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ABSTRACT 

 

Studies on microalgae biomass suppression, have so far focused either on nutrient competition or 

potential toxicity due to allelochemical substances i.e. interference competition. Although certain 

microalgae species can be characterized as ‘storage strategists’ (i.e. store excess P in P-rich 

environments), increased nutrient storage has not been explicitly attributed to a response to 

interference competition by any empirical study to date. The aim of this research is to investigate 

the impact of interspecific chemical interactions of target species on shifts in their survival 

strategy and re-allocation of resources from growth to nutrient storage. 

 

The allelopathic effect of harmful microalgae (i.e. toxin producers) has been thoroughly 

investigated on natural plankton communities. However, the drivers affecting coexistence and 

productivity beyond harmful species are still unknown. In this study, four different 

phytoplankton species. i.e. Thalassiosira sp., Phaeocystis sp., Tetraselmis sp. and Heterosigma 

akashiwo, were cultivated in monocultures. In each monoculture, only the cell-free filtrate from 

the other species was added. The response of each species to the filtrate of the other was 

examined by measuring cell number, chlorophyll-a (Chl-a), residual phosphorus (PO4) in the 

medium and intracellular P. A supplementary analysis of excreted metabolites (i.e. 

exometabolites) from the control species’ filtrate was carried out in order to interpret the cause of 

the indirect interactions among species.  

 

Significantly higher Chl-a production was observed in H. akashiwo and Tetraselmis sp. under the 

effect of Phaeocystis sp. and Thalassiosira sp. filtrate and this was attributed to the greater Myo-

inositol content found in their cell-free filtrate (i.e. excreted metabolites). Furthermore, a 

consistently positive and significant impact of H. akashiwo filtrate on intracellular phosphorus of 

all other species was detected, despite the fact that this filtrate had no higher P concentration than 

the other species. The only metabolite detected in H. akashiwo filtrate in higher concentration 

than all other species was Thiamine. However, Thiamin is an essential vitamin of algal growth 

and from our results it is inconclusive that this substance affected the other species’ growth. A 

combination of metabolomics and microalgal physiological experiments is an integrated 

approach to changes in microalgal biomass due to allelopathy and nutrient storage 

simultaneously enabling a mechanistic understanding of what controls microalgae biomass. In 

this way, high-value applications can be achieved within priority areas related to ecosystem and 

human health such as bioenergy and biotechnology. 

 

 

 

KEYWORDS: microalgae, allelopathy, exo-metabolites, nutrient storage, intracellular 

phosphorus 
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ΠΕΡΙΛΗΨΗ  

 

Μέχρι στιγμής οι μελέτες που αφορούν την καταστολή της βιομάζας των μικροφυκών έχουν 

επικεντρωθεί είτε στον ανταγωνισμό για θρεπτικά συστατικά είτε στην πιθανή τοξικότητα που 

προκαλείται λόγω έκκρισης αλληλοχημικών ουσιών από άλλα μικροφύκη (δηλαδή στον 

ανταγωνισμό παρεμβολής). Αν και ορισμένα είδη μικροφυκών μπορούν να χαρακτηριστούν ότι 

ακολουθούν τη στρατηγική αποθήκευσης θρεπτικών (storage strategists) (δηλαδή ότι έχουν την 

ικανότητα να αποθηκεύουν περίσσεια φωσφόρου σε περιβάλλοντα που υπάρχουν επαρκείς 

ποσότητες), αυτή η περαιτέρω αποθήκευση θρεπτικών ουσιών σε ένα κύτταρο δεν έχει αποδοθεί 

επαρκώς από καμία εμπειρική μελέτη μέχρι σήμερα ως μια αντίδραση στον ανταγωνισμό μεταξύ 

των μικροφυκών. Στόχος αυτής της έρευνας είναι να διερευνηθούν οι επιπτώσεις των χημικών 

αλληλεπιδράσεων διαφόρων ειδών μικροφυκών στις μεταβολές της στρατηγικής επιβίωσής τους 

και της ανακατανομής των πόρων από την ανάπτυξη στην αποθήκευση των θρεπτικών ουσιών. 

 

Η αλληλοπαθητική επίδραση των επιβλαβών μικροφυκών (δηλαδή των μικροφυκών που 

παράγουν τοξίνες) σε φυσικές πλαγκτικές κοινωνίες έχει διερευνηθεί διεξοδικά. Ωστόσο, οι 

κινητήριες δυνάμεις που επηρεάζουν τη συνύπαρξη και την παραγωγικότητα των κοινωνιών, 

πέραν των επιβλαβών μικροφυκών, παραμένουν ακόμα άγνωστες. Στη μελέτη αυτή, 

χρησιμοποιήθηκαν τέσσερα διαφορετικά φυτοπλαγκτικά είδη. Τα Thalassiosira sp., Phaeocystis 

sp., Tetraselmis sp. και Heterosigma akashiwo, τα οποία καλλιεργήθηκαν σε μονοκαλλιέργειες. 

Σε κάθε μονοκαλλιέργεια έγινε προσθήκη μόνο του διήθηματος (χωρίς κύτταρα) από τα άλλα 

είδη. Η απόκριση του κάθε είδους στο διήθημα του άλλου εξετάστηκε με τη μέτρηση της 

συγκέντρωσης των κυττάρων, της χλωροφύλλης-α (Chl-a), του υπολειπόμενου φωσφόρου (PO4) 

στο μέσο και τον ενδοκυτταρικό φώσφορο. Επίσης, πραγματοποιήθηκε και μια επιπλέον 

ανάλυση των εκκρινόμενων μεταβολιτών (εξω-μεταβολιτών) από το διήθημα των ελεγχόμενων 

καλλιεργειών όλων των ειδών προκειμένου να ερμηνευθούν οι έμμεσες αλληλεπιδράσεις μεταξύ 

των ειδών. 

 

Παρατηρήθηκε σημαντικά υψηλότερη παραγωγή Chl-a στα είδη H. akashiwo και Tetraselmis sp. 

υπό την επίδραση των διηθημάτων των ειδών Phaeocystis sp. και Thalassiosira sp. Αυτό το 

αποτέλεσμα αποδόθηκε στη μεγαλύτερη συγκέντρωση Μυο-ινοσιτόλης στα διηθήματα αυτά 

(δηλ. στους εκκρινόμενους μεταβολίτες). Επιπλέον, παρατηρήθηκε μια σημαντική και συνεχής 

θετική επίδραση στον ενδοκυτταρικό P όλων των ειδών λόγω της προσθήκης του διηθήματος H. 

akashiwo, παρά το γεγονός ότι στο συγκεκριμένο διήθημα δεν υπήρχε μεγαλύτερη ποσότητα P 

από τα άλλα είδη. Ο μόνος μεταβολίτης που ανιχνεύθηκε στο διήθημα της ελεγχόμενης 

καλλιέργειας του είδους H. akashiwo σε μεγαλύτερη συγκέντρωση από τα άλλα είδη, ήταν η 

Θειαμίνη. Η Θειαμίνη είναι μια απαραίτητη βιταμίνη για την ανάπτυξη των φυκών, όμως από τα 

αποτελέσματά μας δεν μπορεί να προκύψει το συμπέρασμα για καμία σημαντική επίδραση του 

H. akashiwo στην ανάπτυξη των άλλων ειδών. Πειράματα που συνδυάζουν τη μελέτη των 

μεταβολιτών και τη φυσιολογία των μικροφυκών αποτελούν μια ολοκληρωμένη προσέγγιση των 
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αλλαγών που μπορεί να επέλθουν στη βιομάζα των μικροφυκών λόγω αλληλοπάθειας και 

παράλληλα αποθήκευσης των θρεπτικών ουσιών παρέχοντας τη μηχανιστική κατανόηση για τον 

έλεγχο της βιομάζας των μικροφυκών. Αυτή η γνώση μπορεί να οδηγήσει σε εφαρμογές υψηλής 

αξίας σε τομείς προτεραιότητας που σχετίζονται με το οικοσύστημα και την ανθρώπινη υγεία 

όπως είναι η βιοενέργεια και η βιοτεχνολογία. 
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ενδοκυτταρικός φώσφορος 
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INTRODUCTION 

 

Allelopathy is the most widely characterized interspecific chemical interaction in aquatic 

microbial ecology, occurring when an organism produces chemicals. The effects of these 

chemicals on growth, survival and reproduction of other species either inhibit or stimulate their 

growth (Rice, 1984; Gantar et al. 2008; Granéli et al. 2008; Macías et al. 2008; Long et al. 

2018). Most of the attention has so far been given to negative effects of toxin-producing algal 

species that form HABs on many phytoplankton species and other marine organisms that can be 

harmful to higher trophic levels including shellfish, fish and humans (Granéli & Johansson, 

2003; Fistarol et al. 2004; Al-Ghelani et al. 2005; Granéli et al. 2006; Long et al. 2018; Poulin et 

al. 2018a; Poulin et al. 2018b). An understanding of how chemical interactions other than 

allelopathy extend beyond specific taxonomic groups and harmful algae is a key to revealing 

competition processes driving the structure and biomass of aquatic primary producers as well as 

cultured microalgae species. 

Allelochemicals (i.e. secondary metabolites) excreted from microalgae can produce a negative 

response on other species’ growth by causing damage on structure, photosynthesis and enzyme 

activity of cells. This reaction can eventually inhibit their growth by shifting their respiration, 

protein synthesis and gene expression (Tan et al. 2019). A major challenge in establishing these 

responses is the presence of nutrient competition among species which can be affected by 

species’ reproductive strategy (i.e. r-strategists indicate fast growing species, while K-strategists 

indicate slow growing species) (Papanikolopoulou et al. 2018). Granéli & Hansen (2006) and 

Gross (2009) suggested using only the cell-free filtrate from the species to disentangle the effect 

of resource competition (i.e. the way microalgae utilize sources of energy to grow and 

reproduce) from any inferences regarding the pure allelopathic effect. An unresolved question in 

marine ecosystems is the effect of chemical cues from non-harmful species on other competitor 

species physiology under the exclusion of nutrient competition. 

A well-documented process of algal cells is luxurious phosphorus (P) uptake which is the ability 

of a cell to accumulate more P than required for its growth in a P sufficient environment 

(Watanabe et al. 1988, Singh et al. 2018; Solovchenko et al. 2019) whenever P becomes 

bioavailable (i.e. inorganic orthophosphate (Pi)) (Solovchenko et al. 2019); since P is a 

worldwide limited nutrient. It constitutes a multifunctional procedure in order to accumulate Pi 

(mostly as polyphosphate) and provide the necessary quantities not only to the metabolic 

operations but also to its storage processes (i.e. for future requirements) (Solovchenko et al. 

2019). Microalgae can easily adapt to nutrient fluctuations by modifying their resources uptake 

and metabolism, while maximize their acquisition of nutrients under P pulses (Cáceres et al. 

2019) and P deficiency (Cáceres et al. 2019; Solovchenko et al. 2019). Luxurious phosphorus 

uptake might either lead other species, whose P uptake is slower, to starvation, or to store more P 
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than they need for supporting other potential defensive functions (Solovchenko et al. 2019). Α 

very useful application of microalgae’s luxurious P uptake is its capability to remove high P 

concentration from wastewater (i.e. P-rich substrate) (Powell et al. 2008; Powell et al. 2009; 

Powell et al. 2011). Understanding whether microalgae can accumulate and store more P than 

they need for their growth (i.e. luxurious P uptake and storage) as a response of sensing chemical 

cues from competitor species, can provide industries of wastewater treatment with favorable 

insights of sewage remediation. 

 

Metabolomics is an advantageous biochemical approach for revealing molecular phenotypes 

(Sardans et al. 2011; Bujak et al. 2015). Metabolites are intermediate products of metabolism 

which are classified as primary (i.e. essential substances for growth and reproduction of a cell) 

and secondary (i.e. not fundamental substances for algal growth, mostly participate in the 

defensive and protective mechanisms of the cell). Metabolomics analysis refers to the 

quantification of the intracellular (endo-metabolome) or extracellular (exo-metabolome) 

metabolites which originating from cellular activity in response to changes in growth 

environment (Tugizimana et al. 2013; Romano et al. 2014). Poulson-Ellestad et al. (2014) and 

Poulin et al. (2018a) reported that a significant role of this analysis is to investigate the 

physiology of a cell while interacts with other harmful species allelochemicals. Many substances 

in algae’s exometabolome are capable to create interspecific allelopathic effect on their cells 

metabolism (Kirpenko et al. 2012). Although evidence of using metabolites as an indicator of 

cellular physiology has been reported, the field of identifying the metabolic compounds that 

trigger interspecific competition in microalgae beyond harmful algal species is still under 

investigation.  

 

Understanding the effect of excreted metabolites on phytoplankton community could provide 

knowledge which would be useful not only from an ecological aspect but also in many industrial 

sectors. Worldwide biotechnological interest has focused on microalgae’s biomass as feedstock 

for producing various bioproducts as feed supplements, pharmaceuticals and biofuels (Leflaive et 

al. 2007; Markou & Nerantzis, 2013; Bacellar Mendes & Vermelho 2013; Skjånes et al. 2013; 

Wijffels et al. 2013; Sathasivam et al. 2019). Since allelopathy can affect the growth of 

surrounding organisms (Tan et al. 2019) it has the potential to be used as a technique to control 

algal growth (Bacellar Mendes & Vermelho, 2013; Tan et al. 2019). Many phytoplankton 

species grow by using essential nutrients and vitamins from other species and organisms 

(‘beneficial symbiosis’) as indicated by Croft et al. (2006). Consequently, it is interesting to 

investigate whether allelopathy between different species can affect positively microalgae’s 

growth and presenting a more eco-friendly method of biomass productivity maximization. 

 

The aim of this study was to investigate the response of microalgal species of different 

taxonomic groups to the presence of metabolites excreted by other microalgal species. To 

separate the effect of allelopathy from resource competition, only the culture extract (void of 
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cells) from the competitor species was introduced in the target species culture. The specific 

objectives of the study were to determine the effect of the excreted metabolites on the biomass of 

the target species (objective 1), the nutrient storage of the target species (objective 2) and then 

to associate these to excreted metabolites that characterize a specific species (objective 3).  
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METHODS 

 

Experimental design 

 

To address the research questions, we used four marine phytoplankton species belonging to four 

different taxonomic groups, i.e. Heterosigma akashiwo (Ochrophyta), Phaeocystis sp. 

(Haptophyta), Tetraselmis sp. (Chlorophyta) and Thalassiosira sp. (Bacillariophyta). A high 

volume (2L) monoculture of each species was used for the purpose of obtaining a cell-free 

filtrate of each species. These were referred to as mother cultures (MCs). The treatment cultures 

of each species comprised of three replicate monocultures (200 ml/flask) where each mother 

culture filtrate with essential nutrients was added (Figure 1) and a control treatment where plain 

seawater with essential nutrients was added. Thus, our experimental design comprised of 4 

species x 4 treatments x 3 replicates = 60 samples. This was sampled at day 0 just before the 

mother culture’s filtrate addition. Sampling and filtrate addition occurred at the same day (i.e. 

day 0). Samples were obtained prior the filtrate addition. This was repeated two more times, at 

days 2 and 4. 

The growth stage of treatment and mother cultures was determined prior to the initiation of the 

experiment (ref. Appendix Ι). The experiment was initiated when mother cultures and treatments 

were in the stationary phase because allelochemicals from microalgae are higher than in the 

exponential phase (Arzul et al. 1999; Rengefors & Legrand 2001). MCs and treatments were 

cultured under P-deficiency (i.e. grown in medium F/2 Guillard (1975) with P/24, i.e.  3μΜ P) 

because allelopathy is known to be higher under nutrient-limited conditions (von Elert & Jüttner, 

1997; Reigosa et al. 1999; Rengefors & Legrand, 2001; Granéli & Johansson, 2003; Fistarol et 

al. 2005; Granéli & Hansen, 2006; Rengefors & Legrand 2007; Macías et al. 2008).  

 

Treatments and control cultures were diluted every second day by removing 30% of the volume 

(i.e. 60 ml) and replacing it with the same volume of mother culture filtrate or salt water, 

respectively. Prior to addition, essential nutrients were added into bioactivity treatments and 

control cultures (i.e. F/2 with P/24) to minimize any effects of residual nutrients in the mother 

culture on the growth of treatment cultures. MCs were not enriched with P-limited essential 

nutrients because they were intended to be P deprived in order to maximize the excreted 

metabolites produced due to stress conditions. We tested the response of allelopathic effects 

between species on three different time-points (i.e. day 0, day 2 and day 4). Consequently, each 

addition’s response was detected at the next (Figure 1).  
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Figure 1: Experimental design testing for the effect of species excreted metabolites on the 

biomass and luxurious uptake response of four phytoplankton species: H. akashiwo, Phaeocystis 

sp., Tetraselmis sp. and Thalassiosira sp. Treatment cultures of each species comprised of three 

replicate monocultures where each mother culture filtrate with nutrients (f_species) was added 

and a control treatment where plain seawater with nutrients (SW) was added.  
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Experimental conditions & procedure  

 

Phytoplankton cultures of Phaeocystis sp. and Thalassiosira sp. were obtained from the algal 

collection of the Hellenic Centre for Marine Research (HCMR) while cultures of Tetraselmis sp. 

and H. akashiwo from the algal collection of  aquatic ecology laboratory of University of 

Glasgow. Specifically, Tetraselmis sp. was collected from a phytodisk cultured by Florida Aqua 

Farms (352-567-0226). 

 

All cultures were incubated at 21°C, in a 24-hour continuous photoperiod under fluorescent light 

and in artificial ultrapure autoclaved seawater with salinity 35‰. Mother cultures had a 

continuous ventilation system while in the case of the treatments and control cultures there was 

no ventilation system. Treatment and control cultures were manually stirred before each 

sampling. 

 

To achieve synchronization in the growth of the treatment cultures, all cultures were inoculated 

with a concentration of 5,000 cells ml
-1

 apart from Phaeocystis sp. which was inoculated with 

10,000 cells ml
-1

 due to the much higher population carrying capacity of this species (fig. 5).  

 

Filtrates from the 2L mother cultures were obtained by filtration through GF/C glass microfiber 

filters. This filtrate of a species was then added into the cell culture of the other three species in 

triplicates (i.e. bioactivity treatments) following methods indicated by Fistarol et al. (2003). 

Control cultures were also used for each species in triplicates and they were made by adding 

seawater instead of filtrate.  
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Sampling & analysis 

 

At each time point (i.e. day 0, day 2 and day 4), 10 ml were removed from each monoculture 

(5ml for cell counting and 5ml for metabolomic analysis). Cell counting was used for estimating 

algal biomass of each species. Metabolomics analysis focused on the metabolic profile of each 

species in the control cultures, so as to detect the unique metabolites that each species excrete. 

We did not use MCs metabolites due to its uniqueness (i.e. no replicability). Consequently, the 

indirect effect of control cultures excreted metabolites among species pairs was tested. Samples 

for cell counting were preserved with a drop of Lugol solution and stored in the refrigerator 

(4°C) whereas samples for metabolomics were stored at -80
o
C. 

 

Cell counting was carried out under an optical Leica microscope at 200x magnification using 

“Fast-read” disposable counting slides (immune systems). Samples for metabolomics analysis (5 

ml) were quenched by rapidly cooling cells in ice for 10 min; all the samples were cooled for the 

same time. The cells were removed by centrifugation for 10 minutes at 3000g at 4
o
C and 25 μl of 

supernatant was taken from all the samples. In each sample 1 ml of Chloroform/Methanol/Water 

(1:3:1 ratio) was added, the samples were vortexed for 1 minute and centrifuged again for 3 

minutes at 10000 rpm  at 4
o
C. Finally, 300μl of supernatant was added in cryovials (three times 

from each sample to create back-up technical replicates) and stored at -80
o
C. To control for any 

substances present at the growth medium, a sample was taken (i.e. artificial saltwater with f/2, 

P/24 nutrients) during the last sampling time point. For quality analysis purposes, a pooled 

sample of all the samples at each sampling time point was also used for a metabolomics analysis. 

To determine the metabolic profiles of our cultures, a non-targeted metabolomics approach was 

applied, by using a combined ZIC-pHILIC (Hydrophilic Interaction Liquid Chromatography) / 

C18 (reversed phase) platform, coupled to ultra-high mass accuracy Orbitrap mass spectrometry 

for general metabolomics. Metabolomics analysis and quantification were performed by the 

Metabolomics Facility in Glasgow Polyomics. 

Additional 50 ml aliquots of each culture was collected and from this, 25ml was filtered onto 25 

mm Whatman GF/C glass microfiber filters for chlorophyll-a (Chl-a) analysis and the other 25ml 

was filtered for intracellular P analysis, while the 50 ml of the filtrate was used to evaluate the 

residual P in the medium. Chl-a and intracellular P filters were placed in aluminum foil and were 

frozen at -20°C. The samples for nutrients (PO4
-
) were also preserved at -20°C. 

Chl-a and residual phosphorus in the medium were quantified according to Parsons et al. (1984). 

For the determination of intracellular P the method described in Caceres et al. (2019) was 

followed. For the digestion of organic phosphorus, the filters were placed in glass vials with 2 ml 

of concentrated (70%) nitric acid. Glass loose caps were placed on each vial and they were 

deposited on a hotplate at a gentle boil (i.e. ~121
o
C) for one hour. When the samples cooled 

down the filters were rinsed four times with 10ml of ultra pure water. The 10 ml of aliquots were 

transferred carefully to a volumetric flask and flasks were filled up to a total volume of 70 ml 
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with ultra pure water. Afterwards, the solution was neutralized (i.e. pH=7) by adding 5ml 5M 

sodium hydroxide and 2 drops of p-nitrophenol indicator (0.1% solution). Further drops of 5M 

sodium hydroxide were added until the indicator turned yellow. Thereafter, 0.5M sulphuric acid 

were added dropwise until the indicator turned colorless. Intracellular P were quantified 

following the same procedure as for the residual P in the medium (i.e. see above). Finally, P 

quota (umol cell
-1

) was estimated from the inorganic P concentration measured in the digested 

solution according to the following equation (Eq. 1): 

 

Q= (Pds – Pds_blank)*Volflask  (1) 

                  N*Volf 

 

Where: 

Pds= Digested solution, Volflask = Volume of the volumetric flask (i.e. 100 ml) in L, N = Cell 

concentration, cells/L, Volf = Volume of culture filtered (i.e. 25 ml) in L, Pds_blank = Phosphorus 

concentration measured in the digested solution for the blank 
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Data analysis 

 

To test for the effect of the excreted metabolites, we focused on the difference between control 

cultures of the target species and the cultures of the same target species where the filtrate of 

competitor species was added (i.e. treatments). Thus, our response variable was the difference 

between the control and the treatment for each one of these variables: cell number, Chl-a, 

intracellular P and residual PO4. For each of these response variables we tested the effect of 

treatment (i.e. species filtrate addition), species (i.e. what species are; which microalgae species 

were used) and their interaction using Generalized Linear Models (GLMs). Only data from the 

second addition (i.e. day 4) were used, due to some missing values of Chl-a in the previous time 

point (i.e. day 2) and because effects were expected to be more amplified after the previous 

addition.  

 

To ensure that the difference between control and treatment cultures was not affected by any 

variation in initial conditions, we controlled for this effect in an initial model before calculating 

the aforementioned differences between controls and treatments. Specifically, we run GLMs, 

where each response variable at the tested time point (cell number, Chl-a, intracellular P and 

residual PO4 in the medium at day 4) depended on its values at day 0 and the species name (e.g. 

Chl-a at day 4~Chl-a at day 0*species).  

 

The extracted fitted values of the three replicates of control cultures were averaged and then 

subtracted from each replicate of the respective value of the same species treatment culture (e.g. 

(Tha+f_Pha)A- Tha_control average). Based on t-test analysis, this difference (from now on 

referred to as Δ) indicated a significant positive effect level of metabolites on the tested variables 

when >0 and a significant negative effect of metabolites when <0. 

 

To further test for the effect of treatment, species name and their interaction (e.g. ΔChl-a~ 

treatment*species) on each response variable (ΔChl-a, Δcell number, Δintracellular P, Δresidual 

PO4) we run GLMs. 

 

Metabolomics analysis and reporting was performed by Glasgow Metabolomics department by 

pairwise analysis using t-tests of the standardization (through z-scores) of the measured peak 

values between the control treatments. Significant differences between treatments in the 

concentration of metabolites would indicate potential substances that might drive the observed 

differences in responses in the physiological level (i.e. biomass production, nutrient storage). 

 

Statistics were performed using R programming language version 3.5.3 (2019-03-11) (R Core 

Team, 2019) in the software R-Studio Desktop. Packages ggplot2 (Wickham, 2016), magrittr 

(Bache & Wickham, 2014) and ggpubr (Kassambara, 2020) were used for plotting, packages 
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dplyr (Wickham et al. 2020) and tidyverse (Wickham, 2017) were used for the t-tests and 

package RColorBrewer (Neuwirth, 2014) was used to display colorblind-friendly palette to test 

difference between control and treatment of each response variable. Packages lmerTest 

(Kuznetsova et al. 2017), nlme (Pinheiro et al. 2020), ggplot2 (Wickham, 2016), plyr (Wickham 

et al. 2011), broom (Robinson & Hayes, 2018), emmeans (Lenth, 2020), dplyr (Wickham et al. 

2020), scales (Wickham, 2018), reshape2 (Wickham, 2007), purr (Henry & Wickham, 2020), 

ggpubr (Kassambara, 2020), tidyr (Wickham & Henry, 2020), tidyverse (Wickham, 2017), 

ggdendro (de Vries & Ripley, 2020) and grid (R Core Team, 2019) were used for the 

metabolomic analysis. 
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RESULTS 

 

Effect of excreted metabolites of other species on the cell number of the target species  

 

Phaeocystis sp. was the only species which cell number was affected by the filtrate addition, 

presenting higher cell number when filtrate of H. akashiwo was added (Δcell number>0, t-test, 

p<0.05) and lower when filtrate of Thalassiosira sp. was added (Δcell number<0, t-test, p<0.05) 

(Figure 2). Overall, in regards to Δcell number, filtrate addition did not have an effect (F3,24= 

1.876, P= 0.161) and this was consistent between the different species (Species x Treatment 

interaction: F5,24= 1.574, P= 0.205). 

 

 
Figure 2. Effect of excreted metabolites of other species on the cell number of the target species. 

Δcell number indicates the difference between treatment and control cultures. Filtrate addition 

shows which species was used as a medium to another species culture. Each facet shows how a 

species react with the secondary metabolites of the other three species. The star (*) shows the 

statistical significance from 0. 
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Effect of excreted metabolites of other species on the chlorophyll-a of the target species  

 

The chlorophyll of H. akashiwo and Tetraselmis sp. significantly increased when filtrate of 

Phaeocystis sp. and Thalassiosira sp. was added (ΔChl-a>0, t-test, p<0.05), although the effect 

on H. akashiwo was much greater than the effect on Tetraselmis sp. In contrast, Chl-a in 

Thalassiosira sp. decreased when filtrate of H. akashiwo was added (ΔChl-a<0, t-test, p<0.05) 

(Figure 3). Treatment had a significant effect on ΔChl-a concentration between treatment and 

control (F3,24=70.214, P<0.001); however this effect was not consistent across the different 

species (Species x Treatment interaction: F5,24= 41.952, P <0.001).   

 

 
 

 

Figure 3. Effect of excreted metabolites of other species on the chlorophyll-a of the target 

species. ΔChl-a indicates the difference between treatment and control cultures. Filtrate addition 

shows which species was used as a medium to another species culture. Each facet shows how a 

species react with the secondary metabolites of the other three species. The star (*) shows the 

statistical significance from 0. 

 

 

 

 



Page | 18  
 

 

Effect of excreted metabolites of other species on the intracellular P of the target species  

 

The addition of the filtrate of H. akashiwo significantly increased intracellular phosphorus of all 

species (Δintracellular P>0, t-test, p<0.05). This effect was more pronounced on Thalassiosira 

sp. Additionally, Thalassiosira sp. also seems to be positively affected by Tetraselmis sp. (t-test, 

p<0.05) (Figure 4). Species did not have an effect on the amount of intracellular phosphorous 

(F3,24= 2.298, P =0.103). The filtrate addition also did not have a significant effect (F3,24= 0.93, 

P= 0.441) and this was consistent across the different species (Species x Treatment interaction: 

F5,24= 0.939, P= 0.474). 

 

 

 
Figure 4. Effect of excreted metabolites of other species on the intracellular P of the target 

species. Δintracellular P indicates the difference between treatment and control cultures. Filtrate 

addition shows which species was used as a medium to another species culture. Each facet shows 

how a species react with the secondary metabolites of the other three species. The star (*) shows 

the statistical significance from 0. 
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Effect of excreted metabolites of other species on the residual phosphorus of the target 

species  

 

Residual P in the medium of H. akashiwo was significantly higher when filtrate of all other 

species was added (ΔPO4 medium >0, t-test, p<0.05) whereas filtrate addition of H. akashiwo 

increased residual P only in Phaeocystis sp. cultures (Δ PO4 medium >0, t-test, p<0.05). 

Additionally, P in the medium of Thalassiosira sp. was higher when filtrate from Phaeocystis sp. 

and Tetraselmis sp. was added (ΔPO4 medium >0, t-test, p<0.05). On the other hand, the filtrate 

of Phaeocystis sp. and Thalassiosira sp. decreased the residual phosphorus of Tetraselmis sp. 

(ΔPO4 medium <0, t-test, p<0.05) (Figure 5). The amount of residual phosphorus differed 

significantly between the different species (F3,24= 11.707, P<0.001). On the other hand, treatment 

code (F3,24= 0.165, P= 0.918) and interaction between species and treatment code (F5,24= 0.588, 

P= 0.709) showed no significant relationship with extracellular phosphorus. 

 

 

 
 

Figure 5. Effect of excreted metabolites of other species on the residual phosphorus of the target 

species. ΔPO4 medium indicates the difference between treatment and control cultures. Filtrate 

addition shows which species was used as a medium to another species culture. Each facet shows 

how a species react with the secondary metabolites of the other three species. The star (*) shows 

the statistical significance from 0. 
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Species-specific excreted metabolites 

 

Diacetyl was the only metabolite that appeared in significantly higher concentrations in H. 

akashiwo (Figure 6), although it cannot be the metabolite which affects growth of competitor 

species because it is also shared by all other species. Furthermore, Thiamin of H. akashiwo was 

detected at a greater concentration compared to other species. L-Histidinal was detected only in 

Tetraselmis sp. (Figure 6). Another metabolite assigned in Tetraselmis sp. in lower 

concentrations than Histidine was D-Ribose ().  

 

Phaeocystis sp. seems to have the most distinct metabolic profile, yet it shares many of its 

metabolites with other species. Specifically, Myo-Inositol was detected in all four species, 

however in significantly higher concentrations in Phaeocystis sp. and Thalassiosira sp. (Figure 

6). Additionally, the tetrapeptide Asp-Leu-Lys-Gln was found only in Phaeocystis sp. and 

Thalassiosira sp. Finally, 4-Methylpentanal was detected only in Thalassiosira sp. (Figure 6). 

 

 

 
 

Figure 6. Significant differences of excreted metabolites between the control cultures of the four 

species, therefore: Het= Control culture of H. akashiwo, Pha= Control culture of Phaeocystis sp., 

Tet= Control culture of Tetraselmis sp., Tha= Control culture of Thalassiosira sp.  
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DISCUSSION 

 

Based on our hypotheses, when filtrate with excreted metabolites from a competitor species was 

added to the culture of a target species then its growth would be affected negatively and 

intracellular phosphorus could increase as a growth strategy shift to the presence of a 

competitor’s metabolites. Some of our results regarding cell growth show an opposite response 

of our original prediction. Specifically, the filtrate from Phaeocystis sp. and Thalassiosira sp. 

cultures had a positive effect on H. akashiwo and Tetraselmis sp. photosynthetic biomass (i.e. 

Chl-a) although no effects were observed in cell number. This response might be affected by the 

high concentration of Myo-Inositol from Phaeocystis sp. and Thalassiosira sp.  

 

Myo-Inositol is one stereoisomer of a C6 sugar alcohol (Unfer et al. 2017) and is the most 

ordinary Inositol isomer in eukaryotic cells (Gillapsy, 2011) and has been found to support the 

growth of microalgae (Loewus and Murthy, 2000; Cho et al. 2015; Erbil et al. 2018). 

Specifically, the more quantity of Myo-inositol is added in the medium, the most photosynthetic 

biomass is produced as indicated by Cho et al. (2015). This can be explained as Myo-Inositol 

biosynthesis plays an important role in many metabolic and signal transduction pathways 

(Gillapsy, 2011; Basu et al. 2019) and helps eukaryotic organisms to survive by enhancing their 

defensive mechanism and adapting in stressful environments (Valluru & Van den Ende, 2011; 

Basu et al. 2019). Our findings also indicate that the addition of extra Myo-Inositol from 

Phaeocystis sp. and Thalassiosira sp. caused of a more pronounced effect on H. akashiwo than 

Tetraselmis sp. growth due to the limited ability of H. akashiwo to produce Myo-Inositol by 

itself. Consequently, Myo-Inositol can have a key role as growth enhancer compound. 

 

Another important finding of this study was that the addition of H. akashiwo filtrate caused a 

consistent increase of intracellular P observed to all the other three species. Thiamin was the only 

metabolite which was present in the filtrate of H. akashiwo in higher amount than other species. 

Thiamin is a water-soluble B vitamin, known as B1 vitamin. Its synthesis occurs by certain 

microalgae (Helliwell, 2017; Alam et al. 2020) and is required for persistence and growth of 

many phytoplankton species (Gobler et al. 2007; Helliwell, 2017; Tandon et al. 2017; Higgins et 

al. 2018). Also, it has been proposed that thiamin has a vital role in the growth of chlorophyta 

and cryptophyta (Croft et al. 2006). In our study, despite the fact that Thiamin is required for 

growth, the addition of H. akashiwo filtrate seems to contribute to the accumulation of 

intracellular P in all the other species. Our analysis also showed that H. akashiwo control 

cultures did not have a higher residual P compared to the other species, thus it is unlikely that 

this rise in luxurious P can be attributed to higher incoming P from the mother cultures of H. 

akashiwo. On the other hand, it is possible that the response is triggered by unique metabolites 

that are present in such low abundances that are below the detection capacity of the method or 

due to labile trait of some toxins (Granéli & Hansen, 2006) that might not be detected.  
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H. akashiwo appears to increase its Chl-a content when metabolites from Phaeocystis sp. and 

Thalassiosira sp. were present, while leaving a significant amount of P remained unused in the 

medium. This suggests that H. akashiwo has the potential to produce higher photosynthetic 

biomass using lower P concentration in the presence of other species excreted metabolites. Due 

to the good relationship between Chl-a and total lipids (Rossi S. & Fiorillo I, 2010) as well as the 

ability of high lipid content of microalgae to be exploited as a renewable source for biodiesel 

production (Schenk et al. 2008; Huang et al. 2010; Mata et al. 2010; Chen et al. 2018) H. 

akashiwo can be considered as a promising species for sustainable biodiesel production when 

grown under certain conditions. 

 

Another eco-friendly industrial process currently receiving a lot of attention (known as 

phycoremediation or else bioremediation (Gupta and Bux, 2019)) is the beneficial operation of P 

removal from wastewaters via microalgae (Powell et al. 2008; Powell et al. 2009; Powell et al. 

2011; Rawat et al. 2011; Fathi et al. 2013; de Morais et al. 2015; Koutra et al. 2017; Chen et al. 

2018; Gupta and Bux, 2019) as well as the exploitation of their biomass for biodiesel production 

(Rawat et al. 2011; Fathi et al. 2013; de Morais et al. 2015; Koutra et al. 2017; Chen et al. 2018; 

Gupta and Bux, 2019) and the further use (i.e. after the extraction of lipids) of biomass as 

feedstock for the production of animal feed or fertilizer (Rawat et al. 2011). Our findings 

indicate H. akashiwo is not a favorable choice for wastewater treatment due to the high 

concentration of remaining P under the effect of all the other species. On the other hand, 

Tetraselmis sp. seems to accumulate more Chl-a as a response of Phaeocystis sp. and 

Thalassiosira sp. filtrate, while reducing P in the medium. Consequently, Tetraselmis sp. is a 

promising species for P removal from wastewaters with the produced biomass generating 

additional benefits in biotechnological products. 

 

In conclusion, our findings suggest that Myo-Inositol should be considered as natural growth 

promoter of microalgae. Furthermore, Thiamin in H. akashiwo detected at a greater 

concentration than in all other species’ control cultures and might be the compound that led to a 

consistent increase of intracellular P of all species. Also H. akashiwo might be a favourable 

choice for the production of biodiesel due to the high concentration of Chl-a with low 

requirements in P. Ηowever, the large quantity of remaining phosphorus does not indicate it as a 

recommended option for water remediation. Our results indicate that by using excreted 

metabolites from one species to another species cell-culture can provide us not only with 

knowledge of ecological interest but also with various future ecological upgrades in 

biotechnological applications such as P-removal from wastewater and biodiesel production. 
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APPENDIX 

 

Appendix I: Pre-experimental procedure 

 

A pre-experimental monitoring of microalgae’s growth rates occurred in HCMR in order to gain 

an understanding of the capability of selected microalgae strains to grow under an intense P 

deficiency (i.e. F/2 medium with P/24). Before the experiment started we had monitored growth 

rate of pilot cultures by measuring cell concentration according to Eq. (2) as a function of time to 

define the appropriate time to start the experiment. It was noticed that Thalassiosira sp. and 

Phaeocystis sp. lagged four days behind the other species. Experimental MCs and treatments 

were initiated at a different time points to ensure that they would all reach stationary phase 

simultaneously. 

 

 

Growth rate (d
-1

)=    ln(N2-N1)    (2) 

                                    (t2-t1) 

 

Where N1 was the cell concentration (ml
-1

) at time (i.e. in days) t1; at this point the culture had 

passed the lag phase and N2 was the cell concentration at time t2; when culture had reached its 

maximum cell concentration. 
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Appendix II 

 

 
Figure 7. Cell count of bioactivity treatments (i.e. red lines) and control cultures (i.e. black lines) 

of all species. Boxes indicate when dilutions were started while cultures had reached the 

stationary phase. Fitted gam with 5 splines.  
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Figure 8. The residual P in the medium of the control cultures of time point 1 (day 0, i.e initial 

conditions) and time point 2 (day 2, i.e. the residual P from the medium which amplified the P of 

time point 3 or else day 4). 
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