1988). Yet another experimental setup is to spike the organic P component with a 

radioactive tracer (Cotner and Wetzel 1992). Assuming only Pi is taken up by phytoplankton and the 

organic component does not dissociate in the short run (minutes), bioavailability can be calculated 

by measuring radioactivity in the cells relative to the total radioactivity (Cotner and Wetzel 1992). 

Generally, this short term availability will remain restricted to the Pi pool present in the medium 

and –dependent on the time course of the experiment- to a limited (< 10%) extent some labile P 

components (e.g. nucleotides, condensed phosphates) (Björkman and Karl 1994). The internal P 

content of the algal cells and the extent of the adsorbed P pool determine the uptake rate of ionic P. 

It has already been established in recent studies that phosphorus starved cells can attain much higher 

nutrient uptake rates than saturated cells (Glibert and Burkholder 2011; Yao et al. 2011). 
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Phosphorus starved cells may accumulate P up to 10 times the minimum cell content of algal cells in 

medium with adequate P supply. This excess of P is consequently converted into polyP bodies that 

can sustain growth up to 4 generations in P depleted medium (Morel 1987; Yao et al. 2011). It is, 

however, unclear to what extent P-starvation enhances the utilization of P from DOP. 

 

1.4 Analytical P measurements 

The most frequently used analytical methods to determine P concentrations in water samples are 

inductively coupled plasma (ICP), ion chromatography (IC) and colorimetric methods (CM). The 

colorimetric methods are most commonly used to define reactive P (e.g. dissolved reactive P, DRP) 

and is used as an approximation of Pi in legislation. As will be discussed later (chapter 2), other 

forms than ionic Pi are detected as well and this method has clearly a drawback. Colorimetric 

detection includes the molybdenum blue and malachite green method and might be performed in 

batch measurements or in continuous flow systems before (as Pi approximation) or after (as total P 

measurement) digestion. Most colorimetric methods include an acidification step and duration of 

this acidification can vary from 1 minute to 1.5 hour and pH’s ranging between pH 0 and pH 4 

(Jarvie et al. 2002). The colorimetric method used in this study is the malachite green colorimetric 

method. In this method, the Pi ion complexes with 12 molybdate molecules to form a Keggin 

structure (Equation 1.1; Figure 1.3): 

H3PO4 + 12 H2MoO4                H3PO4(MoO3)12 + 12 H2O   (1.1) 

Malachite green (MG+) is present in an acidified solution as the protonated species (HMG2+) and 

will turn yellow. In the presence of phosphomolybdate, a green colored ion-association complex 

with malachite green is formed according to Equation 1.2 (Toei, 1987; Vanveldhoven and Mannaerts 

1987; Zuck et al. 2005): 

HMG2+ + H3PO4(MoO3)12    MG-H2PO4(MoO3)12 + 2H+  (1.2) 

Inorganic colloids may dissolve and labile organic P compounds may be hydrolyzed during the 

acidification step and consequently detected as Pi by this method. 
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Figure 1.3. Keggin structure of the [PO4(MoO3)12]3- anion with phosphate in the center, surrounded by 12 molybdate 
molecules. (Bakri et al. 2012) 

 

A wide variety of ion chromatography setups is known but most of them use ion-exchange 

columns with alkaline eluents and are characterized by low detection limits (< 0.1 µmol L-1) (Ruiz-

Calero and Galceran 2005). Chromatographic and colorimetric analysis of P used to be seen as an 

approximation of the Pi fraction. However, research during the last decades has demonstrated that 

hydrolysis of some P species might occur during the detection due to the application of acid or 

alkaline conditions and, therefore, overestimate the Pi fraction. The ICP method always measures 

total dissolved P and its detection limit depends on the used detector, ranging from 1 µmol L-1 for 

ICP-OES to 0.1 µmol L-1 for ICP-MS. It should be noted that all these techniques measure (a 

combination of) different P species. To estimate the fraction of a single P species, samples are 

measured using different techniques and an estimation of the concentration of P species of interest 

is calculated by subtracting the P concentrations measured by the selected analytical methods. This 

method remains, however, only an approximation and specific pretreatments are required if e.g. one 

is interested in Pi measurements. To this end, sample pretreatments like the Donnan Membrane 

Technique (Vega et al. 2010) or dialysis techniques (Xu et al. 2012) are needed. 

Recently, the Diffusive Gradient in thin films Technique (DGT) has been introduced to measure 

dissolved P in waters. The principle of the DGT technique is based on the adsorption of P on a zero 

sink layer after diffusion through a hydrogel. The adsorbed P is measured after elution of the 
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ferrihydrite gel, from which the concentration in solution is calculated (Mason et al. 2005; Pichette et 

al. 2009; Zhang and Davison 1995; Zhang et al. 1998). The main advantages of the DGT technique 

for P measurement in surface waters are that P can be concentrated in situ prior to measurement and 

the pH is not changed in contrast with IC and CM. 

According to Flemish legislation, Pi and/or total P should be determined to verify if P 

concentrations in surface waters fulfill the norms as imposed by bijlage 2.3.1 of VLAREM II. Total 

P measurement should be performed by ICP-OES, ICP-MS or colorimetrical method after digestion 

with H2SO4 and K2SO4; the Pi concentration is measured colorimetrically by continuous flow 

analysis or flow injection analysis. The latter is measured using unfiltered water samples but the 

sample is dialyzed between the acidification step and spectrophotometric measurement (besluit 15 

april 2009; besluit 29 maart 2012). 

It remains unclear which (combination of) P species are measured by each specific analytical 

method to determine P. Typically, P-pools are quantified operationally: e.g. (i) total dissolved P 

(TDP), (ii) dissolved reactive P (colorimetrically measurable P) as an overestimation of Pi, and (iii) 

the dissolved unreactive P (DUP, calculated as the difference of total dissolved P with dissolved 

reactive P) as an estimate of dissolved organic P (DOP). Field data of a manure amended soil 

showed that DUP as a percentage of total P in soil solution increased from about 10% in the topsoil 

to more than 70% at 70 to 80 cm depth, which was mainly due to a decrease in DRP. Thus, DOP is 

relatively more mobile than DRP and DOP is supposed to be an important form of P in soil 

solutions in the subsoil (Chardon et al. 1997). Turner et al. (2005) speculate that the lability of DOP 

may be large for those fractions that are rapidly transported from soil to water, e.g. via runoff after 

storm events. The concentrations of DUP in rivers are of similar magnitude than those of DRP. For 

example, Evans and Johnes (2004) monitored 2 rivers in agricultural areas in the UK and found that 

average concentrations of DUP were smaller than those of DRP whereas DUP exceeded DRP 

concentrations during some periods of the year. Peak flow events were typically associated with 

these spikes of DUP. A survey of rivers in 4 watersheds of an area with intensive animal husbandry 

showed that the DUP was, on average, about half of the total dissolved P when expressed as annual 

fluxes (Haggard et al. 2003). The concentration of dissolved organic P in large rivers ranges from 0 

to 55% of the dissolved P (Ekholm and Krogerus 2003). No attempt has yet been made to quantify 
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the pools of Pi, organic P and inorganic colloidal P in the dissolved fraction of environmental 

samples and relate them with the sample bioavailable P. Generally, inorganic colloidal P forms are 

neglected while its characteristics (lability during analytical measurement or bioavailability) may differ 

from the organic P fraction. Regarding the DGT technique, it remains unclear to what extent 

inorganic P colloids or organic P forms are detected by this method. Some studies compared the P 

bioavailability of samples with their detection of certain fractions (e.g. particulate and dissolved) by 

standard techniques (mostly colorimetry without and with digestion). The outcome generally is that 

total P analysis overestimates the bioavailable P fraction while colorimetry of the dissolved fraction 

underestimates it (Ekholm et al. 2007; Ekholm and Krogerus 2003; Huang et al. 2005).  

In summary, P in fresh water systems is generally accepted to be the limiting nutrient. In order to 

control and quantify P pollution in Flemish freshwater systems, the Flemish legislation imposes 

limits for Pi and/or total P concentrations in aquatic systems. The measurement of these P 

concentrations is based on a colorimetric method before or after digestion. A wide variety of 

colorimetric methods can be used to determine P concentrations, most of them including an 

acidification step with potential hydrolysis of organic P compounds as consequence. The hydrolysis 

of model organic P compounds during analytical measurements or during bioassays has already been 

investigated in some studies. However, little attention has so far been paid to inorganic colloidal P 

forms in the dissolved fraction, although these inorganic colloidal P compounds are likely to 

contribute importantly in surface waters. Moreover, nothing is known about the potential hydrolysis 

of these inorganic colloidal P compounds during analytical detection methods and during the 

presence of microorganisms in long term bioassays.  

Bioavailability of model organic P compounds and environmental P samples may range from 0 to 

15% on the short term (hours) (Björkman and Karl 1994; Boström et al. 1988) and between 0 to 

100% on the long term (weeks) (Ekholm and Krogerus 2003; Huang et al. 2005). It is unclear to 

what extent the availability is affected by the structure (abiotic factor) and by the feedback effects 

(the biotic reactions). It is already known that changes in the internal algal P content greatly affects 

the initial accumulation rate of Pi by a feedback mechanism: Pi uptake by algae increases with 

decreasing initial internal algal P content. However, the presence of such a feedback mechanism for 
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organic P compounds, potentially influencing the bioavailability of the organic P compounds relative 

compared to Pi uptake, has not yet been documented. 

 

1.5 Objectives and thesis outline 

The general objective of this study is to quantify the bioavailability of dissolved (< 0.45 µm) P 

species in freshwater in relation to P detected by most frequently used analytical methods. These 

methods are the detection of total dissolved P, CM and P detected by IC. It is established that DOP 

is less bioavailable and less detected by the standard CM to algae. No such information is present for 

inorganic colloids but we speculate that P associated to inorganic colloids is not available on the 

short term given that phophatases are unlikely to act on inorganic colloids. The acid CM may 

dissolve the colloids and detect P initially associated to these inorganic colloids. Hence, the 

hypothesis of this work is that CM may be an underestimate for potential P bioavailability when 

DOP prevails while the opposite might be true when the inorganic colloids dominate. 

The specific aims in this study are: 

1. To compare different analytical methods for P measurement and determine the extent to 

which different P forms (Pi, DOP, inorganic P) are measured by each technique. 

2. To quantify the role of abiotic factors (UV, pH changes) and biotic factors (enzymes) on the 

hydrolysis of P compounds.  

3. To compare the P bioavailability of different P forms (Pi, DOP, inorganic P) to the 

analytically detected P fraction. 

4. To quantify the effect of algal internal P content on the bioavailbility of different P-forms. 
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Scheme 1.1: Schematic overview of the P species studied in this thesis in relation to the objectives regarding analytical 
analysis, long and short term bioavailability. All P species tested in this study are derived from the dissolved P (< 0.45 
µm) fraction. 

 

To address these hypotheses, several experiments were conducted, analyzed and discussed. First 

we will quantify the detection of organic and inorganic colloidal model P compounds during 

measurement by four different analytical techniques (ICP, IC, CM and DGT) in chapter 2. Along 

these measurements, the hydrolysis of model organic P compounds catalyzed by three model 

parameters (enzymatic activity, UV lighting and changes in pH) will be studied. The results obtained 

for these model compounds will be used to interpret P measurements of the dissolved P fraction of 

Chapter 2: 
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an extended environmental sample set. The long term bioavailability of these model P compounds 

and standardized environmental samples will be examined and compared to the analytically detected 

P in chapter 3. Since the influence of –especially inorganic colloidal P- on analytical detection and 

bioavailability is not yet known, we will highlight the potential contribution of inorganic colloidal P 

compounds to the bioavailable P fraction. We will relate this potentially bioavailable P to the P that 

is simultaneously measured by conventional analytical techniques. The short term P bioavailability 

will be addressed in chapter 4. It is likely that the internal P concentration of the algal cells 

influences importantly the rate of Pi uptake and/or the rate with which organic P components can 

be hydrolyzed by enzymatic activity. This 4th aim is pursued by cultivating algal cells with different 

internal P content and to evaluate the short term bioavailability and accumulation of P from organic 

source (measured as 31P) relative to P from ionic source (measured as 33P). 
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Chapter 2. Effect of  organic P forms and P present in inorganic 

colloids on the determination of  dissolved P in environmental 

samples 

(Adapted from Van Moorleghem et al. 2011) 

 

2.1 Introduction 

A wide variety in methods exists for the measurement of phosphorus (P) species in water samples. 

Knowledge of P speciation in natural waters is environmentally relevant since P species differ in 

their bioavailability and therefore contribute to the eutrophication process to different extent 

(Ekholm and Krogerus 2003; Reynolds and Davies 2001). Phosphorus in environmental samples 

can be present in either inorganic or organic forms. The inorganic P forms consist mainly of 

orthophosphate (Pi) but also contain condensed phosphates. Organic P forms in aquatic systems 

include phosphate esters, phosphonates and phosphinates. The former are generally the most 

abundant in natural waters (Turner 2005). 

Membrane filtration, typically over 0.45 µm, is often used as a first step in the preparation of 

environmental samples to separate the particulate fraction from the dissolved. No clear distinction 

can, however, be made between the dissolved and colloidal P fraction since no generally accepted 

cut-off exists for the separation of both fractions. The colloidal fraction commonly refers to both 

inorganic (e.g. ferrihydrite colloids) and organic components in the size range 1–1000 nm (Buffle 

and Leppard 1995; Turner 2005; Worsfold et al. 2008; Zhang and Oldham 2001).  

Colorimetric methods (CM) or ion chromatography (IC) are commonly used to measure P in 

filtered waters. The total dissolved P (TDP) can be measured by the same colorimetric method (CM) 

after digestion or by inductive coupled plasma (ICP) technique. The P detected by IC or CM is often 

considered to correspond to ortho-phosphate. However, during the last decades, increasing evidence 

has been found that these methods may also measure other P species (Hens and Merckx 2002; Sinaj 
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et al. 1998; Stainton 1980). Chromatographic analysis of phosphate is traditionally performed using 

ion-exchange columns with alkaline eluents and is characterized by low detection limits (0.1 µM 

range)(Goyal 1997; Ruiz-Calero and Galceran 2005). Alkalinization of the sample may result both in 

under- and overestimation of the Pi concentration. The interaction between Pi and colloidal particles 

during IC analysis can be highly dependent on the pH of the eluents and on the nature of the 

particles so that Pi can both adsorb on or dissociate from colloids during IC elution (Hens and 

Merckx 2002; Sinaj et al. 1998). Alkaline elution may result in hydrolysis of organic P as well (Hens 

and Merckx 2001; Turner 2005). Also in colorimetric methods, other species than Pi may be 

measured. The most frequently used colorimetric methods have an acidification step (typically pH < 

1) prior to measurement, since a low pH is required for development of the colored complex. This 

may result in hydrolysis of organic P (Baldwin 1998) although some studies claim this to be rather 

negligible (Dick and Tabatabai 1977; Turner 2002). Yet another source of potential overestimation 

might be the presence of interfering components such as silicate or arsenate (Linge and Oldham 

2001; Neal et al. 2000). To measure the Pi pool, complementary measurements on the water samples 

can be conducted using the recently developed Donnan Membrane Technique (DMT) for the 

measurement of free anion concentration in waters (Vega et al. 2010). 

Labile organic or colloidal P compounds can hydrolyze spontaneously in aqueous solution or this 

hydrolysis can be accelerated by UV or can be induced by changes in pH such as in analytical 

detection (see above) or biotically (e.g. enzymatically) (Turner 2005). Enzymes, catalyzing the 

hydrolysis of P components, can be present either in the dissolved fraction (as free enzymes after 

cell lysis) or in the particulate fraction (associated with algae and bacteria) and can be highly 

substrate selective or can be able to catalyze a wide variety of P species (Hernandez et al. 2002; Shi et 

al. 2011; Turner 2005). Alkaline phosphatase (AP) is regarded to be the most important enzyme with 

respect to hydrolysis of organic P in the environment because of its universal presence in the 

planktonic community and its low substrate specificity, hydrolyzing a wide range of organic P 

components (Hernandez et al. 2002; Shi et al. 2011). 

Quite recently, the Diffusive Gradient in thin films Technique (DGT) has been introduced to 

measure dissolved P in environmental samples (Mason et al. 2005; Pichette et al. 2009; Zhang and 

Davison 1995; Zhang et al. 1998). In the DGT technique, P is adsorbed on a zero sink layer 
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(ferrihydrite gel) after diffusion through a hydrogel. The adsorbed P is measured after elution of the 

oxide gel, from which the concentration in solution is calculated. The advantages of the DGT 

technique for P measurement in surface waters are: (i) the ability to concentrate P on the zero sink 

layer, (ii) the P capturing is performed at ambient ionic strength and pH without sample storage so 

no differences in P speciation are expected to be introduced and (iii) it can be deployed in the field 

as a passive sampler. It is, however, unclear to what extent inorganic P colloids or organic P forms 

are detected by this method. 

Several studies have compared conventional Pi measurements in soil extracts (Hens and Merckx 

2001; Masson et al. 2001; Pittman et al. 2005; Sikora et al. 2005; Sinaj et al. 1998), but only a limited 

number of data is available for surface waters (Neal et al. 2000). Moreover, the role of inorganic 

colloidal P forms is a potential source of error that is often overlooked. This fraction can also 

dissolve and consequently be measured to a large extent upon acidification during CM (Filella et al. 

2006; Hens and Merckx 2002).  

The objective of this study is to assess which P species other than orthophosphate may be detected 

by CM and IC in environmental water samples. These methods were compared with measurements 

of total dissolved P, as determined by ICP, for model organic P compounds, synthetic inorganic 

colloidal solutions and 271 environmental water samples. Additionally, the more recent DGT 

technique was examined using (part of) the same datasets. The capability of low molecular weight P 

molecules to diffuse through the diffusive layer and the adsorption of these compounds on the zero 

sink layer was examined for well-defined model P components. Subsequently, enhancement of the 

hydrolysis of organic P compounds by pH changes, UV irradiation and enzymatic activity is verified. 

 

2.2 Experimental section 

2.2.1 Sample preparation 

Three sample sets were tested: organic P model compounds, inorganic P colloids and 

environmental samples.  
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For the first set, i.e. dissolved organic P, stock solutions with total P concentration of about 1.6 

mmol P L-1 of eleven organic P compounds were freshly prepared. These compounds were calcium 

glycerolphosphate hydrate (97%, Alfa Aesar); adenosine-5’-triphosphoric acid (Applichem); tri-n-

butyl phosphate > 99% (Fluka); adenosine-5’-diphosphate sodium salt (> 95%, Sigma); phytic acid 

sodium salt hydrate (Sigma); D-glucose-6-phosphate disodium salt (> 98%, Sigma); lithium 

potassium acetyl phosphate (> 97%, Fluka); adenosine 3’-5’-cyclic monophosphate (> 99%, Acros 

Organics); 4-methylumbelliferyl phosphate (> 99%, Fluka); creatine phosphate disodium (> 98%, 

Alfa Aesar) and phenylphosphonic acid (> 98%, Fluka) and the inorganic P component 

pentasodium triphosphate (> 98%, Fluka). Analytical reagent water (18.2 MΩ cm water provided by 

a milli-Q water purification system, Millipore) and acid washed glassware were used for the 

preparation of all solutions. Four solutions with total P concentrations ranging from 2.6 up to 230 

µmol P L-1 were diluted from every stock solution, so that at least three of the four solutions fell in 

the calibration range of each analytical device. To simulate potential hydrolysis during analytical 

detection or algal bioassays, subsamples of every solution were processed in different ways: (i) no 

further treatment (ii) acidification to pH 2 with a 1 M HCl solution for 24 hours prior to CM 

detection, (iii) alkalinization to pH 12 with a 1 M NaOH solution for 24 hours prior to CM 

detection, (iv) exposure to UV irradiation (C.B.S. Scientific PCR workstation with dual germicidal 

(250 nm, 165 µW cm-2) UV lamps) twice during  45 minutes prior to CM detection and (v) addition 

of alkaline phosphate enzymes prior to CM detection. Alkaline phosphatase (AP, from bovine 

intestinal mucosa, 43058 DEA units mL-1, Sigma) was diluted to an activity of 1 DEA unit µL-1 in a 

buffered solution containing 90 mM TRIS buffer at pH 8.7 (= pH optimum of the used enzyme), 2 

mmol L-1 MgCl2, 2 mmol L-1 NaCl and 0.2 mmol L-1 ZnCl2. One DEA unit is defined as the amount 

of enzyme being able to hydrolyze 1 µmol of 4-nitrophenyl phosphate per minute at pH 9.8 at 

37 °C. Fifty µL of this buffered alkaline phosphatase solution was added to 1 mL of organic P 

solution (final enzymatic activity of 0.02 DEA units µL-1), shaken and incubated at 21°C for 0.5, 1, 5 

and 1500 minutes. The enzymatic hydrolysis was terminated by acidification to pH 0 using reagents 

A as used in the malachite green measurement (see below). Subsamples of each organic P solution 

were incubated for 24h at 37°C after alkaline phosphatase addition. The hydrolyzed P was measured 

by malachite green colorimetry after addition of reagents B. Interference of this buffer solution with 

our malachite green colorimetric measurement was tested by measuring the calibration solutions (0.6 
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to 20 µmol P L-1) with and without buffer addition. Phosphorus concentration in the solutions of 

samples of treatments (i) to (v) were all measured by CM. The alkalinized samples (treatment (iii)) 

were neutralized before CM.  

The second sample set, i.e. inorganic colloidal P, consisted of two different types of colloidal P 

solutions. The first subset of solutions contained dispersed Al2O3 nanoparticles, the second 

ferrihydrite stabilized by natural organic matter (NOM). All solutions were prepared in acid washed 

glassware and reagent grade water was used. An aluminum oxide nanoparticle dispersion (<50 nm 

20 weight% dispersion, Sigma Aldrich) was diluted in reagent grade water to 0.1 weight%. Forty mL 

was sonicated twice during 4 minutes at 80 Watt (XL2020 sonifier, Branson Ultrasonic corporation) 

and filtered over 0.45 µm cellulose membrane filters (Millipore). For the second subset of colloidal 

solutions, ferrihydrite was prepared by drop wise titration of Fe(NO3)3 with 1 mol L-1  NaOH to pH 

7. This solution was centrifuged (5 minutes at 3500g, Jouan C412 Centrifuge), the supernatant was 

discarded, reagent grade water was added and the solution homogenized. This procedure was 

repeated four times to decrease the ionic strength and the samples were consequently centrifuged 

(30 minutes at 30,000g with Beckman J2-21 centrifuge). Both the Fe- and Al oxide suspensions were 

mixed with a KH2PO4 / NaCl solution to obtain a concentration of circa 3.2 µmol P L-1, and 0.2 

mmol L-1 NaCl at six varying concentrations of the oxide particles. The molar Al/P ratios ranged 

from 0 to 4.75, the Fe/P ratios from 0 to 15.9. Natural organic matter (Suwannee river NOM 

(SRNOM), International Humic Substance Society) was added to the ferrihydrite-Pi samples with 

final concentrations ranging from 0.87 mg C L-1 (lowest ferrihydrite addition) to 6.75 mg C L-1 

(highest ferrihydrite addition). Consequently, all solutions were incubated for 24 hours on a 

magnetic stirrer in a dark room at 21°C. Samples were filtered over 0.45 µm cellulose membrane 

filters before measurement. The NOM in the ferrihydrite samples might function as a peptizing 

agent for the inorganic colloids or might induce the formation of DOM-Fe-Pi complexes (Shaw et 

al. 2000). Without NOM, the Fe concentration measured by ICP-OES was too low to have 

significant effects on P speciation after filtration, even when isolated above or below the zero-point 

of charge. Chromatographic Pi measurement was unaffected (p < 0.05) by the addition of 6.85 mg C 

L-1 SRNOM in the absence of Fe colloids. 
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The third set consisted of five different groups of environmental water samples: (i) 67 surface 

waters collected from lakes and streams, (ii) 21 ditches, (iii) 13 drainage tubes, (iv) 45 ground waters 

obtained from piezometers and (v) 125 soil pore waters. The soil pore waters were obtained after 

centrifugation of soil samples using the double chamber method. The bottom of a 30 mL syringe 

was covered with glass wool. Subsequently the syringe was filled with about 50 g soil and was placed 

in a 50 mL centrifuge tube. The centrifuge tubes were centrifuged (4500g, 30 minutes, 21°C) with a 

Jouan C412 Centrifuge. The obtained soil pore water as well as the other aquatic samples were 

immediately filtered over 0.45 µm cellulose membrane filters after collection. The filtered 

environmental water samples were stored in a dark room at 5°C and were analysed within 72 hours. 

2.2.2 Analytical methods 

Three different analytical techniques for P measurement were employed. For IC measurements, a 

Dionex ICS2000 system was used, equipped with AG15 2×50mm guard column and AS15 

2×250mm analytical column and a conductivity detector (CD25) preceded by an anion self-

regenerating suppressor (ASRS300 2mm). An injection volume of 50 µL was used and the sample 

was eluted with a gradient concentration of KOH of 35 mmol L-1  up to 65 mmol L-1  over 25 

minutes at 0.3 mL minute-1. Calibration solutions ranged from 0.3 to 250 µmol L-1 (KH2PO4, Merck 

standard solution). This method was used for all samples with the exception of the DGT eluates and 

the acidified or alkalinized model organic P samples. 

The malachite green CM was based on the procedure of Van Veldhoven & Mannaerts 

(Vanveldhoven and Mannaerts 1987). After acidification of 1 mL sample to pH 0 with a 3 mol L-1  

H2SO4 solution (reagent A), the 12-molybdofosforic acid is formed followed by the formation of a 

green colored ion association complex with malachite green oxalate (reagent B). The absorbance was 

measured at 630 nm using a Perkin Elmer Lambda 20 spectrophotometer with a 1 cm path length. 

For each batch of measurements, calibration solutions ranging from 0.3 to 16 µmol L-1 (KH2PO4, 

Merck standard solution) were measured. The average of two reagent grade water samples were 

taken as blanks. This method was used for all samples with the exception of the environmental soil 

pore water samples. 
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An Inductively Coupled Plasma with Optical Emission Spectroscopy (ICP-OES, Perkin Elmer 

Optima 3300 DV) was used for measurements of total dissolved P (TDP) and cations (Fe, Al, Ca, 

Na, Mg and K). Phosphorus was measured in axial mode at 213.617 nm except for the DGT eluates 

where P was measured at 178.221 nm due to metal interferences at 213.617 nm. The samples were 

acidified to pH 1 using a 5 M HNO3 solution prior to analysis. Calibration solutions ranged from 3 

to 160 µmol L-1 (KH2PO4, Merck standard solution). This method was used for all samples with the 

exception of acidified or alkalinized model organic P samples. 

2.2.3 Diffusive gradient in thin films (DGT) 

The principles, theory and assumptions for P measurement by DGT have already been discussed 

extensively (Mason et al. 2005; Zhang and Davison 1995; Zhang et al. 1998). The DGT sampler 

consists of a gel assembly in a plastic holder with an open window. A binding gel is placed at the 

base of the holder and a diffusive gel and membrane filter (0.45 µm, Millipore) are placed on top and 

covered with the window cap. We used the method as described by Mason et al. (2005) to prepare 

the binding gel. This binding gel is a mixed binding layer (MBL) in which both ferrihydrite (prepared 

as described above) and Chelex 100 resin (100-200 mesh, sodium form, Bio-Rad Laboratories) are 

incorporated. The incorporation of Chelex resin facilitated the handling of the zero sink layer while 

assembling the DGT. During DGT deployment, the analyte diffuses through the diffusive layer and 

is immobilized upon contact with the zero sink layer. The mass of adsorbed P and metals is 

determined after elution of the binding layer. 

The DGT samplers were deployed in threefold in 1 L solution in an incubation room at 21°C. The 

solutions were shaken on a magnetic stirrer and temperature in the solution was measured twice 

during deployment. After 24 hours deployment, the DGT samplers were rinsed with reagent grade 

water and opened. The zero sink layer was removed and placed in 1 mL of a 1 mol L-1  HCl solution. 

After at least 24 hours, the eluate was diluted and measured both by ICP-OES (P and Al) and by 

malachite green CM (P). The calibration solutions for the malachite green CM were prepared in the 

same HCl solution as the diluted eluate samples. The DGT measured concentration, CDGT, was 

calculated as: 

CDGT = (Celuate (Vgel + Vacid) Δg) (D A t)-1      (2.1) 
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with Celuate the P concentration of the eluate measured by ICP or malachite green CM, Vgel the 

volume of the MBL, Vacid the volume of the acid eluents, ∆g the thickness of the diffusive layer 

(0.073 cm), D the diffusion coefficient of Pi in the gel solution (available from DGT research, 

5.42×10-6 cm2 s-1 for H2PO4
- at 21°C), A the area of the exposure window (2.54 cm2) and t the 

deployment time (24 hours). For each batch of measurements, the DGT efficiency was verified 

using a solution containing 0.2 mg L-1 solution (as KH2PO4, Merck standard solution) and 0.5 mmol 

L-1 NaCl. The measurements were corrected for possible small P contamination of the MBL by 

subtracting the average P mass in the eluate of two undeployed DGT samplers. The DGT 

measurements were carried out on some of the model organic P samples (calcium 

glycerolphosphate, adenosine-5’-triphosphoric acid, phytic acid sodium salt hydrate, pentasodium 

triphosphate and creatine phosphate disodium), on all inorganic P solutions and on a subset (19 

surface waters) of the environmental samples. 

Dissolved organic carbon (DOC), as measure of dissolved organic matter (DOM), was measured 

by a TOC analyser (Analytik Jena multi N/C 2100) for a subset of 54 environmental samples and 

the synthetic Fe solutions. The samples were acidified to pH 1.9 using 50% H3PO4 and purged with 

oxygen gas for 3 minutes prior to analysis. The organic carbon was oxidized by catalytic (Pt) 

combustion at 800°C and CO2 was measured by IR detector. 

2.2.4 Detection limits 

The detection limits of the different methods were calculated based on the IUPAC definition as 

the mean value plus three times the standard deviation of seven blank samples (reagent grade water) 

(Thompson et al., 1987). The detection limits were 0.2 µmol P L-1 for ICP measurement at 213.617 

nm and 1.1 µmol P L-1 for ICP measurement at 178.221 nm, 0.2 µmol P L-1 for CM, and 0.1 µmol L-

1 for IC. The detection limit of CDGT was 0.3 µmol P L-1 when the eluates were analysed with CM 

and 1.2 µmol P L-1 when the eluates were analysed with ICP. 

2.2.5 Statistics 

Data were processed using SAS9.2 and submitted to Duncan’s multiple range test to detect 

significant (p < 0.05) differences between ICP, malachite green CM, IC or DGT methods. The ratios 
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of IC or CM measured P to total dissolved P of the five different groups of environmental water 

samples were compared using the same Duncan’s multiple range test. Only samples with P 

concentrations above the detection limit of the analytical devices were retained for this analysis. 

Pearson correlations were calculated using SAS9.2 to detect correlations between the difference in 

IC and ICP measured P and Fe, Al, ionic strength and DOC concentration for surface water 

samples. 

 

2.3 Results and Discussion 

2.3.1 Dissolved organic P.  

Only negligible amounts of P were measured by CM or IC in the solutions containing phosphate 

esters (Table 2.1). Phosphate esters are likely the most abundant organic P forms in environmental 

water samples (Kolowith et al. 2001; Turner 2005). Even tri-n-butyl phosphate was measured for 

less than 0.2% by CM or IC although phosphate tri-esters are supposed to be the most prone to 

hydrolysis of all phosphate esters (Turner 2005). However, two other organic P compounds (Li-K-

acetyl phosphate and creatine phosphate) were completely measured by CM and partially measured 

by IC. The N base function present in creatine phosphate is protonated upon acidification in the 

colorimetric method, which facilitates separation from the Pi group. The reactivity of Li-K-acetyl 

phosphate might result from the relatively stable carboxyl functional group after hydrolysis. These 

results show that most organic P compounds are largely undetected by the colorimetric method used 

in this study. Our malachite green colorimetric method can be seen as a rather aggressive 

colorimetric method (pH 0 and 1.5 hours of acidification before measurement) compared to the 

more commonly used continuous flow systems (typically pH 2 and less than 5 minutes of 

acidification before measurement) (Dick and Tabatabai 1977). Moreover, we could not demonstrate 

a significant enhancement in hydrolysis after 24 hours of acidification (pH 2) or alkalinization (pH 

12) for this selected set of 12 model P compounds compared to the same compounds dissolved in 

reagent grade water (data not shown). Thus, organic P compounds in environmental samples most 

likely contribute little to colorimetric P measurements in general.  
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Our results are in agreement with those from Dick and Tabatabai (1977) and Turner (2002), who 

also found that there was generally little contribution of organic P compounds to IC measurement. 

Baldwin (1998) pointed out that a number of synthetic and natural organic P compounds are 

susceptible to analysis induced hydrolysis. This hydrolysis was however rather limited as typically less 

than 20% of the total dissolved P was measured using a colorimetric method (Baldwin 1998). 

Limited increases in reactive P (generally < 10%) have been demonstrated after acidification periods 

longer than 72 hours prior to colorimetric measurement (Denison et al. 1998; Monaghan and 

Ruttenberg 1999). 

 

Table 2.1 Phosphorus detection of organic P compounds colorimetry (CM) or ion chromatography (IC). The 
measurements are listed relative to total dissolved P (TDP) measurements (%) with the standard deviation between 
brackets. (< d.l.: lower than detection limit) 

    % measured by 
  Phosphate type CM  IC 
Pi (KH2PO4) Orthophosphate 102.3 (2.9) 97.4 (1.3) 
Adenosine 3’-5’-cyclic monophosphate Phosphate mono ester 0.0 (0.0) 0.1 (0.0) 
Calcium glycerolphosphate Phosphate mono ester 0.1 (0.0) 0.2 (0.1) 
Tri-n-butyl phosphate Phosphate tri ester 0.2 (0.1) 0.2 (0.2) 
4-methylumbelliferyl phosphate Phosphate mono ester 0.3 (0.1) 0.6 (1.1) 
Glucose-6-phosphate Phosphate mono ester 0.4 (0.2) 0.1 (0.1) 
Phenyl phosphonic acid Phosphonate 0.8 (0.2) < d.l. 
Adenosine-5’-triphosphoric acid Phosphate mono ester 1.9 (0.3) 0.2 (3.3) 
Adenosine-5’-diphosphate sodium salt Phosphate mono ester 2.3 (0.4) 1.5 (1.9) 
Phytic acid sodium salt Phosphate mono ester 2.8 (0.5) 1.9 (1.3) 
Pentasodium triphosphate Polyphosphate 3.8 (1.7) 0.5 (0.1) 
Li-K-acetyl phosphate CH3CO2-PO3 108.9 (2.3) 53.3 (2.6) 
Creatine phosphate disodium R-NH-PO3 102.9 (1.7) 17.9 (3.1) 
 

The DGT eluates were analysed both with ICP and CM. For calcium glycerolphosphate, 

adenosine-5’-triphosphoric acid and pentasodium triphosphate, more P was detected when the 

DGT eluates were analysed by ICP than by CM (Table 2.2). This indicates that these compounds, 

which are not detected by colorimetry (Table 2.1), are adsorbed on the MBL during deployment. 

These results illustrate that low molecular weight organic P compounds may diffuse through the 
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diffusive layer and adsorb on the MBL. The P detected in the DGT eluates after CM analysis might 

result from hydrolysis during the DGT deployment or from adsorption organic P compounds on 

the zero sink layer. Given that these compounds were not hydrolysed during the CM analysis, 

hydrolysis under the (milder) conditions of the DGT deployment is unlikely. It is more likely that 

the organic compounds sorbed on the zero sink gel, and are partly detected by CM, because they 

partly hydrolyzed during the elution of the gel. This elution is carried out in a 1 mol L-1 HCl solution 

for 24 hours, i.e. under more extreme conditions than the CM analysis. For creatine phosphate, a 

large fraction of P (57%) was measured by DGT and there was no significant difference between 

both eluate analyses (Table 2.2). If any creatine phosphate would have adsorbed on the zero sink 

layer, it would be hydrolyzed during elution in the 1 mol L-1  HCl solution and would be measured 

colorimetrically (Table 2.1). The DGT results of the organic compounds (Tale 2.2) were calculated 

using Equation 2.1 with D the diffusion coefficient of Pi in the diffusive gel. A lower diffusion 

coefficient for organic P compounds would result in even higher DGT measured P concentrations. 

Detection of the organic P fraction by DGT can be minimized by analyzing the eluates by CM or 

IC, rather than a method that measures total P (such as ICP). In addition, reducing the acidity of the 

DGT eluens and elution time can minimize the contribution of organic P in DGT measurement.  

 

Table 2.2 Phosphorus detection of organic P compounds by DGT. The DGT eluates were measured by ICP and 
colorimetric method (CM) and are listed relative to total dissolved P (TDP) measurements (%) with the standard 
deviation between brackets. (< d.l.: lower than detection limit) 

  Eluate analysis of DGT 
  ICP CM 
Pi (KH2PO4) 92.4 (6.8) 95.5 (9.1) 
Phytic acid sodium salt < d.l. 2.4 (4.4) 
Adenosine-5’-triphosphoric acid 40.7 (7.0) 29.9 (0.3) 
Pentasodium triphosphate 49.3 (1.7) 21.0 (0.7) 
Calcium glycerolphosphate 54.2 (6.2) 3.8 (0.8) 
Creatine phosphate disodium 57.2 (8.8) 62.2 (6.4) 

 

None of the tested (a)biotic factors (UV light, pH changes and Alkaline Phosphatase, AP,  in 

buffer solution) interferes with the colorimetric measurements of Pi (Table 2.3 and Fig 2.1). The 

colorimetrically measured P before and after exposure to UV light exposure, alkalinization and 
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acidification remained unaffected (p < 0.05) for all the organic P components apart from glucose 

phosphate (Table 2.1). Possibly, our UV lamps (165 µW cm-2) were not powerful enough to mimic 

the UV light emitted by sunlight or other artificial UV lamps as used by (Karl and Yanagi 1997; 

OrmazaGonzalez and Statham 1996). In that study, sugar phosphates and phosphonates were 

hydrolyzed completely within 30 minutes using an UV emitting 330 Watt Hg vapor lamp. Hydrolysis 

of nucleotide di- and triphosphates would remain limited (< 20%) even after extended periods (up 

to 6 hours) (Karl and Yanagi 1997; OrmazaGonzalez and Statham 1996). Apart from low molecular 

weight organic P components, Pi sorbed onto Fe3+-high molecular weight humic material complexes 

might be released by a mechanism involving UV-induced photoreduction of Fe3+ to Fe2+ (Francko 

and Heath 1982). This high variability in UV hydrolyzed model P components is reflected in the 

susceptibility of the hydrolysis of environmental samples, ranging from 4 to 25% (OrmazaGonzalez 

and Statham 1996). 

 

 

Figure 2.1 Effect of alkaline phosphatase buffer solution on P measurement by the malachite green colorimetric 
method. The average of two measurements is given with the standard deviation as error bars. (-buffer: no enzyme buffer 
addition and +buffer: enzyme buffer addition) 
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Table 2.3 Organic P components measured by and the colorimetric method as % of total dissolved P as affected by different procedures to stimulate hydrolysis: no 
further treatment (-), UV light exposure (+UV), alkalinization (+Alk), acidification (+Acid), and enzyme activity (alkaline phosphatase, +AP). Initial total P 
concentration = 10 µmol L-1. The average of three replications are given. The numbers followed by the same letter in each row do not differ significantly (p < 0.05) 
according to Duncan’s multiple range test after log transformation of the %TDP (to normalize the variability throughout the treatments). (TDP: total dissolved P, 
measured by ICP, n.m.: not measured) 

  
P 

compound* 

- +UV +Alk +Acid +AP 0.5 min +AP 1 min +AP 5 min +AP 1500 min 

% TDP 

Pi 99b 98b 100ab 100ab 96bc 93c 96bc 107a 

cP 94a n.m. n.m. n.m. 89a 91a 91a 89a 

mbP 3e 2e 5d 4d 24c 30c 74b 102a 

gluP 3d 10cd 6cd 21bc 22bc 24bc 50ab 108a 

Pser 3e 3e 5de 9cd 14c 16c 43b 104a 

triP 3f 3f 9d 6e 12c 15c 29b 92a 

ATP 3e 3e 5d 6d 12c 15c 34b 112a 

Pa 6d 6d 8c 11b 7c 6cd 7cd 19a 

butP 3b n.m. n.m. n.m. 4b 3b 3b 5a 

Ph 2c 3bc 5a 5a 3bc 3bc 4ab 4ab 
*Pi: orthophosphate, cP: creatine phosphate disodium, mbP: 4-methylumbelliferyl phosphate, gluP: D-glucose-6-phosphate, Pser: O-phospho-Dl-serine, triP: 
pentasodium triphosphate, ATP: adenosine-5’-triphosphoric acid, Pa: phytic acid sodium salt, butP: tri-n-butylphosphate and ph: phenyl phosphonic acid 
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Prolonged exposure (24 hours) of the organic P components in acid or alkaline environment 

enhances hydrolysis only slightly (Table 2.3). The malachite green colorimetric method is a rather 

aggressive method compared to alternative ones(e.g. (Hens 1999; Murphy and Riley 1962)) since 

acidification in the alternatives is less pronounced (pH 2 versus pH 0 in malachite green) and for a 

shorter period (seconds versus 1.5 hour in malachite green). It has, however, been observed that 

acidification for periods longer than 72 hours prior to colorimetric measurement might contribute 

significantly to hydrolysis (Denison et al. 1998; Monaghan and Ruttenberg 1999). 

Alkaline phosphatase is a universally present enzyme in both fresh water systems and marine 

systems, having a low substrate specificity and is capable to catalyze the hydrolysis of phosphate 

esters efficiently (Hernandez et al. 2002). The pentasodium triphosphate and all phosphate mono-

esters in our test solutions were completely (except phytate) hydrolyzed after 24 hours of reaction 

(Table 2.3).  Phosphorus detected by CM increased significantly but not completely by the addition 

of the enzyme to the test solutions for the phosphate tri-ester (tri-n-butylphosphate), the 

phosphonate (phenyl phosphonic acid) and creatine phosphate (C-N bond). Creatine phosphate was 

already completely hydrolyzed before enzyme addition due to its lability in aqueous solutions and/or 

acidified environment after addition of reagents of colorimetric method so no effect of the enzyme 

on the hydrolysis could be detected. Although phosphate tri-esters are supposed to be the most 

prone of all phosphate esters to hydrolysis (Turner 2005), hydrolysis of tri-n-butylphosphate 

remained unaffected by the 24 hour presence of the alkaline phosphatase. Phytic acid -and the 

related phenylphosphonic acid structure- are known to be very stable and only the phosphates in 

specific positions can be hydrolyzed by the action of specialized enzymes (Turner 2005).  

The enzyme activity used in our study would typically be several orders of magnitude  (102 to 106 

times) higher than the alkaline phosphatase activity expected in natural waters (typically ranging 

from below detection limit to around 104 nmol P L-1 hour-1) (Koch et al. 2009; Kwon et al. 2011; 

Rees et al. 2009). However, considering the initial (< 5 minutes) high rate of hydrolysis for the 

components susceptible to alkaline phosphatase hydrolysis (typically > 30 nmol L-1 s-1), we can 

conclude that enzymatic activity is likely to be the major pathway of hydrolysis in environmental 

samples. Slight pH changes in our buffered test solutions and low-intensity UV irradiation as applied 
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during algal bioassays in following chapters, are not expected to significantly catalyze hydrolysis but 

enzyme production is. 

2.3.2 Inorganic colloidal sample set.  

Apart from the hydrolysis of organic P components, another potential source of error which is 

often overlooked in conventional analytical techniques is the contribution of inorganic colloidal P 

(Filella et al. 2006; Hens and Merckx 2002). A significant and variable proportion of colorimetrically 

measured P is present as inorganic particles in the colloidal size range in natural water samples 

(Filella et al. 2006; Haygarth et al. 1997). The colorimetrically detected P was unaffected by the 

presence of Al and Fe colloids whereas colloids decreased the P detected by IC and by DGT (Table 

2.4). We hypothesize that the differences between IC and CM measurements are mainly related to 

the difference in pH during the measurement. Speciation calculations (Visual Minteq, v2.61) predict 

that Al2O3 is completely dissolved at both pH = 2 (simulation for CM conditions) and pH = 12.8 

(simulation for IC conditions). Iron oxides are entirely dissolved at pH 2 while they remain 

precipitated, irrespective of the Fe(III) oxyhydroxide form, at pH 12.8. For the highest ferrihydrite 

addition (Fe:P = 15.8), 80% of the Pi would initially -at pH 6.8- be adsorbed on the ferrihydrite 

(using hydrous ferric oxide and a diffusive layer model in the speciation calculations). The amount of 

adsorbed Pi decreases as pH increases so that < 1% is adsorbed at pH 12.8. Our IC analysis 

suggests, however, that part of the Pi remains associated with the colloidal forms during IC analysis, 

possibly due to slow release kinetics. 
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Table 2.4 Phosphorus detection of inorganic colloids by different methods. The TDP (total dissolved P) is expressed as 
absolute concentration (µmol P L-1); the results of colorimetric method (CM), ion chromatography (IC) and DGT (with 
eluate analysis using ICP) are listed relative compared to TDP (%). The first solution consisted of a dispersed Al2O3 
nanoparticle solution, the second of ferrihydrite stabilized by natural organic matter. Values followed by the same letter 
in the same row do not differ significantly (p < 0.05) according to Duncan’s multiple range test. 

  % measured by 

Molar (Al or Fe): P ratio TDP 
µmol P L-1 

CM IC DGT 

No colloids 3.5 a 102 a 99 a 99 a 

Al colloids     
0.2 3.1 a 108 a 106 a 94 a 

0.7 3.0 ab 105 a 96 ab 90 b 

4.8 3.2 ab 103 a 91 bc 84 c 

Fe colloids     
0.1 3.1 ab 105 a 94 ab 91 b 

1.3 3.0 ab 99 a 82 b 82 b 

15.9 3.1 a 114 b 49 c 56 c 
The colorimetric analysis of the samples containing Fe:P ratios of 15.9 were significantly higher than the ICP 
measurement due to color interference of the presence of Fe and natural organic matter. 

 

The Al concentration measured in the DGT eluate of the highest concentration of Al2O3 

nanoparticle solutions was around the detection limit of ICP (0.006 mg Al L-1) suggesting no or only 

limited transfer of the nanoparticles towards the binding gel. Iron derived from the ferrihydrite 

colloids could not be measured using DGT because of the excess Fe of the ferrihydrite incorporated 

in the mixed binding gel. There was no significant difference (p  < 0.05) in P measured in the DGT 

eluates between the ICP and CM analysis for any of the solutions. The P concentrations detected in 

the DGT eluates were significantly lower than the total dissolved P measurement for the Al oxide 

solution (with Al:Pi 4.8, Table 2.4), contrasting to IC and CM measurements which did not measure 

significantly less P. Although the pore size of the diffusive gels in the DGT samplers is difficult to 

control and dependent on the used concentrations of acryl amide and cross-linker, the average pore 

size obtained with our method would not be less than 5 nm (Zhang and Davison 1995). Iron and Al 

oxide particles in the nanoscale range are prone to rapid aggregation in aqueous medium up to µm 

scale particles (Tso et al. 2010; Zhang et al. 2008). The size of the colloidal P would consequently be 
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too large to be measured by DGT. We infer that colloidal P is not able to diffuse through the 

diffusive layer and to adsorb on the MBL since we could not detect any Al in the DGT eluates 

indicating that the Al colloids did not reach the binding layer. 

2.3.3 Environmental sample sets.  

The previous results suggest that the non-colorimetrically detected P (=difference between ICP 

and CM measured P) corresponds mainly to organic P compounds, whereas P that is not detected 

by IC corresponds to both organic and inorganic colloidal P. No significant correlation (p > 0.1) was 

found between the non-colorimetrically detected P and the DOC concentration (r = 0.24) or 

between the non-IC detected P and the dissolved Fe (r = -0.04) or Al (r = 0.03) concentration. A 

significant correlation was found between the non-IC detected P and the ionic strength (r = 0.40; p 

= 0.001). The reason behind this correlation is unclear. 

The CM detected P approximates the total dissolved P for most environmental samples, while this 

was not the case for the IC method (Fig 2.2 and Table 2.3). For all environmental samples, the ratio 

of IC measured P to total dissolved P was 19% (Fig 2.3). The origin of the water sample significantly 

affected the fraction of P detected by IC or CM (Table 2.5), with the lowest fractions detected by IC 

in soil pore waters. The incomplete recovery by CM in groundwaters suggests that organic P forms 

contribute importantly in groundwaters. Chardon et al. (1997) already reported that a substantial part 

of total P in spoil solutions and leachates can be present as dissolved organic P. The large fraction 

detected by CM in surface waters suggests that P is largely present as Pi or phosphate adsorbed onto 

inorganic colloids. The Pi fraction in the groundwater and soil solutions is likely small because of 

colloidal Fe and Al particles which are highly effective in adsorbing Pi. This hypothesis is confirmed 

in other studies where significant correlations were obtained between dissolved P and Fe/Al in soil 

solutions (Giesler et al. 2005; McDowell and Sharpley 2001). In addition, a relative large organic P 

pool could also explain the low ratio of IC measured P to total dissolved P in the soil solutions. 

However, these results should not be generalized, since P speciation in soil pore waters is highly 

dependent on the soil type (Hens and Merckx 2001) and on the extraction procedure used (Masson 

et al. 2001; Pittman et al. 2005; Sikora et al. 2005). 
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Figure 2.2 Dissolved P concentrations of 19 surface waters measured by colorimetric method (CM), ion 
chromatography (IC) and diffusive gradient in thin films (DGT) as a function of total dissolved P detected by 
inductively coupled plasma (ICP). The equations for the linear fits are: PCM = 1.02 PICP - 0.01 with R2 = 0.95; PIC = 
0.86 PICP - 0.05 with R2 = 0.86 and PDGT = 0.67 PICP - 0.01 with R2 = 0.91. The thin full line represents the 1:1 
correlation (1:1 cor). 

 

Table 2.5 The average ratios of P detected by ion chromatography (IC) over total dissolved P (IC:TDP) and by 
colorimetric method (CM) over total dissolved P (CM:TDP) for the five different groups of environmental samples. 
Values followed by the same letter in the same column do not differ significantly (p < 0.05) according to Duncan’s 
multiple range test. (n: number of samples) 

 IC  CM 

  n % measured   n % measured  

Soil pore water 121 9 a  - - 

Groundwater 15 27 b  15 66 a 

Drainage tube 9 31 b  9 90 ab 

Ditch 17 56 c  17 97 b 

Surface water 38 28 b  44 80 ab 
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Figure 2.3 Dissolved P concentrations in environmental samples (surface water, ditches, drainage tubes, groundwater 
and soil pore water) measured by colorimetric method (CM) and ion chromatography (IC) in function of ICP measured 
P for 149 CM samples and 268 IC samples. The samples with P concentrations < 6.5 µmol P L-1 are presented in the 
right graph for 115 CM samples and 186 IC measured samples. The equations of the linear fits are: PCM = 0.96 PICP - 
0.01 with R2 = 0.98 and PIC = 0.67 PICP - 0.05 with R2 = 0.81 for all samples (left panel),and: PCM = 0.73 PICP with 
R2 = 0.60 and PIC = 0.12 PICP with R2 = 0.15 for the samples with P concentrations < 6.5 µmol L-1 (right panel) The 
thin full line represents the 1:1 correlation (1:1 cor). 

 

On the second set of 19 surface waters, IC, CM and DGT measurements were carried out. The 

ratio of DGT measured P to total dissolved P (0.61 on average) was similar to the ratio of IC 

measured P to total dissolved P (0.54). The DGT eluates were analysed by both CM and ICP 

methods, which did not differ significantly (p < 0.05). This is likely because the non-colorimetrically 

detected P (difference between TDP and CM) contributed, on average, only for 4% of the total 

dissolved P, indicating that the fraction of organic P was negligible in these samples. However, for 

samples with higher dissolved organic P concentrations, analysis of the P speciation in the DGT 

eluate requires attention since the organic P forms contribute to a variable extent (Table 2.2).  
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Table 2.6 Determination of the P species in the dissolved fraction with three analytical techniques and DGT as 
suggested from assays of model compounds (Tables 1, 2 and 3): inductive coupled plasma (ICP), colorimetric method 
(CM), ion chromatography (IC) and diffusive gradient in thin film with eluate analysis by ICP (DGT+ICP) or by 
colorimetry (DGT+CM). The shaded area indicates which species are likely (partly) measured by the method. 

Method Organic P Pi Colloidal P 

ICP 
               

CM 
               

IC 
               

DGT+ICP 
               

DGT+CM 
               

 

 

2.4 Conclusion 

The results obtained for these three sample sets allow us to infer a P fractionation scheme given in 

Table 2.6. Organic P is rather refractory to both colorimetry and chromatography. The hydrolysis of 

P remains generally unaffected by changes in pH while the enzyme alkaline phosphatase is highly 

effective in catalyzing the hydrolysis of phosphate esters. Some low molecular weight molecules 

might be measured using DGT when the eluate is analysed by total P measurement. Measurement of 

organic P by DGT might be reduced when the resin is not eluted for prolonged periods in acid 

medium and when the eluate is measured by colorimetric or chromatographic method. 

Overestimation of the Pi fraction using colorimetry and chromatography is mainly due to the 

presence of colloidal P. The size of colloidal P particles in most environmental samples would likely 

be too large to be measured by DGT. Our data suggest that orthophosphate and inorganic colloids 

are the most important P species in surface waters while organic P contributes more importantly in 

groundwaters. 
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Chapter 3.   The bioavailability of  colloidal and dissolved organic 

phosphorus for the alga Pseudokirchneriella subcapitata in 

relation to analytical phosphorus  measurements  

(Adapted from Van Moorleghem et al. 2013) 

 

3.1 Introduction                            

Phosphorus (P) is generally the most limiting macronutrient for primary production in freshwater 

systems (Correll 1998; Correll 1999; Hudson et al. 2000). Phosphorus might enter aquatic systems in 

a variety of species in the dissolved, colloidal or particulate fractions. Dissolved and particulate P 

fractions are operationally distinguished by filtration (e.g. 0.45 µm membrane), a procedure that 

separates most bacteria, algae and mineral particles from the dissolved phase, but fails to completely 

exclude colloidal particles. Colloidal particles commonly refer to both inorganic (e.g. ferrihydrite 

colloids) and organic compounds in the size range of 1-1000 nm and can consequently be present in 

either dissolved or particulate fractions (Buffle and Leppard 1995; Turner 2005; Zhang and Oldham 

2001). 

Bioavailable P (BAP) is generally defined as the sum of immediately available P and the P that can 

be transformed into an available form by naturally occurring processes (Boström et al. 1988). The 

immediately  available P (within minutes or hours) is often assessed in assays using radioactive 

tracers (Bentzen et al. 1992; Brown et al. 1978; Cotner and Wetzel 1992). Phosphate turnover times 

and uptake constants are typically determined in this type of experiments. Inorganic P (i.e. 

orthophosphate) and very labile organic P forms constitute these fractions (Björkman and Karl 

1994). The long term BAP is expected to be higher than the short term because phosphatases 

and/or exposure to UV irradiation promote hydrolysis of dissolved organic P (DOP) 

(OrmazaGonzalez and Statham 1996). Phosphatase production is species- or cell-specific 

(dependent on internal P concentration of phytoplankton) (Litchman and Nguyen 2008; Rengefors 
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et al. 2003; Štrojsová and Vrba 2006) and is likely increasing with decreasing Pi concentrations 

(Hoppe 2003; Huang and Hong 1999; Labry et al. 2005). Potential bioavailability can be estimated 

from the algal yield after several weeks of culturing when the plateau level of the growth curve is 

attained. This method yields a larger fraction of bioavailable P compared to the immediately 

available P fraction (Boström et al. 1988; Lee 1980). The growth response to DOP can be compared 

with that to equal concentrations of Pi as a definition of the potentially bioavailable fraction of 

DOP. 

Phosphorus concentrations in natural water samples can be determined using different analytical 

methods including ion chromatography, IC (Hens and Merckx 2002; Masson et al. 2001; Ruiz-

Calero and Galceran 2005), colorimetric methods (CM) before or after digestion (Murphy and Riley 

1962; Vanveldhoven and Mannaerts 1987) or inductively coupled plasma, ICP (Masson et al. 2001; 

Chapter 2) with each of these techniques measuring (a combination of) different P species and ICP 

the total dissolved P, i.e. the TDP (Chapter 2).  

The long term bioavailability of operationally determined P forms present in environmental 

samples has been examined for both axenic algal cultures (Ekholm and Krogerus 1998; Ekholm and 

Krogerus 2003; Huang et al. 2005) and natural communities of bacteria and phytoplankton (Bentzen 

et al. 1992; Björkman and Karl 1994). The P available to algae proved to be highly variable, ranging 

from 0% to 100% of the total P concentration, i.e. dissolved+particulate P. None of the 

operationally determined P fractions cited above could be correlated consistently to the potentially 

bioavailable fraction (Ekholm and Krogerus 2003). 

The P detected by CM in the dissolved fraction, also termed dissolved reactive P, is the common 

method to measure bio-available P but can underestimate the potentially available P (Bradford and 

Peters 1987; Ekholm and Krogerus 1998; Reynolds and Davies 2001). The bioavailability of the P in 

the dissolved fraction which cannot be measured by CM without digestion (unreactive P) varied 

from 0% to 55% for river systems (Ekholm and Krogerus 2003). The utilization of DOP by 

phytoplankton is controlled by its chemical composition (Björkman and Karl 2003). Some of the 

organic P forms, e.g. nucleic acids, are readily available to algae while more resistant forms would be 

complexed with humic acids (Reynolds and Davies 2001). It has been demonstrated that DOP 
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compounds, in particular nucleotides, appear to be highly bioavailable to the microbial community 

in an oligotrophic marine environment (Björkman and Karl 1994). The availability of inorganic  

colloidal P, e.g. P associated with colloidal oxyhydroxides of Fe and Al, is not well established. It has 

been recently demonstrated that P associated with Al-oxide nanoparticles was readily available to 

plant roots in nutrient solution, largely because P can be desorbed from the particles near the plant 

roots. The P uptake by plant roots was higher in the presence compared to the absence of Al 

colloids because of diffusion-limited P uptake by the plant roots (Santner et al. 2012). Colloidal P 

forms might be the most important part of TDP in environmental freshwater samples (Chapter 2).  

Analytical P measurements neither correspond unambiguously to (a combination of) well-defined 

P species (Chapter 2), nor to the bio-available P (Ekholm and Krogerus 2003). The CM method 

without prior digestion include Pi but generally does not detect DOP, in contrast with its 

bioavailability (Björkman and Karl 1994; Huang et al. 2005). Almost all colloidal P is likely to be 

measured completely using CM while the availability of these species remains unknown (Chapter 2). 

Analytical techniques used to detect the bioavailable forms have rarely been compared between 

model systems and environmental samples. 

The general objective of this chapter is to compare analytical techniques on the dissolved fraction 

in their capacity to predict P bioavailability to algae. More specifically, the long term availability of 

inorganic colloidal and organic dissolved P were compared in relationship with P forms detected by 

analytical techniques in the initial solution, i.e. colorimetry (malachite green) and ion-

chromatography. Algae were first exposed to a suite of model inorganic colloidal P and organic P 

forms. Subsequently, different environmental freshwater samples were tested. The filtered 

freshwater samples were first concentrated by reverse osmosis (RO) and subsequently diluted to 

allow testing all waters at equal concentration of dissolved organic matter, potentially equal DOP. 

An experiment was included to test the reliability of the RO procedure. All bioavailability assays 

used the growth response in these P-limiting solutions and were referenced to different initial 

concentrations of Pi.  
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3.2 Material and methods 

3.2.1 Solutions 

Analytical reagent water (18.2 MΩ cm water provided by a milli-Q water purification system, 

Millipore) and acid washed glassware were used for the preparation of all solutions. The test media 

consisted of Guillard’s WC medium (Guillard and Lorenzen 1972) without the Pi and vitamin 

solution. The P source consisted of model organic or synthetic colloidal P compounds. To represent 

a wide variety of P species, taking into account the expected P compounds to be present in 

environmental water samples, following organic P compounds were incorporated into the test 

solutions with final concentration of  3 µmol P L-1 or 10 µmol P L-1: D-glucose-6-phosphate 

disodium (gluP, > 98%, Sigma), O-phospho-Dl-serine (Pser, Sigma-Aldrich), creatine phosphate 

disodium salt (cP, >98%, Alfa Aesar), calcium glycerolphosphate hydrate (glyP, 97%, Alfa Aesar), 

adenosine-5’-triphosphoric acid (ATP, Applichem), tri-n-butyl phosphate (butP, >99% Fluka), 

phytic acid sodium salt hydrate (pa, Sigma), adenosine 3’-5’-cyclic monophosphate (cAMP, >99%, 

Acros Organics), and 4-methylumbelliferyl phosphate (mbP, >99%, Fluka) and two inorganic P 

compound consisting of pentasodium tripolyphosphate (trip, >98%, Fluka) and Pi as a reference 

(Merck standard solution). The reference Pi treatment was supplied at 5 concentrations between 0-

10 µmol L-1 P as KH2PO4. 

Two types of inorganic colloidal P forms were prepared. An aluminum oxide nanoparticle 

dispersion (< 50 nm, 20 weight% dispersion, Sigma Aldrich) was diluted in reagent grade water to 

0.1 weight%. Forty mL was sonicated for 20 times 1 minute at 80 Watt (XL2020 sonifier, Branson 

Ultrasonic corporation). In addition, ferrihydrite was prepared by drop wise titration of Fe(NO3)3 

with 1 M NaOH to pH 7. This solution was centrifuged (5 minutes at 3500g, Jouan C412 

Centrifuge), the supernatant was discarded, reagent grade water was added and the solution 

homogenized. This procedure was repeated four times to decrease the ionic strength to allow 

ferrihydrite to be dissolved after which the solution was centrifuged (30 minutes at 30000g with 

Beckman J2-21 centrifuge) to constitute the dissolved fraction. Natural organic matter (Suwannee 

river NOM, International Humic Substance Society) was added to the supernatant and incubated in 

an end-over-end shaker for 24 hours in a dark room at 21°C. The Al colloidal dispersions were 
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centrifuged (30 minutes at 30000g with Beckman J2-21 centrifuge) so that only the dissolved (< 0.45 

µm) fraction was retained in the supernatants. A 5 µmol L-1 Pi solution (KH2PO4, Merck standard 

solution) was prepared and the two solutions with colloids were added in varying concentration to 

obtain varying molar ratios of metal:Pi, ranging from 0 to 180. The DOC concentration in the 

ferrihydrite stabilized by NOM solutions ranged from below detection limit to 9.0 mg C L-1. The 

effect of NOM on algal growth was followed up by measuring growth in the same 5 µmol L-1 Pi 

solution containing 16.3 mg carbon L-1 without ferrihydrite additions. 

Table 3.1 Composition of 14 reconstituted environmental freshwater samples (i.e. surface waters) and the model 
(synthetic) solution used as reference for growth tests with orthophosphate. (SUVA: specific UV absorbance at 254 nm 
and < d.l.: below detection limit) 

  
unit 

Reconstituted freshwater sample 
synthetic solution 

component min max 

Na  mmol L-1 27.0 39.4 27.0 

Ca   0.75 0.78 0.75 

Mg  0.13 0.14 0.13 

K   0.09 0.26 0.09 

NO3 -  2.2 3.1 2.2 

SO42-   2.4 2.7 2.4 

Cl-  12.1 12.8 11.7 

HCO3-  9.9 13.1 9.5 

DOC mg C L-1 8.8 11.2 0.4 

TDP$ µmol L-1 0.6 5.5 < d.l.$ - 5.3 

Fe   0.3 8.1 < d.l. 

Al   <d.l. 4.9 < d.l. 

SUVA L mg-1 cm-1 20 41 
 

pH - 7.2 7.9 7.2 - 7.6 
        $ Total dissolved phosphorous detected by ICP, detection limit (d.l.) is 1.1 µmol L-1 

 

Fourteen natural water samples were obtained from the top 20 cm layer of surface waters (lakes, 

ditches and streams). These samples were collected in the autumn of 2010 and were filtered and 

subsequently concentrated by reverse osmosis (RO). The filtration used two steps (5 µm and 0.45 

µm) to obtain the dissolved fraction of the sample. The filtered sample was passed over a cation 

exchange resin (Lewatit cation exchange resin (S 1468 F), Lanxess) to replace cations by Na. This 

step prevented the dissolved organic matter from precipitation during the concentration process. 
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After pretreatment, the filtered and softened water was collected in a 25 L polyethene reservoir and 

concentrated in a next step. The concentration cycle existed of a high pressure pump followed by a 

RO membrane (Filmtec TW30-2521 RO membrane, Dow). The concentrate was directed back to 

the reservoir while the permeate was discarded. All components of the RO cycle were constructed 

from plastic components to the greatest extent possible to prevent metal contamination in the 

concentrate. Concentration factors of about 20 could be obtained for all waters when applying a 

pressure of 1 MPa over the RO membrane. The 14 samples were diluted with reagent grade water to 

a final DOC concentrations of 10 mg L-1. Each solution was adjusted with concentrated NaCl, 

NaHCO3, NaNO3 and Na2SO4 so that the final concentration of these nutrients equated the highest 

sample concentration in our sample set. Subsequently, KNO3 was added to final concentration 0.1 

mmol L-1, Hepes buffer (pH=7.4) to 5 mmol L-1,  Ca(NO3)2 to 1 mmol L-1 and MgSO4 to 0.1 mmol 

L-1. The micronutrient solution for the preparation of WC medium were added to all solutions with 

final concentrations: 0.01 mmol L-1 FeEDTA, 0.04 µmol L-1 CuSO4, 0.08 µmol L-1 ZnSO4, 0.04 µmol 

L-1 CoCl2, 0.8 µmol L-1 MnCl2 and 0.03 µmol L-1 Na2MoO4 to ensure that only P is the limiting 

nutrient in these solutions. The range of the major nutrient concentrations and some characteristics 

of these test solutions are summarized in Table 3.1. Reference samples with Pi concentrations 

ranging from 0 µmol L-1 to 5.3 µmol L-1 (Table 3.1) were prepared in reagent grade water by adding 

salts and trace elements as described above. 

3.2.2 Bio-assay 

Pseudokirchneriella subcapitata (Korschikov) Hindák 1990 was obtained as an axenic culture from the 

Culture Collection of Algae and Protozoa (CCAP 278/4, Windermere, UK) and was cultivated in 

sterile freshwater WC medium as described by (Guillard and Lorenzen 1972) in autoclaved (20 

minutes at 121°C) 250 mL erlenmeyer flasks covered with an autoclaved cotton plug. This culture 

was shaken continuously on a horizontal shaker in an incubation room and algae were grown under 

a 12h/12h day/night cycle with illumination of 90 µE m-2s-1 (cool white fluorescent lamps) and at 

constant temperature of 21 ± 2°C. After having reached the exponential phase, the algae were 

centrifuged (15 minutes at 6000 g) and washed three times with WC medium without P addition 

prior to inoculation. To detect and quantify a potential contamination of bacteria in our algal 

cultures, bacterial abundance was measured regularly by microscopy (Olympus BX51, 400 x 
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magnified) with or without DAPI (4′,6-diamidino-2-phenylindole dihydrochloride) staining of the 

culture and subsequently compared to algal abundance. Bacteria were counted using a Helber 

counting chamber (Hawksley) by pipetting 2.5 µL of the culture on the counting chamber. The ratio 

of bacterial cell surface over algal surface was calculated when bacteria were detected. The bacterial 

surface area was approximated by 2 µm2 cell-1 (0.8 µm diameter sphere, as microscopically observed) 

while the algal surface area was approximated by 21 µm2 cell-1 (OECD 2006). If any bacteria were 

detected, a fresh algal culture was started up from the ordered axenic algal strain. 

The model organism Pseudokirchnerialla subcapitata was selected for these bio-assays because of the 

robustness of the system (regarding repetitive lab tests) and the ease of interpretation of the results. 

These algae were inoculated in 50 mL of the test medium with final cell density of 104 cell mL-1. All 

tests were performed in triplicate in 100 mL beakers. The test cultures were placed on a negatoscope 

and grown under continuous illumination of 90 µE m-2 s-1 (cool white fluorescent lamps) and 

temperature of 21 ± 2°C, cultures were not grown in sterile conditions after inoculation. The 

cultures were homogenized and the pH was measured once per day and adjusted with 1 mol L-1 HCl 

to pH 7.4 ± 0.2. The algal cell density was measured once per day during the first 6 days and once 

every two days after that (particle counter HIAC Royco 9705). As a reference, a test medium was 

prepared containing the micro and macronutrients of the WC medium with Pi concentrations 

ranging from 0 to 10 µmol L-1. These reference tests were conducted simultaneously with the assays 

of DOP and colloidal P. The reference test medium for environmental P used an adjusted medium 

(Table 3.1 and see above) to minimize compositional differences with the environmental samples. 

3.2.3 Verification of RO isolation procedure 

A bio-assay on three waters was compared between (i) a filtered (0.45 µm) water sample, (ii) the 

same sample first concentrated (by reverse osmosis) and then diluted to the same DOC 

concentration and (iii) a synthetic solution with the same inorganic nutrient concentration but 

without dissolved organic matter (DOM). The bio-assays were performed as described above. 

3.2.4 Analytical methods  

Phosphorus was measured in the initial solution of the algal tests using three conventional 

analytical techniques: Ion chromatography, the malachite green colorimetric method and inductively 
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coupled plasma optical emission spectroscopy (ICP-OES; Perkin-Elmer Optima 3300 DV, Norwalk, 

CT, USA). For IC, a Dionex ICS2000 system was used, equipped with an AG15 2x50mm guard 

column and an AS15 2x250mm analytical column and a conductivity detector (CD25) preceded by 

an anion self-regenerating suppressor (ASRS300). An injection volume of 50 µL was used and the 

sample was eluted with a gradient concentration of KOH of 35 mmol L-1 up to 65 mmol L-1 over 25 

minutes. The molar absorptivity of our malachite green colorimetric method (Vanveldhoven and 

Mannaerts 1987) is up to four times higher than for the more frequently used molybdenum blue 

colorimetric method, resulting in a higher sensitivity when measuring low P concentrations (Hens 

1999). The absorbance of the batch samples was measured at 630 nm using a Perkin Elmer Lambda 

20 spectrophotometer with a 1 cm path length. An ICP with optical emission spectroscopy (Perkin 

Elmer Optima 3300 DV) was used for measurements of total dissolved P (TDP), and cations (Ca, 

Na, Mg, K, Fe and Al). The samples were acidified to pH 1 using a 5 mol L-1 HNO3 solution prior 

to ICP analysis. 

The DOP concentration was approximated as TDP minus P detected by CM concentration. 

Malachite green CM measures all the colloidal P but most organic P compounds in environmental 

samples would not be measured using this method (Chapter 2). The colloidal P in environmental 

samples was estimated by subtracting IC from CM measured P, although P associated with Al 

colloids can be (partially) measured when using IC (Chapter 2). 

Dissolved organic carbon (DOC), the analytical equivalent of dissolved organic matter (DOM), 

was measured by TOC analyzer (Analytik Jena multi N/C 2100) for all samples containing 

ferrihydrite stabilized by NOM and the 14 environmental samples. The samples were acidified to pH 

1.9 using 50% H3PO4 and purged with nitrogen gas prior to analysis. The organic carbon was 

oxidized by catalytic (Pt) combustion at 800°C and CO2 was measured by IR detection. Total 

inorganic carbon (TIC) was measured after injecting the sample in 10% H3PO4 and CO2 

concentration was consequently measured by IR detection. The HCO3
- concentration can be 

calculated from TIC based on the theoretical fraction of TIC (92%, VisualMinteq 2.6) in our 

buffered test solutions at pH 7.4. The UV absorbance was measured at 254 nm (Abs, dimensionless) 

(Perkin Elmer Lambda 20, 1 cm path length, quartz cells) for the 14 standardized environmental 

samples and the specific UV absorbance (SUVA, L g-1 cm-1) was calculated as: 



Long term bioavailability 

 

49 

 

SUVA = Abs b-1 [DOC]-1       (3.1) 

with Abs the UV absorbance at 254 nm, b the path length of the spectrophotometer (1 cm) and 

[DOC] the DOC concentration (mg C L-1). 

3.2.5 Statistics  

The growth response, i.e. maximum cell number obtained during 14 days, to different initial Pi 

forms yielded a linear relationship (see below) and was used to define the fraction bioavailable P 

(BAP, %) of a given P form. This fraction is the equivalent Pi concentration yielding equal cell 

numbers relative to the TDP concentration of the sample with the given P form. The equivalent Pi 

concentration was derived from the regression curve established simultaneously with the growth test 

to the unknowns. The confidence limits on the mean BAP was calculated from the summed 

variance of predicted Pi for the replicates of the unknown and the variance related to the calibration 

curve (s2
calibration) (Equation 3.2 and Figure 3.1, below). The latter was derived with standard equations 

for estimating variance of inverse predictions in linear regression, i.e. taking into account the 

variance in the calibration growth-Pi curve according to following equation: 

s2
calibration = 

���
���

 ��	 +	 (���)�
∑(��)��      (3.2) 

with MSE the mean square error of the linear regression of the calibration line (algal growth respons 

on Pi test solution; calculated with SAS9.2), b1 the slope of the regression of this calibration line, n 

the number of observations, ��� the point estimator of the P concentration of an observed algal 

growth respons (Yh), � the average P concentration of the used calibration solutions and �� the P 

concentration of the ith observation.	��� was calculated as: 

��� = 
���	��

��
         (3.3) 

with b0 the intercept of the linear regression of the calibration curve.  

The specific growth rate during the exponential phase (µexp) was calculated by linear regression of 

ln transformed cell densities versus time during the exponential phase of each replicate. Duncan’s 

multiple range test (SAS9.3) was used to detect differences among means of analytical measures of P 
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and µexp among different forms. Pearson correlations between bioavailability and P measured by 

ICP, CM and IC and correlations between bioavailability and SUVA, initial Fe and Al concentration 

in the environmental samples were calculated (SAS9.3). Factors (DOC concentration, SUVA, initial 

Fe and Al concentration) that may influence the BAP significantly were detected by calculating a 

multiple linear regression model with stepwise backwards elimination of the least significant factors 

(SPSS 17.0, Illinois, USA). 

 

3.3 Results  

3.3.1 Pi solutions 

Higher initial Pi concentrations linearly increased the algal cell density between 0-5 µmol L-1 P 

(Figure 3.1 and Figure 3.2) according to:  

Nmax = 7.9 × 105 Pi - 0.3 × 105        (3.4) 

with Nmax the algal cell density in the test solution (cell mL-1) obtained during 14 days and Pi the 

corresponding measured initial Pi concentration (µmol L-1). This equation can be reformed to 

calculate the relative P availability (BAP, %) according to: 

BAP = (Nmax + 0.3 × 105)/(7.9 × 105 × [TDP]) × 100    (3.5) 

with [TDP] the total dissolved P concentration (µmol L-1) in the corresponding test solution. The 

coefficients of the linear regression were obtained by fitting the cell numbers and Pi concentrations 

in all the tests carried out in this study. The BAP of the organic P compounds and environmental 

samples in following sections was calculated using the same equation, however, with slightly adjusted 

parameters for the slope and intercept, corresponding each time to the simultanously measured 

growth respons on the Pi solutions, the R2 values of the regressions varied from 0.85 – 0.99. Cell 

densities on 10 µmol L-1 Pi growth reached on average 6.12 x 106 cell mL-1, corresponding to 78% of 

the growth that would be expected based on Equation 3.5.  
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Figure 3.1 Algal growth on orthophosphate (Pi). Cell density after 14 days growth in relation to initial Pi concentration, 
means and standard error (error bars), n = 10. Initial cell density was 0.01 x 106 cell mL-1. The growth response is linear 
up to 5 µmol L-1 and a regression line (with 95% confidence limit as dotted lines) was fitted to data 0-5 µmol L-1 

 

Algae and bacteria were counted by a Helber counting chamber. Algal cell density in our algal 

culture used for inoculation in the test solutions (inoculation culture) varied generally from 105 to 

106 cell mL-1 while bacterial cells were below detection limit in the inoculation culture throughout all 

experiments. In some inoculation cultures, however, few bacteria could be detected. If so, the ratio 

‘bacterial cell density / algal cell density’ remained below 22.8%, equaling an estimated ratio 

‘bacterial cell surface / algal cell surface’ of 2.2%. 
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Figure 3.2 Comparison of algal growth curves on orthophosphate (Pi), creatine phosphate (cP) as a model organic P 
compound (left panel) and ferrihydrite stabilized by natural organic matter as a synthetic colloidal P compound (Fe; right 
panel). Means and their standard error (error bars), n = 3. The Pi 0-Pi 5 represent test media with initial Pi 
concentrations of 0-5 µmol L-1; cP 1-cP 10 creatine phosphate of 1-10 µmol L-1 as P source and Fe:P 1 and Fe:P 178 
represent 5 µmol L-1 Pi, equilibrated with colloidal ferrihydrite at a molar ratio Fe:P of respectively 1 and 178 

 

3.3.2 Model organic P forms  

Algal growth on organic P yielded lower final cell numbers (Table 3.2) and/or induced slower 

growth, compared to growth on equal concentrations of Pi, as shown for creatine phosphate (Fig. 

3.2, left panel). Algal growth in our experiments was completed after 14 days since no further 

increase could be detected in algal cell density after 21 and 28 days (data not shown). Algal cell 

density typically started to decline slightly after or before this 14 day period. 

Adenosine 5’-triphosphoric acid supported algal growth to the greatest extent in our test, with algal 

cell densities up to 72% of growth compared to Pi at 3 µmol L-1 (Table 3.2). The BAP of the other 

phosphate monoesters is highly variable, ranging from as low as 2% up to 58%. The specific growth 

rate in the exponential phase (µexp) decreased significantly compared to growth on Pi as P source 

apart from adenosine adenosine-5’-triphosphoric acid and triphosphate. A Pearson correlation (p > 

0.05) between the µexp and BAP was, however, statistically insignificant. 
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Table 3.2  Bioavailability of model dissolved organic P compounds in relation to analytical P measurements. The 
bioavailability of dissolved P compounds (BAP, in %) is calculated as the corresponding Pi concentration to support 
algal growth to the maximum observed algal cell density (Nmax) relative to the TDP of the organic P compounds in the 
test solution, multiplied by 100 and was calculated using regression lines corresponding to Fig.2 and Equation 3.5. The 
95% confidence interval of BAP is given in parentheses. The values followed by the same letter within the columns are 
not significantly (p > 0.05) different according to Duncan’s multiple range test. The standard deviation of the three 
repetitions are given in parentheses for TDP, CM and IC measurements. (CM: colorimetric method P, IC: Ion 
Chromatography, TDP: Total Dissolved P with standard deviation in brackets, µexp: specific growth rate during 
exponential phase, < d.l.: below detection limit and n.m.: not measured) 

P compound* 

Initial solution P       

TDP CM IC Nmax BAP µexp 

(µmol L-1) (% TDP)$ (% TDP)$ (106 cell mL-1) (%) (day-1) 

Pi 3.0 (0.2) 102.3 (2.9) 97.4 (1.3) 2.09 x 106 98 (±6) 1.38ab 

ATP 2.7 (0.1) 1.9 (0.3) 0.2 (3.3) 1.53 x 106 72 (±4) 1.22abcd 

Pser 3.0 (0.1) n.m. n.m. 1.35 x 106 58 (±14) 0.85f 

gluP 3.1 (0.2) 0.4 (0.2) 0.1 (0.1) 1.28 x 106 53 (±11) 0.85f 

mbP 3.1 (0.2) 0.3 (0.1) 0.6 (1.1) 1.19 x 106 49 (±8) 1.04de 

triP 3.3 (0.1) 3.8 (1.7) 0.5 (0.1) 1.08 x 106 48 (±7) 1.31abc 

glyP 3.0 (0.1) 0.1 (0.1) 0.2 (0.1) 0.81 x 106 39 (±2) n.m. 

cP 2.9 (0.1) 102.9 (1.7) 17.9 (3.1) 0.71 x 106 31 (±2) n.m. 

cAMP 0.9 (0.1) < d.l. 0.1 (0.1) 0.02 x 106 9 (±3) 0.32g 

pa 2.3 (0.1) 2.8 (0.5) 1.9 (1.3) 0.09 x 106 7 (±7) 0.14g 

butP 3.4 (0.4) 0.2 (0.1) 0.2 (0.2) 0.02 x 106 2 (±2) n.m. 
* ATP: adenosine-5’-triphosphoric acid, Pser: O-phospho-Dl-serine, gluP: D-glucose-6-phosphate, mbP: 4-
methylumbelliferyl phosphate, triP: pentasodium triphosphate, glyP: calcium glycerolphosphate, cP: creatine 
phosphate disodium, pa: phytic acid sodium salt, cAMP: adenosine 3’-5’-cyclic monophosphate, butP: tri-n-
butyl phosphate 

$ reported in previous chapter (Chapter 2, Table 2.1) 

 

Increasing initial DOP concentrations from 3 to 10 µmol L-1 did not increase the maximum cell 

number (p > 0.05) apart from cAMP (data not shown). This limited or no increase effectively 

decreases BAP with increasing DOP, dwindling to 25% for ATP and 2% for phytic acid sodium salt. 

The ranking of the BAP among DOP forms remained the same for all P compounds except for 

cAMP for which the BAP increased slightly. 
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3.3.3 Inorganic colloids 

We tested two inorganic colloidal P solutions in the dissolved phase: Al oxide particles and 

ferrihydrite stabilized by SRNOM. Algal growth was unaffected (p < 0.05) by SRNOM itself (data 

not shown), the SRNOM was used to stabilize ferrihydrite. The maximum algal cell density and 

growth rate dropped significantly (p < 0.05) upon metal oxide addition (Table 3.3 and Figure 3.2, 

right panel). 

 

Table 3.3 Bioavailability of model colloidal P compounds in relation to analytical P measurements. The bioavailability of 
colloidal P (BAP, in %) is calculated as the corresponding Pi concentration to support algal growth to the maximum 
observed algal cell density (Nmax) relative to the TDP of the organic P compounds in the test solution, multiplied by 100. 
All experiments used 5 µmol L-1 of initial P and colloids were AlOx: Al oxide nanopowder, FeSRNOM: ferrihydrite 
stabilized by natural organic matter. Values followed by the same letter in the same column (per metal) do not differ 
significantly (p > 0.05) according to Duncan’s multiple range test. (TDP: Total Dissolved P, CM: colorimetric method P, 
IC: Ion Chromatography, µexp: specific growth rate during exponential phase) 

P compound 

Molar Ratio Initial solution P Nmax BAP µexp 

metal/Pi (% of Pi without colloids) cell mL-1 (%) (day-1) 

  TDP CM IC       

Pi 0 100a 100a 100a 4.16 x 106 100a 1.36a 

AlOx 0.3 94a 97ab 89a 2.94 x 106 71b 1.24ab 

  2.5 104a 98ab 95a 3.30 x 106 79b 1.29ab 

  31.8 98a 96b 83a 3.37 x 106 81b 1.34a 

  102.3 102a 92c 86a 2.23 x 106 54c 0.83c 

FeSRNOM 1.3 103a 100a 96a 3.54 x 106 85a 1.37a 

  12.7 90b 93a 73ab 2.25 x 106 54b 1.24ab 

  51.2 97ab 95a 68b 2.81 x 106 68b 1.45a 

  178.1 103a 96a 56b 2.74 x 106 66b 1.10abc 

 

3.3.4 Environmental samples  

The concentration procedure by reverse osmosis did not change the colloidal and organic P 

compounds in the dissolved fraction with respect to the long term availability of P since the algal cell 

density was not different (p < 0.05) between the original water, the reconstituted water using the 

reverse osmosis concentrate and the DOM free water (data not shown). The initial growth was, 
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however, faster for the samples containing DOM compared to the DOM free water, probably 

because the Fe associated to DOM is more bioavailable compared to the synthetic Fe-EDTA. 

The fraction DOP in our environmental sample set, i.e. (TDP – colorimetrically measured P) / 

TDP ranged 0-56%, with mean 20%. The estimated inorganic colloidal P fraction, i.e. (CM - Pi) / 

TDP (with Pi estimated as IC measured P) was at least 30%, mean 69%. As indicated above, this 

fraction is somewhat unsure since some DOP is detected by the CM and since the IC method can 

detect some inorganic colloidal P. Note that the environmental samples in this sample set were 

selected so that the relative Pi content was as low as possible: the IC measured P concentrations 

were for 10 out of the 14 samples below the detection limit. Subsequently, the constitution of this 

sample set may no longer reflect the average P speciation in Flanders’ surface waters. The Pi fraction 

was consequently negligibly small for these samples compared to the colloidal and organic P. 

 

 

Figure 3.3  Algal cell density (after 14 days) in 14 standardized environmental freshwater samples in relation to the 
initial P concentration measured by ICP (=total dissolved P, ∆, left panel), ion chromatography (IC, � , left panel) or 
colorimetry (CM, �, right panel). Means and standard errors (vertical and horizontal bars), n = 3. Algal growth at 5 
different orthophosphate (Pi) concentrations is represented as reference (�), these concentrations are identically 
detected by ICP, IC or CM. The data illustrate that the ICP and CM overestimate biovailable P whereas IC largely 
underestimates it.  

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 1 2 3 4 5 6

M
a

x
 c

e
ll

 d
e

n
si

ty
 (

1
0

6
ce

ll
 m

L-1
)

Solution P concentrations (µmol L -1)

Pi

CM

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 1 2 3 4 5 6

M
ax

 c
el

l d
en

si
ty

 (
10

6
ce

ll 
m

L
-1
)

Solution P concentrations (µmol L -1)

IC

Pi

ICP



Chapter 3 

 

56 

 

 

Figure 3.4 The bioavailability of dissolved P (relative to orthophosphate, %) in 14 environmental freshwater samples as 
a function of the initial specific UV absorbance at 254 nm (SUVA) or dissolved Fe and Al concentration in these waters. 
(BAP (%): bioavailable P, Fe: Fe concentration and Al: Al concentration) 

 

The BAP ranged 7-84% of TDP (Figure 3.3 and Table 3.4). This variation could not be attributed 

to any or a combination of the three different P species, when these P species were estimated as 

explained above since no Pearson correlations could be established between BAP and 

concentrations of Pi (IC measurement), Pi + estimated DOP, Pi + estimated colloidal P and Pi + 

estimated DOP + estimated colloidal P (p > 0.14). The P detected by IC underestimates the BAP 

whereas the reverse is true for the P detected by CM and ICP. The ICP and CM measured P 

correlate with the maximum algal cell density (Pearson correlation of respectively 0.97 and 0.88 and 

p < 0.0001), in contrast to IC measured P (p = 0.35).  

The SUVA, a measure for DOM aromaticity, is negatively correlated to biodegradable DOM 

(Saadi et al. 2006). We could, however, not detect a correlation between SUVA of the environmental 

samples and algal growth on these P limited samples (Pearson correlation -0.27 with p = 0.37; Fig. 

3.4), possibly due to a rather low overall contribution of organic P in our environmental sample set. 

The initial Fe concentration in our test solutions ranged from 0.3 to 8.1 µmol L-1 and Al 

concentrations from below detection limit to 4.9 µmol L-1. Again, no correlation could be 

established between algal available P and initial Fe and Al concentrations (Pearson correlation of 

respectively -0.39 and -0.14 with p 0.16 and 0.64) (Fig. 3.4). These three predictors plus dissolved 

organic C concentration were used to build a multiple linear regression model. By stepwise 
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elimination of the least significant factor, none of these four factors became significant in predicting 

the BAP (p remained > 0.090). 

 

Table 3.4 Bioavailability of dissolved P compounds in 14 environmental samples in relation to analytical P 
measurements. All environmental samples were standardized for DOC concentration and inorganic compounds (except 
P; Table 1). The bioavailability of dissolved P (BAP, in %) is the maximum cell number obtained during 14 days growth 
(Nmax) relative to the cell number obtained at corresponding initial P concentrations of orthophosphate (Pi) calculated 
using the regression line corresponding to Fig.2 and Equation 3.5. The standard deviation is given in parentheses for 
TDP, CM and IC measurements while the 95% confidence limits are given in parentheses for BAP. (TDP: Total 
Dissolved P, CM: colorimetric method P, IC: Ion Chromatography, <d.l.: below detection limit (0.1 µmol L-1)) 

TDP (µmol L-1) CM (% TDP) IC (% TDP) BAP (%) 

Pi 

5.3 (0.5) 100 (0) 107 (5) 104 (± 6) 
1.7 (0.1) 97 (1) 111 (18) 99 (± 4) 

Environmental samples 

5.5 (0.6) 78 (12) <d.l. 68 (± 14) 
4.8 (0.2) 82 (10) 22 (9) 58 (± 13) 
4.6 (0.2) 54 (10) 18 (11) 84 (± 4) 
4.3 (0.1) 91 (19) <d.l. 65 (± 33) 
1.7 (0.2) 56 (3) <d.l. 72 (± 23) 
1.3 (0.2) 44 (3) <d.l. 20 (± 23) 
1.3 (0.1) 98 (26) <d.l. 7 (± 38) 
1.1 (0.3) 82 (15) <d.l. 31 (± 29) 
1.0 (0.1) 73 (13) <d.l. 14 (± 27) 
1.0 (0.1) 143 (20) 116 (57) 29 (± 20) 

1.0 (0.3) 94 (10) <d.l. 34 (± 25) 
0.9 (0.3) 67 (7) <d.l. 68 (± 30) 
0.8 (0.1) 127 (2) 88 (48) 38 (± 61) 
0.6 (0.1) 132 (30) <d.l. 20 (± 78) 

 

3.4 Discussion 

In this study we examined the bioavailability of phosphorus in the dissolved fraction in 

relationship with analytical techniques. Higher initial Pi concentrations linearly increased the algal cell 

density between 0-5 µmol L-1 P. The cell density after 14 days obtained with 10 µmol L-1 Pi deviated 

from the linear fit between 0-5 µmol L-1, probably due to another limiting factor than P, most likely 
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a decrease in light absorption due to an excessive algal cell density. The cell density obtained on the 

model organic P compounds, colloidal P and environmental samples were all lower than the cell 

density obtained on 5 µmol L-1 Pi, justifying the use of equation 3.5. 

Bacterial abundance in our inoculation cultures was measured using both light microscopy and 

fluorescence microscopy after DAPI staining. The DAPI was only able to stain free bacteria in the 

medium but bacteria associated with the algae could not be detected since the fluorescence of algal 

chlorophyll masks the DAPI stain (Croft et al. 2005). When comparing algal and bacterial effects 

regarding P uptake and enzyme excretion, the cell surface ratio of bacteria over algae is likely the 

most reliable parameter since phosphatases are mainly associated with intact or lysed cell membranes 

(Jansson 1988) and the hydrolyzed P is taken up actively or passively through the membrane. This 

ratio remained below 2.2% at all times at the start of the experiment. Since phosphatases can also be 

released as a free molecule by bacteria and algae, the use of a volume ratio bacteria / algae could 

possibly be used, rendering an even lower contribution to bacteria in the organic P hydrolysis and P 

uptake processes. 

 However, algal and bacterial abundance is only a vague indication while ideally it is the activity of 

both bacteria and algae which matters to conclusively distinguish between algal and bacterial effects. 

Moreover, the role of bacterial activity regarding enzyme production and P uptake is potentially 

becoming even more important in the course of the experiment since we did not performed the bio-

assay itself axenically. On one hand, bacteria may be superior competitors for P (especially Pi and 

nucleotide DOP) over phytoplankton (Currie and Kalff 1984b) and, on the other hand, bacteria may 

be significant producers of extracellular enzymes catalyzing the hydrolysis of organic P compounds 

(Cotner and Wetzel 1992; Hoppe 2003). Moreover, the competition for P by algae and bacteria is 

dependent on the P concentrations in the medium and therefore, is likely to be variable in time as 

bacteria become better competitors for P with decreasing P concentrations (Mindl et al. 2005). The 

term BAP in this study refers to algal available P, potentially enhanced during the bio-assay by the 

action of algal enzymes which is possibly becoming more important as the long term experiments 

continue. 
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The BAP of the organic P compounds was highly variable and lower compared to the Pi treatment, 

likely due to slow or no release of P from DOP (Aaronson and Patni 1976). Phosphorus 

incorporated in nucleotides is likely more bioavailable compared to other monophosphate esters 

because of the action of general phosphatases plus some substrate-specific enzymes, such as 5’-

nucleotidases, catalyzing nucleotide DOP breakdown more efficiently than non-nucleotide DOP 

(Björkman and Karl 1994; Nedoma et al. 2003). This is reflected in our long term test, in which the 

nucleotide ATP has the highest BAP. Most of the selected model organic P compounds in our test 

are phosphate monoesters, reflecting the most abundant P species present in surface waters 

(Kolowith et al. 2001; Turner 2005). These model organic P compounds are generally not 

susceptible to acid or alkaline catalyzed hydrolysis in the short run (minutes) as they are measured in 

only negligible amounts by the alkaline IC or acid CM (Chapter 2). Even a phosphate triester, tri-n-

butyl phosphate, was measured for less than 0.2% by CM and IC although phosphate triesters are 

supposed to be the most reactive of all phosphate esters (Turner 2005). Some organic compounds, 

including creatine phosphate and acetylphosphate, prove to be (partially) detectable by CM and IC. 

Creatine phosphate had, however, in this bio-assay a lower BAP (31%), compared to the more stable 

phosphate esters. Acid or alkaline induced hydrolysis of low molecular weight organic P compounds 

is, hence, not always reflected in the ability to be hydrolyzed biologically during our assay. For phytic 

acid sodium salt, cAMP and tri-n-butyl phosphate, algal growth was limited to maximally 9% of the 

growth expected on Pi as P source. Although the last one might be toxic towards aquatic organisms, 

no growth inhibitory effects have been noticed for different algae species for concentrations below 6 

µmol L-1 (Michel et al. 2004). Phytate is known to be very stable and only the phosphates in the 3 

and 6 position can be hydrolyzed by mainly two classes of specialized enzymes (Turner 2005), 

resulting in limited growth in our test. Algal growth on cyclic adenosine-5’-phosphate (cAMP) 

remained limited to 12%. Although cyclic nucleotides proved to be less labile than phosphate 

monoesters in phytoplankton uptake (Cotner and Wetzel 1992), it has been demonstrated that 

cAMP can rapidly be assimilated by marine bacteria which can take up the entire molecule through 

high-specificity and high-affinity transport systems (Hansell and Carlson 2002). Growth on glucose-

6-phosphate as P source varied largely among different algae cultures as inocula (Aaronson and 

Patni 1976). A more diverse community of bacteria and phytoplankton might result in the excretion 

of more varied types of enzymes, catalyzing the hydrolysis of DOP more efficiently.  
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Increasing initial DOP concentrations by a factor 3 did not significantly increase the maximum cell 

number apart from cAMP, resulting in a decrease of the P Avail. Hence, in general, the decreasing P 

availability of DOP with increasing TDP suggests that the concentration of hydrolyzing enzymes 

and not the substrate concentration is the growth limiting factor. Alternatively, bacterial 

consumption of DOP might also be stimulated by increasing DOP concentrations, thereby 

rendering relatively less to algae. 

It is known that a broad range of organic P compounds can be taken up by a wide variety of cells 

or organisms: e.g. glycerol phosphate by E. coli (Huang et al. 2003), cyclic AMP by the action of 

specific transport systems in marine bacteria (Hansell and Carlson 2002) and glyphosate by plant 

cells (Anthelme and Marigo 1998). The latter can be adsorbed onto an active phosphate transporter 

located in the plasma membrane and can consequently be internalized in plant cells (Pipke et al. 

1987; Denis and Delrot 2006). It has been shown that some glyphosate-resistant bacteria can take-

up and degrade glyphosate. This process is inhibited by the presence of Pi in the medium (Denis and 

Delrot 2006). Other bacteria, like the model bacteria E. coli, would not be able to take up any 

glyphosate, even not after a prolonged Pi starvation period (Denis and Delrot 2006). Regarding 

algae, the general hypothesis remains that only Pi can be taken up (Cembella 1984; Panday and 

Parveen 2011). However, the distinction between P taken up and P associated with phosphatases –

incorporated into the algal cell membranes- may not always be clear. Likely, organic P associated 

with these enzymes may be rapidly hydrolyzed with coinciding Pi-uptake. Some organic P forms are 

also prone to photo- or bacterial induced degradation and are characterized by half-lives in the order 

of weeks in environmental relevant conditions (e.g. glyphosate; Chen et al. 2007), making these 

compounds (partially) bioavailable within this time frame. 

The µexp generally decreased for the organic P compounds compared to the Pi treatment. Note, 

however, that µexp only refers to the (initial) exponential phase that is comparable between DOP or 

Pi and growth differences only appear at a later stage. This initial fast growth phase was not induced 

by Pi contamination of the chemicals since colorimetric P measurements were mostly below the 

detection limit (0.2 µmol L-1). This growth phase was also independent on organic P concentration 

in the medium since generally no early growth enhancement could be observed with increasing 

organic P concentrations (1 to 10 µM). This initial growth can (partially) result from the P reserves 
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inside the algal cells since algae can store a large amount of P as polyphosphates in their vacuoles 

(Nishikawa et al. 2006).  

The bioavailability of particulate matter bound P (Ekholm and Krogerus 2003) and (model) 

organic P compounds (Björkman and Karl 1994; Björkman and Karl 2003; Huang et al. 2005) has 

already been investigated. However, the availability of P associated with inorganic colloidal Fe- and 

Al-oxyhydroxydes remains largely unknown, although this P form might contribute more 

importantly than the organic and Pi forms in environmental water samples (Chapter 2). To obtain a 

better understanding of the bioavailability of inorganic colloidal P forms, algal growth was tested on 

Pi in the presence of synthesized Fe- and Al colloids. Growth inhibition effects of alumina and 

aluminium oxide nanoparticles to algae are observed with EC50 values above 400 µmol L-1 (Sadiq et 

al. 2011). Consequently, no growth inhibition was expected with Al concentrations as used in our 

test (< 7 µmol Al L-1).  

The IC measured P did not differ significantly from BAP for the ferrihydrite stabilized by SRNOM 

addition, suggesting that the algal available P is limited to the Pi fraction. The P associated with Al 

oxide particles is (partially) prone to hydrolysis during IC measurements (Chapter 2) and may explain 

why the BAP is lower than that measured by IC. 

The BAP in our environmental samples was highly variable and no correlation could be established 

between BAP and (a combination) of the analytically measured P fractions. The malachite green 

colorimetric method was preferred above the molybdenum blue in this study because of its higher 

sensitivity. Both colorimetric methods are likely to measure an equal fraction of organic P forms 

while the malachite green method might measure more colloidal P because of its lower pH for a 

longer time (Hens 1999). Most likely, the Pi fraction (IC detected P) is completely available whereas 

DOP and colloidal P contribute in varying proportions, depending on the sample. Both the model 

DOP and the model inorganic colloids also showed contrasting fractions of available P, and the 

variable sources and properties of the natural P forms may explain the scatter in the available P 

fractions. Measurement of Al and Fe in the environmental samples –as an approximation of the 

quantity of Fe and Al colloids and associated colloidal P- were not useful in the prediction of  BAP 

since no correlations could be established.  
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3.5 Conclusion 

Taken together, this chapter did show that DOP is generally not detected by while it is partially 

bioavailable and, conversely, that colloidal P is completely measured by CM whereas its bio-

availability is limited. The overestimated bioavailability of P detected by CM in natural waters 

suggests that the latter factor is more important, i.e. inorganic colloids likely dominate the P in 

solution. From a practical point of view, however, the CM on the dissolved fraction of water is the 

most defensible among the three methods to predict potential available P: the correlation with cell 

numbers is large (Fig 3.3) and the overestimation of available P compared to Pi is smaller than for 

the TDP method (respectively factors 1.44 and 1.56). Since the bioavailable P fraction (Pi and 

organic P) differs fundamentally from the colorimetrically measured P fraction (Pi and colloidal P), 

no such correlation may appear in waters with a different constitution of the P species. 
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Chapter 4. Bioavailability of  organic phosphorus for 

Pseudokirchneriella subcapitata as affected by phosphorus 

starvation: an isotope dilution study 

(Adapted from Van Moorleghem et al. 2013) 

 

4.1 Introduction 

Natural waters contain P in the particulate and dissolved (< 0.45 µm) fraction. The dissolved 

fraction contains ionic phosphate (PO4, denoted here as Pi), condensed P, organic P and colloidal P 

(P associated with Fe or Al (hydr)oxides). Most P species are less available to algae and plants than 

Pi, and their relative bioavailability depends on the type of P species and on the exposure time 

(Ekholm and Krogerus 2003; Huang et al. 2005). Longer-term exposure generally enhances the 

bioavailability of P species since algae may enhance production of phosphatases and the extent of 

hydrolysis or photodegradation increases at increasing exposure time (Boström et al. 1988; Labry et 

al. 2005). The long term bioavailability of P components to algae can be deducted from growth 

responses to these components in P-limiting scenarios (Boström et al. 1988). This method is, 

however, not applicable to determine the short term bioavailability and the response of algae to 

transient supply of such less available P forms. In addition, an understanding of the relationship 

between P speciation and immediately availability allows a better estimation of the final response of 

natural communities to different P forms.  

Short term uptake of P from these forms is commonly analyzed by measuring the P uptake assisted 

by P-isotope techniques. In such systems, the rate of disappearance of the tracer (applied as Pi) in 

the presence of different P components is indicative for the relative bioavailability of a given P form. 

Radioactive Pi uptake rate decreases with increasing P bioavailability of a P compound because of a 

larger isotopic dilution effect (Bentzen et al. 1992; Björkman and Karl 1994; Björkman and Karl 

2003). Most of these short term bioavailability studies (Bentzen et al. 1992; Björkman and Karl 1994; 
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Boström et al. 1988; Cotner and Wetzel 1992) used natural water samples and natural communities 

of phytoplankton and bacteria. In these tests, the bioavailability of model organic P components 

typically remains below 15% compared to Pi in the time span of hours (Björkman and Karl 1994).  

As far as we know, none of these studies account for the feedback effect of internal algal P 

concentration on P uptake. Varying  Pi supply affects the internal algal P concentration that, in turn, 

largely affects the Pi uptake capacity (Jauzein et al. 2010; Laws et al. 2011). Phosphorus depleted 

algae have lower internal P concentrations and have higher potential Pi uptake rates than adequately 

fed cells. The higher uptake rates can rapidly restore internal P upon resupply (Jauzein et al. 2010; 

Prieto et al. 1997). At adequate P supply, P can be stored as polyphosphate at concentrations that 

range from below 0.1 up to over 2% of algal dry weight mass (Harold 1966; Powell et al. 2009). 

Hence, P-depleted cells may respond rapidly to temporal release of P in natural systems by 

increasing their uptake capacity. It is, however, unknown if the feedback mechanisms in depleted 

cells also enhance the capacity to absorb other P forms which may also increase their bioavailability 

relative to Pi, for example by increasing the phosphatase capacity at the membrane or in the 

medium. 

The main objective of this chapter is to identify the role of the P-status of the algal cell on the 

uptake and bioavailability (relative to Pi) of different organic P compounds. Algal cells with different 

internal P concentrations were cultured by two different methods, i.e. steady-state algal growth in 

chemostat culture under P limiting nutrient conditions or P starvation of algal cells induced by 

withdrawal of P from solution for different durations. Preliminary experiments were set-up for 

optimizing a washing procedure. The uptake rate of Pi was subsequently measured for cells with 

different internal P content. Finally, bioavailability of organic P compounds was detected with an 

isotope dilution method in washed or unwashed cells. Rather than relying on the classic method 

using 33P uptake kinetics, we used the specific activity (33P/31P) of the P taken up as an index for 

bioavailability as explained below. 
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4.2 Material and methods 

4.2.1 Algal culturing  

Algae with different internal P concentrations were either grown in P-limiting chemostat cultures 

with different dilution rate (experiment 1&2, see below) or by P starvation of adequately fed culture 

during different periods (experiment 3). We opted for a system containing the model organism 

Pseudokirchneriella subcapitata (Korschikov) Hindák 1990, obtained as an axenic algal culture from the 

Culture Collection of Algae and Protozoa, CCAP 278/4, Windermere, UK. Pseudokirchneriella 

subcapitata cells were grown in sterilized WC freshwater medium (Guillard and Lorenzen 1972) 

buffered with HEPES buffer (pH 7.4, final concentration of 5 mmol L-1) in autoclaved erlenmeyers 

covered by autoclaved cotton plug in an incubation room at 21 ± 2°C and under continuous lighting 

(90 µE m-2 s-1 with cool white fluorescent lamps). These cultures were grown statically without 

aeration or shaking. 

Chemostat cultures with different dilution rate were set up to obtain a range of P-limited to 

adequate supply. As a reference for high P supply, a static culture with unlimited P-supply was 

included. Each chemostat was a 350 mL Erlenmeyer sealed with a rubber cap that contained three 

rubber (Viton, 2mm diameter) tubes: (i) an air inlet down to the bottom of the Erlenmeyer for 

aeration at 200 L h-1 with membrane filtered air (0.2 µm PTFE membrane filter, Acro 37TF Vent, 

Life Science) (ii) one medium inlet just below the rubber cap through which the influent is dripped 

into the medium and (iii) one medium outlet at the solution/headspace interface ensuring constant 

volume of medium in the chemostat. The aeration not only supplies CO2 and homogenizes the 

medium but also ensure a slight overpressure inside the chemostats to evacuate the medium via the 

outlet. The medium was pumped from a 5 L Erlenmeyer containing sterile WC medium with Pi 

concentrations of 8 µmol L-1 added as KH2PO4. Rubber (Viton) tubings were used to connect the 

influent erlenmeyer to the chemostats and both the tubings and chemostat were autoclaved before 

use. A peristaltic pump (Watson Marlow 205S) pumped the influent to the chemostats. The P 

concentration in the influent was selected to obtain a sufficiently large cell density at steady-state 

under P-limiting conditions. Assuming internal P concentrations of the algae in the range 0.1-1.0 % 

on dry weight mass and a targeted cell density of about 5 x 105 – 5 x 106 cell mL-1, the influent P 
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concentration was fixed at 8 µmol L-1 Pi and dilution rates varied between 0.2 and 1.2 day-1. This 

dilution rate (D, day-1) was determined as:                                                                                                                                                                                                          

D = F x V-1         (4.1) 

with F (L day-1) the flow rate and V (L) the volume of the chemostats. The flow rate was determined 

by weighing the effluent after specified time intervals, the volume of the chemostats was determined 

by weighing the volume present inside the chemostats after the experiment was finished. The 

internal P content of the algal cells (Pcell, % P on algal dry weight mass) obtained with the different 

chemostats was calculated as: 

Pcell = Pdigestion x CD-1 x W-1 x 100      (4.2) 

with Pdigestion (mg L-1): the P concentration in algal cells after digestion of washed (P-free WC 

medium) cells and digesting in HNO3 (68-70%, Across) followed by determination of P by ICP-

OES, CD: the algal cell density (cell L-1) and W: the average cell weight of a Pseudokirchneriella 

subcapitata (25 x 10-9 mg cell-1, (OECD 2006)). The chemostat outlet was sampled daily, centrifuged 

(600 g for 15 minutes) and the supernatant of this sample was analyzed by colorimetry to confirm 

the P limiting conditions in the chemostat. The entire experimental setup was installed in an 

incubation room at 21 ± 2°C and continuous lighting (90 µE m-2 s-1 with cool white fluorescent 

lamps). The algal cell density was measured by particle counter (Hiac Royco 9705). The chemostat 

cultures started with a volume of about 150 mL per erlenmeyer and an initial cell density of 104 cell 

ml-1 inoculated from a static algal culture as described above. Steady-state was obtained after about 5 

days. As a reference, a static (batch) culture with WC medium and unlimited P supply (100 µmol L-1 

P) was set-up. Algal cells obtained from steady-state cultures and from the static culture (P saturated 

cells) were washed twice (centrifuging 15 minutes at 6000 g and consequently shaken up in WC 

medium without P) to discard potentially excreted enzymes and to discard the excess of Pi from the 

medium of the static culture. The algal cells were concentrated 10 times during the last washing step. 

For experiment 3, algal cells were cultured in the P rich WC medium (50 µmol P L-1) and grown in 

exponential phase until about 5 x 106 cell mL-1. Algae were subsequently washed (P-free WC 

medium) and further cultured in WC medium without P. Growth was then continued for 40 or 116 
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hours, thereby allowing for depletion of the internal algal P pool. These algal cells were inoculated 

from that medium into the test solutions without washing, i.e. free enzymes excreted during the 

starvation phase were included. 

4.2.2  Test solutions and sampling procedure 

The test solutions contained WC medium with modified P sources. Acid washed glassware and 

reagent grade water was used for the preparation of all solutions. Different cell washing procedures 

were compared to disentangle adsorbed or surface precipitated P from absorbed P (see Appendix 1). 

Short term uptake data may be inaccurate because one needs to disentangle adsorbed or surface 

precipitated P from internal algal P pools. Washing procedures with non-aggressive solutions are 

often used and the P measured in these wash media is consequently defined as adsorbed or surface 

precipitated P while the internal P content of the algal cells can be measured after digestion of the 

washed algal culture. Adsorbed P can be highly variable in function of algal species, ranging from 

below detection limit to 90% of total P associated with algal cells (Sanudo-Wilhelmy et al. 2004). 

Our tests showed that cell washing did not remove significant fractions of P unless aggressive media 

were used that also affected cell lysis (see Appendix 1). Therefore, cell washing was not involved in 

any of the experiments described below. 

In the first experiment, the uptake rate of Pi was examined for algal cells with differing internal P 

concentrations. For this purpose, we used WC medium with 10 µmol L-1 Pi spiked with 33P with a 

final activity of about 80 Bq mL-1 (H3PO4 
33P radionuclide in HCl-free water, PerkinElmer). This 

solution was inoculated with algae obtained from the steady-state cultures with final cell densities of 

5 x 105 cell mL-1. The test solutions were sampled at 0.05, 0.5, 1.5, 4.25 and 24 hours after algal 

inoculation and after homogenization of the algal cells in the test solution. These samples were 

immediately centrifuged (15 minutes at 6000 g) to separate the solution into the supernatants and 

the algal pellet. The 33P activity was measured by liquid scintillation counter (Tri-Carb 2800 TR) in 

the supernatants and in the algal pellet after resuspending the algal pellet in reagent grade water. The 

Pi concentration was measured colorimetrically before algal inoculation and in the supernatants at 24 

hours after the start of the P-uptake test. All tests were performed in triplicate.  
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In a second experiment, we examined the bioavailability of two model organic P compounds for 

algal cells cultured in steady-state condition. The test solutions consisted of WC medium with 

modified P source: 10 µmol L-1 ATP (adenosine-5’-triphosphoric acid, Applichem) or 10 µmol L-1 

glucose phosphate (α-D-glucose-6-phosphate, > 98%, Sigma). As a reference, test solutions with Pi 

at final concentratinos of 0, 3 and 10 µmol L-1 were induced as well. All test solutions were spiked 

with 33P (final activity of about 80 Bq mL-1). Subsequently, algae obtained from the 4 chemostats and 

P saturated cells (as described above) were inoculated into the test solutions with final algal cell 

densities ranging 4.7 x 105 - 5.1 x 105 cell mL-1. Only algal cells from the chemostat with dilution rate 

of 0.71 day-1 were inoculated in the Pi reference solutions. 

The test solutions were sampled at 0.05, 0.5 and 1.5 hours after algal inoculation and sampling and 
33P analysis was carried out as in the first experiment. In the second experiment, the algal pellet and 

the supernatants were also analyzed for total P by ICP-OES. The algal pellet was digested prior to 

measurement by the addition of 0.5 mL HNO3 (68%-70%, Across) to the pellet and allowing 

digestion for 48 hours at room temperature. The digested solution was subsequently diluted with 

reagent grade water. The test solutions were also sampled prior to algal inoculation to measure the 

total dissolved P concentration (by ICP-OES). 

In a third experiment, the bioavailability of a wide range of model organic P compounds was 

examined for algal cells under two different P starvation conditions. Test solutions consisted of WC 

medium in which the P source was replaced by 10 µmol L-1 of following compounds: calcium 

glycerolphosphate hydrate (glyP, 97%, Alfa Aesar), phenylphosphonic acid (phenylph, 98%, Acros 

organics), phytic acid sodium salt hydrate (pa, Sigma), O-phospho-Dl-serine (Pser, Sigma-Aldrich), 

sodium triphosphate pentabasic (trip, >98%, Fluka), adenosine-5’-triphosphoric acid (ATP, 

Applichem), D-glucose-6-phosphate (gluP, > 98%, Sigma), 4-methylumbelliferyl phosphate (mbP, 

>99%, Fluka), creatine phosphate disodium salt (cP, >98%, Alfa Aesar), adenosine 3’-5’-cyclic 

monophosphate (cAMP, >99%, Acros Organics) and Pi as a reference (K2HPO4, Merck standard 

solution). The negative control did not contain any P. These solutions were spiked with 33P (final 

activity in test solutions of 70 Bq mL-1) and inoculated by algae with final algal cell density of 5 x 105 

cell mL-1. The algae used in this experiment were cultured by the P starved method and algal cultures 

containing two different internal P concentrations were used. The test solutions were sampled at 1 
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hour after algal inoculation and were carried out as described in the second experiment. All tests 

were carried out in triplicate. 

4.2.3 Analytical methods. 

Phosphorus (31P) was measured by either the malachite green colorimetric method (for Pi 

measurements) or inductively coupled plasma (ICP, for total dissolved P measurements, e.g. organic 

P). An ICP with optical emission spectroscopy (ICP-OES; Perkin-Elmer Optima 3300 DV, 

Norwalk, CT, USA) was used for measurements of total dissolved P (TDP). The samples were 

acidified to pH 1 using a 5 mol L-1 HNO3 solution prior to ICP analysis unless the samples were 

already acidified as a result of digestion in HNO3. The malachite green was preferred above the 

more frequently used molybdenum blue colorimetric method since the molar absorptivity of our 

malachite green colorimetric method is up to four times higher than for the molybdenum blue 

method (Hens 1999). The absorbance of the batch samples was measured at 630 nm using a Perkin 

Elmer Lambda 20 spectrophotometer with a 1 cm path length.  

Radiolabeled P (33P) was measured by liquid scintillation (Tri-Carb 2800 TR Liquid Scintillation 

Counter; measured energy spectrum from 10 keV to 148 keV). The 33P samples were prepared by 

mixing the samples with liquid scintillation cocktail (Ultima Gold XR, Perkin Elmer) always 

respecting a ratio of sample volume:cocktail volume of 1:2. 

4.2.4 Calculations of Bioavailable P (BAP). 

The BAP of organic P forms can be measured directly as P uptake from these forms. However, 

this method disregards the feedback effect of the P starvation induced by limited P-supply of the P 

compound itself. Therefore, BAP is often measured with isotope dilution methods, thereby 

measuring BAP as a relative measure, i.e. the uptake of P from a P-species relative to labeled Pi (e.g. 
32PO4) as a reference. The BAP ranges from 0% (not available) to 100% (completely available). Most 

isotope dilution tests with algal studies monitor the 32P uptake only (e.g. the Rigler radiobioassay). 

The 32P uptake rate decreases with increasing P-bioavailability of a P compound because of a larger 

isotopic dilution effect. This method requires a calibration curve with Pi. However, potential 

inhibitory effects of organic-P sources on uptake of Pi erroneously leads to large BAP values (the 

isotope is not taken up), even if the P-source is not absorbed. In addition, cells exposed to sparingly 
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available P-species may induce larger Pi uptake by feedback mechanisms, thereby violating the 

calibration curve. This drawback can be avoided by the detection of the specific activity (32P/31P 

ratio) of the P fraction that is actually taken up, i.e. measuring both 31P and 32P uptake at the same 

time. This method is commonly used in plant and soil science to measure the bioavailable P in the 

external medium (the accessible P, known as the L-value; e.g. Pypers et al. 2006). This method 

basically measures the concentration of P that is equally available as the 32P isotope within the 

exposure period. However, such a method requires an exposure period that is sufficiently long to 

quantify a net bioaccumulation of stable P.  

Here we used 33PO4 as the carrier free isotope. The starting assumption is that the specific activity 

of the P accumulated by the algae (33P/31P)accum is that of the immediately available P in the solution, 

i.e. (33P/31P)available. The solution 33P activity (33Psol) is, by definition, 100% available whereas the 

available 31P in solution is the measured total dissolved P (TDP) multiplied by BAP/100 when BAP 

is expressed as a %, formally this yields 
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with f31P and f33P the fraction of solution P that is taken up. This accumulated P was always detected 

in the algal pellet and the initial concentrations in solution were always the measured values. Note 

that the method is only valid until complete depletion of solution 33P. Preliminary assays using 

carrier 31PO4 at different concentrations confirmed that BAP of Pi was 100% as expected, i.e. 

accurate determination of 31P and 33P in solution and algal cells is assured (see Appendix 2). These 

isotope dilution methods and the commonly used Rigler bioassay assume that the isotope is not 

exchanged with the source of P that is tested. Typically, short term experiments with respect to P 
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availability are performed in the order of minutes or hours so that exchange of radiolabeled Pi with 

organic P is considered to be negligible (Boström et al. 1988). This assumption was tested by 

modifying the equilibration time between the organic P forms and the isotope before the uptake 

experiment. Adenosine-5’-triphosphoric acid (ATP) was selected as the most labile of our selection 

of organic P components. Test solutions containing WC medium were prepared with 10 µmol L-1 

ATP (adenosine-5’-triphosphoric acid, Applichem) as P source. Radiolabeled 33P (final activity of 50 

Bq mL-1) was added to these solutions 3, 1.5 and 0 hour prior to algal inoculation. 

Pseudokirchneriella subcapitata was cultured in P replenished WC medium. The algal cells were 

washed with P-free WC medium, inoculated and cultured in P-free WC medium for 6 hours prior to 

inoculation to the ATP/33P solutions. The inoculated test solutions were sampled after 0.05, 1.5 and 

3 hours and samples were measured for 33P activity in the supernatants, the algal pellet and the test 

solution (total 33P activity). All tests were performed in triplicate. 

4.2.5 Statistics 

The effects of internal algal P concentration on either 31P, 33P accumulation or BAP (experiment 2) 

were calculated by linear regression analysis in SAS9.3. Duncan’s multiple range test was carried out 

to detect significant differences in 31P and 33P accumulation and BAP as a result of varying initial 

internal algal P content (SAS9.2). T-tests (assuming equal variances) were carried out in Microsoft 

Excel 2010 to detect differences in 31P, 33P accumulation or BAP between Pi and the 10 model DOP  

molecules (experiment 3). A two-way ANOVA analysis was performed on the entire dataset of the 

third experiment with Pcell and the P source (P compound) as factors and BAP as response (SAS9.2). 

 

4.3 Results  

4.3.1 Steady-state culturing of algae under P limited conditions in chemostats.  

The P concentrations in the supernatants of the media at the outlet of all chemostats were at all 

times below the detection limit of the colorimetric method (0.2 µmol L-1). Measured dilution rates 

(D) ranged from 0.2 to 1.3 day-1. The algal cell density decreased linearly with increasing D while the 

algal internal P concentration increased linearly with increasing D, ranging 0.20 to 0.82% (dry weight 
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based mass, Figure 4.1). The cell density data showed that chemostat cultures were in  steady-state 

for only 3 up to 5 days. After this steady-state period, algal cells started to flocculate on the glassware 

of the erlenmeyers or on the tubings present inside the chemostats. We sampled algal cells for 

experiment 1 and 2 during the first three days, prior to algal flocculation. Apart from the algae 

cultivated in the chemostats, we cultivated algae in WC medium containing unlimited P. These algal 

cells reached internal P concentrations up to 2.56%. 

 

 

Figure 4.1 Steady-state algal cell density (left) and algal internal P content (right) in P-limited chemostat cultures with 
different dilution rates (D, day-1). Means and standard errors of three replicates. The linear regression line and its 95% 
confidence interval is shown. Log algal cell density = -0.54 D + 6.64 with R2 = 0.71 and Pcell = 0.56 D + 0.16 with R2 = 
0.69. (D: dilution rate (day-1), Pcell: algal internal P content (%P in dry matter)) 

 

4.3.2 Pi uptake rate 

Some P may precipitate as Ca-phosphates on the cell wall due to locally increased pH values. We 

first tested effects of pH, pH buffer concentration and NH4
+/NO3

- supply in the medium on the 

initially fast removal of 33P when exposed to the isotope. Such is required to disentangle uptake from 

surface precipitation. None of these treatments affected the initial 33P removal, suggesting that Ca-

phosphate precipitation is not significant. In addition, we tested four different wash media (P-free 

WC medium, oxalate based, acetate based and HCl based media) in order to quantify the amount of 

P that could be washed off from the algal cells (Appendix 1, Figure A.1). Only limited fractions (< 
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1.5%) of Pi  adsorbed onto the algal pellet were washed of the cells by the P-free WC medium or the 

oxalate solution, the latter already been proven to successfully remove cell associated phosphates 

(Yao et al. 2011). Again, this suggests that Ca-phosphate precipitation is not significant. The P 

removed by washing algal cells was larger, but highly variable, with 0.1 mol L-1 acetate and 0.001 mol 

L-1 HCl as wash solutions than with WC medium or 0.1 mol L-1 oxalate, likely as a result of (partially) 

lysed algal cells. Hence, we abandoned the wash procedures in following experiments. 

 

Table 4.1 Rapid accumulation of P in P starved cells upon resupply of P. The internal P content of algal cells (% of dry 
mass) is given as a function of time after transferring cells from chemostats with different dilution rates to WC medium 
containing 10 µmol L-1 Pi. The average of three replicates is represented with the 95% confidence interval (α = 0.05) in 
parenthesizes. The asterisk (*) indicates that the solution P was depleted at the given time. 

  Pcell (% P on dry weight) 

pretreatment 

(D, day-1)$ 

 
start 0.5 hour 1.5 hour 4.25 hour 24 hour 

0.20  0.18 (±0.04) 0.39 (± 0.01) 1.89 (± 0.02) 2.23* (± 0.01) 1.73* (± 0.04) 

0.52  0.39 (± 0.05) 0.77 (± 0.04) 2.05 (± 0.10) 1.99* (± 0.09) 1.50* (± 0.03) 

0.72  0.49 (± 0.06) 0.79 (± 0.10) 2.47 (± 0.01) 2.28* (± 0.03) 1.46* (± 0.01) 

1.07  0.82 (± 0.01) 1.87 (± 0.24) 2.58 (± 0.05) 3.37 (± 0.04) 2.26* (± 0.06) 

adequate  2.38 (± 0.14) 2.42 (± 0.01) 2.44 (± 0.19) 2.37 (± 0.16) 2.30 (± 0.12) 

$D: dilution rate of the chemostats, a higher value means less P stress; adequate refers to constant P supply. 

 

In the first experiment, algae of the chemostat culture were exposed to Pi solution spiked with 
33P. The 33P recovery (33P present in supernatants + 33P present in pellet, relative to total initial 33P 

activity in the test solutions) remained constant at around 100%  at any time, i.e. answering the 

requirement of a tight mass balance (Figure 4.2). The initial (< 0.5 hour) Pi uptake rate increased 18-

fold with decreasing initial internal algal P mass ( 2.38 to 0.18 mass%; Figure 4.2). The internal P 

content of the P saturated algal cells averaged 2.3% P of their dry weight mass and remained stable 

throughout the 24 h exposure. The P depleted algal cells accumulated Pi rapidly until the internal P 

concentration reached a saturation level of 2.3% P or until Pi became depleted in the medium (Table 

4.1).  
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4.3.3 BAP of model organic P compounds by algal cells cultivated in chemostats 

(experiment 2) 

The key assumption in these short term experiments is that the radiolabeled Pi (33P) does not 

exchange with organic P (e.g. ATP-P). Using variable incubation times between 33Pi and ATP prior 

to uptake, we concluded that this does not occur during the time of the short term exposure 

(Appendix 3, Table A.3). An additional preliminary test confirmed that the addition of different Pi 

concentrations (1-10 µmol L-1) in the medium results in the expected isotope dilution effect on 33Pi 

uptake, i.e. the 33Pi uptake decreased with increasing 31Pi concentrations (Appendix 2, Figure A.3).  

Test solutions containing WC medium with varying initial Pi concentrations were spiked with 50 

Bq mL-1 33P and inoculated. The BAP of Pi, measured according to Eqn. 4.5 varied 92-141% (Table 

4.2). The uptake of Pi in this experiment was only tested for algae with initial P content of 0.49 % P. 

Only limited amounts (< 3%) of P from both ionic and organic sources was taken up by the algae 

cultivated in the high-P static culture (cellular P content 2.25%) during the 1.5 hour test (data not 

shown). This resulted in unreliable bioavailability calculations. 
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Figure 4.2 Short term Pi influx from test solutions containing initially (t = 0) 10 µmol Pi L-1, traced with 33P in algal cells 
varying in degree of P starvation: (A) solution P concentration, (B) algal P uptake, (C) the mass balance, i.e. solution and 
algal P based on 33P counts. Each symbol denotes a different algal pretreatment (different chemostats), the initial cellular 
P content (0.18, 0.39, 0.49, 0.82 or 2.25 % P in dry matter) is shown. The average values are given with standard 
deviation as error bars. 
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Lowering cell P content, due to the pretreatment, increased uptake of 31P (up to factor 5.3) and 33P 

(up to factor 2.3) in the algal cells exposed to ATP or GluP (Table 4.2). These differences in P 

accumulation narrowed down as the experiment progresses (0.05 and 0.5 versus 1.5 hours). The 

BAP of these P-esters was generally not affected by the initial cellular P concentration (Table 4.2, 

Duncan’s multiple range test). The BAP of ATP was initially larger (> 50%) than the values after 

1.5h for the P-starved cells, no such trend was found for GluP that was somewhat less available than 

ATP.  

4.3.4 BAP  of model organic P compounds by P starved algal cells (experiment 3). 

The P uptake after 1 hour from solutions with 10 µmol L-1 Pi was about 5-fold higher for the most 

P-starved algae than for the least starved ones (Table 4.3). Similarly, increasing P starvation increased 

P uptake from both ionic (33Pi) and 31P (organic P) for the test solutions containing the different 

organic P compounds; differences ranged factors 1.2 to 3.5 for Pi and factors 1.4 to 7.0 for the 

organic P forms. The BAP, however, was generally (for 7 out of 10 compounds) not affected by the 

degree of P-starvation. The BAP of the organic P forms was generally < 30%. The uptake of 31P 

from phenyl phosphonic acid was larger than that of 33Pi, yielding a BAP > 100%. The uptake of 31P 

from O-phospho-Dl-serine was similar to that of 33Pi in the least starved cells, yielding a BAP of 

about 100%. A two-way ANOVA was performed on this data set with Pcell and P compound as 

factors and BAP as response. Both the P source (P compound) and the Pcell had a determining 

effect on the BAP (respectively p < 0.001 and p = 0.003). However, this significant effect of Pcell on 

the BAP was the result of the BAP observation for O-phospho-Dl-serine (extreme high BAP value 

for Pcell = 1.24 compared to the other P compounds) and this p value increased to 0.1599 when O-

phospho-Dl-serine was left out of the dataset so that no statistical effect was observed any longer. 

An interaction effect of Pcell and the P compound on the BAP was observed when all data were 

included (p = 0.0033) but again, not any longer when O-phospho-Dl-serine was left out of the 

dataset (p = 0.4863) 
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Table 4.2 Short term bioavailability of two organic P forms to washed algal cells sampled from P-limited chemostats with different dilution rate. The different cellular 
P concentrations are given (Pcell). Solutions were spiked with 33PO4 and accumulation of algal 31P and 33P was monitored and expressed as % of initial solution 
concentration. The relative availability of P (BAP, %) is the ratio of accumulation of 31P to 33Pi multiplied by 100 and should theoretically be 100% for the control 
solution supplied with 31Pi (i.e. no isotope discrimination for equal P species). Means and standard deviation in parentheses. Numbers followed by the same letters in a 
column (ATP and glucoseP analyzed separately) do not differ significantly (p < 0.05) according to Duncan’s multiple range test.  Initial PO4, ATP and glucoseP 
concentrations were 10 µmol L-1. Effects of Pcell on either 31P, 33P accumulation or BAP were  tested by linear regression and p values are given. (accum: accumulation) 

Pcell(dry  
weight mass%) 

0.05 hours 0.5 hours 1.5 hours 
31P accum (%) 33P accum (%) BAP (%) 31P accum (%) 33P accum (%) BAP (%) 31P accum (%) 33P accum (%) BAP (%) 

Pi
$ 

         
0.49 19.0 (± 4.9) 13.4 (± 0.3) 141.2 (± 31.9) 59.7 (± 0.4) 54.3 (± 0.8) 110.2 (± 3.4) 98.1 (± 5.6) 92.9 (± 0.3) 105.6 (± 0.7) 

ATP$ 
         

0.18 12.9a (±0.6 ) 18.9c (± 1.4) 71.3a (± 4.3) 13.3a (± 2.0) 43.9c (± 2.9) 31.6a (± 7.2) 17.6a (± 1.1) 69.8c (± 4.7) 25.2a (± 2.7) 
0.39 10.2ab (± 1.5) 23.8b (± 0.3) 42.6ab (± 2.6) 9.1ab (± 1.1) 55.3b (± 0.8) 16.5bc (± 2.8) 14.7a (± 0.3) 77.0b (± 0.1) 19.0a (± 0.5) 
0.49 9.0ab (± 0.7) 26.4a (± 0.2) 34.3b (± 3.3) 7.7b (± 0.3) 60.8a (± 0.9) 12.7c (± 3.3) 19.7a (± 5.2) 84.2a (± 0.9) 23.4a (± 8.9) 
0.82 6.1b (± 3.7) 12.0d (± 0.8) 51.3ab (± 48.8) 8.1b (± 1.9) 30.4d (± 0.1) 26.6ab (± 8.9) 14.3a (± 2.7) 55.4d (± 0.1) 25.7a (± 6.7) 

p value 0.024 0.119 0.594 0.079 0.106 0.808 0.361 0.168 0.739 
GluP$          
0.18 11.6a (± 2.5) 55.0a (± 0.5) 21.1a (± 4.7) 9.6a (± 3.3) 82.0a (± 2.9) 11.5a (± 3.5) 13.1ab (± 1.9) 90.5a (± 2.2) 14.5a (± 1.4) 
0.39 13.5a (± 4.2) 55.9a (± 2.9) 24.2a (± 7.0) 10.2a (± 2.5) 84.9a (± 9.2) 11.9a (± 1.4) 16.9a (± 2.3) 88.8a (± 6.9) 18.4a (± 4.6) 
0.49 4.7a (± 5.0) 51.2a (± 0.1) 9.2a (± 7.8) 6.9a (± 2.8) 83.6a (± 6.6) 8.4a (± 3.6) 7.4b (± 2.5) 88.9a (± 11.9) 8.2a (± 3.2) 
0.82 5.0a (± 3.9) 37.2b (± 5.5) 13.1a (± 4.2) 6.2a (± 0.2) 55.7b (± 10.2) 11.1a (± 1.4) 10.3ab (± 2.9) 50.8b (± 3.8) 20.5a (± 3.3) 

p value 0.097 0.035 0.279 0.171 0.021 0.717 0.181 0.143 0.451 
$Pi: KH2PO4, ATP: adenosine triphosphoric acid and gluP: glucose phosphate 
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Table 4.3 Short term (1h) bioavailability of different organic P forms to unwashed algal cells varying in degree of P starvation (different initial P status (Pcell)) due to P 
withdrawal for 40 or 146 h. All solutions contained 10 µmol L-1 P initially and were spiked with 33PO4. The accumulation of algal 31P and 33P was monitored and 
expressed as % of initial solution concentration. The relative availability of P (BAP, %) is the ratio of accumulation of 31P to 33Pi multiplied by 100 and should 
theoretically be 100% for the control solution supplied with 31PO4 (i.e. no isotope discrimination for equal P species). Means and standard deviation of three replicates. 
Significant differences (p < 0.05 according to t-test) of the three results (31P, 33P accumulation and BAP) between algae with Pcell 0.30 versus 1.24% P are indicated as 
‘*’ in last columns (accum: accumulation, n.m.: not measured; n.s.=not significant). 

P Pcell: 0.30% of dry mass Pcell: 1.24% of dry mass effect of Pcell 

compound$ 31P accum (%) 33P accum (%) BAP (%) 31P accum (%) 33P accum (%) BAP(%) 31P accum 33P accum BAP 

blank: no P n.m. 71.3 (±1.4) n.m. n.m. 83.2 (±2.3) n.m. n.m. * n.m. 
Pi 18.8 (±1.8) 20.5 (±0.5) 91.9 (±9.5) 3.7 (±0.4) 4.2 (±1.3) 92.8 (±29.6) * * n.s. 

          
Phenylph 72.6 (±24.0) 51.4 (±0.8) 142.4 (±48.8) 45.1 (±15.3) 22.9 (±2.7) 169.9 (±32.5) * * n.s. 

triP 5.0 (±0.8) 33.5 (±4.3) 15.1 (±2.2) 2.5 (±0.8) 6.8 (±0.1) 36.8 (±9.9) * * * 
ATP 4.8 (±1.6) 40.0 (±7.3) 11.9 (±3.3) 2.1 (±1.8) 8.9 (±0.7) 23.6 (±23.2) * * n.s. 
cP 4.7 (±1.5) 41.1 (±5.8) 11.8 (±4.8) -0.4 (±1.7) 7.1 (±0.4) -5.6 (±16.4) * * n.s. 

glyP 3.8 (±1.6) 46.4 (±4.6) 8.4 (±4.0) 1.1 (±2.3) 6.6 (±0.3) 16.7 (43.5) n.s. * n.s. 
Pser 3.8 (±2.4) 46.4 (±3.4) 8.4 (±5.1) 5.7 (±1.3) 6.8 (±0.8) 83.8 (±13.5) n.s. * * 
mbP 2.3 (±2.6) 53.5 (±4.2) 4.3 (±4.5) 0.9 (±1.7) 12.9 (±2.2) 7.0 (±26.6) n.s. * n.s. 
gluP 0.2 (±0.8) 44.0 (±24.6) 0.9 (±2.2) 1.1 (±1.1) 30.0 (±14.0) 3.7 (±5.1) * n.s. n.s. 
Pa 0.0 (±1.9) 56.3 (±0.8) -0.1 (±3.5) -1.1 (±3.0) 7.8 (±1.2) -14.1 (±16.0) n.s. * n.s. 

cAMP -1.1 (±2.2) 62.2 (±9.4) -2.2 (±4.2) -0.6 (±1.6) 71.5 (±5.0) -0.8 (±3.3) n.s. n.s. n.s. 
$Pi: KH2PO4, phenylph: phenyl phosphonic acid, triP: pentasodium triphosphate, ATP: adenosine triphosphate, cP: creatine phosphate disodium, glyP: calcium 
glycerolphosphate, Pser: O-phospho-Dl-serine, mbP: methylumbelliferyl phosphate, gluP: glucose phosphate, pa: phytic acid sodium salt and cAMP: adenosine 3’-5’-
cyclic monophosphate 
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4.4 Discussion 

It has already been established that the accumulation rate from solutions of Pi by algae increases 

with decreasing internal algal P concentration (Jauzein et al. 2010; Laws et al. 2011) but it has not yet 

been established whether this also holds for organic P compounds. In addition, the effect of internal 

algal P concentration on the bioavailability of organic P compounds has not been examined. For this 

purpose, different algal cultures –each containing different internal algal P concentrations- were 

obtained by steady-state or P starvation culturing and the BAP results of these two culturing 

methods were compared. The BAP was calculated in this study as the relative accumulation of P 

from the organic source (as 31P) to P from the ionic source (as 33P) in the algal pellet. 

The first experiment highlighted that cells largely upregulate P uptake capacity under low P-status. 

The cell internal P rapidly increased after re-supply until P was depleted in the media, followed by a 

phase during which the cell P content decreased by growth of a few more generations (Table 4.1). 

The cell P content varied by a factor 14 in these treatments in less than 5 hours whereas doubling 

times are minimally about 10 hours at adequate P supply. The P associated with the algal cells can 

either be internalized by the algal cells or can be precipitated around the outer algal cell membranes 

(Sanudo-Wilhelmy et al. 2004; Yao et al. 2011). The latter is likely to be limited here (< 2%, 

Appendix 1) since only trace amounts of Pi could be washed off from the algal cells by an oxalate 

based wash medium that has been already proven effective in dissolving P that is precipitated 

around algal cell membranes. The feedback effects of internal P on P uptake rate have been 

demonstrated before. For example, Pseudokirchneriella subcapitata can take up P before growth is 

promoted and the relative increase in P can be faster than the relative increase in biomass (Kaneko 

et al. 2004) while uptake by P sufficient cells can be negligible compared to the uptake by completely 

P deficient algal cells (Prieto et al. 1997). This large P quantity taken up by P starved cells is typically 

immobilized and stored as polyphosphates (Grillo and Gibson 1979; Shafik and Herodek 1991).  

Several methodologies can be used to express the bioavailability of organic P compounds. First, 

bioavailability can be simply detected by the uptake of organic P by the algae (depletion of solution 

P or accumulation of P, both measured as total P). This method provides a direct way to measure 

the P taken up by algae, however it does not work when the uptake is small (undetectable) and its 
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interpretation for bioavailability disregards the feedback effect of starvation on uptake. Secondly, the 

bioavailability of organic 31P compounds can be calculated by only measuring the isotopic dilution 

effects of uptake of ionic 33P from the medium (Björkman and Karl 1994; Boström et al. 1988). The 

advantage of this method is its high sensitivity, even for samples with low BAP. The main 

drawbacks are the errors that might be induced when organic P compounds inhibit the accumulation 

of Pi or when the internal algal P concentration is not standardized throughout the experiments. 

Changes in the internal P status of cell changes the calibration curve of 33P uptake relative to 

different 31Pi concentrations. Finally, the bioavailability can also be calculated according to Eqn. (4.5) 

by comparing the uptake of 31P from organic source relative to 33P uptake from ionic source, 

overcoming the potential errors induced by the previous method. The main advantage is that all 

samples are standardized for P uptake from the ionic source (33P) so that all effects are included, i.e. 

the feedback effects of the P status of algal cells and potential inhibitory effects of organic 

compounds on ionic P uptake. However, the main drawback of this method remains the low 

sensitivity of detecting 31P uptake, yielding larger uncertainty on the BAP value (e.g. Table 4.3).  

All these three methods were applied to measure the BAP for ATP and GluP in Table 4.2. The 

accumulation of 31P and 33P by the algal pellet suggests the same trend, i.e. decreasing P uptake from 

ionic and organic source with increasing Pcell while the BAP, calculated with Eqn. (4.5) remains 

unaffected by Pcell. The calculated BAP (Eqn. 4.5) is lower than that predicted based on the values of 

either 31P or 33P accumulation only. For example, the uptake of 31P from ATP after 0.05 h is roughly 

only half of the 31P from equal concentrations Pi (suggesting 50% bioavailability; cells with 0.49% P) 

and the 33P uptake roughly doubles (ATP versus Pi), again suggesting 50% bioavailability (Table 4.2). 

However, the BAP according to Eqn. (5) is 35% because it corrects the 33P uptake for the fact that 

less 31P is taken up. Within the range 1-10 µmol L-1 Pi, the uptake rate of 31Pi remains relatively 

constant and if 50% of ATP were already hydrolyzed (‘50% available’), the 31P uptake would not 

have been halved as observed. Such observation suggests that the BAP expression of Eqn. (4.5) is 

conceptually the most correct in expressing bioavailability, albeit a rather insensitive method 

compared to the assay based on 33Pi only. When the BAP of the organic P compound is limited or 

when the initial algal P status increases, the 31P accumulated by the algae proves to be difficult to 

detect (Table 4.3). Our BAP calculation method results in large standard deviations relative to the 
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average values and a BAP calculation method in which only the isotopic dilution effect is taken into 

account, would remain the preferred method because of its higher sensitivity.  

It is generally accepted that algae take up only Pi and that organic P compounds should undergo 

hydrolysis (Pandey and Parveen 2011). This hydrolysis might be catalyzed by the action of enzymes 

incorporated into the algal cell membrane or by dissolved enzymes, liberated from the algal cell 

membranes after cell lysis. The latter is not likely to occur since the BAP of the selected organic P 

compounds remained unaffected after washing the algal cells, a process which removed the 

extracellular enzymes (BAP of ATP and GluP in Table 4.2 versus Table 4.3). Here, we observed that 

the accumulation of P from organic sources by algae increased by lowering Pcell but that the same is 

true for uptake of the ionic labeled Pi measured in the same conditions. This suggests that the 

increased uptake capacity for Pi in P-depleted cells goes hand in hand with an increased enzymatic 

capacity. A more rapid Pi uptake by P starved algal cells may cause P depletion in the medium, 

enhancing the expression of some enzymes (e.g. alkaline phosphatase, Labry et al. 2005). The 

organic P compounds may be associated with surface bound enzyme complexes or are hydrolyzed 

rapidly so that the hydrolyzed Pi is taken up and immobilized rapidly. This increasing algal 

accumulation of P from organic sources coincides with increasing 33P from ionic source uptake so 

that our BAP –defined here as the ratio of 31P to 33P accumulation- remains rather constant in 

function of Pcell. 

The BAP of phenylphosphonic acid was > 100%, resulting from an excessive accumulation of P 

from organic source of up to 8 times as high as the P accumulation from ionic source (as measured 

by 33P liquid scintillation counter). Likely, phenylphosphonic acid is adsorbed readily onto the algal 

cell membranes because of the aromatic properties of this molecule. Since only a limited isotopic 

dilution effect could be observed (Table 4.3), this phenylphosphonic acid would mainly not be 

hydrolyzed and used to fuel the internal P stock or to support algal growth. Consequently, the use of 

wash procedures (as described in Appendix 1), could be recommended when certain organic P 

compounds are present in the test solutions.  

The nucleotide ATP and the condensed phosphate ‘triphosphate’ are among the compounds with 

the highest BAP tested in our study. Likely, nucleotides have a higher BAP compared to phosphate 
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esters because of the additional action of some highly substrate specific enzymes (e.g. 5’ 

nucleotidase) by which nucleotides can be hydrolyzed more efficiently compared to phosphate esters 

(Björkman and Karl 1994; Nedoma et al. 2003). Among the compounds with the lowest BAP are 

phytate and cAMP. Cyclic nucleotides are known to be less available compared to their non-cyclic 

forms (Cotner and Wetzel 1992) and only the phosphates in the 3th and 6th position of phytic acid 

can be hydrolyzed by mainly two classes of specialized enzymes (Turner 2005). The other organic 

compounds have a rather comparable BAP, ranging 5-30%. These are somewhat higher than 

previously reported values in short term BAP studies of organic compounds which generally range 

0–15% (Björkman and Karl 1994). However, it is still lower than the long term (10 days) availability 

of model organic P compounds for which the algal BAP generally accounts > 70% (Huang et al. 

2005) or for environmental samples with mean long term algal BAP’s ranging from to 3 to 89% 

(Chapter 3; Ekholm et al. 2007; Ekholm and Krogerus 2003). 

 

4.5 Conclusion 

Phosphorus of both ionic and organic sources are accumulated faster by the algae with decreasing 

internal algal P concentration but we did not find evidence that the BAP, expressed as the uptake of 

an organic P form relative to Pi, increases upon P-starvation. Such finding suggests that P-starvation 

enhances Pi uptake and organic P hydrolysis capacity to about the same extent. Conceptually, BAP 

detection methods should correct for effects of the medium composition on the Pi uptake measured 

at the same time under equal condition because the actual P-status of the cell rapidly affects the Pi 

uptake. 
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Chapter 5. General conclusions 

 

The general objective of this study was to examine the short and long term bioavailability of 

different dissolved P species and to relate the bioavailable P fraction with P fractions detected by 

frequently used analytical methods. For this purpose, we started comparing analytical detection of P 

species by four different methods. This was applied to a range of model organic P compounds, 

synthesized inorganic colloidal P compounds and to environmental P in surface waters and 

groundwater. Secondly, the long term (weeks) availability of these P forms is examined using growth 

response of the model alga Pseudokirchneriella subcapitata in P-limited systems. Subsequently, we 

measured the accumulation of Pi and model organic P compounds in the short run (hours) by this 

model alga. This general chapter will first summarize the main findings of this study followed by a 

general discussion in which analytical detection, short and long term availability of P compounds are 

linked with the chemical properties of the P compounds (structure-activity relationship). Finally, the 

environmental relevance of our findings is discussed and an outlook is presented.  

 

Inorganic colloidal P contributes substantially to the dissolved P fraction of environmental 

water samples; hence conventional colorimetric techniques overestimate inorganic 

orthophosphate in environmental samples. No analytical technique -including the novel 

DGT technique- is able to determine unambiguously the Pi fraction. 

In Chapter 2, it was shown that organic P esters -the P forms that are most often present in 

environmental water samples- are only marginally detected by the colorimetric method (CM) or 

anion chromatography (IC). Exceptions are some labile organic compounds such as creatine 

phosphate and Li-K-acetyl phosphate that are completely measured by colorimetry and partially by 

chromatography. Phosphorus associated with inorganic Fe and Al colloids was completely recovered 

by CM, likely because the Fe and Al oxyhydroxides dissolve in the acid medium of the colorimetric 

assay. These inorganic P colloids are also partially included in the IC method that uses an alkaline 
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elution in which Al(III) colloids dissolve. Inorganic colloidal P detection by the more novel DGT 

technique remains more limited compared to CM and IC. We hypothesize that most colloidal 

particles are too large to diffuse through the diffusive hydrogel. Low molecular weight organic P 

compounds are, however, able to diffuse through the gel and adsorb onto the ferrihydrite binding 

layer. This was shown since ICP detection of the DGT eluates were higher compared to 

colorimetric detection for three out of the five tested organic P compounds. We suggest the 

detection of dissolved organic P compounds by DGT detection can be reduced by (i) using 

colorimetry of chromatography methods for DGT eluate analysis rather than a method that 

measures total P, (ii) decreasing the acidity of the eluent and (iii) decreasing the elution time of the 

binding gel. Measurements on environmental samples (soil pore waters, groundwaters, and surface 

waters) suggest that surface water P is largely present as orthophosphate and phosphate sorbed onto 

inorganic colloids, whereas organic P contributes more in groundwaters. 

Approximate calculations were proposed for determining the concentration of different P species 

by ‘difference methods’ (difference of P between two methods): Pi = IC measured P; colloidal P = 

colorimetrically measured P –P detected by IC; and organic P = TDP – colorimetrically measured P. 

In these calculations, the Pi fraction might be overestimated and the organic P underestimated. The 

extent of overestimation will be dependent on the properties of each sample (relative contribution 

of P forms, amount of Fe or Al, aging effects,…) and remains difficult to predict. It is 

recommended that equal standard solutions are prepared for the two methods and used at almost 

the same time since P-standard solutions do not preserve well. Since analytical errors (standard 

deviations of replicates) in the methods are often 10% of the mean, different methods can have 

errors exceeding 50% of the mean difference when the difference is smaller than 20% of the largest 

value of two methods. 

Colloidal P forms in the dissolved fraction are often overlooked in previously performed studies 

while our data suggest that Pi and inorganic P colloids are the most important P species in surface 

waters. Especially in surface waters and draining acid, Fe rich groundwater, P can be largely 

associated with inorganic colloidal Fe. Moreover, colloidal P is likely to be the major source of 

overestimation of the Pi fraction when water samples are analyzed by the most frequently used 

analytical technique for P detection: colorimetry and chromatography.  
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Enzymatic hydrolysis  is the most important pathway to hydrolyze organic P compounds. 

Organic P-esters are prone to hydrolysis in the environment and also during analytical detection. 

Changes in pH of the solution simulate the conditions during analytical detection of our malachite 

green colorimetric method (pH 0), our ion chromatographic method (pH 12.5) or during bioassays. 

Algal photosynthetic activity might increase pH to pH=9 locally around the algal cells and 

photohydrolysis likely occurs in the epilimnion. Changes in pH (pH 2 and 12; 24h) and UV 

irradiation prior to colorimetric P measurement slightly increased detection of model organic P 

compounds whereas hydrolysis and CM detection was clearly enhanced in the presence of alkaline 

phosphatase. In this test, alkaline phosphatase was selected as model enzyme since it is generally 

accepted to be the most universal enzyme produced by phytoplankton and because of its low 

substrate specificity. This enzyme was indeed non-substrate specific in our test, catalyzing complete 

hydrolysis of a condensed phosphate, nucleotides and phosphate monoesters in 25 hours. Phytate 

and phosphate triesters are known to be rather recalcitrant to enzyme catalyzed hydrolysis. We 

conclude that enzymatic hydrolysis will be the major pathway by which organic phosphates are 

hydrolyzed in our experimental bioassay setup. We used buffered (pH 7.4) test solutions in 

transparent beakers placed on an artificial light source (cool white fluorescent lamps), likely resulting 

in only a marginal influence of photolysis and pH effects on P-hydrolysis. 

 

Both organic and colloidal P in the dissolved fraction can be used by algae to support algal 

growth at prolonged exposure; the bioavailable P fraction is not unequivocally related to a P 

fraction that can be detected by analytical methods. 

Algal growth potential in P-limited systems was used to measure bioavailable P and this was 

described in Chapter 3. We used the same set of organic and colloidal P as described above and we 

standardized 14 environmental samples for concentration of organic C and inorganic composition. 

The bioavailability was determined operationally and calculated as the corresponding Pi 

concentration to support algal growth to the maximum observed algal cell density (Nmax) relative to 

the TDP of the organic P compounds in the test solution, multiplied by 100. Maximum algal cell 

densities were generally obtained after 10-14 days after algal inoculation. The bioavailability of ten 
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organic P compounds was highly variable (1-70%) while these P forms are generally not detected by 

chromatographic or colorimetric detection techniques. Conversely, colloidal P was completely 

measured by colorimetry and partially by chromatography while bioavailability remained limited. The 

bioavailability of the colloidal P solution ranged from 55 to 85% of the TDP, but this high fraction 

was likely mainly the result of Pi that was not associated with colloidal particles. These results 

suggest a discrepancy between analytically measured P and bioavailable P since different forms 

(colloidal versus organic) are mainly measured/available. The bioavailable P fraction of 14 

environmental samples was compared to its analytical detection. The bioavailability of total dissolved 

P in the environmental samples ranged 7-85% (mean 43%) of Pi. The P detected by IC largely 

underestimates bioavailable P while CM and total dissolved P (ICP) overestimate P bioavailability 

by, on average 44% (CM) or 57% (ICP) in the environmental samples. We conclude that CM is the 

best index among the three tested for predicting long term availability of environmental dissolved P in 

which colloidal P contributes more importantly than organic P. However, since different P forms 

(organic/colloidal) react differently regarding bioavailable and analytically detectable P, these 

conclusions remain highly sample specific and will depend on the relative constitution of colloidal 

and organic P in the studied samples. The DGT was not included in this analysis. Conceptually, 

DGT followed by CM might be advocated as the best method for detecting potential bioavailable P 

in surface water since DGT excludes colloidal inorganic P that is not highly bioavailable. Organic P 

is only to a limited extent detected by the DGT followed by CM and can be bioavailable, however 

organic P is not dominant in many surface waters (Chapter 2).  

Phosphorus concentration in Flanders’ surface waters are subjected to limits specified by the 

Flemish legislation and are typically based on colorimetric P measurement before and after digestion 

of unfiltered water samples to denote the reactive and total P. According to this protocol, the 

bioavailable fraction in the ‘reactive pool’ is likely overestimated. Phosphorus colloids (in both 

dissolved and particulate fraction) can on the other hand be measured (partially) by colorimetry even 

without digestion prior to analysis and the bioavailability of this measured colloidal-P is limited. 
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Short term P uptake by algae is more affected by the internal P content of algal cells rather 

than by P speciation in the environment. The bioavailability of P compounds is only 

marginally influenced by the internal P content of the algal cells. 

Phosphorus (P) starved algae have a capacity to rapidly take up P when resupplied to P. The extent 

to what P starvation enhances the potential of algae to utilize organic P forms was described in 

Chapter 4. The initial (< 0.5 h) PO4 uptake rates of cells of Pseudokirchneriella subcapitata increased up 

to 18-fold with increasing starvation. The short term bioavailability can be expressed using several 

methodologies: (i) by algal organic P uptake, (ii) by meusuring the isotopic dilution effect of 

radiolabeled Pi in the test solutions or (iii) by comparing the uptake of 31P from organic source 

relative to 33P uptake from ionic source. The main drawback of the two first methods is that it 

disregards the feedback mechanism of algal starvation on P-uptake (increasing rate of Pi uptake with 

increasing starvation). The main advantage of the third method is that all samples are standardized 

for P-uptake from the ionic source (33P) so that all effects are included while the main drawback 

remains the low sensitivity of the 31P detection compared to the isotopic dilution method. 

 Algae from different levels of P starvation were exposed to different model organic P forms and 

carrier-free 33PO4. Uptake (1h) of P from organic P forms increased up to 5-fold with increasing P 

starvation. The bioavailability of organic P, relative to PO4, was calculated from uptake of 31P and 33P 

isotopes (3th method in the above paragraph) assuming no isotopic exchange with organic P forms. 

This relative bioavailability ranged 0–57% and remained generally unaffected by the extent of P-

starvation. This result was found for cells that were either or not treated by a wash method to 

remove extracellular phosphatases. Short term P uptake rate sharply increases with decreasing 

internal P content of the algal cells but the bioavailability of organic P, relative to PO4, is not 

enhanced. Such finding suggests that P starvation enhances PO4 uptake capacity and organic P 

hydrolysis capacity to about the same extent. 

The tested phosphate esters (expected to be the most abundant organic P forms in natural water 

samples) were mainly not colorimetrically and ion chromatographically detected, while both the 

short and long term bioavailability were highly variable but mostly significant. Biological, enzymatic 

driven processes are likely determinative in the hydrolysis of organic P compounds in water samples, 
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as already suggested in chapter 2. Potentially, the DGT technique might provide an even better 

estimation for the long and/or short term bioavailability of organic P compounds compared to the 

CM since organic P is able to (partially) adsorb onto the zero sink layer. 

 

Table 5.1: The short and long term bioavailability and pKa of the leaving group of the P compound. The average is 
given with the standard deviation between brackets. 

P 
compound$ 

Short term BAP 
(%) 

Long term BAP 
(%) pKa of leaving group (Reference) 

Pi 91.9 (9.5) 98 (6)  
triP 15.1 (2.2) 48 (7) 6.6   (Jencks and Regenstein 1965) 
ATP 11.9 (3.3) 72 (4) 6.5   (McElroy 1951) 
cP 11.8 (4.8) 31 (2) 11.0 (Jencks and Regenstein 1965) 
glyP 8.4 (4) 39 (2) 14.2 (Jencks and Regenstein 1965) 
Pser 8.4 (5.1) 58 (14) 14.0 (Grzyska et al., 2004) 
mbP 4.3 (4.5) 49 (8) 7.8   (Denu et al. 1996, McCain et al., 2002) 
gluP 0.9 (2.2) 53 (11) 12.4 (Jencks and Regenstein 1965) 
pa -0.1 (3.5) 7 (7)  
cAMP -1.1 (4.2) 9 (3) 12.5 (Chargaff 1955) 
$Pi: KH2PO4, triP: pentasodium triphosphate, ATP: adenosine 5’-triphosphoric acid, cP: creatine phosphate disodium, 
glyP: calcium glycerolphosphate, Pser: O-phospho-Dl-serine, mbP: methylumbelliferyl phosphate, gluP: D-glucose-6-
phosphate, pa: phytic acid sodium salt and cAMP: adenosine 3’-5’-cyclic monophosphate 

 

The comparison of short and long term bioavailability of organic P and its relationship 

with chemical properties  

Table 5.1 compares the biologically available P fractions (BAP’s) of organic P molecules between 

the long term studies (Chapter 3) and short term studies (Chapter 4). The BAP’s of organic P on the 

long term are always larger than corresponding short term values. The Pearson correlation between 

long and short term BAP (log transformed) of the tested organic P compounds was significant 

(Figure 5.1). The larger BAP in the long term study is likely related to a longer exposure time of the 

enzymes to the organic P compounds. Potentially, some compounds may become more available on 

the long term than predicted in their short term BAP’s because of the action and/or production of 

specific phosphatases that are not detectable within hours. Three different P-uptake phases can be 
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distinguished: (i) the hydrolyzed P is used to fuel the internal algal P concentration of the P-starved 

algae (around 0.3 mass% P up to around 2 mass%), (ii) the algae take up P in order to grow and 

multiply while P is not limiting in the medium; all algal cells are still P-saturated (around 2 mass% P) 

and (iii) P becomes limiting in the medium but algae are still able to grow and multiply addressing 

their internalized P stocks as P source. On the short term, only the first and second are (partially) 

taken into account (duration of BAP experiment was typically 1 hour whereas algal doubling times > 

10 hours) while all these three phases are completely taken into account by the long term BAP 

experiments.  

Hydrolysis of organic P compounds is catalyzed most efficiently by the action of enzymes (e.g. 

alkaline phosphatase) compared to the effects of pH changes or UV irradiation (Chapter 2). 

Hydrolysis of organic P compounds follows either a first or second order nucleophilic substitution 

reaction (Figure 1.2). This reaction can be enhanced by the influence of external factors like solution 

pH, type of the nucleophile (chapter 1) but also by characteristics of the organic P compound such 

as the leaving group. It has been demonstrated for a series of organic P compounds that the 

logarithm of the hydrolysis rate increases linearly with decreasing pKa of the conjugated acid of the 

leaving group under abiotic (without enzyme activity) conditions (Khan and Kirby 1970; Kirby and 

Varvogli 1967; Kirby and Younas 1970). However, a correlation between the pKa of the leaving 

group and either the short or long term bioavailability could not be established (Figure 5.1). Likely, 

enzymatic catalyzed hydrolysis contributes more importantly to the bioavailability of the tested 

organic P compounds than abiotic determined factors (pKa of the leaving group, changes in pH), as 

concluded in the second chapter. For example, the pKa of glucose is rather elevated (> 12) while this 

glucose-6-phosphate has, especially on the long term, a relatively high bioavailability. This is likely 

possible because of the action of general enzymes, e.g. alkaline phosphatase, as well as the 

production of highly specific enzymes, e.g. glucose phosphatase, enhancing its hydrolysis in algal 

inoculated water samples. 
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Figure 5.1: Correlations between short and long term BAP and pKa of the leaving group for 8 model organic P 
compounds. Average values are given with standard deviation as error bars. The upper graphic was obtained after log 
transformation of the BAP data, disregarding the negative values. (BAP: bioavailable P, r: Pearson correlation coefficient 
and p the p-value of the correlation). 
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Environmental significance of this work and an outlook 

This study showed the importance of colloidal P in surface waters, averaging up to 50% of 

dissolved P in surface waters. Likely, this colloidal P has often been overlooked in the past and is a 

potential source of overestimation of Pi measurements upon detection by most frequently used 

analytical methods (chromatography or colorimetry). Although this fraction is completely measured 

by colorimetry and partially by chromatography, its bioavailability remains limited. This contrasts 

with organic P compounds, which are typically not (or only limited) detected by both colorimetry 

but might contribute importantly to P-bioavailability on the long term. A summary of detectable and 

bioavailable P is represented in scheme 5.1. Subsequently, the most frequently used analytical 

detection techniques (ICP, IC and CM) are not able to provide an accurate estimation of the 

bioavailable P, as illustrated by the over- or underestimation by this methods for the environmental 

P containing samples. There exists a discrepancy between bioavailable P and analytically (IC and 

CM) measured P as they fundamentally measure different P species in different quantities. This 

discrepancy may even be enlarged by using different methods for sample preparation and/or 

measurement. According to the  Flemish legislation, Pi and/or total P should be determined to 

verify if P concentrations fulfill the norms. The Pi fraction is typically measured by continuous flow 

colorimetric measurements on unfiltered or paper (coarse) -filtered water samples. The samples are 

first acidified and subsequently dialyzed, prior to colorimetric P detection. Likely, colloidal P (in 

both dissolved and particulate fraction) is (partially) released during the acidification step and 

detected as Pi. This way of sample preparation and measurement may induce an even larger 

overestimation of the bioavailable P fraction compared to colorimetric detection of the dissolved P 

fraction. The extent of overestimation by CM and IC also depends on the exact sample composition 

(relative contribution of organic and colloidal P forms). This sample composition is a function of 

the sample origin: colloidal P forms are likely to contribute importantly in streams and rivers while 

organic P forms are gaining importance as the water system is more closely related to soil (e.g. soil 

pore water, ditches or drainage tubes). 

Based on the analysis of model P compounds (scheme 5.1), one may propose the DGT technique 

as a more accurate technique for estimation of the bioavailable P fraction. This DGT technique 

largely excludes colloidal P forms, likely because they are too big to diffuse unhindered through the 
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diffusive gel. Moreover, low molecular weight organic P compounds are able to diffuse and to 

(partially) adsorb onto the zero sink layer of the DGT units. Consequently, the potential of different 

model P forms to be detected by DGT suggests that DGT-P may relate to the bioavailable P 

fraction in waters. This suggestion needs experimental validation. 

Finally, this study stressed the importance of initial algal P status upon short term (hours) 

accumulation of P of both ionic and organic sources. This initial algal P status, however, influences 

only marginally the relative bioavailability (i.e. relative to Pi) of the tested organic P compounds. The 

short term bioavailability of natural inorganic colloidal P forms can still be examined. These short 

term bioassays will require a different setup than the one used in this study since one can no longer 

assume that the radiolabeled P is only present as Pi. This problem can be circumvented by 

monitoring the speciation (Pi or colloidal) of the radiolabeled P during the experiment. This can be 

performed by using ultra/nano filtration or the DGT technique. 

 

Scheme 5.1. Determination of the P species in the dissolved fraction with three analytical techniques, DGT and the 
bioavailable P fraction as suggested by experiments conducted in previous chapters. The shaded area indicates which 
species are likely (partly) measured by the method or bioavailable to algae (inductive coupled plasma (ICP), colorimetric 
method. The short term BAP of colloidal P was not tested in this study but is supposed to be equal or smaller than the 
long term BAP (shaded area). (CM), ion chromatography (IC) and diffusive gradient in thin film with eluate analysis by 
ICP (DGT+ICP) or by colorimetry (DGT+CM), the long term bioavailable P fraction (long term BAP) en the short 
term bioavailable P fraction (short term BAP)) 

Method Organic P Pi Colloidal P 

ICP 
               

CM 
               

IC 
               

DGT+ICP 
               

DGT+CM 
               

Long term BAP                
Short term BAP                

 
 

Next, the bioavailability of model compounds and environmental P samples can also be examined 

in model ecosystems (mesocosm experiments), representing different algal and bacterial strains. 

Bioavailability may be enhanced upon the presence of more (diverse) microbiological species 
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because of the production and excretion of more and different types of enzymes. It is predictable 

that no single chemical assay will predict bioavailability across different aquatic communities, 

however the stringent environmental legislation would benefit of a better validated chemical assay 

that the current CM.  
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Appendices 

Some additional experiments are described in this section, regarding the washing procedures and 

the experiments for verification of the assumptions used in the BAP calculations in chapter 4. By 

using a washing method, we tried to quantify the extent of Pi that is internalized in the algal cells and 

precipitated/sorbed around the outer cell membranes (Appendix 1). We verified the assumptions 

that the relative 31P accumulation equals the 33P accumulation when P is supplied as Pi, resulting in a 

BAP of 100% (Appendix 2). Subsequently, we verified the exchange of P from ionic source with P 

from organic source  on the basis of ATP, the most labile organic P compound tested (Appendix 

3). The structural formulas of the model organic P compounds used in this study are given in 

Appendix 4. 
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Appendix 1: Algal wash procedures and quantification of P precipitation outside the algal 

cell membranes  

Material and methods 

Standard Wright’s cryptophyta medium was used (Guillard and Lorenzen 1972) with modifications 

of the buffer solution and N source. In order to prevent Ca2+ and PO4
3- from precipitating due to 

locally elevated pH during our experiments, we adapted our standard medium using (i) MES buffer 

(pH 6.3 compared to HEPES buffer at pH 7.4), (ii) increasing the buffer concentration from 5 

mmol L-1 to 20 mmol L-1 and (iii) replacing NO3
- by NH4

+.  

The algal inoculants cells were washed with WC medium without P and inoculated with final cell 

density of 3.5 x 105 cell mL-1 in preculture medium. This preculture medium contained 3 µmol L-1 Pi 

and modifications on the standard WC medium (buffer and/or N source), allowing the algae to 

adapt to the new medium. The algae were precultured for 3 days prior to the start of the actual test 

using following media: (i) HEPES-buffer (20 mmol L-1) + NO3
- (1 mmol L-1), (ii) HEPES-buffer (20 

mmol L-1) + NH4
+ (1 mmol L-1) and (iii) TRIS-buffer (20 mmol L-1) + NH4

+ (1 mmol L-1). The algal 

cell density was counted (HIAC Royco 9705 particle counter) after these three days to evaluate any 

growth inhibitory effects due to elevated buffer concentration and/or the use of NH4
+ as N source. 

The actual test solutions consisted of the same nutrients but Pi which was added to a final 

concentration of 10 µmol L-1 and 33P (H3PO4-radionuclide in HCl-free water, PerkinElmer) was 

added to 130 Bq mL-1. The algae from the preculture were inoculated with final density of 5 x 105 

cell mL-1. The HEPES + NO3
- treatment was additionally inoculated with an algal cell density of 2 x 

105 cell mL-1. All treatments were set up in triplicate.  

The solutions were sampled at 0.05, 1, 2.5 and 24 hours after algal inoculation and centrifuged for 

15 minutes at 6000 g (Heraeus Pico 21 microcentrifuge, Thermo Scientific). The 33P in the 

supernatants was measured by liquid scintillation counter and the algal pellet was resuspended in 1 

mL of wash media. We compared four different wash media to wash off the adsorbed Pi onto the 

outer algal cell membranes: (i) WC medium without P, (ii) HCl solution (1 mmol L-1), (iii) 

ammonium acetate solution (0.1 mol L-1, acidified down to pH 4.3 using 1 mol L-1 HCl solution) and 

(iv) an oxalate reagent as described by (Tovar-Sanchez et al. 2003). This oxalate reagent consists of 
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0.05 mol L-1 EDTA, 0.1 mol L-1 oxalic acid, 0.05 mol L-1 sodium citrate, 0.01 mol L-1 KCl and 0.1 

mol L-1 NaCl buffered at pH 8 using a 10 mol L-1 NaOH solution to alkalize. To verify the cell 

recovery, the algal cell density was compared before and after the washing procedure.  

We resuspended the algal pellet in the washing media and incubated them for 15 minutes followed 

by centrifugation for 15 minutes at 6000 g. The 33P in the supernatants (washing medium) was 

measured by liquid scintillation counter. The algal cells were resuspended in 1 mL reagent grade 

water and counted by particle counter (HIAC Royco 9705) to examine whether algal cells were 

disintegrated during the wash procedure. 

 

Results and discussion 

Not all the Pi present in our medium is necessarily taken up internally by the algae in the short term 

but might also be adsorbed (a)biotically around the algal cells. Phosphorus can be coprecipitated 

with Ca-derived minerals -such as calcite- in hard water systems in both abiotic and biotic conditions 

(Homa and Chapra 2011). Biotic conditions, however, are expected to increase the pH in solution 

and, therefore, possibly initiate precipitation reactions (Hartley et al. 1997). According to Visual 

MINTEQ (version 3.0) simulations, Pi might precipitate as Ca3(PO4)2 (as (hydroxyl)apatite) at pH 

values above 8 in our WC medium. A local pH increase – around the outer algal cell membrane- of 

up to 3 pH units might be the result of algal uptake of (bi)carbonates (Rybova and Janacek 1982; 

Shiraiwa et al. 1993) and nitrates (Ullrich et al. 1998) in exchange for hydroxyl ions. Since our test 

solutions are buffered at pH 7.4, the pH may have increased sufficiently for Pi to precipitate around 

the outer algal cell membrane. It has also been observed that Pi can accumulate around algal cells as 

polyphosphates (polyP) (Nishikawa et al. 2006). This apatite precipitation of Pi might be prevented 

using a more acidic test medium, and if precipitation would have occurred, one should be able to 

wash it off from the algal cells using an appropriate wash medium (Yao et al. 2011).  

Algal growth was unaffected (p < 0.05) by buffering the test media at a lower pH (pH 6.4 

compared to pH 7.4) or by replacing NO3
- with NH4

+ as N source (Table A.1). The Pi uptake rate 

from the medium and the Pi washed off from the algal cells was unaffected (p < 0.05) by the N 
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source or buffer and was only significantly lower in the solutions containing a lower algal cell density 

(Figure A.1). The fraction of P washed off from the algae was highly dependent on the washing 

medium used: maximally 1.5% for the oxalate based wash medium, 15% for the ammonium acetate 

wash and over 45% for the 1 mmol L-1 HCl solution (data not shown). The average Pi 

concentrations observed in the ammonium acetate and oxalate wash increased, on average, during 

the first 2.5 hours and stabilized during the next 21.5 hours (Figure A.1 (A) and (B)). 

 

Table A.1 Increase in algal cell density in function of time when Pseudokirchneriella subcapitata is grown in modified WC 
medium. Modifications of the WC medium were: different buffers (HEPES at pH 7.4 and MES at pH 6.3) and different 
N sources (NO3- and NH4+). The average cell density of three repetitions is given with the standard deviation in 
parenthesis.  

 cell density (105 cell mL-1) after 

  0.05 hours 3 hours 3 days 

MES + NH4+ 1.90 (0.10) 3.75 (0.10) 10.17 (2.98) 

HEPES + NH4+ 1.78 (0.03) 3.43 (0.01) 12.25 (1.04)  

HEPES + NO3- 1.82 (0.04) 3.66 (0.06) 10.95 (1.75) 

 

 

The algal counts before and after the wash procedures (Table A.2) suggest that the algal cells did 

not decrease in number during the centrifugation step or the acetate wash. However, although the 

oxalate wash is developed and described as a mild washing procedure which does not cause cell 

damage to 6 different phytoplankton species (Tovar-Sanchez et al. 2003), a significant decrease in 

Pseudokirchneriella subcapitata cells was observed in our test. Although algal cell density was unaffected 

after the WC or acetate wash, it might be possible that some cells were (partially) damaged. Our 

method to determine algal cell density relies on counting and measuring the size of particles. Living 

and dead -potentially P leaking- cells are consequently not distinguished in our method. Ideally, if 

one would consider to use this method, an additional test should be performed to verify whether 

algal growth is unaffected for washed and non-washed cells. 
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Figure A.1 (A) 33P removal from the supernatant, (B) 33P in the ammonium acetate wash and (C) 33P in the oxalate 
reagents wash. The 33P counts are presented as the average of three repetitions, relative to the initial 33P in the test 
medium. Standard deviations are given as error bars. (HEPES at pH 7.4 and MES at pH 6.3: the buffer, NO3- or NH4+: 
the N source and L: a lower initial cell density of 105 compared to 5x105 cell mL-1) 
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The high 33P concentrations observed in the HCl medium after washing the algal pellets likely 

resulted from 33P (and Pi) which was stored internally by the algal cells but was released after cell 

lysis during the 15 minutes exposure to the 1 mmol L-1 HCl solution. Consequently, since we did not 

verify the fraction of lysed cells after each wash method, we hypothesize that the more aggressive 

(lower pH or higher concentration) the wash medium the more P is released into the wash medium 

but the more likely algal cells are (partially) damaged or disintegrated. Moreover, although the 

repetitions of the 33P measurements in the supernatants of the test media were relatively good 

(standard deviations generally < 10% of measured values), the repetitions of the 33P measurements 

in the wash media were rather poor (standard deviation generally > 15% of measured values). 

 
 

Table A.2 Algae cell density after different washing methods relative to the cell density before wash. Values followed by 
the same letter do not differ significantly (p < 0.05) according to Duncan’s multiple range test. (The average of three 
repetitions is given and cell density before wash = 8.56 x 105 cell mL-1 = 100%).  

Wash medium Before wash WC without Pi Acetate wash Oxalate wash 

Cell density (% Start) 100a 96a 98a 90b 
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Appendix 2: Verification of assumptions made during BAP calculations 

Material and methods 

Short term BAP is defined as the ratio of the P fraction from organic sources (measured as 31P by 

ICP) taken up by the algae to the P fraction from ionic source (measured as 33P) taken up by the 

algae in the same time span (Eqn. 4.3). The key assumption made in this experimental setup is that 
31P is as available as 33P if the both P isotopes are supplemented as Pi. Then, the 31P –measured by 

CM or ICP- is taken up as fast as 33P –measured by liquid scintillation counter- and bioavailability 

equals 100%. To verify this, algae were inoculated (final density around 105 cell  mL-1) in WC 

medium containing 10 µmol L-1 Pi spiked with 33P (final activity 50 Bq mL-1). The algal culture was 

sampled after 0.05, 1, 3, 6, 22 and 25 hours after algal inoculation. The initial P concentration and 

the P remaining in the supernatants after sampling was measured colorimetrically (as 31P) and 33P 

was measured by liquid scintillation cocktail in the supernatants and algal pellet. All tests were 

performed in triplicate. 

Next, we verified whether the addition of different Pi concentrations in the medium results in the 

expected isotope dilution effect on 33Pi uptake as the key assumption for bioavailability calculations 

relying on only 33P measurements. Test solutions containing WC medium with 0, 0.25, 0.5, 1, 2.5, 5 

and 10 µmol L-1 Pi were prepared and spiked with 50 Bq mL-1 33P. Pseudokirchneriella subcapitata cells 

were inoculated (final cell density 3.3 x 105 cell mL-1) and the test solutions were sampled after 0.05, 

1.2, 3.3 and 6.3 hours after algal inoculation. The algae were grown in P replenished WC medium 

and washed in P-free WC medium prior to inoculation. Sampling consisted of pipetting 1 mL test 

solution into an eppendorf vial, centrifuging for 15 minutes at 6000 g, pipetting the supernatants in 

counting vials, resuspending the algal pellet in 1 mL reagents grade water and pipetting the 

resuspended algae into a counting vials.  
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Results and discussion 

The amount of 31P and 33P taken up from the test solution by algae compared to the total amount 

of 31P and 33P initially present at 6 different times does not differ significantly (p > 0.05) according to 

the paired t-test (Figure A.2). The sum of the accumulation of 33P in the pellet and supernatants, 

relatively to the 33P initially present, varied from 96.5% to 107.3%, indicating no quenching effect 

due to algal uptake of 33P. The 31P in the algal pellet can only be measured after digestion or by ICP 

and was not performed in this experiment. Moreover, an additional preliminary test confirmed that 

the addition of different Pi concentrations (1-10 µmol L-1) in the medium results in the expected 

isotope dilution effect on 33Pi uptake, i.e. the 33Pi uptake decreased with increasing 31Pi concentrations 

(Figure A.3). The validation of equal uptake rate of both 31P and 33P allows us to use this kind of 

experimental setup in our short term BAP experiments.  

 

Figure A.2 Validation of analytical methods to determine P uptake. The average of three repetitions is given with the 
standard deviation as error bars. Initial algal cell density in the test solutions at inoculation was 105 cell mL-1. (CM: 
colorimetric method, 33P, supn: the amount of 33P measured in the supernatants relative to the initial 33P amount and 33P, 
pellet the amount of 33P measured in the supernatants relative to the initial 33P amount) 
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Figure A.3 The linear relative accumulation of 33P in the algae pellet for different Pi concentrations in function of time. 
(0.05, 0.25, 0.5, 1, 2.5, 5 and 10 represent the Pi concentrations in the test solution in µmol L-1). The average of two 
replicates is given with the standard deviation as error bars. 
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Appendix 3: Does ATP-P exchanges with radiolabelled 33Pi-P 

 

Material and methods 

Material and methods is explained in section 4.2.4: calculation of bioavailable P (BAP) in material 

and methods for the used methodology in this experiment. 

 

Results and discussion 

Typically, short term experiments with respect to P availability are performed in the order of 

minutes or hours so that exchange of radiolabeled Pi with organic P is considered to be negligible 

(Boström et al. 1988). In this experiment, adenosine-5’-triphosphoric acid (ATP) was selected as it 

has been proven to be one of the most labile and the most bioavailable of our selection of organic P 

components in the long term. The 33P taken up by the algae was unaffected (p < 0.05) by the 

equilibration time of 33P and ATP for 0 to 3 hours before algal inoculation (Table A.3). If exchange 

(33P-P with ATP-P) would have occurred, the 33P would be taken up faster with increasing 

equilibration time since part of the 33P would be present as the less available organic form. 

 
Table A.3 Incorporation of 33P into algal cells in function of time and in function of equilibrium period before the 
uptake test.  The average of three repetitions are given with the 95% confidence interval (α = 0.05) in parentheses. 

Contact time ATP-33P  

prior to algal inoculation 33P in algal pellet (% initial 33P activity) 

(hour) 0.05 hour 1.5 hour 3 hour 

0 5.9 (1.0) 15.5 (6.1) 16.2 (3.6) 

1.5 6.4 (1.6) 10.3 (1.8) 15.0 (1.9) 

3 5.2 (1.4) 10.2 (2.6) 15.0 (2.4) 
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Appendix 4: structural formulas of tested model organic P compounds in this study 
 

     

Calcium glycerolphosphate (glyP)    Adenosine-5’- triphosphate (ATP) 

 

     

Tri-n-butyl phosphate (butP)     Phytic acid sodium salt hydrate (pa) 

 

       

D-Glucose-6-phosphate (gluP)     Li-K-acetyl phosphate 
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4-methylumbelliferyl phosphate (mbP)       Adenosine 3’-5’- cyclic monophosphate (cAMP) 

 

    

Creatine phosphate disodium hydrate (cP)   Pentasodium triphosphate (triP) 

 

      

Phenylphosphonic acid (phP)    O-phospho-DL-serine (Pser) 

 

  

Adenosine 5’-diphosphate sodium salt (ADP) 
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