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Abstract  

Microalgae-based food and fuel products are emerging as a sustainable solution to combat the 

global food and energy crisis. Year-round mass cultivation of microalgae for the development 

of commodity products is required to fulfil global demand. To date, open cultivation in raceway 

ponds is the only economically viable cultivation platform for the production of microalgal 

biomass at large-scale. Cultivation of single algal species with higher productivity, >25 g m-2 

d-1, is desirable. However, contamination by unwanted microbes is inevitable in open 

cultivation systems. Invasions by predators, consumers of microalgae, are one of the major 

hurdles in achieving biomass productivity at a minimum profitable selling price, 300–350 USD 

per ton. The initial signs of predator infestation often go unnoticed and proliferation of the 

predator quickly leads to clearance of microalgal prey cells. As a result, sudden microalgal 

culture collapse, ‘pond crash’, is inevitable. Currently used grazer monitoring technologies 

such as microscopy have a limited detection limit whereas oligonucleotide-based markers are 

offline and time consuming. For timely implementation of grazer mitigation strategies, early 

detection of predator infestation is required. The current work leverages intrinsic properties of 

the interaction between microalgal prey, here Dunaliella tertiolecta, and predator, here 

Oxyrrhis marina, to develop early signs of predator detection. This study reports perturbation 

in photosynthetic processes, particularly non-photochemical quenching, of the microalgal prey. 

Reduction in non-photochemical quenching level appears to be associated with a build-up of 

ammonia-nitrogen excreted by the predator. The crash-predictive potential of non-

photochemical quenching and total ammonia-nitrogen levels indicates the presence of the 

predator within the first 48 h of infestation. Further, the nutrient-repackaging ability of 

predators probed using Fourier Transform Infrared spectroscopy combined with chemometrics 

methods revealed predator-specific signature spectra. Profiling of extracellular chemicals 

involved in early prey and predator interactions are yet another potential monitoring signal 

explored in this work. Overall, we report the crash-predicative potential of unique 

physiological process of microalgal prey and predator as means of early fault detection.  An 

integrated, real-time and non-invasive algal pest detection approach is required for effective 

microalgal pond management.  
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microalgae. Adapted from Ismail et al. (1997) and Vongsvivut et al. (2013). 

Table 3.1 Percent reduction in non-photochemical quenching (NPQ) levels of D. 
tertiolecta 24 and 48 h before the crash in grazing cultures with increasing 
prey cell concentrations. Prey-predator cell concentration ratios resulting in 
infection level high 1:1, moderate 100:1, low 1000:1, and very low 10000:1. 

Table 3.2  D. tertiolecta growth rate (µ d-1) under (a) optimal conditions (OC) - 30 µmole 
photons m-2 s-1 and 32 PSU salinity (b) elevated light (EL) - 150 µmole photons 
m-2 s-1 and (c) low salinity (LS) - 30 µmole photons m-2 s-1 and 16.5 PSU 
salinity. Control group indicates only D. tertiolecta cells and grazing indicates 
O. marina infested D. tertiolecta culture. Crash indicates total displacement of 
D. tertiolecta cells in grazing culture. Numbers indicate mean value ± SD, n = 
3 

Table 4.1 Components of QA re-oxidation kinetics in D. tertiolecta under grazing 
conditions. The numbers indicate the amplitude, half-life and decay rate ± 
standard error. DCMU and ammonium chloride concentrations were 100 nM. 

Table 5.1 FTIR band assignment associated with chemical functional groups in 
microalgae. 

Table 6.1 List of top 24 signature metabolic features elevated from 4 h onwards over the 
course of active grazing of D. tertiolecta by O. marina. 

Table 6.2 Average relative abundance (based on fold change) of feature intensities of the 
grazing-specific signature metabolites detected after 4 h exposure of a D. 
tertiolecta culture to ammonium chloride. 
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Chapter 1  

Introduction 

1.1 Introduction 

The world is currently at the brink of a major crisis that involves food, water, energy 

and climate change. The global population is increasing exponentially and expected to exceed 

8.5 billion by 2030 (United Nations 2013). The global demand for food (Leng and Hall 2019) 

and energy (Dorian et al. 2006) is anticipated to increase by 50 % over this period. Moreover, 

freshwater requirements will rise by 30 % (Connor 2015). To-date 2.1 billion people live 

without any access to safe-water (United Nations 2019). In the year 2019 alone about 113 

million people, across 53 countries, experienced acute hunger, the majority of these countries 

falling into a low-income group. The current rate of agricultural productivity in low-income 

countries is 0.96 % whereas an increase in the rate of productivity by 1.75 % is required 

mitigate the food shortage. To meet the projected food demand, 100 Mha additional agricultural 

land is required and, like non-renewable energy resources, land is a limited commodity (Pastor 

et al. 2019). Natural calamities like drought and flooding have often resulted in famine in the 

recent past. Total crop yield loss across the globe as an effect of global warming is reported to 

be ~13 % for major food crops such as wheat, maize, soybean and rice due to changes in the 

temperature landscape (which is estimated to increase by 2–4 °C in the near future). Further, 

meat and poultry food production adds to climate change due to release of anthropogenic 

greenhouse gases that account up to 14.5 % of total greenhouse gas emissions (Gerber et al. 

2013). 

Carbon dioxide is one of the main contributors to global warming and in recent years 

its concentration in the atmosphere has increased by 32 %, and has recently surpassed 400 ppm 

(Leung et al. 2014). The relentless increase in carbon dioxide levels are positively correlated 

with fossil fuel emissions due to the buildup of emission gases in the atmosphere. Fossil fuel 

reserves such as natural gas, oil and coal, are finite. With the current rate of energy production 

and utilization, the natural sources of gas and oil are estimated to last for about 50 (until ~2063) 

more years whereas coal reserves will last up to 112 (until ~2125) years (Stocker et al. 2013). 

Although fossil reserves are projected to be available for the next several decades, the burning 

of fossil fuel would cause the buildup of carbon dioxide to catastrophic levels leading to critical 
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levels of global warming in just few years. It is estimated that about 80 percent of current fossil 

reserves must be kept underground to avoid the net increase (< 2°C) in the global temperature, 

due to the emissions, as agreed by the Paris Agreement (Dudley 2015). It is evident that the 

solutions to address the increased demand for food, energy and water must be strategically 

planned such as to cause minimal impact on environment while adapting to the climate change.  

One such global effort is a net-zero carbon emissions goal. The Paris Agreement (2016), 

signed by 194 states and the European Union have committed to mitigate carbon emissions by 

2030. Under the agreement the targeted reduction in the emissions by Australia and India, the 

latter being the third largest carbon producer, are estimated to be 18-26 % (Australian 

Government 2015) and 22–35 % (Government of India 2015), respectively. Australia has set a 

target to produce 20 % of total energy requirements through renewable routes by 2020 whereas 

India aims to generate 40 % renewable energy by 2030. Both countries are actively 

implementing various energy-efficient approaches and harnessing the potential of non-

renewable resources such as wind-, solar- and bio-energy to reduce carbon emissions. 

In recent years various physical and chemical-based carbon capture technologies have 

been developed. However, the scale, volume, utilization and storage involved in such 

approaches makes the overall operation very time consuming and expensive. Moreover, these 

technologies can most effectively capture carbon from a point source where emissions levels 

are high as compared to diffused emission. In contrast, biological routes such as plant and 

microalgae-based capture can efficiently cascade the trapped carbon, from diffused and point 

emissions, into synthesis of biomolecules which completely alleviates carbon storage and 

utilization problems. The biological biomass used for the capture can be further valorized for 

food and energy production in a sustainable manner. Moreover, biomass combustion can 

reduce greenhouse gas emissions by 14–90 % as compared to burning fossil fuel, thereby 

reducing the overall carbon dioxide buildup (Smit et al. 2014). 

The main sources of biomass are agro-, wood-residues, and energy crops such as corn, 

canola, switchgrass, jatropha. It is projected that an additional 3000 Mha of land must be 

cultivated with energy crops to continue to meet the current demand for energy. Corn is one of 

the major plants used for bioethanol production which is currently blended at 2–5 and 10  %, 

in India (Singh 2019) and Australia (Akbar et al. 2019), respectively, with traditional petroleum 

fuel. The major challenge in commercialization of such technologies is the intensive land 

requirement and choice of fuel over food that is unavailable for the large populations of at least 

53 countries. Use of fuel wood or wood residues for bioenergy production is also expected to 
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increase by 6-fold by 2060, leading to ecologically stressed forests and disturbed climate 

balance (Raunikar et al. 2010). Therefore, an alternative source of biomass feedstock is needed 

for biofuel production, yet with effective carbon capture efficiency.  

1.2 Microalgae as a clean feedstock 

 In recent years, microalgae have emerged as a potential renewable resource; that is, 

cultivated at large-scale for food and biofuel-based commodity products. Microalgae are 

autotrophs and the primary producers of pelagic food webs. Their ability to fix carbon dioxide 

would greatly help to reduce the overall carbon footprint. Commercial microalgae cultivation 

is estimated to fix 513 tonnes of carbon dioxide and  produce up to 120 tons of dry biomass per 

hectare annually (Bilanovic et al. 2009). Moreover, microalgae can thrive in non-potable water 

and are theoretically estimated to require 84 % less water to produce 1 kg of biomass as 

compared to the other energy crops (Gouveia 2011, Hannon et al. 2010). The achievable 

productivity of bio-oil, an alternative to natural oil, of microalgae in mass culture is estimated 

to be 40–50 gallon per acre per year and significantly higher than that of oil energy crops such 

as jatropha and canola (Weyer et al. 2010). Micro- and macro-algae have been part of human 

diets in many ancient civilizations including Japan, China and Mexico. Currently microalgal 

proteins account for about 18 % of total non-animal-based protein market (Caporgno and 

Mathys 2018). The fatty acid profiles of many microalgal species are superior to that of 

traditional fish oil and microalgal fatty acids are recommended as great substitute as dietary 

supplements and aquaculture feed (Allen et al. 2019). In addition, microalgae can provide many 

high-value products such as pigments and bioactive compounds of medicinal and therapeutic 

properties. The market for the pigment carotene is projected to reach 1.53 billion USD by 2020 

(Barreiro and Barredo 2018). The food vs. fuel debate can be put to the test in the case of 

microalgae as many biorefinery approaches suggest the possibility of sequential extraction of 

high-value compounds (Suganya et al. 2016), including proteins, prior to biomass gasification 

for fuel production. Overall, microalgal cultivation, especially marine species, is relatively less 

land- (Table 1.1) and water-intensive. For example, 60–454 and 1892 trillion L of input water 

is required for 227 billion L of biodiesel using marine microalgae and corn, respectively 

(Pereira da Silva and Ribeiro 2019).  Therefore, marine microalgae are an ideal candidate to 

combat food, water and energy crises while at the same time drawing down CO2 and 

contributing to the amelioration of the climate change. However, the limiting step in microalgal 
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mass-scale cultivation is commercial feasibility. The production cost of microalgal biomass is 

at least 5-fold higher than that of plant-based feedstock (Christiansen et al. 2018).  

Table 1.1. Comparison of oil yield and land-use requirements of microalgae and other crop-
based feedstocks for biodiesel production. Table is a reproduced version of the content 
published in Mata et al. (2010).  

Feedstock type 

Oil content 

(% oil by 
weight in 
biomass) 

Oil yield 

(L oil 
hectare-1 
year-1) 

Land use 

(m2 year 
kg-1 

biodiesel) 

Biodiesel 
productivity 

(kg biodiesel 
hectare-1 year-1) 

Soybean 18 636 18 562 

Cameline 42 915 12 809 

Canola 41 974 12 862 

Sunflower 40 1070 11 946 

Microalgae (low oil) 30 58700 0.1 51927 

Microalgae (medium oil) 50 97800 0.1 86515 

Microalgae (high oil) 70 136900 0.1 121104 

 

The desirable yield of dry microalgal biomass has been suggested to be 25 g m-2d-1 to 

be produced at the projected Minimum Biomass Selling Price (MBSP) 300–350 USD per ton 

for economically feasible cultivation (Davis et al. 2016). Both productivity and MBSP are 

mainly dependent on the type of cultivation setup. Closed photobioreactors and open raceway 

ponds are widely used for large-scale microalgal cultivation. Closed photobioreactor 

cultivation favors higher productivity albeit at the higher cost. However, open raceway pond 

cultivation is currently the only commercially viable way to produce microalgal biomass in the 

range of MBSP. The open pond cultivation conditions are highly uncontrolled, subject to harsh 

environmental conditions and prone to contamination by unwanted microbes (Lammers et al. 

2017). The majority of reported contaminants to-date are the consumers of microalgae, i.e. 

predators, interchangeably referred to as grazers. The invasion and ingestion of microalgae, the 

prey, by predators leads to biomass loss and as a result a sudden ‘culture crash' is inevitable. 

Overall a microalgal biomass loss of 20–30 %  due to predation is reported for open cultivation 

setups (Richardson et al. 2014). Although closed systems are less prone to culture crash, 

predator invasion is unavoidable as decontamination of large volumes of raw and recycled 

water is proven to be difficult and further adds to the cost. Many pilot- and commercial-scale 
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cultivation systems, mainly open ponds, are reported to be infested with fungi, virus, 

zooplankton such as amoebae, ciliates, copepods, rotifers, dinoflagellates, etc., and bacterial 

predators (Day et al. 2017).  

Mass cultivation of microalgae as a food and energy crop is a relatively new practice, 

about 50 years old, compared to the traditional farming of plant species wherein the plant 

weedy species are studied in detail (Ferrell and Sarisky-Reed 2010). Consequently, practical 

knowledge of contaminating microbes that infest microalgal cultures is very limited. To date 

only a few predatory microalgal contaminants are well characterized and their life cycles 

remain largely unknown. The majority of the reported predators are heterotrophic zooplankton 

which lack chloroplasts and therefore must consume autotrophs, mixotrophs and bacteria to 

derive nutrients such as carbon (C), phosphorus (P) and nitrogen (N). Such nutrients, 

particularly N, are present in biologically unavailable forms for heterotrophs and thus can be 

only assimilated through feeding on autotrophs (Dagenais-Bellefeuille and Morse 2013). Once 

a suitable nutrient source in the form of microalgal prey is identified, the predator growth rate 

can exceed the prey doubling time (Hansen et al. 2000). An optimum ratio of C:N:P of 

106:16:1, the Redfield ratio, is often assumed to be ideal for growth of microalgae (Geider and 

La Roche 2002), hence the medium composition for mass cultivation is designed to closely 

match the Redfield ratio. However, the nutrient quality of microalgae cultivated by adhering to 

the ratio makes it an ideal prey for the predator (Sterner and Elser 2002, Flynn et al. 2017). As 

a result, predator species can quickly dominate the microalgal culture, leading to the crash.  

1.3 Occurrences of microalgal pond crash 

Compared to traditional agriculture practices, commercial outdoor microalgal 

cultivation, particularly for biofuel production, is in its nascent phase.  Currently many pilot-

scale commercial trials, in open-raceway ponds, are underway as a collaborative effort between 

public and private partners. All of the open pond setups have reported occasions when they 

have experienced a sudden culture crash due to infestation by predatory bacteria and 

zooplankton. For instance, a pilot-scale commercial raceway pond setup, Algae Testbed 

Public-Private Partnership (ATP3), attempted to cultivate different species of microalgae across 

six different geographical sites. During three years of cultivation trials at ATP3 sites, 29 

attempts out of 54 failed (~53 %) due to predator invasion leading to the pond crash (McGowen 

et al. 2017, Knoshaug et al. 2018). Another pilot-scale commercial cultivation trial conducted 

for six years across different locations of southwest of Gulf Coast  USA as part of the National 
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Alliance for Advance Biofuels and Bioproducts (NAABB) reported repetitive pond crashes 

due to predators invasion, notably by ciliates and rotifers (Lammers et al. 2017). The Arizona 

Center for Technology and Innovation, (AzCATI) reported a raceway pond crash in Chlorella 

cultivation and characterized the different taxonomic range of invaders, the majority of which 

were fungi, virus, ciliates, flagellates and ciliates (Wang et al. 2018). Reliance Industries 

Limited (RIL) India reported invasion by ciliates and dinoflagellates, that collapsed Chlorella 

vulgaris cultures cultivated in open raceway ponds within 2 and 4 days, respectively, after the 

first microscopic signs of the infection (Karuppasamy et al. 2018). Columbus Algal Biomass 

(CAB) farms, in New Mexico and Las Cruces Test Sites jointly operated by Sapphire Energy, 

Inc and University of California reported infestation by Cryptomycota, a fungus-like parasite, 

in a Scenedesmus dimorphous culture. The pest, Cryptomycota, caused collapse of the culture 

two days after the initial symptoms of infection (McBride et al 2014). Ganuza et al. (2016) 

reported collapse of four pilot commercial-scale open pond (130,000 L) developed by Heliae 

Development, LLC reported a culture crash in less than two days after the first microscopic 

evidence of the presence of a pest which was later characterized as Vampirovibrio 

chlorellavorus, an obligate parasite. This underlines the severity of the contamination which 

quickly outnumbers the microalgal prey cell concentration and leaving a shorter timespan for 

decision making to implement any pest- deterrent treatments. Detailed information about 

occurrences of pond crash, type of microalgal prey and predator and timescale of culture crash 

is outlined in chapter 2 (Table 2.1) 

The initial presence of the predators in the trials described above were reported to be 

minuscule in the seed cultures that are used for outdoor pond inoculation. Microscopy was the 

only means of predator tracking used by all cultivation setups except the CAB raceway ponds 

operated by Sapphire Energy. Microscopy is labor intensive, offline and requires a certain level 

of expertise to enumerate the predators (Day et al. 2017, Bartley et al. 2013). Moreover, the 

sample amount, 10–1000 µL, used for microscopy is very small compared to the scale of the 

outdoor culture. Therefore, microscopic estimation highly under-represents the actual 

concentration of the invading microbes. In addition to the microscopy, continuous flow 

cytometry monitoring can potentially indicate the presence of a predator at a critical threshold 

of 108 cells per ml (Day et al. 2012). However, this approach is difficult to scale up for large-

scale cultivation. In contrast, oligonucleotide marker-based methods such as SpinDxTM, 

RapTorTM (Lane et al. 2013) and 16s rRNA specific qPCR (Lammers et al. 2017) are proven 

to be very sensitive at low concentrations of predators. PCR based methods, however, tend to 



7 

 

be predator species specific and fail to detect uncharacterized predator infection. Such methods 

also require elaborate sample preparation to isolate nucleic acid material prior to the detection; 

hence, the methods are limited to the laboratory. Researchers at Sandia National Laboratory, 

USA recently reported Volatile Organic Compounds (VOC), degradation products of 

carotenoids, as an early marker of microalgal predation using gas chromatography (Reese et 

al. 2019), which is presently an offline mode of measurement. The currently used predator 

monitoring techniques are mainly offline and typically involve a time lag of 3–8 hours of 

sample processing. Meanwhile, the predator continues to feed on microalgal prey which leads 

to yet more biomass loss. Therefore, online or onsite monitoring tools, with minimum to no 

sample preparation time, set up in-line with the microalgal cultures are required.  

Early signs of predator infestation can aid in timely implementation of prophylactic 

strategies, such as addition of grazer-deterrent chemicals (Van Ginkel et al. 2015), to increase 

overall success rate of mass scale cultivation (Karuppasamy et al. 2018). Ideally, early warning 

signs need to be online or on-site, non-invasive and real time measurements that can easily be 

scaled up to large volume cultures. In addition, warning measurements must be reliable, 

sensitive to minute predator concentrations and fairly universal across different prey-predator 

combinations.  

The current research hypothesized that it would be possible to leverage the intrinsic 

properties (inherent process) of microalgal prey and predators to develop early warning signals 

of microalgal grazing. Photosynthesis is an inherent property of microalgae, unlike majority of 

heterotrophic predators reported to infest the cultures. Photosynthesis is reported to be 

negatively affected under various abiotic stress conditions. Knowledge of alterations in 

photosynthetic physiology under biotic stresses such as microalgal grazing is very limited. The 

prey and predator co-exist in nature and participate in nutrient recycling and repackaging, the 

bottom-to-top trophic transfer of nutrients. The recycled nutrients are exchanged between prey 

and predator (Deore et al. 2020a). Often such events are reported to perturb prey metabolism, 

particularly photosynthesis. Investigation of causal relationships between the recycled nutrients 

and photosynthesis could lead to identification of molecular markers which, further, can be 

used in tandem with photosynthetic measurements to monitor the presence of a predator. 

Invasion of grazers in mass culture is likely to abide by the ecology of tropic transfer 

and as a result change the overall nutrient dynamics. The study identifies key nutrients, 

consequential to the prey and predator interaction, as markers of microalgal grazing using 

Fourier Transform Infrared spectroscopy (FTIR). The predator feeding process is quite intricate 



8 

 

and involves prey searching, recognition and detection using chemoattractants. Similarly, 

many microalgae are reported to release chemical cues as a response to predation. In addition 

to the identification of photosynthesis- and FTIR-based markers, the current study attempts to 

profile exo-metabolomic signals of microalgal prey and predator to identify early markers of 

grazing. The study uses Dunaliella tertiolecta, a high-pigment-accumulating species and one 

of the most widely exploited commercial microalgal strains, and Oxyrrhis marina, a model 

dinoflagellate as microalgal prey and predator strains, respectively.  

1.4 Aims and Objectives 

 Chapter 2 of the thesis systematically reviews the to date occurrences and conditions in 

outdoor cultivation that leads to culture collapse. Types of predators, currently practiced 

predator monitoring methods, associated cost and limitations are described in detail. In 

addition, chapter 2 describes indirect methods of grazer detection based on inherent features 

of microalgal prey and predators.  

 An experimental validation of photosynthesis-based markers for detection of Oxyrrhis 

marina invasion using Pulse Amplitude Modulation (PAM) chlorophyll fluorescence is 

outlined in chapter 3.  

 Chapter 4 investigates changes in photosynthetic parameters in relation to nutrient 

recycling-mediated by predator. Further, provides a detailed account on symptomatic 

potential of recycled nitrogen, ammonia, as a maker of O. marina invasion and its possible 

role in observed (chapter 3) photosynthesis perturbations.  

 Chapter 5 leverages nutrient repackaging-mediated by O. marina as a means of fault, grazer 

detection using FTIR combined with chemometrics tools.  

 Chapter 6 attempts to profile the exo-metabolomic cues of the prey-predator interactions in 

an untargeted manner using Liquid Chromatography-Mass Spectrometry (LC-MS). The 

thesis overall suggests an integrated pest, O. marina, detection approach in combination 

with traditional monitoring methods for effective management of microalgal mass cultures.  
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Chapter 2  

Review of Literature 

2.1 Introduction 

The importance of marine microalgae cultivation in relation to current global 

framework and economic implications of grazer infestation on loss of biomass productivity are 

outlined in Chapter 1. Numerous occurrences of culture collapse in commercial scale 

microalgae cultivation operation due to predator infestation are outlined in Chapter 1 and Table 

2.1. The present chapter reviews candidate microalgal strains prey, and types of microalgal 

predators that are reported to infest mass culture along with current predator monitoring tools. 

The chapter outlines the rationale of exploiting changes associated with prey and predator 

physiology, i.e. their intrinsic properties, to develop early warning signs of a potential culture 

crash. Furthermore, the chapter elaborates on the relevant background of technologies that can 

be deployed online to measure the intrinsic properties.   

2.2 Microalgal prey 

Many species of algae belonging to the Class Chlorophyta are of commercial interest 

and are important sources of pigments, polymers, novel bioactive compounds, protein and 

lipids. Marine green microalgal species such as Nannochloropsis, Chlorella, Haematococcus, 

Dunaliella, etc., are preferred strains due to their ability to accumulate high levels of protein, 

pigments and lipids, desirable for cost effective food- and fuel-based commodity products 

(Borowitzka 2018) . Performance robustness in relation to growth, biomass accumulation and 

high stress tolerance are other key factors in consideration of candidate algal strains for 

sustainable year-round commercial production (Spolaore et al. 2006). Nannochloropsis (Ma et 

al. 2016) and Chlorella sp. (Safi et al. 2014) are candidate strains for high lipid and protein, 

respectively. Haematococcus (Lorenz and Cysewski 2000) and Dunaliella sp. (Ben‐Amotz et 

al. 1982) on the other hand are mainly cultivated for production of pigments such as astaxanthin 

and β-carotene, respectively. The current global market for β-carotene alone is estimated to be 

USD 532 million. Single cell protein, xanthophyll pigments and glycerol (Craigie and 

McLachlan 1964) are commodities produced using Dunaliella sp. biomass cultivated in 

outdoor open ponds.  
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 D. tertiolecta and D. salina are the two most widely exploited commercial strains of 

Dunaliella sp. (Borowitzka et al. 1984). In recent years, D. tertiolecta has attracted tremendous 

commercial interest. A number of researchers have reported relatively higher lipid, >37 %, 

content compared to D. salina (Hosseini and Shariati 2009). Furthermore, chemical-inducible 

accumulation of lipid (20–40 %), desirable for biofuel production, in D. tertiolecta is reported 

by Liang et al. (2019). In addition, the strain is more amenable to genetic modification for trait 

enhancement as opposed to Nannochloropsis sp. which is reported to be difficult to transform 

due to the presence of a rigid cell wall (Scholz et al. 2014). Dunaliella is also reported to be 

ideal for single cell protein production, saline wastewater treatment and bioremediation 

applications (Hosseini and Shariati 2009). The overall commercial potential of Dunaliella sp. 

cultivation lies in co-production of biofuel along with sequential extraction of value-added 

products and pigments. Post extraction biomass can be processed into  animal feed formulation 

(Ben-Amotz 2009). All of the above are required to effectively address the increasing need of 

food and fuel (Greenwell et al. 2010).  

The commercial scale cultivation of Dunaliella sp. dates back to the 1980’s and β-

carotene was the first high-value ingredient produced from this alga (Ye et al. 2008). Large-

scale cultivation of Dunaliella sp. is by far one of the most successful commercial setups 

(mostly in Australia, USA and Israel) as compared to the other microalgal species, 

Nannochloropsis and Chlorella (Parmar et al. 2011). D. tertiolecta is reported to withstand 

extreme environmental conditions; for example, hypo- and hypersaline conditions (0.05–2 M 

NaCl), high light (1000–2000 µmol photons m-1 s-1), temperature (10–35οC) tolerance 

(Goldman and Ryther 1976, Seepratoomrosh et al. 2016, Tol and White 2003). Environmental 

stress tolerance is a desirable trait of candidate microalgal strains for outdoor cultivation, where 

abiotic parameters can be uncontrolled and variable over the course of a day. The relative ease 

of cultivation, high (165 mg m-2 d-1) productivity (García-González et al. 2003), and easy 

product extraction due to the presence of a less rigid cell wall (Ahmed et al. 2017) contributes 

to the commercial success of Dunaliella sp. cultivation. The resilient D. tertiolecta strain 

however shows a poor immunity against its consumers, predatory herbivorous. 

2.3 Susceptibility of open cultures to microalgal grazing 

The desirable biomass productivity at Minimum Biomass Selling Price (MBSP) 

(chapter 1) requires large volume cultivation. Rogers et al. (2014) reported a sea water 

requirement of 1463 million litres per day for a typical paddle wheel driven, 2-acre raceway 
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pond. Decontamination of large amounts of water on a daily basis is impractical and time 

consuming. Moreover, the step adds to increased biomass production cost. Although water 

filtration and hypochlorite treatments are cost effective ways to avoid contamination, the open 

and uncontrolled nature of the cultivation conditions makes raceway ponds more susceptible 

to contaminant infestation (Wang et al. 2013). Recycling of water post biomass harvesting, and 

an ensuing carry-over load of contaminants, is also a potential route of grazer transmission. 

Invaders are also likely to be present in the seed culture, used as inoculum for open ponds, 

albeit at low concentration. At this stage, predator numbers may be only < 0.005 % of total 

microalgal concentration and hence would remain undetected by routine microscopic 

inspection (Day et al. 2012, Flynn et al. 2017).  

 The seed cultures are generally cultivated under optimum and controlled conditions of 

parameters such as light, temperature, nutrients, etc. Therefore, an overall high growth rate of 

microalgae is favoured. Microalgae in the outdoor setup, depending on time of the day and 

depth in the culture, encounter different phases of high and low light. Duration of intense light, 

peak sunlight, lasts up to 4–5 hrs in a typical day, otherwise the culture is largely exposed to 

relatively low light (Richmond 2004). The availability of light is directly correlated to the 

amount of carbon fixation and the nutritional quality of microalga as prey. High light conditions 

combined with nutrient (P) limitation decouples carbon fixation from microalgal nutrient 

uptake. Reduced nutrient assimilation can thus lead to poor prey nutritional quality and thereby 

reduces grazing. In contrast, low light and low P/C conditions lead to increases in 

polyunsaturated fatty acids (PUFAs) content within microalgae (Tiselius et al. 2012, Urabe et 

al. 2002). High PUFA levels are one of the important markers of the nutritional quality of 

microalgal prey for zooplankton (Tiselius et al. 2012). Low light conditions, common to 

outdoor cultures, increase the nutritional value of the microalgal prey relative to its carbon 

content, thereby favouring grazing of microalgae (Urabe et al. 2002, Mitra and Flynn 2005). 

Some predator species are known to form cysts (Day et al. 2017) which germinate to produce 

viable predator progeny under suitable conditions such as nutrients availability (Montagnes et 

al. 2010). Shifts in environmental conditions post seed culture inoculation may trigger predator 

reproduction that can further increase active grazing on microalgal prey. As a result of 

increased grazing activity, the predatory microbes proliferate better in outdoor situations as 

opposed to in enclosed seed microalgal cultures. Closed cultivation platforms, 

photobioreactors, are also prone to contamination that is probably transmitted due to use of 
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large volumes of recycled water or inefficient sterilization of air through membrane filters 

(Wang et al. 2013).   

2.3.1 Types of predators 

Over the years, a variety of biological contaminants have been reported to infest 

microalgal cultures. Invaders often compete with the candidate microalgae for available 

nutrient resources and exist as cross-contaminant ‘pest species’ (Smith et al. 2005). A few 

parasites co-exist inside microalgae and negatively affect the growth of their microalgal host. 

Such associations can be detrimental as their association is reported to alter the physiological 

behaviour of microalgae. Parasite infection triggers cell clumping and further inhibits 

microalgal growth (Gutman et al. 2009, Schroeder et al. 2003). As opposed to the parasites, 

infestation with predator microbes is particularly devastating as predator species can quickly 

outcompete the microalgal prey (Day et al. 2012). Overall, 9 out of 10 contaminants are 

reported to be microalgal predators and pose a great threat to mass cultivation. Post et al. (1983) 

reported 14 different protozoa representatives of different genera that infested commercial-

scale D. salina ponds. The list of microalgal pest and predator species is exhaustive (Day et al. 

2017) and the current chapter describes contaminants that are particularly prevalent in the 

outdoor mass cultivation of microalgae. 

2.3.1.1 Competitive and parasite microbes 

Algae are known to co-exist with bacterial, fungal and virus communities in the 

phycosphere. Their association can be of a symbiotic or competitive nature. In addition, 

infestation by other photosynthetic organisms such as cyanobacteria, diatoms, etc, can result in 

competition for resources such as nutrients. Higher nutrient uptake by contaminating microbes 

can result in reduced growth rate of candidate microalgae and the culture then invariably 

becomes dominated by pest species. Although  untypical of culture collapse, mediated by 

predators, pest species dominance is undesirable and raises biomass quality-control issues in 

steady state cultivation systems (Wang et al. 2013). For example, contamination with the toxin-

producing cyanobacterium, Microcystis aeruginosa, renders algal biomass unsuitable for 

human and animal consumption (Roy-Lachapelle et al. 2017). Similarly, undesired 

Scenedesmus species are reported to displace Chlorella species in mass cultivation (Huo et al. 

2017). This can lead to inefficient harvesting, extraction and conversion of biomass which can 

pose a great challenge to bio-process engineering. Viral and fungal microalgal pathogens 

mostly exist as parasites. Fungal pathogens produce motile life forms, zoospores, and can 
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become established as parasites in microalgal cultures. Chytrid species are reported to crash 

mass cultures of Scenedesmus (Carney et al. 2014, Fott 1967) and Haematococcus sp. (Gutman 

et al. 2009). The majority of the fungal parasites of microalgae are uncharacterised and little is 

known about their mode of infection. In addition, cyst formation makes the infection persistent 

as it is resistant to the majority of disinfection methods during the dormant phase (Fott 1967). 

In contrast, the occurrence of viral infections leading to culture collapse at a commercial scale 

are relatively few. However, phytoplankton mortality due to viral attack in the wild is reported 

(Brussaard 2004).  

2.3.1.2 Predatory herbivorous microbes 

Invasion of herbivores, consuming microalgae as a prey, is the major cause of culture 

crashes in commercial scale microalgae cultivation. To-date, a variety of zooplankton species 

are reported to infest microalgal mass cultures. However, grazing is observed to be prey 

species- and size-specific and, moreover, dependent on climatic conditions (Carney and Lane 

2014, Day et al. 2017). Grazers of an average size <1 mm are reported to clear 1 % of total 

microalgal cells in one hour (Montagna 1995). At this rate, a non-dividing microalgal biomass 

can theoretically be completely cleared in just 4 days. In addition to the active prey ingestion 

grazer proliferation, increased abundance of predators (Flynn et al. 2017) can further reduce 

the time required for complete prey cell clearance. The most widely reported zooplankton 

predators in a commercial setting are ciliates, rotifers, copepods, amoebae and dinoflagellates.  

There many reports of commercial and laboratory contamination with benthic ciliates 

that are algivorous. Such ciliates include for example, members of the Ciliophora - C. steinii, 

Euplotes sp., Loxodes magnus and Lohmanniella sp (Rothbard 1975, Karuppasamy et al. 2018). 

Ciliates are relatively smaller in size (20–90 µm), and are capable of consuming prey of roughly 

similar body size, compared to other predator species such as rotifers and copepods (Day 2013). 

Brachionous calyciflorus, B. patulus and B. pilicatilis are rotifers that are reported to graze on 

a variety of candidate microalgal prey species (Reese et al. 2019, Carney et al. 2016). Hence, 

they are predominantly observed in the majority of large scale microalgal culture setups. 

Copepods are crustaceans and are less documented in commercial cultivation setups. However, 

even at low copepod concentration, the highest microalgal prey clearance activity is reported 

(Day et al. 2017). Poterioochromonas malhamensisis a mixotrophic flagellate that is reported 

to be a persistent contamination of Chlorella sp. cultivation (Ma et al. 2018). Perhaps toxicity 

of the flagellate towards other pest species, cyanobacteria, and larger predator, rotifers, 
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(Boxhorn et al. 1998) may contribute to persistent infections. Flagellate predators are of 

particular concern in outdoor culture mainly due to their ability to ingest prey larger than own 

body volume. Oxyrrhis marina, a dinoflagellate, is one such example that can ingest prey cells 

larger, by several orders of its magnitude, than itself.  

There is an ongoing effort to identify and characterise the invasive species found in 

large scale microalgae culture. Little is known about the majority of the invaders with respect 

to their mode of infection, life cycle, genetic information, feeding behaviour and prey 

selectivity. It is of paramount importance to understand the intricacies of predator behaviour to 

effectively formulate detection and mitigation measures. Therefore, in this study a well know 

dinoflagellate, Oxyrrhis marina, used as a predator of Dunaliella tertiolecta, the microalgal 

prey central to the research, was chosen as the model.  

Oxyrrhis marina – a model predator species 

Oxyrrhis marina is a heterotrophic marine dinoflagellate. An elongate oval body with 

a posterior notch and two flagella, longitudinal and transverse, are the typical morphological 

features of O. marina. The reproduction and life cycle of the dinoflagellate are determined by 

environmental conditions. Cells divide vegetatively by binary fission under adequate nutrition 

conditions, whereas stress conditions trigger diploid zygote formation where vegetative cells 

acts as haploid gamete followed by cyst formation. Overall cell size ranges from 20–30 µm, 

though size can increase or shrink depending on the life cycle stage and food availability 

(Montagnes et al. 2010). O. marina ingests food, their prey, by engulfment and their feeding 

behaviour involves several stages – prey search, capture, processing, ingestion and digestion. 

Prey searching is assisted by environmental stimuli such as prey exudates, chemoattractants 

etc., and positive chemotaxis, movement towards prey, is observed. Prey capture is a function 

of flagellar movements which enable encircling of the prey prior to its capture and is commonly 

referred to as raptorial feeding.  In addition, filament- and trichocyte-assisted prey capture by 

O. marina is also reported and is termed intercept feeding. Followed by the capture, the 

processing step determines the suitability of prey, based on size, biochemical profile, surface 

charge, etc., for ingestion. The prey and predator attachment mediated by receptors is a key 

prerequisite for prey ingestion to facilitate phagocytosis (Roberts et al. 2010). The initiation of 

phagocytosis involves microtubule rearrangement and engulfed prey cells appear under 

electron microscopy as electron-dense coagulated matter and a granular membranous mass 

during the digestion process inside vacuoles (Öpik and Flynn 1989). Versatile feeding 

behaviour and cyst formation abilities contribute to the overall robustness of O. marina as a 
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zooplankton predator (Montagnes et al. 2010). The dinoflagellate is also tolerant to high 

salinity, with a tolerance range 4–130 (Droop 1959),  and hence an ideal predator of 

halotolerant D. tertiolecta.  

2.4 Monitoring methods 

Extensive research is underway to devise treatment regimens, that are mostly comprised 

of physical and chemical methods, to reduce the possibility of culture crash. For timely 

implementation of a treatment regime, early warning signals of predator presence are required 

to arrest its growth at the lowest concentration of predators. Currently practised grazer 

monitoring tools mostly rely on physical (direct) detection of predator presence either by 

observation, microscopy, or pattern matching of nucleic acid sequences from the invaders. 

Microscopy- and oligonucleotide-based markers are the most widely used grazer monitoring 

methods in commercial setups. This section systematically reviews currently used direct and 

indirect grazer monitoring methods, detection limits and challenges associated with each of 

them. Table 2.1 summarises occurrences, to-date, of commercial microalgal culture collapse, 

the causative agents responsible and implemented grazer monitoring methods.   

2.4.1 Direct Methods 

2.4.1.1 Microscopy 

Microscope-assisted predator identification and enumeration is the most 

straightforward and cost-effective approach. Typically, microscopic enumeration is done using 

haemocytometer or Sedgwick Rafter chambers which require 10–20 µl and 1000 µl samples 

respectively. Such small sample volumes are not a good representation of the actual scale 

(1000–100,000 L) of the cultivation, and can lead to erroneous estimation, mostly under-

representation, of predator load. As reported in a later chapter (chapter 3) microscopic 

screening is unable to detect algal predators, especially dinoflagellates and ciliates, at lower 

densities (<103 cells ml-1). Further, dense phytoplankton cultures (>106 cells ml-1) limit grazer 

enumeration and remedial dilution method can probably lead to false negative outcome. 

Moreover, predators of larger body size, such as rotifers and copepods, cannot be detected 

using the chambers. Predators at low concentration and of large size can be monitored using a 

sample fixed with Lugol’s iodine in which cells are allowed to settle in sedimentation 

chambers. However, this requires 10–12 h of incubation prior to the screening on an inverted 

microscope.  
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In addition to the technical limitations, microscopic observations are highly dependent 

on observer’s skill, experience and bias for accurate estimation. A staining-based microscopy 

approach for contaminant detection has been developed to overcome observers bias. For 

example, Calcofluor white dye, which stains chitin present in fungal cell wall, is used for 

chytrid identification (Rasconi et al. 2009). However, The stain is non-specific and can also 

stain cellulose rich cell walls of the microalga H. pluvialis, yielding false positive results 

(Damiani et al. 2006). SYTOX Green (Gerphagnon et al. 2013), Congo Red (Gachon et al. 

2010), Nile Red (Gutman et al. 2009) and Methylene Blue (Karuppasamy et al. 2018) have 

also been used to detect contamination.  

The outlined microscopic methods are offline, time consuming and subjected to manual 

error. High dependence on manual microscopic counts limits the intervals of sampling for 

screening efforts. In commercial setups, the frequency of microscopic screening is reported to 

be once a day or thrice a week. Such sampling regimes can fail to indicate early invasion and 

once spotted, significant biomass loss may have already occurred.  

2.4.1.2 Continuous flow cytometer and in situ microscopy 

In contrast to microscopic methods, continuous monitoring can be enabled by flow-

through channels coupled with a camera recorder for particle (cells) analysis. Phytoplankton 

and zooplankton cells are classified and enumerated, typically involving a 50–100 ml sample 

volume, using cell shape, size and fluorescence as identification criteria (Poulton and Martin 

2010). Further, optimisation of flow rate (0.1–1 ml min-1) can enable screening of larger 

volumes of samples. Flow through designs can detect 1–10 grazers cells ml-1 (rotifers, ciliates 

and dinoflagellates) in dense phytoplankton cultures (107 cells ml-1) of Nannochloropsis 

oculata (Day et al. 2012) and Chlorella sp. (Wang et al. 2017). Similarly, in situ microscopy 

(ISM) can be implemented as a means of online monitoring and enumeration of Chlorella and 

Chlamydomonas sp. growth (Havlik et al. 2013). ISM demonstrates online and real-time 

monitoring potential of camera-assisted flow- through designs to detect microalgal predators. 

The overall operating cost of flow cytometry systems (such as commercially available 

FlowCam and elzone counter)  is estimated to be USD 1–5 per sample (Poulton and Martin 

2010). 



20 

 

Table 2.1 List of occurrences of microalgal pond crash at commercial scale and currently practised grazer monitoring and mitigation methods. 

Microalgal prey Predator 
Cultivation platform/ 

location 
Detection 
methods 

Collapse 
(d) after 
first sign 

of 
invasion 

Treatment References 

Dunaliella salina Amoebae, 
Naegleria sp. 
and Cladotricha sp. 

120,000 L lagoon - 
Roche Algal 
Biotechnology, 
Australia.  

Microscopy - - (Post et al. 
1983) 

Dunaliella salina Ciliates 400 and 2000 L outdoor 
ponds, Cadiz, Spain. 

Microscopy 5–6 Quinine 
sulphate 

(Moreno-
Garrido and 
Cañavate 2001) 

Chlorella sp. Predatory bacteria, 
Vampirovibrio 
chlorellavorus 

6000 and 130,000 L 
outdoor ponds, Heliae 
Development, USA. 

Microscopy, 
oligonucleotide 
markers (16s 
rRNA) 

2 pH shock 
treatment  

(Ganuza et al. 
2016) 

Microchloropsis 
salina 

Ciliates and rotifers 30 L, Open aquaria 
greenhouse, New 
Mexico, USA. 

Microscopy 10–12 High salinity  (Bartley et al. 
2013) 

Chlorella sorokiniana Vampirobrio 
chlorellavorus 

5600 L ARID open 
cultivation pond, 
University of Arizona, 
AZ, USA. 

Oligonucleotide 
marker 16s SSU 
rDNA 

5–7 Benzalkonium 
chloride 

(Steichen 2016, 
Lammers et al. 
2017) 

Chlorella vulgaris Flagellate, 
Poterioochromonas 
sp.  

792 L open pond, 
Arizona Center for 
Algae Technology and 
Innovation, Arizona, 
USA. 

Microscopy, 
oligonucleotide 
markers 
(18s rRNA), 
Spetroradiometr-
ic 

~0.5 Ultrasonication, 
high CO2 

sparging  

(Wang et al. 
2018, Ma et al. 
2018, Ma et al. 
2017, Maes et 
al. 2018) 
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Microalgal prey Predator 
Cultivation platform/ 

location 
Detection 
methods 

Collapse 
(d) after 
first sign 

of 
invasion 

Treatment References 

Chlorella vulgaris Ciliate and 
Dinoflagellates, 
Euplotes sp. and 
Oxyrrhis sp. 

Open raceway pond, 
Reliance Industries 
Limited, Mumbai, India. 

Microscopy, 
continuous flow 
cytometer  

3–5 Quaternary 
amines, 
organophosphat
es, 
Pendimethalin, 
Ethalfluralin, 
Rotenone, etc. 

(Karuppasamy 
et al. 2018) 

Scenedesmus 
dimorphus 

Cryptomycota, 
Amoeboaphelidium 
protococcarum 

350 L mini open ponds, 
Columbus Algal 
Biomass, Sapphire 
Energy Inc, New 
Mexico, USA. 

Microscopy, 
oligonucleotide 
markers (qPCR) 

2–3 Pyraclostrobin (McBride et al. 
2018) 

Microchloropsis 
salina 

Rotifer, B. plicatilis 20 L indoor lab 
cultivation, Sandia 
National Laboratory, 
CA, USA. 

Microscopy, 
GC-MS based 
volatile organic 
compounds  

2–3 -  (Reese et al. 
2019) 

Microchloropsis 
salina 

Rotifer, Brachionus 
sp.; Ciliate, Acineta 
sp.; Gastrotrich, 
Chaetonotus sp. 

550 L Open ponds, 
Texas A&M AgriLife 
Research Mariculture 
Laboratory, Texas, USA. 

Microscopy, 
Microbiome 
analysis using 
Second 
generation 
sequencing 

4–5 Sodium 
hypochlorite 

(Carney et al. 
2016) 

Nannochloropsis 
oceanica,  
Chlorella vulgaris, 
Desmodesmus sp. 

Rotifer, ciliate, 
amoeba, etc. 

Algae Testbed Public-
Private Partnership, 
USA and Hawaii. 

Microscopy - - (McGowen et 
al. 2017, 
Knoshaug et al. 
2018) 
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The camera-based cell type classification and enumeration is based on pixel intensity 

(Deglint et al. 2018). Pixel processing is inherently limited in its computational ability to 

process overcrowded samples. Samples with higher cell concentrations and clumped cells tend 

to have heavy pixel load which contributes to poor identification of cell margins. Moreover, 

samples above 108 cells ml-1 tend to block the flow-through channel (Day et al. 2012). 

Furthermore, a requirement of laser assisted microscopic camera and risk of flow-through 

channel blockage limits the implementation of flow cytometry in outdoor setups.  

2.4.1.3 Oligonucleotide markers 

Advancement in areas of genomics have enabled the development of oligonucleotide-

based markers, that are targeted towards nucleic acid signatures, as a means of early detection 

of contaminants. Polymerase chain reaction (PCR) using Internal Transcribed Spacer (ITS), or 

18s and 16s rDNA as markers is the mostly commonly employed genomic approach for 

contaminant detection. (Carney et al. 2016). However, further sequencing (Steichen 2016) or 

allele-specific fragmentation pattern analysis (Fulbright et al. 2014) is required for definitive 

identification of invaders. PCR-based markers provide limited information about the 

estimation of predator load and hence fail to serve as early warning signals. A semi-quantitative 

tool, qPCR, that detects the presence of contaminants in real time using a signature probe 

tagged with a fluorophore is reported by (McBride et al. 2014) Designing of the qPCR probe 

requires prior knowledge of a contaminant-specific unique nucleotide sequence for targeted 

detection. Although multiplex qPCR reaction is an option to detect a variety of species at once 

its limited ability for estimation of uncharacterised and new invasive species, as might be 

expected in open ponds, is a major drawback of the technology. The techniques described 

above are also highly sophisticated and are limited to the laboratory use.  

Researchers at Sandia National Laboratory have developed a portable proof-of-concept 

device for the targeted identification of invasive species. The laboratory implements a two-step 

approach for contamination detection. First, identification of unknown pathogens using the 

second-generation sequencing and bioinformatics pipeline, RapTORTM. Second, a FRET-

based hybridization assay, SpinDxTM, for capture and quantitation of predator load using 

signature molecular probes. The limit of contaminant detection by SpinDxTM is reported to be 

1–10 cells for ciliates, chytrids and rotifer species. The operating cost is <2 USD for 20 samples 

and device cost is <USD 1000.  The technological validation and implementation of this 

approach at the commercial raceway pond are ongoing (Lane et al. 2016). The overall success 



23 

 

of the oligonucleotide marker-based detection is highly dependent on prior knowledge of 

genomic information pertaining to the contaminants. A constant probe-designing effort is 

required to increase the coverage of the detection. In addition, a highly skilled technician is 

required for reliable execution of the analysis. 

2.4.2. Indirect methods 

2.4.2.1 Spectral markers 

As opposed to direct methods, outlined above, a number of indirect contamination 

monitoring methods have emerged in last few years. One such method is hyperspectral 

reflectance-based monitoring of light backscatter combined with numerical models. The main 

source of light backscatter in case of microalgae ponds are the suspended cells. The method is 

based on differences in the reflectance pattern that arise due to variation in the reflective index, 

backscatter, of the different microalgal cell types (size and shape). Therefore, microalgal cells 

with different cell surface properties give rise to unique spectral features (Reichardt et al. 

2014). Maes et al. (2018) reported variation in the spectral reflectance of Chlorella vulgaris 

culture infested with Poterioochromonas sp. and diatoms. Variation in the spectral feature at 

708 nm is suggested to be associated with chlorophyll catabolism as a result of predation by 

Poterioochromonas sp. Similarly, changes in the photosynthetic pigments, specifically the 

chlorophyll-to-carotenoid ratio, of S. dimorphus infested with A. protococcarum is reported on 

the basis of hyperspectral confocal imaging by Collins et al. (2014). Multispectral imaging is 

also reported to serve as a non-invasive means of cyanobacteria monitoring in Chlorella sp. 

cultures. The red and green colour value contributed from cyanobacteria and Chlorella, 

respectively, acquired using RGB camera, is a relative indication of the respective species. The 

detection limit of pest invasion in terms of the concentration ratio of cyanobacteria-to-green 

algae is 0.08 (Murphy et al. 2014). However, the majority of the heterotrophic predators lack 

photosynthetic pigments so immediate applications of technologies relying on pigment colour 

discrimination is limited.  

2.4.2.2 Metabolic markers 

Microalgae and zooplankton interactions involve communication using metabolic cues 

as means of prey attraction, grazer deterrence and allelopathic signals. Reese et al. (2019) 

leveraged the elevated presence of Volatile Organic Carbon (VOC) as an indirect marker of B. 
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pilicatilis predation in M. salina cultures. Products of carotenoid oxidation contributed to 

elevated VOC and were identified as β-ionone and β-cyclocitral.  

The indirect monitoring methods have a tremendous potential to be developed as an 

online monitoring tool. However, the spectral and metabolic features reported to-date are 

mainly due to the presence of the catabolic products of microalgal pigments. Chlorophyll 

degradation is prevalent under a variety of stress conditions and may not be an exclusive 

outcome of microalgal grazing. Moreover, the degradation products that arise after significant 

prey cell digestion by a predator are unlikely to be detected early on. As opposed to the 

degradation products, a metabolic prey cell response such as signals mounted against predator 

attack can serve as a better and early warning signal.  

The culture collapses recorded in the literature have occurred within 3–5 days after the 

first sign of predator presence (Table 2.1) and, occasionally, a pond crashed in less than 2 days. 

Ideally an automated real-time monitoring system with a high interval rate of sample screening 

is required for early detection of the predator. A relatively quick, straightforward and easy to 

interpret measure of infestation is desirable so as to minimise detection time while maximising 

culture exposure to pest deterrent agents. Moreover, non-invasive monitoring tools 

implemented in-line with the cultivation setup can facilitate a quick corrective response. A 

universal screening method is preferable, which can be used to monitor cultures of a variety of 

microalgal prey and predator species. Leveraging unique and inherent properties of microalgal 

prey and predators can help to devise novel and fairly universal means of grazer detection. 

Section 2.5 reviews the background of technologies that are exploited to monitor changes 

associated with intrinsic properties for the development of early markers of D. tertiolecta 

grazing mediated by O. marina.   

2.5 Unique properties and relevance of prey-predator interactions as a 

grazing marker 

Photosynthetic pigments such as chlorophyll a and carotenoid composition are found 

to be altered under stress conditions, including grazing (section 2.4.2.1). Therefore, the 

underlying photosynthetic process that involves the pigments are also likely to be changed. 

Monitoring of photosynthesis reflects the true physiological state of cells as opposed to 

catabolic product detection which merely suggests underlying stress conditions. Moreover, 

photosynthesis is a unique property of all commercially important microalgal strains unlike 

their heterotrophic predators. Thus, controlled experiments for tracking the photosynthetic 
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process can provide valuable insights into grazing-mediated photosynthetic alteration that is 

exclusively contributed from microalgal prey. Temporally resolved unique photosynthetic 

responses (signatures) of D. tertiolecta as function of O. marina grazing can be further 

leveraged as a grazer-monitoring tool. 

2.5.1 Photosynthesis 

Autotrophic microalgae capture photon energy and convert this into chemical energy 

through the photosynthetic process to fuel the biological reactions within the cell. 

Photosynthesis is a multistep process that occurs within specialised membranes, the thylakoids, 

of the chloroplast (Figure 2.1). The chloroplasts of green algae are enclosed by two membranes 

which are referred to as the outer and inner chloroplast membranes, with the intermembrane 

space in-between. The thylakoids are often stacked into flat, disc-like sacs to form grana, which 

are interconnected through membranous extensions, lamellae, and are suspended within the 

stromal matrix. The membranes of the thylakoid sacs compartmentalise the space into the 

thylakoid lumen and stroma that is site of the light dependent and dark (light independent) 

reactions, respectively. The light reactions generate energy required by the dark reactions for 

carbon fixation to fuel the cells with essential biomolecules. The thylakoid membrane contains 

the photosynthetic pigments and proteins that are involved in the photosynthetic process 

(Lodish et al. 2000, Roig 2000).   

Photosynthetic pigments, chlorophyll a and carotenoids, are the light absorbing units 

and form Light Harvesting Complexes (LHC). Chlorophyll a is the main photosynthetically 

active pigment in green algae and the primary site of light absorption. Proteins, D1 and D2, 

together with the LHC complexes forms the photosystem, PSII and PSI that operates in tandem 

with the help of electron acceptor and donor molecules for sequential electron transport. 

Reaction centres (RC) of PSII contain six chlorophyll a, two pheophytin molecules and two β-

carotenes, acting as accessory pigments (Lodish et al. 2000, Roig 2000). A pair of specialised 

chlorophyll pigments, P680, absorbs light directly or via antenna chlorophyll within LHC to 

drive photochemistry. Accessory pigments also assist in dissipation of excess energy as heat 

(Emerson and Arnold 1932). Techniques that are relevant to photosynthesis and are used in 

this work are mainly associated with PSII photochemistry, hence PSI process are not covered 

here. 

 The light reactions of photosynthesis form a multistep process of electron transport 

reactions involving sequential oxidation and reduction mediated by electron carriers. 
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Photosynthesis is initiated on absorption of photons by LHC antenna in their ground energy 

state and the rapid transition of an electron in the pigment molecule into an excited energy state 

(10-15 s). The high energy, excited state, electron is passed on to the adjacent pigment molecules 

by resonance energy transfer and ultimately localised on P680 (Lakowicz 1999). Oxidised 

P680+ returns to the ground state by accepting an electron from the Oxygen Evolving Complex 

(OEC) localised on the donor side of PSII. The OEC complex is composed of four oxo-bridged 

manganese atoms and one calcium atom (Mn4CaO5) and is bound to the protein subunits of 

PSII (Joliot and Kok 1975). A complete oxidation cycle at the OEC, ultimately leading to water 

splitting, results in release of one oxygen, four electrons and four protons (50–1.5 ms) for 4 

photons absorbed by PSII and its antenna.  

The released electrons are further transferred from P680 to Phe- (3–20 ps), then reduce 

PQ (200 ps) by linking with proton transfer across thylakoid membrane (Greenfield et al. 

1997). Two molecules of PQ work in tandem to operate the electron transport chain between 

PSII and PSI. One molecule of PQ is permanently bound at QA and another detachable 

molecule bound at QB site. PQ has two electron pockets hence two reduction reactions must 

occur to fully reduce the PQ bound at QB- site in presence of two protons. In the first reduction 

reaction QA- reduces QB within 100–200 µs resulting in a QA/QB- state. The electron is passed 

on from another QA- resulting in a QA/Q2B- state at the end of a second reduction reaction, within 

400–600 µs. Fully reduced PQH2 unbinds from the QB site and transfers electrons to the 

cytochrome b6 complex and ultimately to PSI (Velthuys and Amesz 1974). Proton build up 

inside the thylakoid lumen occurs due to OCE oxidation and PQ movement and as a result a 

pH gradient (delta pH) is formed across the thylakoid membrane. Proton gradient fuels 

enzymatic process such as ATP synthase and violaxanthin de-epoxidase (VDE). The activity 

of the latter enzyme is crucial for a regulatory process, NPQ (Figure 2.1) , which directly affects 

photosynthetic efficiency (Govindjee 2014). 

2.5.1.1 Chlorophyll a fluorescence 

The photon energy absorbed by chlorophyll a can be utilised to perform photochemistry 

as explained in section 2.5.1. Light absorption triggers chlorophyll a excitation, Chla*, and 

mostly returns to the ground state by transferring electron to adjacent chlorophyll a and 

eventually to the next electron carrier pheophytin (Phe) molecule present on the acceptor side 

of PSII. Alternatively, Chla* can return to the ground state by releasing energy as fluorescence 

or dissipating excess energy as heat. Excess energy is dissipated to avoid the photodamage due 
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to triplet chlorophyll a (3Chl a) and singlet oxygen (1O2) formation. Under steady state 

conditions the three processes - photochemistry, fluorescence and heat release is observed. 

Hence, monitoring one, fluorescence, can reveal important insights about photochemistry. 

 

Figure 2.1 Schematic of electron transport and non-photochemical quenching formation within 
the chloroplast. OEC, Phe and PQ indicates oxygen evolving complex, pheophytin and 
plastoquinone, respectively. P680 is a specialised pair of reaction center chlorophyll a 
molecules, QA is a bound plastoquinone, QB is a plastoquinone that binds and unbinds from 
PSII pockets. Cyt b6 is a cytochrome b6 complex that mediates electron transfer from PQ to PC, 
plastocyanin and ultimately to PSI. Fd and FNR indicates ferrodoxin and ferrodoxin reductase 
complex, respectively. Dashed solid black line with arrow indicates accumulation of protons 
resulting in formation of proton gradient across thylakoid membrane. 

Over the years, chlorophyll a fluorescence has proven to be a useful non-invasive 

technique for in vivo monitoring of PSII activity. The yield of fluorescence relies on the stable 

charge separation between the primary electron donor, P680, of RC and the acceptor molecule, 

pheophytin. The resultant yield can be used to determine the rate kinetics and efficiency of 

process that occurs on acceptor, QA re-oxidation, and donor side, OEC oxidation, of PSII. A 

relatively low and high fluorescence yield is observed in two instances. First, oxidised QA 

allows RC to use absorbed energy to initiate the charge separation and a relatively low fraction 

of excitation energy is lost as fluorescence. Subsequent excitation event however encounters 

the inability of an already reduced QA to take up an electron from the PSII RC results in high 
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fluorescence (Govindjee et al. 2010). The initial rise in the fluorescence is observed to decline 

over time and the decline in fluorescence is termed ‘quenching’. Quenching can be contributed 

from activation of processes involved in photosynthesis (‘photochemical quenching’) or due to 

an increased rate constant of heat dissipation through the process of non-photochemical 

quenching (NPQ). The activation of the latter is highly dependent on acidification of the intra-

thylakoid space due to proton movement and induction of the xanthophyll cycle which leads 

to the production of a particular xanthophyll (zeaxanthin) that dissipates excess light energy as 

heat (Demmig-Adams 1990) .  

NPQ primarily operates as a highly regulated photoprotective mechanism and its 

presence indicates stress conditions, especially super-optimal light, that generate excess strong 

oxidants at RCs with little scope for the utilization of excess absorbed energy. Depending on 

the relaxation (quenching) kinetics, NPQ is typically composed of three components;  qE, an 

energy dependent component, qT, associated with state transitions and qI, which is associated 

with photoinhibition. Full NPQ expression requires rapid qE formation which is dependent on 

formation of a proton gradient across the thylakoid membrane and xanthophyll cycle activation 

(Niyogi et al. 1997b). Excess light absorption causes higher energy generation within 

photosytems than can be dissipated by processes such as carbon assimilation and as a result pH 

drops inside the lumen of the chloroplast. The decrease in the pH triggers the early onset of qE 

activation by protonation of a protein subunit, PsbS, of PSII and VDE an enzyme that converts 

the pigment xanthophyll to zeaxanthin. An altered PsbS protein, in association with zeaxanthin, 

forms a ‘quenching complex’ which assists in direct dissipation of excess energy (Figure 2.1), 

thereby completing NPQ activation (Müller et al. 2001). Any failure in NPQ expression 

triggers formation of reactive oxygen species (ROS) that can be extremely damaging to cell 

function. In addition to NPQ activation, lumen acidification also regulates QA oxidation 

kinetics(Nishio and Whitmarsh 1993). Both NPQ levels (Crofts 1967) and QA re-oxidation 

kinetics (Belatik et al. 2013, Bailey and Walker 1992) are altered in the presence of inhibitors 

that are known to disturb the formation of a proton gradient across thylakoid membrane. 

All photosynthetic process are interconnected and alteration in one of them can have a 

profund effect on others which is manifested as altered chlorophyll a fluoresence yield. The 

non-invasive nature of fluoresence measurements have proven to be an excellent tool for in 

vivo monitoring of microalgal photosynthsis. However, the presence of ambient light interferes 

with the detection of the re-emitted fluorescence as red light from PSII activity. Such 

interference can be ruled out by operating measurements using modulated light of known 
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frequency. The Pulse Amplitude-Modulation (PAM) fluorescence technique is one such 

method that utilises repeated pulse application of modulated light for estimation of 

photosynthetic process. 

2.5.1.2 Evaluation of photosynthetic processes using Pulse-Amplitude Modulated 

fluorescence (PAM) 

The PAM technique described by Schreiber et al. (1996) for chlorophyll fluorescence 

measurements relies on the closed or open states of RCs. In the fully oxidised steady state of 

RCs, electron acceptors and the absence of the delta pH condition is referred as the ‘open state’. 

The open steady state can be easily achieved by dark adaptation of samples. Exposure to light 

triggers ejection of electrons by P680 and reduction of the primary acceptor; at this stage the 

carriers are unable to accept additional electrons, which indicates a ‘closed state’ of RCs. 

Exposure of a dark-adapted sample to a very short (1 µs) modulated Measuring Light (ML) of 

low intensity allows only the charge separation to occur, and a low fluorescence is observed - 

termed ‘minimal fluorescence’ F0. Exposure to a high intensity Saturation Pulse (SP) drives 

electron transfer from P680* to PQ at the QA site, the RCs all become closed, and maximum 

fluorescence, Fm, is observed. (Figure 2.2). The difference between Fm and F0 is referred to as 

variable fluorescence Fv which is used for estimation of maximal quantum efficiency of PSII, 

Fv/Fm. This is a measure of the maximum efficiency of PSII to drive photochemistry to fuel 

other physiologically important reactions such as ATP generation and carbon fixation within 

the cell (Genty et al. 1989, Schreiber 1986). Therefore, Fv/Fm is commonly used as an indicator 

of the physiological health of microalgae (Dijkman and Kromkamp 2006). The estimate of 

quantum efficiency is further used for a relative quantification of electron transport rate, rETR, 

under a given light intensity (PAR). rETR signifies the relative capacity of electron transport 

from the RC to the primary electron acceptor upon light irradiation. Exposure of samples to 

Actinic Light (AL) with repeated application of SP at equally spaced time intervals (~20 s) 

decreases the contribution to fluorescence from photochemical quenching due to successive 

closure of almost all RCs. The maximum fluorescence yield after light exposure is referred to 

as Fm′. At this stage there is an apparent successive decline due to increased competition 

between photochemical and non-photochemical quenching (Fm′) values (Figure 2.3). The 

declining trend indicates the  
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Figure 2.2 Schematic diagram of open and closed Reaction Centers (RC). Green circles 
indicate chlorophyll a and b, yellow and yellow-orange circles depicts open and close state of 
reaction center, respectively. The pheophytin molecule which takes part in charge separation, 
a primary step of photochemistry, is represented by the grey circle. The pink circles represent 
the accessory pigment, zeaxanthin, which mediates heat dissipation.   

 

Figure 2.3 Schematic representation of Pulse-Amplitude Modulation chlorophyll fluorescence 
principle to deduce photosynthetic parameters. Yellow and yellow-orange circles represent 
open and closed reaction center, respectively. The pheophytin molecule is depicted by a solid 
grey circle. PQ, the blue eclipse shape, represents plastoquinol and the pink circle denotes 
zeaxanthin. The green and orange eclipse shape shaded areas indicate the signal contribution 
from photochemical and non-photochemical quenching process, respectively. ML is measuring 
light and SP is saturation pulse denoted by grey arrows in the presence of actinic light.   
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accumulation of proton gradient across thylakoid membrane and activation of CO2 fixation in 

Calvin-Benson cycle. The decrease in the yield of fluorescence reflective of F m′ compared to 

Fm suggests the contribution of NPQ. The estimates of NPQ are obtained using the Stern-

Volmer relationship (Fm-Fm′)-1 (Ruban 2016). Elevated NPQ levels are associated with 

enhanced photoprotective ability whereas reduction is indicative of either lack of heat 

dissipating pigments in the LHC (Havaux et al. 2007) or dysfunctional quenching of the qE 

component (Jahns and Krause 1994). 

The saturation pulse method can also be used to construct Rapid Light-Curves (RLCs) 

from rETR values under incremental light exposure. RLCs provides two important parameters 

– first, the maximum rate of relative electron transport (rETRmax) at saturating light intensity, 

and secondly, the light harvesting efficiency, alpha, which is an indication of energy harvesting 

capabilities by RCs and LHC-II (White and Critchley 1999). 

In practice it is straightforward to have a single photosynthetic measurement as an early 

warning sign of microalgal grazing. Changes in the photosynthetic protein-pigment complex 

under abiotic stress conditions such as high light, temparature, nutrient limitation leads to 

reduced Fv/Fm and increased NPQ are reported by del Hoyo et al. (2011). Similar 

photosynthetic pigment alteration of microalgal prey is observed under grazing pressure 

(Fundel et al. 1998). Therefore, changes in Fv/Fm and NPQ are processes that could be be 

leveraged as a markers of microalgal grazing. It is vital to understand alterations in overall 

photosynthetic dynamics of the prey in order to further investigate the possible cause(s), 

contributed by predators, of the photosynthetic perturbation. In chapter 3 we present data 

suggesting that NPQ measurement is central to the ideal of investigating photosynthesis-based 

markers of grazing in cultures of D. tertiolecta infested with O. marina. Experimental 

validation and effectiveness of photosythetic-based markers are outlined in chapter 3. 

2.5.2 Nutrient recycling 

The biogeochemical (C, N, P, etc.) cycling of the ocean is fundamental to Earth’s 

climatic conditions as it directly affects the extent of phytoplankton-mediated CO2 fixation and 

release into the atmosphere. The overall microalgal productivity is mainly dependent on the 

amount of fixed nitrogen which is directly correlated with the rate of CO2 fixation. In some 

situations availability of P, Fe and Zn can also affect the primary productivity of the ocean 

(Beardall et al. 2001). Some cyanobacterial species can fix nitrogen gas (N2) into ammonia 

which further fuels the nitrogen cycle within pelagic food webs. Nitrogen is constantly 
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regenerated through a variety of biological processes such as direct release by phytoplankton 

(Mann 1982), bacteria, coral , viral infection and lysis of cells (Brussaard 2004), faecal pellet 

dissolution, and zooplankton-mediated excretion (Bronk and Steinberg 2008). The grazer-

mediated excreted nitrogen occurs mainly in the form of ammonia-nitrogen (NH3-N) and 

accounts up to 40–91 % (Klawonn et al. 2019) total regenerated nitrogen (Caron and Goldman 

1990, Goldman et al. 1989). On average, microzooplankton such as ciliates and flagellates 

contribute 10-8–10-5 µmol of recycled nitrogen, in the form of ammonia, per grazer per hour 

(Steinberg and Saba 2008). Up to 43 % of the total nitrogen requirement of microalgae is 

reported to be fulfilled by uptake of excreted ammonia as the main nitrogen source (Alcaraz et 

al. 1994). In addition, zooplankton feeding, which leads to digestion of autotrophic microalgae, 

can also contribute to the ammonia release, however at a lesser extent compared to metabolic 

activity of grazers, excretion (Bronk and Steinberg 2008). The grazing- and lysis-mediated 

NH3-N regeneration is relevant to the microalgal pond conditions and possibly be the only 

source of ammonia nitrogen unless supplied as a medium component. Therefore, the recycled 

ammonia nitrogen can serve as a proxy for the presence of zooplankton predators.  

 The uptake of ammonia excreted by animals can have multiple effects on microalgal 

physiology. Perturbation in the photosynthetic process such as NPQ is of particular interest in 

the current study as ammonia at high concentration is a known uncoupler of photosynthesis. 

Detection of grazing-mediated ammonia, its correlation with NPQ levels and predator 

concentration are likely to serve a dual purpose. First, ammonia as a causal agent of NPQ 

alteration and second, symptomatic of predator invasion. 

2.5.2.1 Ammonia and its effect on photosynthesis 

Ammonia-nitrogen in aqueous solution exists as free ammonia, NH3-N, or ammonium 

ion, NH4
+-N and is cumulatively referred to here as Total Ammonia-Nitrogen (TAN). The 

relative levels of NH3-N and NH4
+-N are dependent on the pH of the medium with the latter 

form more prevalent at alkaline pH. Ammonium ions (NH4
+) are actively taken up by the 

microalgal cells whereas free ammonia (NH3) can freely diffuse across the cell membrane and 

also permeate through the thylakoid membrane of the chloroplast. Ammonia inside the 

thylakoid lumen reacts with protons, resulting in the formation of ammonium ions and as a 

result this distorts the proton gradient (section 2.5.1.2) present across the thylakoid membrane 

(Crofts 1967). NH3 and H2O are isoelectronic, i.e. possess similar same electronic structures,   

hence NH3 can compete with the binding of water molecules at the OCE during the water 
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oxidation process (section 2.5.1) which can be manifested as an altered rate of electron 

transport (Velthuys 1980).  

2.5.3 Nutrient repackaging 

Microalgal biomass that is produced as an outcome of photosynthesis is transferred to 

higher trophic levels via ingestion of microalgal prey by the predators. The ingested nutrients 

for the predator are reallocated or repackaged into slightly more complex biomolecules through 

predator-specific metabolic pathways. For example, phytosterol obtained from microalgal prey 

such as D. tertiolecta (Wright 1979) acts as a precursor molecule for synthesis of cholesterol 

molecules by many zooplankton species (Mansour et al. 1999). Consequently, any 

cyanobacterial species that are devoid of essential fatty acids and the precursor sterol are 

deemed unsuitable as a diet by cladocerans predators (Martin-Creuzburg et al. 2008). A strong 

correlation between biomolecular composition of predators and nutrient quality of microalgal 

prey is observed. Often poor prey nutrient quality such as those found under nitrogen-depleted 

conditions results in lipid accumulation within microalgae that further affects the predator 

feeding pattern and reproduction (Brett and Muller‐Navarra 1997). In addition, different 

zooplankton species assimilate prey nutrients at different rates along with variation in 

repackaged biomolecule composition (Persson and Vrede 2006). The differential sterol 

(Taipale et al. 2016), pigment (Serive et al. 2017) and fatty acid (Dalsgaard et al. 2003) 

composition of phytoplankton and zooplankton have been leveraged as a chemotaxonomic 

biomarker for taxonomic assessment of community structure and species composition (Mackey 

et al. 1996, Strandberg et al. 2015). Fatty acids such as omega-3 and omega-6 fatty acids, along 

with sterol molecules, are reported as an efficient chemotaxonomic biomarker for the 

classification of phytoplankton and zooplankton abundance as compared to traditional 

microscopic taxonomic identification. Sterol biomarkers are of particular interest due to 

differences in their molecular composition across phytoplankton and zooplankton species. 

Most microalgae primarily synthesise phytosterols, ergosterol and corbisterol, whereas 

zooplankton, and dinoflagellate species, exclusively accumulate 4-alpha-methyl sterols such 

as cholesterol (Volkman 2003). The phytosterols and cholesterols are structurally similar. 

Phytosterols of D. tertiolecta are usually characterised by the presence of an alkyl group 

(methyl or ethyl) at position C-24 and a double bond on the side chain at C-22 or 24 (Moreau 

et al. 2002). Cholesterol synthesized by dinoflagellates is characterised by an unique position 

of a methyl group at C-4 or C-23 positions (Withers et al. 1978). 
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Zooplankton predators such as O. marina accumulate cholesterol either by using 

precursor sterols as a building block or through a de novo synthesis pathway (Chu et al. 2008). 

Such scenarios are particularly relevant in the outdoor microalgal culture wherein shifts in the 

predator invasion quickly alter the taxonomic abundance. Probing biomacromolecule dynamics 

of grazing cultures can provide insights into differential accumulation of lipids, carbohydrates, 

proteins and sterols which can be further leveraged as a biomarker of microalgal predation. The 

changing biomacromolecule dynamics as a function of nutrient trophic ‘bottom-up’ transfer 

has been extensively studied in natural assemblages such as lakes, oceans and rivers (Hiltunen 

et al. 2015). However, the knowledge of bottom-up nutrient repacking in commercial scale 

microalgal cultures is limited. It is essential to screen all major class of molecules in order to 

develop a reproducible marker of O. marina grazing. Vibrational spectroscopy such as Fourier 

Transform Infrared Spectroscopy (FTIR) is a quick method to understand the relative content 

of all major classes of biomolecules using spectral features. The association of spectral features 

with a particular class of biomolecules and the basis of this classification approach is described 

in section 2.5.3.1  

2.5.3.1 Evaluation of biomacromolecule dynamics using vibrational spectroscopy 

Fourier Transform Infrared (FTIR) Spectroscopy is a non-invasive method to probe the 

biomacromolecules present in microalgal biomass from a spectral snapshot. The identification 

and relative quantitation of the biomolecules is based on the absorption principle, the Beer-

Lambert law, to generate a spectral signature from the amount of absorbed and transmitted IR 

light measured by a detector. Mid Infrared Radiation (Mid-IR) spanning wavenumbers 4000–

400 cm-1 of the electromagnetic spectrum is primarily used to promote transition of molecules 

between rotational and vibrational energy levels of the atom within the ground, low energy, 

state, unlike photon absorption which induces the atomic transition by excitation of an electron 

from a ground energy to a high energy, excited, state. The vibration pattern, nature of the bond, 

atomic mass, dipole moment and attached functional group determine the unique molecular 

absorption characteristics, as a spectral feature (Griffiths and De Haseth 2007).  

A molecule in a 3D coordinate (x, y and z) system typically has 3 possible translational 

degrees of freedom that can possibly have 6 vibrational modes – symmetric, anti-symmetric, 

rocking, scissoring, wagging and twisting (Figure 2.4) The vibrational frequency of the bond 

increases with the increased strength of the bond (triple > double > single bond) and/or reduced 

atomic mass. Therefore, each chemical entity of different molecular composition (C–C, C=C, 
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C≡C, N–H, C=O, etc.,) has a characteristic IR absorption. Biomolecules are predominantly 

composed of a certain type of molecular bond such as amide (N–H) in proteins and carbonyl 

esters (C=O) in lipids, etc. Accordingly, characteristic wavenumbers can be assigned to the 

biomolecules (Vongsvivut et al. 2013). Table 2.2 summarises the biomolecule assignment 

based on the prevalent chemical nature and vibration pattern of the bond. 

 

Figure 2.4 Types of stretching and bending molecular vibrational mode. Diagram reproduced 
from Ismail et al. (1997). 

IR spectrophotometers deploy an interferometer, an optical device, that acts as a beam-

splitter to divide IR radiation in to two optical beams. One of the two beams is reflected by a 

mirror placed at a fixed position while another beam reflects off from a moving mirror. The 

displacement of the mirror at a distance from the beam-splitter varies the wave interference, as 

a function of time or space. This, thereby, allows generation of multiple wavelengths from a 

single light source that greatly reduces the time required for each measurement. Both beams 
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reflected from the fixed and moving mirror converge together and are selectively absorbed by 

the sample. The amount of transmitted light is then recorded by the detector in the form of an 

Table 2.2 FTIR wavenumber assignment as per the chemical nature, vibration pattern of the 
bonds and functional group present in major biomacromolecules of microalgae. Adapted from 
Ismail et al. (1997) and Vongsvivut et al. (2013). 

Chemical bond Biomolecules 
Vibration 

pattern 
Wavenumber (cm-1) 

O-H water, alcohol  stretching  3200-3600 

C-H proteins, primarily lipids 

and fatty acids 

symmetric; 

anti-symmetric; 

scissoring; 

rocking; 

2872, 2852;  

2960, 2925; 

1475, 1465;  

1418 

C=O (carbonyl ester) lipids  stretching 1745, 1717, 1695 

C=C  phenol rings of aromatic 

amino acids and cis-

olefins 

stretching 1496, 1638 

N–H (amide) proteins stretching 1670, 1654, 1310 

CH2 polymethylene chains  wagging 1365 

P=O phosphodiester of nucleic 

acids and phospholipids 

anti-symmetric 1232 

C-O, C-C and C-O-C carbohydrates symmetric 1122, 1045 and1172 

 

interferogram. Thus, the interferogram contains information in either time or space dimensions. 

A mathematical, Fourier transformation, processing is required for conversion of interferogram 

into readable frequency spectrum – percent of absorbed or transmitted light for each 

wavenumber. Further, measurements for every wavenumber or interferogram is repeated and 

co-added together to increase signal-to-noise ratio. Secondary derivatization of the frequency 

spectra is required for resolution of overlapping spectral peaks that are otherwise obscure 

(Ismail et al. 1997, Savitzky and Golay 1964). 
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The quantitative aspect of FTIR spectroscopy requires calibration using a set of 

standards of known composition determined using traditional wet chemistry methods. A 

correlation of IR intensities and measurements performed using wet chemistry methods are 

essential for the determination of relative quantities of the variable in an unknown sample. 

Availability of set of calibration standards that are a true representation of a mix of different 

analytes is limited. The Beer-Lambert’s law essentially works well for a single variable, 

wavenumber, and analyte. However, FTIR inherently deals with multiple variables and 

multiple types of analytes in a single sample at a given point of time. A multivariate approach 

is required for the determination of contributions from additional components and model 

development to understand the interactions between the variables (Gautam et al. 2015). 

 Partial Least Square Regression (PLSR) is a multivariate factor analysis used for 

identification of important variables, using wavenumbers assigned to biomolecules, to explain 

the observed differences across samples e.g. control vs. grazing cultures. A training-based 

approach is used in PLSR for calibration model development for the factor or ‘loading spectra’ 

determination using a calibration standard concentration. The spectrum of the training set is 

further decomposed into a weighted sum, scores, of the loading spectra. The resultant scores 

are further regressed against the concentration of the standards into a model that is used for the 

inspecting unknown spectra, or samples, as a validation set (Wold et al. 2001).  

The experimental methodology of FTIR combined with PLSR analysis for the 

identification of important variables and its relevance to the grazing-mediated nutrient 

repackaging is outlined in chapter 5.  

2.5.4 Extracellular signalling 

Interactions between two members of same, intra-, or different, inter-, species is 

mediated by chemical signals. Inter-species signalling is reported to involve secondary 

metabolites in microalgal prey and predator interactions. Detection of predators using 

extracellular chemical cues by prey species has evolved as an alarm signalling system to evade 

the predator attack (Xu and Kiørboe 2018) and are commonly referred to as kairomones or 

allelochemicals. Both microalgal prey and predators have evolved to detect allelochemicals 

emitted by each other and hence these can act in an antagonistic manner (Roy et al. 2013). The 

extracellular alarm cues can be broadly classified into two classes, allelochemicals emitted 

‘before’ and ‘after’ the prey capture by predator. The former is received as a disturbance signal, 

release by the predator, and can evoke a defence response by the prey. Such responses are 
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occasionally manifested into release of a grazer deterrent chemical in a conspecific manner. 

Signals that are emitted after the prey capture are ‘damage-release’ alarm signals and indicate 

immediate risk of predation. The prey perceives a risk of grazing by detection of a ‘predator 

recognition’ signal prior to mounting a defence or escape response. The antagonistic predator 

species are also evolved to detect the prey-specific diffused extracellular cues for efficient prey 

search which is refereed as ‘prey recognition’ signals. The waterborne chemical ecology of 

disturbance, damage-release and prey-recognition signals can act as a reliable indicator of 

predation risk (Chivers and Smith 1998). 

2.5.4.1 Allelopathic signals 

The signalling exo-metabolome is mainly composed of short-peptides, free amino 

acids, lipids, fatty acids, alkaloids, aldehydes and phenolic compounds that mediate the 

allelopathic microalgal prey predator interactions (Mendes and Vermelho 2013). The free form 

of fatty acids (RCOO-) are derivatives of forms of fatty acids present in the aqueous medium 

and are reported to serve as disturbance or damage-release signals in many microalgal species. 

Free fatty acids emitted by Botryococcus braunni can turn toxic under basic pH conditions (pH 

8.0–9.0) and act as an inhibitory compound against the antagonistic species (Chiang et al. 

2004). In addition, elevated production of extracellular polysaccharide by B. braunni is 

hypothesised to serve as a shield against its predators (Weiss et al. 2012). Growth retardation 

was observed in D. salina cells upon treatment with cell-free extract of I. galbana and the 

inhibitory activity was attributed to the extracellular fatty acid fractions (Sun et al. 2012). Fatty 

acids such as oleic acid, α-linoleic acid and chlorellin (DellaGreca et al. 2010) are reported for 

their allelochemical activity against green algae and diatoms. In contrast to the action of free 

fatty acids as the disturbance signal, polyunsaturated aldehydes (PUAs) mostly act as a 

damage-release signals with an exceptional release by cells of late stationary phase. PUAs such 

as oxylipins arise from enzymatic degradation of polyunsaturated fatty acids which mediates a 

grazer deterrence response emitted by diatoms against dinoflagellate (Ribalet et al. 2007) and 

copepod (Ianora et al. 2011) species. Several lipids classed such as glycolipids, sulfolipids, 

chlorolipids and phospholipids are reported in the exo-metabolome of Chlorella species (Kind 

et al. 2012b). Similarly, salinity stress is observed to elevate extracellular lipid secretion in 

Scenedesmus sp. (Petkov et al. 2010). Other classes of lipids such as sterols, polar lipids and 

esters of sterols are detected in extracellular secretions of Psychotria viridis and N. salina. Polar 

lipids, copepodamides, acts as the predator recognition signal and triggers toxin production by 

prey Alexandrium minitum as a defence response (Selander et al. 2015). Extracellular lipids are 
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hypothesised to act as a messenger molecule in microalgae. However, their exact role 

especially in grazing conditions is not clearly defined. Indole derivatives and nitrogen-rich 

alkaloids secretions of microalgae are reported to be detrimental to variety of bacterial and 

fungal species. Calothrixin A, hapalindoles, and bromoanaindolone are the most widely 

documented allelopathic indole derivatives emitted by cyanobacterial species (Doan et al. 

2000, Volk et al. 2009). Nitrogen- and sulphur-rich compounds like alkaloids are also 

hypothesised to be elevated in algal ponds that are likely to undergo anerobic conditions due 

the failure of microalgal crop cultivation (Achyuthan et al. 2017). Microcystin, a cyclic 

heptapeptide, and saxitoxin, an alkaloid, are produced by cyanobacteria and dinoflagellates, 

respectively, and exert a neurotoxic response against their predators. An allelopathic peptide 

with a putative primary sequence TYR-PRO-PHE-PRO-GLY was found in the exometabolome 

of a diatom, Pheodactylum tricornutum, under grazing pressure from Heterosigma akashiwo 

(Brown et al. 2019). In contrast, free amino acids emitted by microalgae acts as the prey 

recognition signal and stimulates the chemosensory response of the predator. Gill and Poulet 

(1988) reported modulation of copepod feeding behaviour in presence of free amino acids that 

was a proxy for extracellular amino acid pool of microalgae. The trend of exo-metabolic 

dynamics can be translated into biotechnological applications such as the signature biomarkers 

of grazing. The extracellular cues observed in ecological interactions of prey-predator can be 

profiled using mass spectrophotometry (MS). 

In addition to the presence of antagonistic species, extracellular metabolite secretions 

are also associated with the internal metabolite pool size, growth rate and biomass of 

microalgae (Jones and Cannon 1986). Therefore, metabolic footprinting of grazing cultures 

requires time-resolved mapping of the metabolome in correlation to the prey-ingestion rate for 

biomarker identification using MS approach. Chapter 6 attempts to profile the exo-metabolome 

in order to identify unique metabolic features of D. tertiolecta grazing by O. marina.  

2.6 Conclusions 

Chapter 2 outlines inherent features such as the photosynthetic processes of microalgal 

prey, Dunaliella tertiolecta and nutrient recycling and repackaging abilities of a predator, 

Oxyrrhis marina. Technological advancements such as PAM, FTIR and basic biochemical 

estimation methods can allow systematic probing of grazing cultures to enable monitoring the 

intrinsic processes. We hypothesised that underlying changes in these processes can serve as 

an indirect signal for the presence O. marina. Such indirect markers can be further implemented 
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to developed on-site grazer monitoring tools. Chapters 3, 4, 5 and 6 demonstrate the 

effectiveness of the mentioned technologies as an early warning sign of culture collapse. 
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Chapter 3 

Grazing-mediated photosynthetic alterations and non-

photochemical quenching as an early indicator of 

predation by Oxyrrhis marina and Euplotes sp. 

A reformatted version of this chapter is currently accepted in the journal Applied Phycology 

as: Deore, P, Kathikaichamy A, Beardall J and Noronha S. 2020. “Non-photochemical 

quenching, a non-invasive probe for monitoring microalgal grazing: an early indicator of 

predation by Oxyrrhis marina and Euplotes sp.” 1(1)20–31. 

3.1 Introduction 

Detection of early warning signs of grazer infestation is a crucial determinant of the 

effectiveness of predator mitigation methods such as chemical or physical treatments (Table 

2.1). Currently used monitoring methods are offline and often have poor detection limits. 

Therefore, these methods fail to provide accurate estimates of the predator load. Microscopy 

and oligonucleotide-based markers are widely employed grazer monitoring methods which are 

based on direct detection of predators (Day et al. 2017). Thus, only an increase in the predator 

cell concentration or amplified sequences of targeted nucleic acid can reveal the extent of the 

contamination. Challenges associated with each of these approaches are outlined in detail in 

chapter 2 (Section 2.4). In contrast, indirect effects of grazing on physiological aspects of 

microalgal prey, other than growth, is poorly understood at the large-scale. In an ecological 

sense, prey ought to respond against the predator attack prior to the initiation of grazer ingestion 

process (Section 2.5.4). In-depth understanding of the changes within prey cells can help devise 

indirect measures of predator infestation early on. Photophysiological responses of microalgal 

prey cells represent one such indirect measure that is reported to be modulated under a range 

of environmental cues including grazing. Fundel et al. (1998) and Ratti et al. (2013) reported a 

grazing-mediated modulation of photosynthetic pigments and process, respectively. In this 

chapter, we hypothesized that it would be possible to leverage the changes associated with the 

photosynthetic process of microalgal prey, here Dunaliella tertiolecta, as a marker of grazing 

mediated by Oxyrrhis marina and Euplotes sp.  

Microalgal cells are exposed to different intensities of light in outdoor culture 

depending on cell density, rate of turbulence, light fluctuations and nutrient status. Thus, the 
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reaction center (RC) of photosynthetic units respond differently such that antenna complexes 

in some cells absorb excess energy while others are shadowed (Demory et al. 2018). Non-

photochemical quenching (NPQ) acts as a safeguard mechanism in algal cells that assists in 

dissipation of excess energy through specialised pigments, carotenoids, associated with LHC 

complex of PSII. NPQ measurements have largely been used to understand the mechanism and 

quantitate the protective process within the microalgae cell. Failure of NPQ activation can lead 

to transfer of excess energy to oxygen and as result reactive oxygen species (ROS) are 

generated which can potentially damage various cellular process (Müller et al. 2001). PAM-

based photosynthetic measurements, including NPQ, have been reported to change under 

abiotic stress conditions such as high temperature (Eggert et al. 2007), light (Kok 1956), 

salinity (Karthikaichamy et al. 2018) and nutrient stress (Shelly et al. 2010). According to a 

recent report, NPQ levels were negatively affected in green algae, cyanobacteria, and a diatom 

culture following ciliate and copepod infection, as a function of seawater chemistry (Ratti et 

al. 2013). However, grazer-induced changes in the NPQ levels have not yet been established 

as a useful early indicator of predation. 

Chlorophyll a fluorescence is a commonly used technique to probe various parameters 

of photosynthesis and photophysiology in algae and higher plants. Commonly measured 

parameters are maximum quantum yield (Fv/Fm) in the dark-adapted state, often used as an 

indicator of stress, and effective quantum yield in the light-adapted state (Fv′/Fm′). Both 

measurements indicate the efficiency of photon absorption by chlorophyll and accessory 

pigments, which is further translated into electron flow in the electron transport chain. 

Therefore, effective quantum yield can help in an estimation of the rate of electron transport, 

which is highly dependent on absorptance of the cells, though relative electron transport rates 

(rETRmax) can be determined in cases where absorptance is unknown and is often excluded 

(Figueroa et al. 2003, Kalaji et al. 2017, Johnsen and Sakshaug 2007). In-depth information 

about light harvesting efficiency, alpha, and electron transport rates can be obtained by 

constructing photosynthesis irradiance curves (Rubio et al. 2003).  

This chapter aims to investigate photophysiology-based measurements, particularly 

NPQ, as an early indicator of O. marina infestation in D. tertiolecta cultures and subsequent 

culture crash. A ciliate, Euplotes sp., is used as an alternative predator in some experiments to 

test the effectiveness NPQ measurements for early detection of invader species.  
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3.2 Materials and Methods 

3.2.1 Cultivation conditions of prey and predator strains 

The Dunaliella tertiolecta (CS-175) culture was purchased from the CSIRO Culture 

Collection, Hobart, Tasmania, Australia and maintained axenically in F/2 seawater-based 

medium at pH 8. The predator strains, Oxyrrhis marina and Euplotes sp. were isolated from 

seawater collected from the west coast of Gujarat, India and maintained in the same F/2 

medium as used for the prey alga, D. tertiolecta. O. marina and Euplotes sp., were fed on D. 

tertiolecta. Grazing cultures were established using prey cells which were harvested during late 

exponential phase and centrifuged at 1500 g for 10 min followed by a wash with fresh F/2 

media to remove cell debris. Similarly, predator cultures were harvested and washed to 

minimise carry-over of bacterial load. Predator and prey were then mixed in the required 

proportions to establish the grazing cultures. Unless otherwise stated, a prey-predator 

concentration of 100:1 was set up using the respective cell densities at the time of inoculation 

where the initial prey cell concentration was ~105 cells ml-1. The cell concentration was 

monitored daily to understand the prey-predator population dynamics and a visible clearance 

of prey cells in a grazing culture was considered as a ‘culture crash’. Unless mentioned 

otherwise, 200 ml grazing cultures were cultivated in 500 ml Erlenmeyer flasks (Borosil) and 

incubated at 25OC under 30–50 µmol photons m-2 s-1 cool white fluorescent light (Philips, 

Eindhoven, Netherlands) fixed at ~35 cm above the culture flasks. The crash assay conditions, 

cell density and other related parameters were optimized in preliminary experiments. Light 

intensity was measured using a light sensor (LI-210R, LI-COR, USA). Morphological features 

of all the strains were observed under a phase contrast microscope (Leica DM2000, Germany). 

Prey and predator cells were fixed in Lugol's iodine for cell counts using an Improved Neubauer 

haemocytometer and Sedgwick rafter chamber, respectively. Predator cell concentrations 

<103–104 cells ml-1 were mostly undetected in microscopic counts and required additional 

sample harvesting in order to obtain detectable level of predator numbers. The ingestion rates 

were calculated by using eq. 3.1–3.8 described by Jeong  et al. (2001). 

 I ൌ Cᇱ ∗ F (3.1) 

where, I is ingestion rate (prey cells predator-1 d-1), C’ is the mean prey cell concentration (cells 

ml-1) and F is the clearance rate (prey cells d-1). 

 F ൌ V ∗ g ∗ PD′ିଵ (3.2) 
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where F is the clearance rate (prey cells d-1), v is the volume (ml) of the culture, PD’ is the 

predator mean concentration (cells ml-1), g is the predator growth constant 

 
Cᇱ ൌ

C଴ሺe୲ሺk െ gሻ െ 1ሻ
tሺk െ gሻ

 
(3.3) 

where C’ is the mean prey cell concentration (cells ml-1), C0 is the initial prey concentration 

(cells ml-1) in grazing flasks, K is the prey growth constant, g is the predator growth constant, 

and t is t2 – t1, that is, t2 is final time-point and t1 is initial time-point  

 
PDᇱ ൌ

PD଴ሺe୔ୈ∗୲ െ 1ሻ

PD ∗ t
 

(3.4) 

where PD0 is the initial predator cell number (cells ml-1) and PD is the predator growth rate 

(cells d-1) 

 

K ൌ
ln ቀ

C୲
C଴
ቁ

t
 

(3.5) 

where K is the prey growth constant, Ct is the final prey cell concentration (cells ml-1) in control 

bottles, and C0 is the initial prey cell concentration (cells ml-1) in experimental bottles 

 

g ൌ K െ
ln ቀ

C୲ᇱ
C଴
ቁ

t
 

(3.6) 

where g is the predator growth constant and Ct’ is final prey cell concentration (cells ml-1) in 

grazing flasks 

 

P ൌ
ln ቀ

N୲
N଴
ቁ

t
 

(3.7) 

where P is the specific growth rate of prey (d-1), Nt is the final prey cell concentration (cells 

ml-1) at t2, and N0 is the initial number of prey cells at t1  

 

PD ൌ
ln ቀ

M୲
M଴

ቁ

t
 

(3.8) 

where PD is the specific growth rate of the predator (d-1), Mt is the final predator cell 

concentration (cells ml-1) at t2 and M0 is the initial number of predator cells (cells ml-1) at t2 
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3.2.2 Chlorophyll a fluorescence measurements 

The grazing cultures of O. marina feeding on D. tertiolecta were operated in batch 

mode. Ungrazed cultures of D. tertiolecta served as controls. The prey-predator cell 

concentration was monitored daily by manual cell counting, and cells from the control and 

grazing flasks were harvested for measurements of chlorophyll a fluorescence using a 

PhytoPAM II (Walz, Germany). A preliminary method optimisation process was performed to 

minimise the background signal using the auto-gain and zero-offset controls of the PAM. 

Additionally, the settings of the saturation pulse were optimised to obtain maximum 

fluorescence rise and a stable plateau. Other parameters were set as per the manufacturer’s 

instructions (Walz 2003). For Fv/Fm and NPQ measurements, 3 ml of algal samples were dark 

adapted for 15 min. Photosynthetic measurements were then performed using the PhytoPAM 

II with a measuring light intensity of 2 µmol photons m-2 s-1, which was followed by a 

saturation pulse (SP) that had an intensity of 8,000 µmol photons m-2 s-1 and width of 350 ms. 

The minimum fluorescence (F0) in the measuring light and maximum fluorescence (Fm) from 

the saturating pulse were determined, allowing calculation of the variable fluorescence 

following dark adaptation (Fv) and maximum photosynthetic yield (Fv/Fm) using eq. 3.9 and 

eq. 3.10, respectively. Subsequently, actinic light (AL) of 480 µmol photons m-2 s-1 was 

switched on after the first SP and SPs then delivered at intervals of 20 s until steady values for 

light-adapted maximum fluorescence (Fm′) were attained. The NPQ values were computed 

using the ‘Stern–Volmer’ formula, eq. 3.11. For rETRmax and alpha estimation, the RLCs were 

constructed using the built-in PhytoWin software by applying incremental actinic illumination 

(16–610 µmol photons m-2 s-1) in twenty steps, with each intensity applied for 20 s. The derived 

parameters alpha was computed by the in-built PAM, PhytoWin, software which uses the 

model reported by (Peeters and Eilers 1978) to fit the RLC using relative rate of electron 

transport (rETR) values calculated by eq. 3.12 (Figueroa et al. 2003, Johnsen and Sakshaug 

2007) in which Y(II) is effective quantum yield of photosystem II and EPAR is irradiance 

intensity. All the assays were performed with three replicate experiments, each involving three 

technical replicates. 

 𝐹௩ ൌ ሺ𝐹௠ െ 𝐹଴ሻ (3.9) 

 𝐹௩ 𝐹௠⁄ ൌ  𝐹௠ െ 𝐹ை 𝐹௠⁄  (3.10) 

 𝑁𝑃𝑄 ൌ ሺ𝐹௠ 𝐹௠′ሻ⁄ െ 1 (3.11) 

 rETR = Y(II)* EPAR (3.12) 
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3.2.3 Single-cell chlorophyll a fluorescence measurement 

To investigate grazing-mediated effects on NPQ levels at the single cell level, starved 

cells of O. marina were fed on D. tertiolecta to establish the grazing culture that was compared 

with the control, containing D. tertiolecta cells only. Chlorophyll a fluorescence measurement 

were made daily using a Walz microscopy-PAM on a) the control that is D. tertiolecta cells 

alone; b) prey cells that were ingested inside the predator and c) prey cells outside the predator 

(uneaten prey cells in grazed cultures). For Fv/Fm and NPQ determination, 10 µl sample aliquots 

from control and grazing cultures were mounted on poly L-lysine-coated slides 

(Thermoscientific-Menzel-Glaser, Germany) for 10-15 min dark acclimatisation. Single-cell 

photosynthetic measurements were performed with a PAM-CONTROL unit using a 

Hundwetzlar (Germany) fluorescence microscope under a 15x objective lens.  Measuring light 

(ML) of 2 µmol photons m-2 s-1 followed by a 0.8 s long SP of 8,000 µmol photons m-2 s-1 

intensity was applied to a sample. Actinic light (AL) of 570 µmol photons m-2 s-1 was switched 

on for 8 min and, in the presence of AL, repeated SPs were given with an interval of 20 s. NPQ 

was calculated using eq. 3.11, once Fm' values had stabilized. A prior optimisation was done to 

determine the ideal incubation time (20 min) for cells to adhere to poly L-lysine-coated slides 

and emit a signal between 300–3500 fluorescence intensity. A longer incubation time affected 

the cell viability and hence yielded poor fluorescence values below 300 units. Higher signals, 

above 3500 units, were non-linear and overestimated photosynthetic parameters. Artefactual 

light effects and the background signal in the absence of cells were corrected by the F-offset 

function using the poly L-lysine slide alone. The current of the photomultiplier detector and 

photomultiplier gain were kept minimal to improve signal-to-noise ratio and ensure no ambient 

light contributed to the signal. At every saturation pulse, the fluorescence-induction kinetics 

was observed for the fluorescence rise and stable plateau formation. All the other settings were 

set as per the instruction manual (Walz 2000). 

3.2.4 Effect of prey-cell concentration on NPQ levels 

Grazing cultures were established using different prey, D. tertiolecta and predator, O. 

marina, concentrations to fall into the categories of high-level infestation 1:1, moderate level 

100:1, low level 1000:1 and very low-level infestation 10000:1. A further grazing experiment 

was setup, in which additional prey cells were added to grazing cultures on day 2 (pulse-prey 

treatment). The NPQ profiles of the grazing cultures along with the control flasks were 

monitored daily until complete removal of prey cells was observed.  
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3.2.5 Effect of elevated growth light and low salinity on NPQ profiles under the 

influence of O. marina grazing 

Conditions such as elevated light for growth (150 µmol photons m-2 s-1) and low salinity 

(16.5 practical salinity units, PSU) were assessed for their effect on the NPQ profiles to 

determine if suboptimal growth conditions affected the responses of NPQ to grazing. The 

elevated light intensity was chosen as a supra-saturating intensity based on a rapid-light curves 

(RLC). The NPQ levels were recorded daily as described above until the culture crash occurred. 

Light intensity and salinity were monitored using a light sensor (LI-210R, LI-COR) and salinity 

refractometer (Ade advance optics), respectively.  

3.2.6 Effect of Euplotes sp. grazing on NPQ profiles of prey cells 

To validate that altering NPQ levels were due to grazing pressure, a different species 

of predator, Euplotes sp., was fed on D. tertiolecta cells. The NPQ levels and ingestion rates 

were estimated at intervals of 24 h using the techniques outlined above. 

3.2.7 Statistical analysis 

The statistical significance of the difference between the control and the grazer-infested 

group across different time-points was analysed using GraphPad software 7.02 (GraphPad 

Software Inc, CA, USA) for carrying out an unpaired two-sample t-test. The level of statistical 

significance for all the analyses was P < 0.05. 

3.3 Results  

3.3.1 Prey and predator numbers 

In the ‘crash’ experiments, O. marina grazed at an average rate of ~9.47 x 1011 prey 

cells predator-1 d-1, and 92 % (P < 0.0001) prey depletion (Figure 3.1a) was observed by day 2. 

From the third day onwards, the population of O. marina significantly (P < 0.0001) exceeded 

the concentration of prey cells, which resulted in a culture crash, and prey cells were completely 

cleared on day 4. 

The ingestion rate of O. marina increased across three days but halted after the crash. 

Euplotes sp. grazed at a rate of ~1.76 x 1014 prey cells predator-1 d-1 and on day 2 (P = 0.035) 

57 % prey depletion was observed (Figure 3.1b). The maximum clearance, 94 %, was observed 

on day 3 (P < 0.0001) leading to a culture crash. The ingestion ability of O. marina (Figure 
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3.2c) and Euplotes sp. (Figure 3.1d) peaked on the third day and halted thereafter (Figures 3.2a 

and b). Henceforth, day 3 will be referred to as a crash day.  
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Figure 3.1 Change in prey, D. tertiolecta, concentration upon a, c) O. marina and b, d) Euplotes 
sp. infestation as a function of time. ‘Control’ is prey cell concentration alone, ‘prey’ and 
‘predator’ indicate respective cell concentration in mixed culture. Data represent means ± SD, 
n = 3 

3.3.2 Chlorophyll a fluorescence measurements 

The NPQ profiles were found to be strongly affected in predated cultures. As shown in 

Figure 3.2a, algal cultures infested with O. marina showed a statistically significant ~55 and 

74 % reduction (P < 0.0001) in NPQ on days 1 and 2, respectively. Additionally, a significant 

increase in the rate of O. marina ingestion was observed over this time. The NPQ levels 

continued to decline moderately after day 2 in comparison to the initial time points until the 

culture crash occurred. Similar to grazing by O. marina, reductions of ~35 and 60 % in NPQ 

levels in Euplotes-infested cultures were observed on days 1 and 2, respectively (Figure 3.2b).  

From day 1 to 3, a moderate negative correlation between the ingestion rate and the 

NPQ levels were found in the grazing cultures of both (Figures 3.2c and d) O. marina (R2 = 

0.955) and Euplotes sp. (R2 = 0.713). O. marina-mediated grazing did not alter the Fv/Fm 

(Figure 3.3a) of D. tertiolecta cells across all time points. An increasing rETRmax was observed 
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in the grazing group in which an increment (P = 0.0011) of 50 % was seen on day 3. In contrast, 

alpha, the initial slope of the rapid light curve, was reduced by 20 % (P < 0.0001) and 11 % (P 

= 0.0009) on days 2 and 3 (Figure 3.3b).  

 

 

Figure 3.2 Effect of predator ingestion a, c) O. marina and b, d) Euplotes sp. and its correlation 
with non-photochemical quenching levels of D. tertiolecta cells. ‘Control’ is prey cell 
concentration alone, ‘Grazing’ indicates prey and predator in mixed culture. Solid black lines 
and dotted lines indicates line fit and 95 % confidence interval limits, respectively. Data 
represent means ± SD, n = 3 
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Figure 3.3 O. marina-mediated changes in a) maximum photosynthetic yield and b) light 
harvesting efficiency alpha, relative electron transport maximum (rETRmax) of D. tertiolecta 
cells as a function of time in control and grazing cultures. Level of significance 0.05, P values 
are ≤ **0.0021, ****0.0001. Data represent means ± SD, n = 3 

3.3.3 Single-cell chlorophyll a fluorescence measurement 

In Figure 3.4a, no significant difference was observed in NPQ levels of control and 

prey cells (outside predator) until day 1. However, prey cells engulfed by predators showed 

significantly lower (P = 0.0002) NPQ levels. From the second day onwards, un-engulfed prey 

cells, that remain outside the predators, showed a decline of 54 % in NPQ levels (P = 0.0446) 

in comparison to control cells, whereas, prey cells inside predator cells showed 84 % NPQ 

reduction (P = 0.0004). The trend of declining NPQ was further observed in both uneaten prey 

(outside predator) and engulfed prey (inside predator) cells until the culture crash. No 

significant differences (Figure 3.4b) in Fv/Fm levels were found between control and prey cells 

(outside predator) until the prey cells were completely cleared in the grazing culture on day 3; 

whereas Fv/Fm levels of prey cells (inside predator) were consistently low after day 0. 

3.3.4 Effect of prey-cell concentration on NPQ levels 

The culture that was highly infested (1:1) crashed on day 2 (Figure 3.5) and showed 

69 % lower NPQ levels (P = 0.0001) in comparison to the control, 24 h prior to the crash. The 

moderately infested culture (100:1) showed a 52 % (P = 0.0004) to 72 % (P < 0.0001) decline 

in NPQ levels from day 1 onwards, and complete prey cell displacement occurred on day 3. In 

low grazer density (1000:1) cultures, a reduction of 56 % (P = 0.0025) in NPQ levels was 



59 

 

observed on day 2, with a delayed culture crash on day 4. Cultures with very low grazer 

(10000:1) infestation crashed on day 5 and showed a declining NPQ trend ~43 % (P = 0.0194) 

from day 3 onwards (Table 3.1). Overall, reductions in the NPQ levels were observed in all 

grazer-infested groups at least 24–48 h, prior to the crash. 

 

Figure 3.4 a) Non-photochemical quenching and b) maximum photosynthetic yield of single 
prey, D. tertiolecta, cell under grazing pressure of O. marina. ‘Control’ is prey cells alone, 
Prey (inside predator) is cell ingested by predator and prey (outside predator) is uneaten prey 
cells in grazing culture. Level of significance 0.05, P values are ≤ ns0.1234, *0.0332, **0.0021, 
***0.0002. Data represent means ± SD, n = 10 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Crash predictive potential of non-photochemical quenching (NPQ) levels under 
increasing prey-cell concentrations. Prey-predator cell concentration ratios are high level 1:1, 
moderate level 100:1, low level 1000:1, and very low level 10000:1. Level of significance 0.05. 
P values are ≤ *0.0332, **0.0021, ***0.0002. Data represent means ± SD, n = 3 
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Table 3.1 Percent reduction in non-photochemical quenching (NPQ) levels of D. tertiolecta 24 
and 48 h before the crash in grazing cultures with increasing prey cell concentrations. Prey-
predator cell concentration ratios resulting in infection level high 1:1, moderate 100:1, low 
1000:1, and very low 10000:1. 

 Percent reduction in NPQ profiles (%) 

Level of infection 48 h 24 h 

1: 1 0 69 

100: 1 52 72 

1000: 1 56 43 

10000: 1 43 56 

 

In a ‘prey-pulsing experiment’ (Figure 3.6), additional prey cells were provided on day 

2, which resulted in an increased (P = 0.0017) prey population and 69 % increase (P = 0.0073) 

in NPQ levels in prey cells in the pulsed group in-comparison to the non-prey-pulsed group on 

day 3.  However, a declining NPQ trend was observed in the pulsed group after day 3 until the 

crash, which was similar to the non-pulsed group. Overall, from day 2 onwards, NPQ levels of 

both the pulsed and the non-pulsed group were significantly (P < 0.0001) lower than those of 

the control group.  

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Crash predictive potential of non-photochemical quenching (NPQ) levels under 
prey-pulsed (additional prey added after day 2) and non-pulsed conditions. Data represent 
means ± SD, n = 3 
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3.3.5 Effect of elevated growth light and low salinity on NPQ profiles under the 

influence of O. marina grazing 

On day 0, NPQ levels in both elevated growth light level (150 µmol photons m-2 s-1) 

and low salinity (16.5 PSU) were higher as compared to other days. On day 2, the grazing 

group showed a significant reduction in both conditions. The elevated light (Figure 3.7a) and 

low salinity (Figure 3.7a) resulted in a decline of 47 % (P = 0.0057) and 40 % (P = 0.0266), 

respectively, in the NPQ levels. The culture crash in both the groups occurred on day 3, with 

declining NPQ profiles from day 1 until the day of the crash. The growth rate of D. tertiolecta 

cells in control group were found to be low in both elevated light and low salinity conditions 

as compared to under optimal growth conditions (Table 3.2). 

 

 

 

 

 

 

 

 

Figure 3.7 The combined effect of grazing and a) elevated light, b) low salinity on non-
photochemical quenching levels of D. tertiolecta in control and grazing cultures. Level of 
significance 0.05, P values are ≤ *0.0332, **0.0021. Data represent means ± SD, n = 3 

Table 3.2 D. tertiolecta growth rate (µ d-1) under (a) optimal conditions (OC) - 30 µmole 
photons m-2 s-1 and 32 PSU salinity (b) elevated light (EL) - 150 µmole photons m-2 s-1 and (c) 
low salinity (LS) - 30 µmole photons m-2 s-1 and 16.5 PSU salinity. Control group indicates 
only D. tertiolecta cells and grazing indicates O. marina infested D. tertiolecta culture. Crash 
indicates total displacement of D. tertiolecta cells in grazing culture. Numbers indicate mean 
value ± SD, n = 3 
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OC 0 0 0.7±0.1 0.05±0.2 0.89±0.08 0.2±0.3 0.8±0.1 -2.3±0.6 

EL 0 0 0.6±0.4 -0.7±0.1 0.45±0.3 -4.9±0.2 0.4±0.1 Crash 

LS 0 0 0.4±0.2 -0.37±0.09 0.2±0.1 -6.1±0.3 0.2±0.05 Crash 
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3.4 Discussion 

Algal predation is a process of sequential prey capture, processing and digestion that 

manifests in the degradation of the algal pigments and in the storage of digested products in 

food vacuoles. Upon predation, the algal prey cells also undergo cellular and metabolic 

responses. For instance, both prey capture and predation-specific stimuli alter the 

photosynthetic pigment content of prey (Feinstein et al. 2002). In this study, we investigated 

possible photosynthetic alterations in D. tertiolecta cultures under grazing pressure which can 

provide insights into potential predator outbreaks so that preventative measures can be 

deployed.  

Photosynthetic parameters such as Fv/Fm, rETRmax and NPQ are measured in order to 

monitor the overall physiological state of algal cultures. Fv/Fm is a measure of the maximum 

quantum yield of photosystem II, which reflects the ability to perform photochemistry. The 

maximum photosynthetic yield has been reported to be negatively affected due to presence of 

‘weed’ (contaminating) algae (Winckelmann et al. 2015). However, in the present study, no 

significant alterations were observed in Fv/Fm under grazing pressure (Figure 3.3a), which 

correlates with the experiments on grazing of diatom and cyanobacterial cultures reported by 

Ratti et al. (2013). This can occur due to the relatively higher proportion of healthy and 

ungrazed prey cells at initial time points in the PAM measurement of the bulk sample. The low 

photosynthetic yield after day 3 in the control and grazing cultures may be attributed to 

decreased photosynthetic function during the late log and stationary phases mostly due to 

nutrient exhaustion (Fogg 1957) as experiments were operated in a batch mode. Similarly, 

(Young and Beardall 2003) reported a drop in Fv/Fm values in Dunaliella tertiolecta culture 

under nitrogen depletion and recovery on restoration of nitrogen replete conditions. However, 

potential of Fv/Fm as an indicator of stress is debatable (Kruskopf and Flynn 2006). rETRmax is 

a measure of the capacity for electron transport rate between reaction centre and electron 

carriers of PSII; it is reported to be negatively affected under abiotic stress conditions such as 

nutrient depletion (Malapascua et al. 2014, Zhao et al. 2017) and other factors such as salinity 

stress (Karthikaichamy et al. 2018). In contrast, exposure of D. tertiolecta cells to biotic stress 

caused by O. marina grazing resulted in an overall increase in rETRmax levels from day 1 until 

the culture crash on day 3 although alpha, that is, the light-harvesting efficiency, was reduced 

in the O. marina-infested culture in comparison to the control (Figure 3.3.b). Another 

photosynthetic parameter, reflecting the photo-protective ability of an algal cell, is NPQ. 

Hence, it is an important measurement for monitoring the state of accessory pigments and stress 
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responses of algae. Under the grazing pressure from O. marina and Euplotes sp., NPQ levels 

dropped compared to the control culture (Figures 3.2a and b). A sequential NPQ reduction was 

observed from day 1 to day 3 as the predator population increased exponentially with a 

reduction in the prey concentration. Similarly, an alteration of the NPQ levels was reported in 

grazed cultures of a diatom and cyanobacterium as a function of seawater chemistry, in which 

Euplotes sp.-mediated grazing reduced NPQ levels in Tetraselmis suecica and increased NPQ 

in Synechococcus sp. cultures (Winckelmann et al. 2015). A negative correlation between the 

light-harvesting efficiency and rETRmax levels coupled with increasing NPQ levels is reported 

in various algal strains upon exposure to various abiotic stress conditions (Nitschke et al. 2012, 

Serodio et al. 2006). The exposure to biotic stress such as algal grazing in this study shows a 

similar negative correlation between the light-harvesting efficiency and rETRmax, but in 

contrast to previous studies (Nitschke et al. 2012, Serodio et al. 2006), NPQ levels were instead 

significantly reduced.  

In addition to NPQ levels, the ETR/NPQ ratio is reported to decrease in macroalgae 

with incremental exposure to UVB irradiance (Figueroa et al. 2014). In contrast, ETR/NPQ 

ratio significantly increased under grazing pressure from O. marina. Although this ratio can 

potentially indicate the presence of a predator in this study, currently deployed photosynthesis 

measurement devices do not capture the ratio in a relatively straightforward manner as 

compared to the ‘Stern-Volmer’ equation-based NPQ calculation. This underlines the need for 

further investigation of changes in the ETR/NPQ ratio in a variety of algal prey-predator 

combinations and possible improvements in the device algorithm for the estimation of the 

ETR/NPQ ratio (Deore et al. 2020b). 

A decreased capacity to utilise electrons in carbon assimilation (manifest as a decreased 

rETRmax) is reported to activate NPQ, driven by proton (pH) gradient formation and 

xanthophyll cycle activation. An increased proton gradient across the thylakoid membrane 

leads to activation of an enzyme, violaxanthin de-epoxidase (VDX), which triggers conversion 

of violaxanthin to zeaxanthin. Zeaxanthin is reported to assist in disspiation of excess photos 

as heat, a process reflected in NPQ activation (Serodio et al. 2006, Genty et al. 1990). Increased 

alpha and rETRmax brings NPQ relaxation as electrons are efficiently carried through the 

electron transport chain and utilised (Serodio et al. 2006). In contrast, the moderately reduced 

alpha, elevated rETRmax and lower NPQ values in the grazing culture as compared to the control 

(Figures 3.2 and 3.3) may indicate possible alterations in proton gradient formation across the 

thylakoid membrane. A similar observation was made upon addition of proton gradient 
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uncouplers in algal cultures and isolated chloroplasts (Cao et al. 2013, Markou et al. 2016). 

This suggests the possibility of a similar effect being caused by the invasion of O. marina and 

Euplotes sp. However, experimental validation is required to deduce the exact cause of the 

NPQ decrease in the grazing cultures of D. tertiolecta. The observations of the present study 

however suggest that the monitoring of NPQ levels can provide an early indication of an 

outbreak of O. marina and Euplotes sp.  

Single-cell microscopy PAM was deployed to investigate further the reduction in NPQ 

levels as an outcome of the grazing-specific response of prey cells. Both uneaten (outside 

predator) and grazed (inside predator) prey cells from the experimental grazing cultures 

showed significantly lower NPQ levels than the control (Figure 3.4). Interestingly, the NPQ 

levels of uneaten (outside predator) prey cells started to decline from day 2 and followed the 

same trend until the crash. This suggests that NPQ reduction can be a strong indicator of 

grazing of D. tertiolecta cells and that the declining trend is related to the exponential increase 

of the population of O. marina. Microalgal prey cells are reported to exert metabolic responses 

against grazing stimuli (Amato et al. 2018) and the trend of declining NPQ in D. tertiolecta 

cells outside the predator may indicate a similar possibility of predator-mediated secretion of 

extracellular cues which may directly or indirectly alter NPQ levels. Our preliminary 

hypothesis is that ammonia excreted by grazers (Dolan 1997) may act as a photosynthetic 

uncoupler (Crofts 1967), thereby reducing NPQ levels (see chapter 4). The predator, O. marina 

is heterotrophic and non-photosynthetic in nature and therefore fails to show chlorophyll a 

fluorescence (Slamovits and Keeling 2008). Therefore, the possibility of NPQ reduction due 

to the mere presence of grazers in a prey culture can be overruled. On day 0, predator cells are 

starved or have limited prey cells consumed, therefore NPQ levels were low. Although freshly 

consumed prey cells continue to emit chlorophyll fluorescence, degradation of pigments due 

to digestion of prey inside the predator (Feinstein et al. 2002) can reduce the chlorophyll a 

fluorescence response. Pigment or prey degradation inside the predator is reflected in reduced 

Fv/Fm values from day 1 and continued to drop until the culture crash.  

Currently practiced grazer monitoring methods such as microscopy and continuous 

flow-cytometry fail to detect very low predator concentrations; such methods, moreover, are 

not deployed on-site (Day et al. 2012). Cultures with different prey and predator intensities 

crash on different days, which could be due to the severity of the O. marina infestation (Figure 

3.5). The very high (1:1) predator concentration, which is caused by the higher grazing rate 

that results in a crash on day 2, can be traced to 69 % reduction in NPQ 24 h prior to the crash. 
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Similarly, moderate (100:1), low (1000:1), and very low (10000:1) levels of infestation show 

72 %, 43% and 56 % reduction in NPQ levels, respectively, 24 h prior to the crash (Table 3.1). 

Experiments with different prey-predator intensities indicate that relative reduction in the NPQ 

level can be detected 24–48 h prior to the crash for as low as 104 grazer cells ml-1 of algae 

culture.  

NPQ levels have been found to be elevated in algal strains due to various abiotic stress 

conditions (Harker et al. 1999, Serodio et al. 2006). Chapter 3 reports decreased NPQ levels 

under biotic stresses such as predator invasion in D. tertiolecta cultures (Figure 3.7). In outdoor 

mass cultures, both biotic and abiotic stresses are inevitable and NPQ levels can be modulated 

under cumulative stress conditions. Under elevated growth light exposure conditions, NPQ 

levels increase by ~10 fold on day 0 in both control and grazing cultures. This reflects the 

activation of the NPQ mechanism as a part of the protective response. Further, this NPQ 

elevation relaxes from day 1 onwards. Similar NPQ relaxation after stress exposure has been 

reported in a study that describes the manner in which D. tertiolecta operates with multiple 

photo-protective mechanisms (Segovia et al. 2015, Ihnken et al. 2011). The reduction in NPQ 

levels in the grazing culture under abiotic stress conditions is consistent with the observations 

from the grazing experiments alone.  

This chapter demonstrates a consistent reduction of NPQ levels in the D. tertiolecta 

culture in both bulk and single-cell PAM measurements 24–48 h prior to the culture crash 

following introduction of predators (Figures 3.2 and 3.4). At the large-scale microalgae 

cultivation platform various environmental conditions exist which can induce changes in 

photosynthetic parameters such as NPQ. As a result, grazer-induced changes in NPQ profiles 

of the prey cells may go unnoticed due to the dynamic nature of the photosynthetic process. 

Therefore, development of an array of potential diagnostic measures in addition to NPQ 

profiling could provide a more accurate indication of grazing. Other energy dissipation 

measures of photosynthesis are regulated (YNPQ) and passive (YNO) heat loss that are 

demonstrated to be affected under stress in addition to NPQ levels (Blain and Shears 2019). 

Similarly, the effects of biotic stress on YNPQ and YNO can be investigated and further 

explored as potential photosynthesis-based tools for investigating algal predation. An 

integrated approach of NPQ assessment along with traditional microscopy and molecular 

methods would enable the deployment of preventive strategies to avoid biomass loss in mass 

cultures. Different algal species have different acclimation potential and can respond to stress 
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conditions differently (Segovia et al. 2015). Therefore, the development of NPQ as an indicator 

of grazing requires systematic testing across different prey and predator species. 

3.5 Conclusion 

The results in this chapter suggest the possibility of detection of grazer invasion based 

on the photosynthetic signature, NPQ, which can be recorded in combination with currently 

used grazer detection methods. Online and real-time monitoring of the photosynthetic signature 

would be an ideal approach to monitor contamination at large-scale microalgal cultivation 

platforms. Currently, only a few handheld devices, such as AquaPen, FluroPen, etc., are 

available to record photosynthetic measurements including NPQ. However, to obtain real-time 

data with high quality temporal resolution requires better guided sensors, probes and software 

integration. There is a possibility to leverage image- and remote sensing-based chlorophyll a 

fluorescence measurement that can reflect NPQ levels of cultures in real-time. The decline in 

NPQ levels of algal prey under grazing pressure also indicates the possible underlying changes 

at cellular level. The potential role of ammonia as a driver for the observed changes in NPQ in 

grazing cultures is investigated further in the chapter 4. 
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Chapter 4  

Oxyrrhis marina-mediated total ammonia-nitrogen as an 

early grazing marker and its implication for non-

photochemical quenching levels of Dunaliella tertiolecta. 

A reformatted version of this chapter is currently accepted in the journal Applied Phycology 

as: Deore, P, Beardall J and Noronha S. 2020. “Non-photochemical quenching, a non-invasive 

probe for monitoring microalgal grazing: influence of grazing-mediated total ammonia-

nitrogen” (in press). 

4.1 Introduction 

Algal prey and predators co-exist in the pelagic food web: algae are primary producers 

and predators are consumers and such interactions result in nutrient recycling where the 

excretion products of consumers are an important source of nutrients to the producer. One such 

example is zooplankton-mediated nitrogen recycling in the form of ammonia-nitrogen (NH3–

N and NH4
+–N), referred to henceforth as Total Ammonia Nitrogen (TAN). TAN affects 

biomass (Tam and Wong 1996), chemosensory mechanisms (Martel 2009) and photosynthetic 

processes of the microalgal prey (MacLachlan et al. 1994). The preferential uptake of ammonia 

over other forms of nitrogen sources by Dunaliella sp. (Dortch 1990) and its effect on 

photosynthesis, particularly NPQ, is extensively reported (Markou et al. 2016). The 

components and significance of NPQ formation is outlined in detail in chapter 2 (Section 

2.5.1.2). Full activation of NPQ is inhibited in presence of free ammonia (NH3) by affecting 

the water splitting reaction (Velthuys 1980) and sequestering H+ ions, thereby disrupting proton 

gradient formation across the thylakoid membrane (Crofts 1967). As result, violaxanthin de-

epoxidase activation and quenching complex formation in NPQ activation are compromised. 

Similarly, free ammonia as a result of grazer-mediated TAN dissociation can mediate 

photosynthetic uncoupling which may lead to the observed reduction in NPQ levels of 

Dunaliella tertiolecta (Chapter 3).  

A clear link between grazing-mediated TAN and its consequential effect on NPQ levels 

of the microalgal prey has not yet been reported. In addition to the causal relationship, the 

estimation of ammonia-nitrogen released by the predator and NPQ levels as a function of time 
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in grazer infested cultures can be further leveraged to develop TAN as an early marker of 

grazing of D. tertiolecta mediated by O. marina. It is anticipated that significant levels of TAN 

must be accumulated prior to a quantifiable inhibition in NPQ formation as described in chapter 

3. The current chapter aims to validate the crash-predictive potential of TAN, along with NPQ 

levels, as a marker of microalgal grazing. To our knowledge, this is the first demonstration that 

nitrogen recycling in the form of ammonia-nitrogen can alter NPQ levels and indicate the 

presence of a predator, in this case Oxyrrhis marina, in Dunaliella tertiolecta cultures. 

4.2 Materials and Methods 

4.2.1 Prey and Predator strain 

The Dunaliella tertiolecta (CS-175) and Oxyrrhis marina strains were cultivated as 

described in chapter 3 (Section 3.2.1) The culture pH was monitored daily using a Jenway 3510 

pH probe (HACH). Maximum specific growth rate for prey cells and predator population 

growth rate of predator were computed using formulae described in chapter 3. All experiments 

were terminated (as per the findings of chapter 3) on day 4 following the total disappearance 

of prey cells from the grazing flask. 

4.2.2 Chlorophyll a fluorescence 

Chlorophyll a fluorescence, measured using a Walz PhytoPAM II, was used to derive 

the photosynthetic parameters Fv/Fm, rETRmax, alpha and NPQ as described in chapters 2 and 

3. To investigate the effects of ammonium chloride on NPQ levels, a healthy D. tertiolecta 

culture was treated with increasing concentrations of ammonium chloride, 0–50 mM, and 

incubated in the dark for 5 min prior to recording the chlorophyll a fluorescence response. All 

the mentioned parameters were computed using equations described in chapter 3. (Section 

3.2.2) 

QA re-oxidation kinetics were recorded using a PSI FL-3000 Fluorometer (Photon 

System Instruments, Drasov, Czech Republic). The total duration of the measurement was 60 

s, and the actinic flash and measuring light voltages were set to 100 and 30 %, respectively. 

The actinic flash duration was adjusted to 30 µs. The decay kinetics were determined by fitting 

the raw fluorescence data to a three-phase exponential decay model. The decay model involves 

three phases: fast, medium and slow. Each phase reflects a redox state of QA, QB and 

plastoquinol (PQ). The fast phase reflects QA re-oxidation through QA to QB or QB
-. The middle 

phase is characterised by QA re-oxidation by PQ molecules. The slow phase is associated with 
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the reduction of the donar side of photosystem II (PSII) by QA (charge recombination). 

Experiments were independently performed three times and raw data from the three biological 

replicates (separate cultures) of each experiment were averaged. The half-life for each phase 

was computed according to eq. 4.1 using ExpDec3, the exponential function in OriginPro2016 

software. Additionally, QA re-oxidation kinetics were measured with healthy D. tertiolecta 

cultures in the presence of 100 nM 3-(3,4–di-chlorophenol)-1,1-dimethylurea (DCMU) and 

ammonium chloride. 

where A is an amplitude, t is time (s) and x is decay constant 

4.2.3 Effect of the predator-infested spent medium on NPQ levels of D. tertiolecta 

A grazing culture of 500 ml in 1000 L transparent glass bottle inoculated using a prey-

predator ratio of 1:1 was incubated until prey cells were totally cleared in 3-4 h. The control 

(predator-free) and grazing cultures were harvested and centrifuged at 4500 x g for 10 min. 

The supernatant, that is the spent medium, was harvested, replenished with fresh F/2 nutrients, 

then used for cultivation of D. tertiolecta cells only. The spent media was used to check the 

possibility that extracellular products of O. marina might affect NPQ levels of D. tertiolecta. 

The NPQ levels of D. tertiolecta in fresh F/2 media, predator-free spent medium and predator-

infested spent medium were measured using the techniques outlined in section 3.2.2. 

4.2.4 Estimation of reactive oxygen species (ROS) 

ROS levels were estimated using the method described by Marxen et al. (2007). Briefly, 

5 ml aliquots of culture samples were stained with 0.02 mM 2',7'-dichlorodihydrofluorescein 

diacetate (DCF-DA) dissolved in dimethyl sulfoxide (DMSO). Stained samples were incubated 

at room temperature (25οC) for an hour, and fluorescence was recorded at 485 nm excitation 

and 530 nm emission using a Hitachi F7000 fluorescence spectrophotometer. Arbitrary 

fluorescence units indicating ROS levels were normalized to prey cell concentration and are 

expressed as ROS-induced fluorescence per cell. 

4.2.5 Estimation of total ammonia-nitrogen (TAN) in grazing cultures 

Over the course of the culture crash, TAN accumulation in the grazing culture was 

estimated using the method described by Strikland and Parsons (1972). Briefly, 10 ml aliquots 

of culture were centrifuged at 1500 x g for 10 min. To the supernatant, 2 mg of phenol prepared 

 Y ൌ A1 ∗ expሺെx tଵ⁄ ሻ ൅ A2 ∗ expሺെx tଶ⁄ ሻ ൅   A3 ∗ expሺെx 3⁄ ሻ ൅  Y଴ (4.1) 
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in 95 % ethyl alcohol was added, followed by the addition of 50 mg of sodium nitroprusside. 

An oxidising reagent, consisting of 200 mg sodium citrate, 10 mg sodium hydroxide and 6.5 

ml sodium hypochlorite (32 %) solution, was freshly prepared. Immediately after the addition 

of the sodium nitroprusside, 1 ml of the oxidising reagent was added. Samples were incubated 

at room temperature for an hour. Formation of a blue indo-phenol complex was recorded at a 

wavelength of 640 nm in a CARY50 Bio UV visible spectrophotometer. A standard curve was 

prepared using ammonium sulphate to estimate the total concentration of ammonia-nitrogen as 

described by Strikland and Parsons (1972). 

4.2.6 Effect of nitrogen source on NPQ profiles of grazing culture 

Grazing and control (healthy D. tertiolecta) cultures were established separately using 

nitrate, ammonium chloride or urea as the nitrogen source in F/2 seawater-based media. The 

NPQ levels were monitored in control and grazing flasks throughout the culture crash. 

4.2.7 Statistical analysis 

The statistical significance of the difference between the control and the grazer-infested 

group across time was analysed using GraphPad software 7.02 (GraphPad Software Inc, CA, 

USA) in order to perform an unpaired two-sample t-test. The level of statistical significance 

for all the analyses was P < 0.05. All experiments were performed independently three times 

with three independent biological replicates (discrete cultures) for each experiment. 

4.3 Results 

4.3.1 Prey and predator cell concentrations 

The growth (cell concentration) of prey cells was reduced by grazing pressure, when 

compared to control cultures. Active O. marina grazing led to prey cell numbers being depleted 

by 14, 80, 94 and 96 % on days 1, 2, 3 and 4, respectively. The maximum clearance, 96 %, was 

observed on day 4 leading to a culture crash. Hence, day 4 is henceforth referred to as ‘crash 

day’ (Figure 4.1). The maximum specific growth rate of D. tertiolecta was 1.27 d-1 and -0.76 

d-1 (for net growth rate) in control and grazing cultures, respectively, and the maximum specific 

growth rate of the predator was 1.72 d-1. As the prey concentration was depleted by 96 % on 

day 4, predator population growth also ceased. O. marina grazed at an average rate of 8.84 x 

1012 prey cells predator-1 d-1. As predators ingested more prey cells the pH of grazing culture 

dropped compared to the control (Figure 4.2). 
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4.3.2 Chlorophyll a fluorescence  

A five-minute exposure of D. tertiolecta to different concentrations of ammonium 

chloride resulted in a significant reduction in NPQ levels. The minimum ammonium chloride 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Prey and predator growth dynamics in grazing cultures of Oxyrrhis marina. 
“Control” is prey cell concentration alone, “prey” and “predator” indicate respective cell 
concentration in mixed culture. Data represent means ± SD, n = 9 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Effect of predator invasion on pH of control and grazing cultures as a function of 
time. Data represent means ± SD, n = 9 

concentration required to create significant alterations to NPQ was found to be ~1 mM, which 

is theoretically equivalent to ~0.21 mM of free ammonia (NH3) at pH 8.1, salinity 35 PSU, and 
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25оC. Greater NPQ inhibition was seen with increasing concentrations of ammonium chloride 

in the healthy culture of D. tertiolecta (Figure 4.3). 
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Figure 4.3. Theoretical estimation of free ammonia (NH3) accumulation and its effect on non-
photochemical quenching levels (NPQ) of healthy D. tertiolecta culture treated with increasing 
concentrations of ammonium chloride (0–50 mM). Data represent means ± SD, n = 9 

 

Table 4.1. Components of QA re-oxidation kinetics in D. tertiolecta under grazing conditions. 
The numbers indicate the amplitude, half-life and decay rate ± standard error. DCMU and 
ammonium chloride concentrations were 100 nM. 
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Control 
0.655 

±0.084 
0.024 

±0.001 
0.018 

±0.001 
398.961 
±0.000 

41.230 
±0.007 

1.3 
±0.2 

1737.382 
±99.280 

16.810 
±3.060 

0.505 
±0.108 

NH4Cl 
0.112 

±0.008 
0.029 

±0.001 
0.081 

±0.003 
1240 

±0.0001 
74.21 
±0.01 

11.4 
±1.1 

559.45 
±50.83 

9.340 
±1.440 

0.060 
±0.006 

Grazing 
0.166 

±0.017 
0.0089 

±0.0004 
0.0071 

±0.0003 
482.948 
±0.000 

32.43 
±0.00 

3.9 
±0.6 

1435.24 
±74.88 

21.375 
±2.703 

0.176 
±0.027 

DCMU 
0.005 

±0.002 
0.083 

±0.011 
0.05 

±0.01 
1263 

±0.012 
130.93 
±0.02 

0.94 
±0.15 

54.88 
±5.76 

5.29 
±0.64 

0.73 
±0.08 
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The analysis of QA re-oxidation kinetics revealed that the half-life of the fast phase was 

21 % shorter in grazing cultures than in the controls. Similarly, the addition of ammonium 

chloride and DCMU to the D. tertiolecta culture accelerated the fast-phase kinetics by ~210 

%. (Table 4.1). It was observed that the medium-phase half-life was 21 % longer in the grazing 

culture; however, values for this parameter increased by 210 % and 217 % in cultures treated 

with ammonium chloride and DCMU respectively. The half-life of the slow-phase decay 

increased by 185 % and 735 % in the presence of the grazer and ammonium chloride, 

respectively. DCMU treatment lowered the half-life of the slow phase by 31 %. 

4.3.3 Effect of predator-infested spent media on NPQ levels of D. tertiolecta 

 In Figure 4.4, the NPQ levels of D. tertiolecta cultivated in the predator-infested spent 

medium were significantly (P = 0.0062) lower than in D. tertiolecta cells cultivated in predator-

free spent medium and fresh F/2 media. Overall, a reduction of 32% in the NPQ levels was 

observed. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. The NPQ levels of D. tertiolecta cultivated in predator-free and predator-infested 
spent media. Level of significance 0.05, P values are ≤ **0.0021. Data represent means ± SD, 
n = 9 
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4.3.4 Estimation of reactive oxygen species (ROS) 

At the initial time-point (day 0), ROS levels per cell (Figure 4.5) were 38 % higher in 

both the control and the grazing cultures than on day 1, and concentrations significantly 

decreased over the course of cultivation. However, no significant difference in ROS 

accumulation was observed in the grazing culture when compared to the control across all time 

points.  

 

 

 

 

 

 

 

 

 

Figure 4.5. Estimation of reactive oxygen species (ROS) levels (relative concentration per cell) 
in control and grazing cultures. Data represent means ± SD, n = 9 

4.3.5 Estimation of total ammonia-nitrogen (TAN) in grazing cultures 

Ammonia is a known inhibitor of NPQ. Therefore, TAN accumulation was estimated 

to determine the possible cause of NPQ reduction in the presence of grazers. A significant (P 

< 0.0001) accumulation of TAN was found in the grazing culture on days 2, 3 and 4 (Figure 

4.6a). On day 0, the difference in the TAN levels of the control and the grazing culture was as 

low as 5 %, though 43 % more TAN accumulation was seen in grazing cultures compared to 

the control on day 1, which increased up to 92 % to 95% over the next two days before dropping 

to 85 % by the end of the crash. The highest TAN accumulation of 53 mg l-1 was observed to 

coincide with the highest predator ingestion rate of 9 x 1012 prey cells predator-1 d-1 on day 3, 

that is, 24 h before the culture crash (Figure 4.6b). A significant reduction in the NPQ levels 

of the grazing culture was observed as ammonia accumulation and predator ingestion rate 

progressively increased (Figure 4.7). 
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Figure 4.6 a) Total ammonia-nitrogen (TAN) accumulation and b) relative impact on NPQ 
levels of D. tertiolecta in control and grazing cultures as a function of time. Level of 
significance 0.05. P values are ≤ns 0.1234, ***0.0002. Data represent means ± SD, n = 9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Percentage of change in the total concentration of ammonia-nitrogen (TAN), non-
photochemical quenching levels and predator ingestion rate as a function of time. Data 
represent means ± SD, n = 9 
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4.3.6 Effect of nitrogen source on NPQ profiles of grazing culture 

The crash assays that used ammonium chloride (Figure 4.8a) and urea (Figure 4.8b) 

instead of nitrate (Figure 4.8c) as the nitrogen source did alter the NPQ levels of prey cells, 

though the trend in NPQ was unlike that in nitrate-based medium. The grazing culture in the 

nitrate-based F/2 medium showed a declining trend in the NPQ (P < 0.0001) as the culture  

 

Figure 4.8 Effect of a) ammonium chloride-, b) urea-, c) nitrate-based cultivation media on 
non-photochemical quenching (NPQ) levels of D. tertiolecta and ingestion rate of O. marina. 
Level of significance 0.05. P values are ≤*0.0332, **0.0021, ***0.0002. Data represent means 
± SD, n = 9 
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progressed towards the crash whereas the use of ammonium chloride as the N-source in the 

grazing culture resulted in a moderate reduction of the NPQ (P < 0.001) in the grazing culture 

when compared to the control on day 3, that is, 24 h prior to the crash day. In contrast, NPQ 

levels of grazing cultures were increased in the urea-based F/2 medium. The ingestion rate in 

both urea- and ammonium chloride-based media was similar to that in the crash assay in nitrate-

based cultivation medium; however, no declining trend was observed in the NPQ in the grazing 

culture with urea as the N-source.  

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Comparison of microscopy-based predator cell (R2 = 0.5797) counts with relative 
levels of total ammonia-nitrogen (R2 = 0.8424) as a means of warning of Oxyrrhis marina 
infestation. Data represent means ± SD, n = 9. Symbols (hollow circles and solid squares) 
represents the data points, dashed and solid black line represent fitted lines of cell concentration 
and TAN, respectively, dotted line indicates 95 % confidence interval limits. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 Conceptual illustration of non-photochemical quenching (NPQ) and total 
ammonia-nitrogen (TAN) levels as early indicators of algal grazing. 
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The relative levels of TAN in grazing culture positively correlate (R2 = 0.9137) with 

increased O. marina concentration. Moreover, accumulated TAN levels appear to better 

indicate (R2 = 0.8424) the presence of the predator as compared to microscopy-based (R2 = 

0.5797) counts (Figure 4.9). Figure 4.10 depicts a conceptual model of the causal relationship 

between NPQ and TAN, and its use as an early indicator of Oxyrrhis marina-mediated 

predation. 

4.4 Discussion 

In chapter 4, we investigated total ammonia-nitrogen (TAN) excreted by the predator 

O. marina as the probable cause for the reduction in NPQ level of the microalgal prey, D. 

tertiolecta (Figure 4.6). TAN accumulation with increased prey cell ingestion by the predator 

suggests the potential of TAN as an early marker of microalgal predation.  

Nitrogen is recycled in the form of ammonia-nitrogen by the majority of zooplankton 

predators that are reported to infect the mass-scale cultivation of microalgae (Carney and Lane 

2014). Excreted ammonia is rapidly taken up by the microalgal cells and accounts for up to 43 

% of their total nitrogen requirement (Alcaraz et al. 1994). Similarly, D. tertiolecta is reported 

to preferentially take up ammonia, in this case secreted by O. marina, over other nitrogen 

sources (Dortch 1990, Fábregas et al. 1989). O. marina-mediated ammonia release is tightly 

coupled with the high glutamine/glutamate ratio of Dunaliella sp. cells. Ammonia uptake and 

its effect on intracellular amino acid pools of prey is reported as an indicator of stress in mixed 

population (Flynn and Fielder 1989). However, changes in the source of nitrogen are reported 

to alter the physiology of microalgal cells, particularly photosynthesis. Ammonia affects 

photosynthetic parameters such as NPQ, Fv/Fm, rETRmax, light harvesting efficiency (alpha) 

and QA re-oxidation kinetics (Markou et al. 2016, MacLachlan et al. 1994, Cao et al. 2013).  

In chapter 3, we report a reduction in the NPQ levels as a function of active predation-

mediated by O. marina. However, the photosynthetic quantum efficiency Fv/Fm remains 

unaffected (Figure 3.3a), which suggests that the overall photochemistry of PSII was unaltered. 

Similarly, modulation of NPQ and unaltered Fv/Fm in the presence of grazers are also reported 

by Ratti et al. (2013). In contrast, alpha was reduced moderately, the rETRmax levels increased 

(Figure 3.3b) and the half-life of the medium phase of QA re-oxidation was enhanced in grazing 

cultures compared to the control (Table 4.1). 
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Similar effects on QA re-oxidation decay kinetics in the presence of the photosynthetic 

inhibitor DCMU and under abiotic stress conditions have been reported in other algal species 

(Dao and Beardall 2016, Zhang et al. 2017). Recording chlorophyll a fluorescence induction 

decay kinetics can reveal information about QA re-oxidation; moreover, they can provide 

insights into the flow of electrons from QA to QB,  and the possibility of electron back-

recombination with the oxygen-evolving complex of the PSII reaction center. The elevated 

level of electron back-recombination is typically observed in the presence of an uncoupler such 

as ammonia or 3-(3,4–di-chlorophenol)-1, 1-dimethylurea (DCMU), wherein electrons are 

readily passed on to the oxygen-evolving complex of PSII due to inhibition of QA. QA re-

oxidation decay kinetics were measured to investigate the effect of grazing on electron carriers 

beyond PSII. The QA re-oxidation kinetics is composed of three phases: the fast phase reflects 

the electron transfer between QA and QB; the medium phase, between QB and PQ 

(plastoquinol); and the slow phase, the combination of an electron with the donor side of PSII. 

Any changes in phase kinetics reflect an altered redox state of electron carriers (de Wijn and 

Van Gorkom 2001). The three-phase exponential QA decay kinetics revealed that the fast and 

slow phases slowed in the grazer-infested culture by 21 % and 185 %, respectively. However, 

the medium phase accelerated by 21 % in comparison to the control, which suggests the 

possibility of a higher proportion of reduced PQ. The reduction in half-life in the slow phase 

by 185% indicates that PQ re-oxidation may not occur, due to back recombination with the 

donor side of PSII. Similar effects on photosynthesis were seen in other algal species (Dao and 

Beardall 2016) and, as a manifestation of physiological stress, photosynthesis was affected 

along with the accumulation of ROS. The role of ROS accumulation in prey capture by O. 

marina (Martel 2009) and grazer mortality (Flores et al. 2012) is well documented. However, 

the grazing culture of D. tertiolecta did not accumulate significant ROS in the current study 

(Figure 4.5). Therefore, extracellular cues for NPQ reduction were assessed, in which predator-

infested spent medium was used for fresh cultivation of D. tertiolecta. The NPQ levels of cells 

that were propagated in predator-infested spent media were significantly lower than in cells 

that were cultivated in predator-free spent media (Figure 4.4). This indicates the possibility of 

extracellular secretion by the predator, recycled ammonia-nitrogen, which may cause inhibition 

of NPQ.  

Excreted ammonia-nitrogen can exist in either free ammonia (NH3–N) or ammonium 

ion (NH4
+–N) form depending on pH of the culture and together can be measured as total 

ammonia-nitrogen (TAN). A systematic, time-dependent estimation revealed that TAN 
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accumulation is linked with the increased predator ingestion rate and decreased NPQ level of 

microalgal prey in grazing cultures. Overall, TAN levels in grazing cultures linearly increased 

from day 0 to 3 but dropped on day 4 as the predator growth and ingestion ceased due to 

depletion of microalgal prey cells by 96 % (Figures 4.1 and 4.7). A similar correlation between 

recycled nitrogen in the form of ammonia and predator growth rate is reported by Dolan (1997) 

and Sherr et al. (1983). Goldman et al. (1989) reported prey concentration dependent grazing 

of O. marina fed to D. tertioleta, I. galbana and P.tricornutum. In addition to the altered prey-

predator concentrations, the pH dropped in O. marina-infested cultures (Figure 4.2), possibly 

associated with a rise in CO2 from predator cell respiration or assimilation of ammonia secreted 

by predators. Fuggi et al. (1981) reported a rise in pH in algal culture upon nitrate uptake and 

its decrease during active ammonia assimilation, changes associated with pH regulation within 

cells as the different forms of nitrogen are assimilated. 

To confirm further that predator-excreted ammonia-nitrogen is a sole source of NPQ 

inhibition, the crash assay was established in ammonium chloride- and urea-based F/2 media. 

Unlike nitrate-based F/2 media, the NPQ levels in urea-based cultivation media increased in 

the presence of the predator, whereas in ammonium chloride-based media, NPQ levels reduced 

on day 3 and day 4 in the grazing culture. Grazing-mediated reduction in the NPQ levels was 

observed as early as 48 h and 24 h prior in nitrate and ammonium chloride-based cultivation 

media, respectively. However, the decreasing NPQ trend was not observed in urea-based 

grazing cultures (Figure 4.8). Urea dissociates into ammonia and carbon dioxide with the help 

of two intracellular enzymes, namely urease and urea amidolyase (Bekheet and Syrett 1977); 

however, D. tertiolecta lacks the former enzyme (Murphree et al. 2017). The latter enzyme, 

urea amidolyase, is ATP-dependent and operates under metabolic control of the substrate, urea 

(induction) and product, ammonia (repression). Microalgal cultures grown in the presence of 

ammonia plus urea are reported to have nil or minimal urea amidolyase activity (Hodson et al. 

1975). Similar enzyme inhibitory conditions may exist in grazing cultures in which ammonia-

nitrogen is present due to the predator activity and urea present in the cultivation media as a 

nitrogen source. The uncoupling effect of ammonia is reported to drastically reduce the cellular 

ATP pool (Krogmann et al. 1959) which is crucial for urea amidolyase activity. Increased NPQ 

levels of grazing cultures in urea-based cultivation media suggest the possibility of metabolic 

stress due to the inhibition of urea amidolyase; however, this requires further work and 

experimental validation. 
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Overall, significant accumulation of TAN and reduction in NPQ levels in grazing 

cultures as compared to the control were observed as early as 48 h prior to the culture crash 

(day 4). A moderate build-up of TAN levels due to active predation of O. marina appears at 

least 72 h prior to the culture crash (Figure 4.7). Although TAN levels are low in the initial 

phase, the presence of light is sufficient to trigger the preferential uptake of ammonia-nitrogen 

by D. tertiolecta. Perhaps, rapid uptake of ammonia-nitrogen (Fábregas et al. 1989) may be the 

probable reason for the non-significant difference in levels of TAN on day 2 in grazing culture 

as compared to the control. A positive correlation of TAN levels with increasing predator 

concentration in grazing cultures (Figure 4.6) suggests that TAN build-up occurred as a result 

of increased prey cells ingestion by the predator which led to nitrogen turnover.  

 Crofts (1967) described the role of ammonia as a uncoupler of photosynthesis. Such 

uncoupling is reported to inhibit NPQ formation in Nannochloropsis sp. (Cao et al. 2013). The 

predator, O. marina excretes ammonia which primarily exisits as ammonium ions (NH4
+) 

which is converted to free ammonia (NH3) as pH levels rise. The grazing culture pH ranges 

from 8 to 8.4 in the current study (Figure 4.2) which suggests the possibility of presence of free 

ammonia. The free form of ammonia within cells can easily diffuse across the membranes of 

the chloroplast and protonate in the presence of high H+ in the lumen of the chloroplast. The 

proton gradient across the thylakoid membrane is thus disturbed due to H+ sequestration. At 

the same time, light absorption is continued and the Hill reaction remains operational, 

compensating for the loss of H+ ions (Crofts 1967). This correlates with the increased rETRmax 

values in the presence of the predator (Figure 3.3). Hence, a reduction in the levels of NPQ in 

the presence of O. marina was observed. In addition to NPQ reduction, the uncoupler 

ammonium chloride is reported to disturb ATP synthesis, whereupon the rate of electron flow 

is accelerated (Müller et al. 2001). To further confirm ammonia-mediated NPQ reduction, a 

healthy D. tertiolecta culture was treated with ammonium chloride. In an aqueous solution, 

ammonium chloride dissociates into ammonium ions (NH4
+) and chloride (Cl-) ions. As 

mentioned above the ammonium (NH4
+) can be converted into free ammonia (NH3); both forms 

of ammonia-nitrogen can be taken up by D. tertiolecta cells. A steep, but non-linear, decrease 

in NPQ was observed as the concentration of total ammonia-nitrogen increased. Overall the 

enhanced rETRmax with declining NPQ and decreased pH in grazing cultures of O. marina are 

consistent with accumulation of ammonia. The kinetics of NPQ is typically composed of three 

parts, namely qE, qT and qI. The first component, qE is highly dependent on the build-up of a 

transthylakoid proton gradient (delta pH) and is the most relevant component to the findings 
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of current paper. The other two components qT and qI are associated with state transitions and 

photoinhibition, respectively (Müller et al. 2001). Low pH conditions inside the thylakoid 

lumen activate qE and the xanthophyll cycle, both of which are necessary for the full expression 

of NPQ (Demmig-Adams et al. 1990). First, binding of H+ ions from the lumen to the PsbS 

protein of PSII causes conformational change (Li et al. 2000), followed by activation of 

violaxanthin de-epoxidase that catalyses the conversion of violaxanthin to zeaxanthin located 

in the vicinity of light harvesting complexes (Jahns et al. 2009).The altered PSII state and 

zeaxanthin form a quenching complex that dissipates excess photon energy as heat, that is NPQ 

(Müller et al. 2001). Few green algal species are reported to activate qE independently of the 

xanthophyll cycle (Niyogi et al. 1997a). However, D. tertiolecta is reported to operate pH-

dependent qE and xanthophyll activation for the expression of NPQ (Ihnken et al. 2011). The 

accumulation of ammonia interferes with the proton gradient across the membrane (Crofts 

1967). As a result, the quenching complex consisting of protonated PsbS and zeaxanthin cannot 

form and qE is not activated, hence NPQ is compromised (Roháček et al. 2014). Similarly, the 

presence of ammonia in predator-infested culture of D. tertiolecta may interfere with qE and 

xanthophyll cycle activation. As a result, NPQ levels were reduced with the incremental 

accumulation of ammonia as the grazer population exponentially increased. 

TAN-based monitoring of O. marina invasion can indicate a 5–10 % load of predators 

at least 48 h prior to the culture crash (Figure 4.9 and 4.10). Traditional microscopy-based 

methods are labour-intensive. Moreover, processing of small subsamples as a representative of 

a large volume of culture often under represents the actual load of the contaminating predators. 

Continuous flow-cytometry monitoring can process large samples with a detection limit of 108 

cells ml-1 but this, however, requires a sophisticated laboratory setup (Day et al. 2017). 

Estimation of TAN levels can be leveraged to set up an online tool to monitor predator invasion. 

Various pH- and ion selective electrode-based sensors are commercially available which can 

be integrated and implemented in-line with microalgal culture to facilitate real-time monitoring 

of grazer invasion. Oligonucleotide-based molecular methods are sensitive to low 

concentration of predators (Carney et al. 2016), however they have limited application mainly 

due to species-specific detection. In contrast, TAN based methods can be a universal marker 

of microalgae grazing because ammonia, as a consequence of nitrogen recycling, is excreted 

by most of the zooplankton predators reported to infest the mass cultivation of microalgae.  

Changes in the TAN and NPQ levels, especially in outdoor conditions, can also occur 

due to abiotic stress conditions such as high light, temperature and nutrient load relevant to 
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wastewater-based cultivation. In addition, NPQ levels and photosynthetic processes are 

generally subjected to adverse effects across a light:dark cycle as cells move between intense 

light and darkness (Demory et al. 2018). Therefore, estimation of only NPQ levels could 

indicate a potential false positive outcome. Similarly, TAN build-up can be under estimated 

especially during light-hours as the presence of light is one of the driving factors in ammonia-

nitrogen uptake by microalgae (Fábregas et al. 1989). Measurement of TAN build-up together 

with NPQ levels as a complementary tool can overcome challenges associated with each 

measurement under extreme light and dark conditions. TAN and NPQ levels together can serve 

as an efficient early warning sign of predator invasion. However, empirical validation is 

required to access the effectiveness of TAN and NPQ-based measurements under light and 

dark phases of the day, mimicking the outdoor conditions.  

4.5 Conclusion  

Monitoring of algal grazing requires an integrated approach for early detection of a 

predator. This chapter reports grazing-induced changes in photosynthetic parameters of the 

prey cells. In the grazing culture, decreased levels of NPQ correlated with increasing total 

ammonia-nitrogen concentration before the algae culture crash occured. Total ammonia-

nitrogen that was recycled by the predator was taken up by D. tertiolecta cells, causing NPQ 

inhibition. Both NPQ and ammonia detection can be automated and implemented online with 

algae cultivation for effective monitoring of predator infestation. Perturbed NPQ levels in 

microalgal cultures can be observed under a variety of stresses other than grazing. However, 

taken in conjunction with NPQ measurements, total ammonia-nitrogen can act as an effective 

marker and symptom of predator invasion. Currently a range of on-site total ammonia detection 

kits e.g. API® and immersion probes e.g. ISE, Hach® are available for ammonia/ammonium 

estimation. Immersion probes can be integrated with other microalgal health monitoring 

sensors such as pH, optical density etc., to develop a continuous grazer monitoring platform.  

In addition to the nutrient recycling, repackaging of biomolecules is an inevitable 

outcome of active grazing. Chapter 5 investigates potential of repackaged biomacromolecules 

based on spectral information acquired using Fourier Transform Infrared Spectroscopy (FTIR) 

combined with chemometrics method as means of fault detection.  
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Chapter 5  

FTIR-based spectral signature in combination with 
chemometrics tools as an early marker of Oxyrrhis marina 

contamination in Dunaliella tertiolecta cultures 

5.1 Introduction 

Bioprocess monitoring tools at commercial-scale microalgae cultivation settings, for 

both open and closed platforms, are evolving to enable online and real-time monitoring of 

various physiochemical parameters of algal growth. In recent years, cultivation setups are 

increasingly integrating optical probes and sensors to measure cell density, pH, dissolved 

oxygen levels, chlorophyll fluorescence etc., that are indirect measures of algal growth (Havlik 

et al. 2013). In addition to these sensors, Fourier Transform Infrared (FTIR) spectroscopy-

based approaches have been reported for monitoring intracellular and extracellular metabolite 

accumulation (Kosa et al. 2017, Lammers et al. 2017), nutrient stress (Stehfest et al. 2005), 

algal growth (Jebsen et al. 2012), algal biodiversity (Domenighini and Giordano 2009), bio-

macromolecule accumulation (Kansiz et al. 1999, Mayers et al. 2013) and characterization of 

algal biomass (Sudhakar and Premalatha 2015). Girard et al. (2013) reported the in-situ 

deployment of Attenuated Total Reflectance FTIR (ATR-FTIR) spectroscopy with a fiber optic 

probe for online monitoring of sugars in a Scenedesmus obliquus culture. Application of FTIR 

spectroscopy in an off-line mode in combination with chemometric methods, such as Principal 

Component Analysis (PCA) and Partial Least Square Regression (PLSR), are extensively 

reported for estimation of algal growth, chemical characterization and quantitation of 

biomacromolecules (Vongsvivut et al. 2013). Another study reported time-resolved changes in 

Dunaliella parva cultures to investigate the effect of chemical environment on bio-molecular 

composition using a horizontal ATR-cuvette placed in-line with the cultures (Vogt and White 

2015).  

Screening of microalgal populations and bioprospecting of algal strains are the most 

widely reported applications of FTIR spectroscopy owing to its ability to discriminate between 

microalgal strains (Sigee et al. 2002, Giordano et al. 2009) with subtle changes in bio-

macromolecular composition (Mayers et al. 2013). However, the discriminatory potential of 

FTIR spectroscopy combined with the chemometric methods has not been studied in relation 

to screening of contaminating microbes, including predators, in algal culture. The current 
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chapter focuses on studying the potential of the FTIR spectroscopy-based approach, in 

combination with chemometric process tools, as a means of possible fault detection that 

indicates the presence of predators in an algal culture.  

5.2 Materials and method 

5.2.1 Microalgal strains and growth conditions 

Microalgal prey and predator strains were cultivated and maintained as described in 

section 3.2.1. 

5.2.2 Grazing assay 

D. tertiolecta cells were inoculated (at 105 cells ml-1) in 200 ml of fresh F/2-based 

medium in 500 ml conical flasks and incubated for 6 days prior to introduction of O. marina 

(102 cells ml-1) on the seventh day. Over the course of the experiment, culture flasks containing 

only D. tertiolecta cells served as a ‘control’ and were compared with ‘grazing’ flasks 

containing D. tertiolecta culture infested with the predator. Prey and predator from control and 

grazing flasks were monitored daily to estimate cell concentrations, growth and ingestion rate 

as described in section 3.2.1. Total disappearance of prey cells from the grazing flasks were 

declared as a ‘culture crash’ and the assay was terminated. Samples were sampled for FTIR 

spectroscopy measurements every second day (day 0, 2, and 4) until the infestation of the 

predator on day 7, and were subsequently sampled daily (days 7, 8, 9, 10, 11 and 12) until the 

culture crash. In addition to this, a fixed concentration of D. tertiolecta cells (106 cells ml-1) 

were mixed with an incremental load (104–106 cells ml-1) of the predator cells such that samples 

contained 0, 1, 3, 7, 5,10, 20, 30, 40, 50, 60, 70, 80 and 100 % of predator concentration.  All 

samples were subjected to FTIR spectroscopy measurements as described below in section 

5.2.4. All experiments were performed with three independent replicates. 

5.2.3 Biochemical methods 

5.2.3.1 Lipid estimation 

Total lipids were extracted and quantified using the method described by Bligh and 

Dyer (1959). Briefly, 2 ml of chloroform and methanol (1:1) were added to 1 ml of control and 

grazing sample and vortexed for 30 sec. Chloroform and MiliQ water were then added (1 ml 

of each) sequentially and the sample vortexed for a further 30 sec. The mixture was centrifuged 
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at 3000 x g for 5 min and the supernatant collected. The supernatant was allowed to form two 

layers where the top layer of methanol was discarded. The lower, chloroform, layer was dried 

at 50OC and the dry matter weighed. A standard curve was prepared using 16- 

hydroxyhexadecanoic acid (Sigma) and this was used to estimate the concentration of total 

lipids (µg ml-1) normalized to cell concentration. 

5.2.3.2 Carbohydrate estimation 

Total carbohydrates were estimated using the method described by Dubois et al. (1956) 

wherein 5 % of phenol in the presence of concentrated sulfuric acid was added to samples and 

incubated at 35OC for 30 min. The formation of the pale-golden yellow product was recorded 

at 483 nm. A standard curve was prepared using D-glucose (Sigma) and used to estimate 

carbohydrate concentration (µg ml-1) normalized to cell concentration. 

5.2.4 FTIR spectroscopy 

5.2.4.1 Sample pre-processing 

A silicon wafer, polished on one side, of 100 mm diameter and 0.5 mm thickness was 

cut into smaller pieces of 33 x 33 mm that completely covered the infrared irradiance beam 

window of the FTIR spectrophotometer (Thermo Scientific, NicoletTM iS5). The silicon wafers 

were sequentially treated with RCA cleansers 1 and 2 as described by Kern (1993) to remove 

silicon di-oxide layer that can interfere in the resultant spectra due to its strong absorption in 

the mid-infrared region (Milekhin et al. 2006). Briefly, RCA cleanser solution 1 was prepared 

by mixing 65 ml of ammonium hydroxide (27 %) in 325 ml distilled water. The solution of 

heated at 70οC using hotplate followed by addition of 65 ml of Hydrogen peroxide (30 %). Pre-

cut silicon wafers were soaked into RCA cleanser 1 for 15 min followed by distilled water 

wash prior to hydrogen fluoride (2.5 % v/v) treatment for 5 min. RCA cleanser solution 2 were 

prepared by mixing 65 ml of hydrochloric acid (37 %) in 260 ml distilled water and heated at 

70οC followed by addition of 65 ml of hydrogen peroxide (30 %). Silicon wafers pre-treated 

with solution 1 were soaked in the solution 2 for 15 mins and were cleaned with distilled water. 

The wafers were blow dried using nitrogen gas. The RCA-treated wafers were stored under 

vacuum and routinely checked for metasilicate, Si-OH and Si-O-Si bond absorption at 

wavenumbers 740, 800 and 1100 cm-1, respectively, to determine if a silicon dioxide layer was 

formed and contaminated wafers were discarded. A preliminary optimization was performed 

where 106 cells were washed twice with 200 mM ammonium formate (BioUltra, Sigma) to 
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remove salts and were deposited onto the RCA-treated silicon wafers (Sigma) followed by 

drying at 50°C for 15 min in a vacuum chamber to obtain an even layer of algal film (from 

control and grazing samples) film prior to spectra acquisition.  

5.2.4.2 Spectral acquisition 

Spectra were acquired using a bench top Fourier Transform Infrared (FITR) 

spectrophotometer (Thermo Scientific, NicoletTM iS5) coupled with transmission accessory, 

iD5, and a DTGS detector operated at room temperature. The transmission spectra were 

collected in the mid-infrared region (4000–800 cm-1) at a spectral resolution of 4 cm-1 with 256 

scans co-added and converted to absorbance spectra through OMNICTM (Thermo Scientific) 

software. Background spectra using empty silicon wafers were acquired prior to each 

measurement. 

5.2.4.3 Spectral pre-processing and multivariate analysis of spectral data 

All spectra were imported, pre-processed and analyzed using the spectral multivariate 

data analysis software Unscrambler 10 (Camo Analytics, Oslo, Norway). Raw spectra were 

transformed to second derivative spectra using the Savitsky-Golay algorithm to resolve spectral 

peaks, which are often obscured, and eliminate broad baseline sloping in raw spectra. The 

resultant second derivative spectra were corrected for interference due to scattering effects and 

differences in sample thickness using the Extended Multiplicative Signal Correction (EMSC) 

method (Heraud et al. 2006). The resultant spectra post EMSC correction were trimmed to 

eliminate strong water vapor and atmospheric carbon dioxide interference, yielding post-

processed spectra spanning wavenumbers 1000–1430, 1700–1770 and 2800–3050 cm-1 that 

were further used in multivariate analysis. 

The post-processed spectra were used for principal component analysis (PCA) to 

identify trends and classification in datasets. Any outliers strongly influencing the PCA model 

were eliminated to yield the first few important Principal Components (PC). Further, scores 

and loading plots were used to visualize data clustering and identify the most influential 

wavenumbers contributing to variance in the datasets, respectively. In addition to PCA, the 

post-processed spectra were used for Partial Least Square Regression (PLSR) analysis to 

identify signature wavenumbers, as predictors, indicating the predator load in the algae culture. 

Regression coefficient plots were used to visualize wavenumbers that influenced the PLSR 

model developed for grazing conditions. The predictive PLSR model was built using a Non-
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Iterative Partial Least Square (NIPALS) algorithm and lipid, carbohydrate concentrations 

estimated using the methods described in sections 5.2.3 and 5.2.4. The dataset was divided into 

a calibration set (two-thirds of the original dataset) and a validation set (one-third of the original 

dataset) (Wold et al. 2001).   

Relative abundances of bio-macromolecules were estimated using the area-under-the-

curve of peaks assigned to each bio-macromolecule (Table 5.1) in EMSC-corrected spectra 

according to the Beer-Lambert law that describes a positive correlation between absorbance 

and concentration of analytes (Mayers et al. 2013, Wagner et al. 2010). Analytical standards 

D-glucose (Sigma) and Lyso-PE (Avanti) were used to check the linear range of the FTIR 

spectrophotometer.  

5.2.5 Statistical analysis 

All univariate statistical analysis to estimate significance of difference between control 

and grazing cultures were performed using unpaired two-sample t-tests in GraphPad Prism 7 

software (CA, USA). The level of statistical significance for all the analyses was P < 0.05.  

Table 5.1 FTIR band assignment associated with chemical functional groups in microalgae.  

Wavenumber (cm-1) Band assignment Reference 

~3013 (shift 3012) υ(C–H) of cis C=CH- of 

unsaturated fatty acids 

(Guillen and Cabo 1997) 

~2960 υas(C–H) of methyl (CH3) groups 

primarily from lipids 

(Socrates 2001) 

~2925 υas(C–H) of methylene (CH2) 

groups primarily from lipids 

(Socrates 2001) 

~2872  υs(C–H) of methyl (CH3) groups 

primarily from lipids 

(Socrates 2001) 

~2852 (shift 2850) υs(C–H) of methylene (CH2) 

groups primarily from lipids 

(Socrates 2001) 

~1745 υ(C=O) esters of lipid 

triglycerides and fatty acids 

(Guillen and Cabo 1997) 

~1717 υ(C=C) of free fatty acids  (Guillen and Cabo 1997) 

~1640 Amide I of proteins  (Vongsvivut et al. 2013) 
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Wavenumber (cm-1) Band assignment Reference 

~1532 Amide II of proteins  (Vongsvivut et al. 2013) 

~1409  Amino acid side chains and 

υS(COO-) group of proteins  

(Barth 2007) 

~1382 δs(CH3) and δs(CH2) of lipids and 

proteins  

(Guillen and Cabo 1997) 

~1363 δs(CH3) of cholesteryl ester and 

fatty acids radicals  

(Gupta et al. 2014) 

~1346 (shift 1335) γwag(CH2) of polymethylene 

chains 

(Gupta et al. 2014) 

~1330 Amide III: α helix  (Barth 2007) 

~1261 (shift 1243) υas(SO3) Sulfatides or 

sulpholipids 

(Dreissig et al. 2009) 

~1232 υas(PO2
-) of phosphodiester of 

nucleic acids 

(Wong et al. 1991) 

~1083 υs(PO2
-) of phosphodiester of 

nucleic acids and phospholipids 

(Wong et al. 1991) 

~1065 υs(R–O–O–O–R’) of 

carbohydrates and υ(C–O–H) 

spingolipids 

(Wong et al. 1991) 

~1024 υ(C–C) of carbohydrates and 

υ(C–O–P) of phosholipids 

(Wong et al. 1991) 

υ = stretching; υs = symmetric stretch; υas = asymmetric stretch; δs = symmetric bend; γwag= 
out-of-plane deformation bend.  

5.3 Results 

5.3.1 Population dynamics of prey and predator 

After predator infestation in D. tertiolecta cultures on day 7 there was a depletion of 

prey cells by 6, 21, and 89 % on day 8, 9 and 10, respectively, inside grazing flask as compared 

to the control (Figure 5.1). On day 11, almost 99 % prey cells were cleared from grazing flask 

hence day 11 were declared as ‘culture crash’. The maximum ingestion rate of the predator was 
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 2 x 1011 prey cells predator-1 day-1. The maximum growth rates of the D. tertiolecta 

cells in control cultures and of the predator in grazing cultures were 1.54 d-1 and 4.59 d-1, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Population dynamics of prey, D. tertiolecta, and predator, O. marina, based on cell 
concentrations. A ‘control’ indicates only D. tertiolecta cells, ‘prey’ and ‘predator’ indicates 
D. tertiolecta and O. marina cell concentrations, respectively, in grazing cultures. Dashed line 
indicates addition of the predator in D. tertiolecta cultures on day 7.  Data represent mean. n = 
3 

5.3.2 Determination of microalgal lipids and carbohydrates using FTIR  

A strong linear (R2 = 0.95) correlation (Figures 5.2a) for lipid estimation was observed 

between FTIR-absorbance (1745 cm-1) and wet-chemistry method. In contrast, the correlation 

between FTIR absorbance (1024, 1066, 1083 cm-1) and carbohydrate concentration appears to 

be weak, based on R2 = 0.55 (Figures 5.2b). 
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Figure 5.2 Correlation of FTIR absorbance-based on area-under waveband for (a) lipid and (b) 
carbohydrate estimation with traditional wet-chemistry methods. The data represents means, n 
= 3 

5.3.3 Multivariate analysis of FTIR data  

5.3.3.1 Principal Component Analysis (PCA) and Partial Least Square Regression 

(PLSR) models of grazing cultures 

The scores and loadings plot (PC-1 77 %) of the PCA represents the general trend 

(Figure 5.3a) and multivariate nature of the spectral data (Figure 5.3c), respectively, in the 

active algal grazing samples across all time-points from days 7–12. The positively loaded 

wavebands (1066, 1093, 1349 and 1382 cm-1) mostly contribute to clustering of control groups 

except on day 10 and 12. In contrast, negatively loaded wavebands (1024, 1065, 1159 and 1365 

cm-1) contribute to clustering of grazing cultures except on day 9 (Figure 5.3b). The PLSR 

coefficient plot (Figure 5.3d) highlights wavebands that are mostly associated with 

carbohydrates (1024, 1065 and 1083 cm-1), cholesteryl esters (1363 cm-1) and polyethylene 

chains (1382 cm-1) which appear to significantly contribute to the regression model. The 

influence of the wavebands, 1346, 1363, 1382 cm-1, in classification of D. tertiolecta cultures, 

the control, from predator- infested cultures were consistent across all experiments. The peak 

centered at 1363 cm-1 were contributed from samples containing high predator concentration. 

Therefore, the relative abundance of the waveband at 1363 cm-1, based on the peak area with 

respect to grazer ingestion rate across all time-points was investigated. The PLSR model 

indicates overall good correlation (R2 = 0.8941) between measured and predicted levels of 

lipids (Figure 5.4a) as compared to carbohydrates (Figure 5.4b). 
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Figure 5.3 Multivariate analysis of D. tertiolecta cultures infested with O. marina (active 
grazing cultures) on day 7 revealing the signature spectra as an indicator of contamination. a) 
scores and c) loading plot of Principal Component Analysis (PCA).  b) scores and d) raw 
coefficient plot of Partial Least Square Regression (PLSR) model. 

  

 

 

 

 

Figure 5.4 Partial Least Square regression model of active grazing cultures estimated using (a) 
lipid and (b) carbohydrate concentration concentrations as a predictor for both calibration (n = 
35) and validation (n = 46) datasets. 

 positive loadings 

 negative loadings 

P
re

d
ic

te
d

 Y
 (

L
ip

id
s)

P
re

d
ic

te
d

 Y
 (

C
ar

b
o

h
yd

ra
te

s)



99 

 

5.3.3.2 PCA of only prey and predator cultures 

Figure 5.5a indicates very low relative abundance of carbohydrate-related wavebands 

1024, 1065, 1083 cm-1 in both prey and predator cells. However, there was a relatively higher 

abundance of absorbance at 1261, 1346, 1363 and 1382 cm-1 wavebands in prey-only compared 

to predator-only samples. In contrast, predator-only cells showed a higher abundance of the 

waveband at 1745 cm-1, associated primarily with carbonyl esters of lipids and those at 2852, 

2925, 2960 cm-1 associated with vibrations of CH2 and CH3 in proteins and lipids. In addition, 

a peak at 3012 cm-1, that is primarily assigned to C–H band stretching of olefin chains present 

in unsaturated fatty acids, was observed to be abundant in predator-only samples.  The scores 

plot from the PCA (Figure 5.5b) distinctly separates prey-only samples from predator-only 

samples based on the initial difference in relative biomolecular composition estimated using 

the spectral features in the 1000–1400, 1700–1770 and 2900–3050 cm-1 waveband ranges. In 

Figure 5.5c,  

Figure 5.5 Comparison of only prey, D. tertiolecta, and predator, O. marina, cells for 
identification of classifier biomolecules based on a) EMSC corrected spectra b) scores and d) 
loadings of wavebands of Principal Component Analysis (PCA). n = 3 
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the loadings plot indicates the negatively loaded wavebands (1261, 1346 and 1382, cm-1) that 

discriminate prey-only samples from the predator cells cluster based on cell composition, 

whereas other, positively loaded wavebands (1363, 1409, 1745, 2850 and 2925 cm-1), were 

influenced by the predator-only group. 

5.3.3.3 PCA and PLSR model of D. tertiolecta cultures containing incremental (0–100 

%) predator load 

Figure 5.6a shows that D. tertiolecta cells infested with incremental load of predator 

(0–100%) clustered into low-to-moderate (0–30%) and high level (40–100%) of infestation 

along PC-1 (61%), based on three wavebands 1346, 1363 and 1382 cm-1. The negatively loaded 

1363 cm-1 waveband was associated with groups that are infested with a high concentration of 

predator (40, 50, 60, 70, 80, 100 %). In contrast, positively loaded wavebands at 1346 and 1382 

cm-1 were mostly influenced by the biomass composition of prey cells in samples containing a 

low-to-moderate level of predator infestation (0–30 %). The PLSR model (Figure 5.6c and d) 

was constructed for predication of the extent of grazer concentrations wherein samples infested  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Multivariate analysis of D. tertiolecta cultures infested with incremental (0– 100 
%) predator load (inactive cultures) and influence of 1000–1400, 1700–1770 and 2900–3050 
cm-1 wavebands. a) Scores and c) loading plot of principal component analysis (PCA). b) 
Scores and d) raw coefficient plot of partial least square regression analysis (PLSR) model. 
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with low-to-moderate level of predators clustered (top-left quadrant) along negative scores, 

whereas samples with a high-level of predators distinctly clustered along positive scores PC-1 

(60 %, 38 %).  

The raw coefficient plot (Figure 5.6d) of the PLSR (R2 = 0.9) model indicates that the 

variation in cell spectra of each sample is multivariate, with contributions mostly from 1346, 

1363, 1382 cm-1 wavebands that are roughly associated with proteins, lipids, cholesteryl esters 

and fatty acid radicals as observed in the loadings plot (Figure 5.6b) of the PCA. Although 

PCA and PLSR indicates the contribution of 1346, 1363, 1382 cm-1 wavebands in a distinct 

classification between low-to-moderate and high predator infested groups, no collinearity was 

observed between intensity (area-under-waveband) of the three wavebands (variables) and the 

level of predator load in samples. 

5.3.3.4   Relative abundance of predator specific 1363 cm-1 wavenumber in grazing 

culture 

The relative abundance of signature wavebands (1346, 1363, 1382 cm-1) varied across 

time-points in grazing cultures compared to the control. In particular, the waveband 1363 cm-

1 appears to be primarily associated with the increase in the predator cell concentration and  

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Changes in relative abundance of signature wavenumber 1363 cm-1 based on area-
under-waveband and rate of prey ingestion as a function of time in active grazing cultures 
infested with O. marina on day 7. Level of significance 0.05, P values are ***0.002. The data 
represents means ± SD, n = 3 
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accordingly reflected in PCA and PLSR models. The relative abundance of the 1363 cm-1 

waveband (Figure 5.7), that is primarily associated with in-plane deformation of CH3 in 

cholesteryl and fatty acids radicals, was reduced by 96 % on day 8 and increased by 73 %, 171 

%, and 68 % on day 9, 10 and 11, respectively. 

5.3.4 Spectral features in pre- and post-processed FTIR spectra 

Primary inspection of average raw, pre-processed and EMSC corrected spectra (Figure 

5.8) indicates the relative abundance of biomolecules assigned to bands in the spectral range 

3050–2800, 1770–1700 and 1450–950 cm-1 as given in Table 5.1. Peaks of bands centered at 

3012 and 1745 cm-1 are primarily associated with unsaturated fatty acids (UFA) and carbonyl 

ester (C=O), respectively. Moreover, both peaks were predominant in samples with relatively 

higher concentration of the predator, O. marina. Quantitative proportions of bands at 3012, 

2960, 2925, 2852 and 1745 cm-1 were highest, whereas the spectral features at 1024, 1060 and  

 

Figure 5.8 Representative spectral features in a) raw b) second derivative and c) EMSC 
corrected spectra of D. tertiolecta (day 0), O. marina and mixed cultures (prey and predator – 
day 10). Each spectrum represents the average of three replicates and bold numbers indicate 
wavebands cm-1. Biomolecule assignments to each waveband is given in Table 5.1.  
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1083 cm-1, that are characteristic of carbohydrates (C-O-C), were relatively less abundant in 

samples that exclusively contained predator cells compared to the control, D. tertiolecta.  

The peak centered at waveband 1238 cm-1 represents the P=O bonds that are 

predominant in the phosphodiester backbone of nucleic acids and phospholipids and appears 

to be in equal in proportion across control and predator-infested samples. The other unique 

features of the spectra consisted of bands at 1261 cm-1, that is associated with carboxylic acids 

and sulfolipids, and at 1330 cm-1, which is a characteristic of amide III modes (α helix) in 

proteins, that were mostly prevalent in samples with high prey cell concentration. Other distinct 

spectral features include a peak centered at 1346 cm-1 characteristic of out-of-plane 

deformation of -CH2 groups of polymethylene chains present in cell membranes; a peak at 1365 

cm-1 associated with cholesteryl esters and fatty acid radicals; a band at 1382 cm-1 associated 

with -CH3 and -CH2 of proteins and lipids; a peak at 1409 cm-1 representative of the influence 

of amino acid side chains on protein structure. The peaks centered at wavebands 1261,1330 

and 1363 cm-1 are well resolved in the pre-processed EMSC-corrected (Figure 5.8b) and second 

derivative spectra (Figure 5.8c) but appear to be hidden otherwise. Overall, raw and processed 

spectra, especially from multiple samples, appears to be inconclusive. Application of 

multivariate analysis helps to identify important variables (wavenumbers) indicating 

underlying changes such as grazing. 

5.4 Discussion 

The potential of FTIR, in combination with multivariate analysis, to discriminate the 

presence of O. marina was investigated to identify spectral markers of algal grazing. PCA and 

the PLSR model suggests that the wavebands 1346, 1363 and 1382 cm-1 represent signature 

spectra and are the important variables that are associated with the presence of O. marina 

(Figures 5.3, 5.5 and 5.6). The incremental high loading of the peak centered at 1363 cm-1 is 

associated with cholesteryl esters (Gupta et al. (2014) and positively correlates with the 

increasing rate of prey ingestion by the predator (day 9–12) in active grazing cultures (Figure 

5.8). However, the relative absorbance of the 1363 cm-1 peak was significantly lower in 

predator-only samples as compared to grazing cultures (Figure 5.5). This suggests the 

possibility that accumulation of cholesteryl ester primarily from cholesterol molecules is an 

outcome of metabolic growth of the predator due to increased grazing activity. Similarly, the 

peak also influenced the clustering of samples infested with high concentrations of predator 

(50–100%).  The peak at 1363 cm-1 (sometimes found at 1372 cm-1 due to a wavenumber shift) 
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is reported as one of the characteristic wavebands of sterols in brown algae (Bouzidi et al. 

2008) and pure cholesterol (Paradkar and Irudayaraj 2002). Phytoplankton such as D. 

tertiolecta are rich in phytosterols such as ergosterol and 7-dehydroproliferasterol that are 

precursors of cholesterol synthesis. O. marina is reported to synthesize cholesterol either by 

using phytosterols or via a de novo pathway if the diet is devoid of the precursors. Growth of 

O. marina is also reported to be positively correlated with cholesterol accumulation (Chu et al. 

2008). The phytosterol and cholesterol molecules are reported as to be potential biomarkers to 

classify members of the Dinophyceae. Similarly, the current study reports the cholesteryl esters 

waveband, 1363 cm-1, as a potential marker of presence of O. marina which is also a member 

of Dinophyceae. The relative changes in 1363 cm-1 (based on area-under-the peak) suggest that 

the shift in phytosterol to cholesterol pool as a function of grazing can be observed 72 h prior 

to the culture crash (Figures 5.1 and 5.8). Microalgae culture collapses are sudden, as predators 

outcompete prey cells within 24–48 h after detection of first sign of invasion using currently 

practiced monitoring methods (Day et al. 2017). Early warning signs to detect the risk of 

predator outbreak as early as 72 h prior to a crash can greatly assist in the timely 

implementation of grazer-mitigation strategies.  

The other wavebands of signature spectra, 1346 and 1382 cm-1, were mostly 

contributed in clustering of samples (Figure 5.3) containing a high level of D. tertiolecta cells 

(controls). Polymethylene chains that are predominantly present in algal lipids (Jones 1962) 

contribute to the vibrations associated with the waveband at 1346 cm-1, whereas, the 1382 cm-

1 waveband indicates relative changes in protein and lipids (Guillen and Cabo 1997). No 

collinearity was found in relative abundance of wavebands, 1346 and 1382 cm-1, and predator 

concentration. Microalgal lipids are reported to be a contributor of polymethylene chains found 

in kerogen (Ishiwatari and Machihara 1982, Metzger et al. 1991).  Kerogen is complex mixture 

of hydrocarbons and formed by extensive cross-linking of polymethylene chains which 

originates from condensation of unsaturated oxygenated lipids and the phytyl component of 

chlorophyll (Walter 1976). The formation of oxygenated lipids can be triggered by reactive 

oxygen species (ROS) generated under stress conditions (Nikookar et al. 2005). Biotic stress 

such as microalgal grazing is reported to activate ROS (Potin 2008) which can further react 

with biomolecules, including lipids, leading to the formation of oxygenated lipids (Vileno et 

al. 2010). Interaction of oxygenated lipids with chlorophyll molecule may contribute to the 

observed changes in the 1346 cm-1 waveband. However, further experimental validation is 

required to confirm the role of the polymethylene chain in grazing cultures. The other feature, 
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at 1382 cm-1, appears to be associated with the differential accumulation of proteins in control 

samples as compared to grazing cultures. The changes observed in the relative abundance of 

lipids and proteins is in agreement with the study reported by Ratti et al. (2013) in which the 

bio-macromolecular composition of microalgal prey, T. suecica; T. weissflogii and 

Synechococcus sp. were found to be altered under the grazing pressure of Euplotes sp. 

The PLSR models developed using lipids and carbohydrate concentrations as a 

predictor suggests strong influence of the wavebands (variables) of signature spectra on 

observations - active and inactive grazing cultures (Figures 5.3 and 5.5). The models were built 

using a cross-validation approach in which PLSR-lipid model suggests good linearity as 

indicated by value of co-efficient of determination (R2 = 0.8941), whereas the PLSR-

carbohydrate model provided a less satisfactory value of co-efficient of determination (R2 = 

0.7098).  

In addition to the signature spectra, wavebands 1745, 2925 2960 and 3012 cm-1 appear 

to be indicative of high predator concentration (Figure 5.6). The observed changes in these 

wavebands indicates the possibility of a differential accumulation of lipids as a function of 

variable incremental predator concentration observed in this study. Although the vibrations 

associated with 2925 and 2960 cm-1 wavebands is also contributed by proteins, the observed 

incremental concentrations of total lipids suggest that the observed changes in the wavebands 

(2925 and 2960 cm-1) mostly due to lipids in the current study. A similar observation is reported 

by Dao et al. (2017) wherein lipids appeared to contribute more to these wavebands as 

compared to proteins. In active grazing cultures the difference in relative intensity of the 3012 

cm-1 peak was minimal until day 9, despite the increased predator concentration. Exposure of 

D. tertiolecta cells to the predator may possibly activate ROS-mediated lipid peroxidation 

leading to the destruction of unsaturated fatty acids (3012 cm-1) and as result the overall 

intensity of the 3012 cm-1waveband was affected contributing to negligible differences in 

relative abundance at 3012 cm-1 between grazing and control cultures until day 9 (Figure 5.3). 

Similar changes in 3012 cm-1 abundance due to activation of lipid peroxidation during the 

hemodialysis process have been reported (Oleszko et al. 2015). Systematic investigation is 

required to gain more understanding about predator-mediated cholesterol accumulation and 

induction of lipid peroxidation. PCA and the PLSR model consistently indicate that D. 

tertiolecta accumulated overall less lipid as compared to O. marina. Parrish et al. (2012) 

reported a similar trend wherein the heterotrophic O. marina accumulated higher lipid and fatty 

acid levels compared to autotrophic algae. Therefore, wavebands associated with lipids were 
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expected to contribute to the multivariate models more than others. In contrast, in this study 

the FTIR feature associated with only dietary lipid, cholesteryl ester, contributed the most as 

an indicator of incremental load of O. marina. The potential of fatty acid and lipid profiles as 

a chemotaxonomic biomarker to determine the community structure of marine microalgae, 

bacteria and fungi are widely reported (Cañavate 2019).  

The peak centered at 1409 cm-1 is yet another distinct feature that is associated with 

amino acid composition of proteins (Figure 5.8). The peak appears to be loaded differently in 

prey and predator samples (Figure 5.5). The observed differences in waveband 1409 cm -1 

loading is reported to vary due to amino acid side-chain vibration of proteins and the 

protonation state which is directly linked to environmental conditions such as pH and organic 

solvents (Joachim and Haris 2009). Grazing activity of O. marina and its excreted nitrogen-

ammonia is found to be associated with changes in pH (chapter 4). However, it is crucial to 

understand the overall contribution of amide-I and II bands (proteins) to deduce the overall 

effect of algal grazing on protein composition. These wavebands are prone to low signal-to-

noise ratio due to the presence of water vapor and were, therefore, eliminated from the data 

analysis. Acquiring the spectra containing wavebands (1500–1700 cm-1) that are mostly 

affected by water vapor can pose a great challenge in on-site implementation of FTIR-based 

method especially at outdoor cultivation platforms. Alternatively, Attenuated Total 

Reflectance (ATR-FTIR) optical probes can be integrated to monitor microalgal cultures that 

typically have very high water to biomass ratio (Amaro et al. 2017, Mayers et al. 2013) to 

facilitate measurement at wavebands that are sensitive to water vapour interference.  

In addition to the wavebands of signature spectra, the peaks centered at 1024, 1068 and 

1083 cm-1 suggest a contribution from ring vibrations (R-O-P-O-R’) in the PLSR model of an 

active grazing culture (Figure 5.3). These wavebands are reported to be mostly associated with 

abundance of carbohydrates in microalgae (Wagner et al. 2010). However, poor correlation 

was observed between the intensity of the 1024, 1068, and 1083 cm-1 wavebands and 

carbohydrates that were estimated using wet-chemistry methods (Figure 5.1). This suggests an 

influence of the ring vibration originating from other biomolecules. Certain classes of lipids 

such as phospholipids, sulfatides and sphingolipids are known to influence the vibration at 

1024, 1068, and 1083 cm-1 wavebands (Dreissig et al. 2009). The influence of these wavebands 

in the PLSR model suggest that the observed change is likely to be contributed from the above-

mentioned classes of lipids as opposed to carbohydrates. In addition, oxygenated lipids 

generated as an outcome of grazing pressure are also likely to contribute to the ring vibrations.  
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Changes in the relative intensity of candidate wavebands across different time-points 

in grazing cultures suggests that the biomolecular composition of an algal grazing culture is 

dynamic (Figure 5.8). As a consequence, identifying a particular biomolecule as a 

chemotaxonomic marker is challenging. At large scale cultivation, the presence of abiotic stress 

can also modulate levels of a particular biomolecule as is observed under grazing pressure. 

Therefore, the present study suggests investigating FTIR-based spectra in combination with 

multivariate analysis to identify important wavebands (variables) that can indicate the potential 

risk of grazers. The present study is proof-of-concept that FTIR-based screening in 

combination of multivariate analysis can be implemented to monitor early signs of predator 

invasion. The current study did not account for environmental factors, prevalent in large-scale 

cultivation, that may trigger changes in the macromolecule composition. However, exposure 

to stress environmental conditions are likely to cumulatively affect the both prey and predator 

yielding spectral patterns that can be resolved using multivariate tools such as partial least 

square regression.  

 Maes et al. (2018) reported hyperspectral reflectance-based spectral feature, 708 nm, as 

a marker of Poterioochromonas sp. and diatom contamination in Chlorella vulgaris culture. 

Changes in the relative intensity of feature associated with 708 nm is attributed to chlorophyll 

catabolism. Degradation products, particularly originated from chlorophyll, are prevalent under 

variety of stress conditions. Therefore, monitoring of such breakdown products as means of 

contaminant invasion can result in false positive outcome. Moreover, activation of catabolic 

pathway can be a delayed a cellular response which may occur after a significant biomass loss. 

This can delay the implementation of grazer mitigation strategies. As oppose to this, the 

spectral feature, 1363 cm-1, associated with sterol synthesis as a function of predator growth 

have a distinctive advantage over the spectral feature that are indicative of catabolic products. 

Therefore, shift in the biomacromolecule composition probed with FTIR can server as a 

reliable marker of predator infestation in microalgal culture.  

5.5 Conclusion 

Infrared based sensors are being integrated to enable monitoring of various microalgal 

processes. Implementation of a wide range of infrared sensors in combination with appropriate 

chemometrics tools could potentially reveal more information beyond algal growth and 

biomass composition. The scale and nature of the microalgal cultivation platform is dynamic 

which poses a great challenge to pinpoint a single measurement, for example photosynthetic 
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yield or chemotaxonomic marker, as an indicator of algal grazing. An integrated approach is 

required wherein multiple microalgal process such as photosynthesis, growth, biomass 

composition and other physiochemical variables can be monitored simultaneously. 

Importantly, it is vital to understand the importance of measurements holistically with respect 

to microalgal prey-predator interaction. For example, metabolic activity of the predator such 

as nitrogen recycling can show cascading effects where excreted nitrogen-ammonia can alter 

the pH of a culture, a factor that is likely to affect photosynthesis and overall macromolecular 

composition. The current chapter suggests the use of 1363 cm-1 waveband as a potential marker 

for O. marina-mediated grazing in D. tertiolecta culture. To our knowledge this is the first 

demonstration of use of FTIR for screening of microalgal grazing. Findings of chapter 5 

suggests the potential of an on-line implementation of FTIR-based temporal screening to 

monitor changes in overall biomolecular composition that is known to occur under grazing 

pressure. Further, targeted sensors aimed at detecting spectral signatures can be developed and 

integrated in-line with microalgal cultures. 
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Chapter 6  

Untargeted profiling of D. tertiolecta exo-metabolome 

under grazing pressure of Oxyrrhis marina. 

6. 1 Introduction 

Extracellular metabolites serve as a chemical cue in prey-predator interactions leading 

to either prey capture or predator avoidance. The nature and occurrence of the disturbance, 

damage-release, prey and predator recognition signals are described in section 2.5.4. The 

extracellular metabolites of microalgal prey-predator interactions are mainly short peptides 

(Kearns and Hunter 2001), toxins (Adolf et al. 2007), fatty acids (Tambiev et al. 1989) and 

alkaloids (Volk et al. 2009), compounds that are known to exert either positive, stimulation, 

and negative, inhibition, impacts on the growth of the antagonistic species (Mendes and 

Vermelho 2013). Detection of predator recognition signals often triggers the release of 

compounds that are either inhibitory or act merely as a stress signal by prey cells. The inhibitory 

compounds offer a great potential in designing predator mitigation strategies, whereas the 

dynamics of the stress signals could potentially suggest the possibility of predator outbreak. In-

depth profiling of the extracellular metabolic signals and their target site thus can help to devise 

grazer mitigation and monitoring strategies (Reese et al. 2019, Achyuthan et al. 2017).  

 Mendes and Vermelho (2013) reported a grazer mitigation approach wherein a parasitic 

Chytrid fungal interaction with its prey, Haematococcus fluvialis, is minimised by addition of 

external carbohydrates that saturates prey binding sites on the cell wall of the fungus, thereby 

reducing microalgal attachment. Other predator mitigation strategies can be developed by 

applying algal toxins. Numerous lethal microalgal toxins against the predator, O. marina, are 

documented that could be engineered into other microalgal host to avoid biomass loss due to 

predation. Strains of microalgae such as E. huxleyi (Wolfe et al. 1994), C. polylepis (John et 

al. 2002), K. veneficum (Adolf et al. 2007) and P. parvum (Tillmann 2003) have evolved to 

release toxic chemicals that deter their ingestion by the dinoflagellate, O. marina. In addition 

to toxins, polyunsaturated aldehydes such as oxylipins are also reported to be lethal against 

predators. Oxylipins are oxygenated cell membrane lipids produced by many diatom species 

which act as a grazer-activated signalling molecule and interferes with reproductive process of 

predators (Caldwell 2009).  
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Predators have also evolved to detect and discriminate between toxic and non-toxic 

strains of prey by using metabolic cues, infochemicals also known as kairomones, secreted by 

the microalgae (Achyuthan et al. 2017). For example, O. marina detects prey-derived 

infochemicals such as amino acids and amino sugars (Flynn and Fielder 1989) via a G-couple 

protein cell surface receptor (Roberts et al. 2010). The attachment of the infochemicals 

supresses the chemosensory response of O. marina and thereby lowers the rate of prey 

ingestion (Hartz et al. 2008). The role of prey recognition signals such as free amino acids in 

the onset of predator ingestion can be exploited for monitoring the underlying stress situation. 

The dynamics of such signals in relation to predator abundance can reveal the early warning 

potential of extracellular metabolites as a marker of the culture crash.  

The importance of extracellular cues in prey-predator interactions is evident by studies 

that use cell-free exudates (He et al. 2016) to stimulate the chemosensory behaviour of O. 

marina (Martel 2006). The swimming behaviour and turning velocity of the predator is 

reported to positively change in the presence of intact prey cells, Isochrysis galbana and D. 

tertiolecta, as compared to cell-free exudates (Martel 2006). In addition, grazer encounter scan 

also trigger morphological adaptation in Scenedesmus sp. wherein colony formation renders 

them unpalatable by Daphnia sp. (Lürling 2003). These studies suggest that extracellular cues 

can directly induce behavioural changes in prey and predator cells. Therefore, detection of 

onset of exudates, extracellular chemicals, can serve as an indirect marker of the presence of 

contaminants, in this case O. marina.  

Despite the remarkable importance of extracellular chemical cues involved in prey-

predator interactions, information about the chemical ecology of metabolites with respect to 

marine microalgal ponds is limited. Reese et al. (2019) have reported Volatile Organic 

Compounds (VOC), oxidative metabolites of β-carotene, as markers of B. pilicatilis grazing in 

Microchloropsis salina culture. Oxidative VOC such as β-ionone and β-cyclocitral are 

essentially breakdown products of the pigment β-carotene. Such a pigment breakdown is an 

outcome of prey cell digestion by the predator whereas detection of extracellular signalling 

cues can provide information about early onset of prey detection by predator. The profiling of 

the extracellular cues, intrinsic to the interaction, can thus provide insights into water soluble 

chemical environment prior to the microscopically quantifiable physical capture of prey by 

predator eventuates. Based on the population dynamics of the prey and predator reported in 

previous chapters, this study hypothesised that the signalling interaction ought to occur prior 

to the significant ingestion of the prey cells. Therefore, it is vital to study the exo-metabolome 
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dynamics in a time-specific manner. Intracellular metabolites are less desirable as a marker of 

contamination as it requires samples with high cell concentration. (Sue et al. 2011). The 

purpose of predator detection at its lowest concentration is thus hindered in the case of 

exploring dynamics of intracellular metabolites. The current chapter aims to profile the 

temporal variation in metabolic footprints of O. marina-mediated grazing on D. tertiolecta cells 

using untargeted Liquid Chromatography- Mass Spectrometry (LC-MS) approach.  

6.2 Materials and Methods 

6.2.1 Preparation of grazing cultures 

Microalgal grazing cultures were prepared using the prey and predator strains and 

cultivation conditions described in section 3.2.1.  

A pilot experiment was performed to optimise the metabolite extraction method and 

test the extraction limit in order to determine the optimal cell concentration for the experiment. 

Supernatants of trial cultures with incremental cell concentration (105, 106 and 108 cells ml-1) 

of 1:100 predator and prey ratio were extracted (section 6.2.3) for LC-MS analysis (section 

6.2.4). The intensity of the detected metabolites was found to be positively correlated with 

increased cell concentration. 

6.2.2 Sample harvesting and experimental design 

Culturing flasks containing 700 ml of only D. tertiolecta and O. marina cells in 1000 

ml glass bottles served as a ‘Prey control’ and ‘Predator control’ respectively, whereas 

uninoculated sterile F/2 medium was used as a ‘baseline control’. Cells used for ‘predator only’ 

control contained healthy (motile) O. marina cells starved for 6 days. Supernatants were 

collected separately from independent prey and predator cell cultures and mixed together prior 

to metabolite extraction, which served as a ‘Supernatants only’ control. Supernatants only 

control would lack predator-specific signalling metabolites as the prey was never exposed to 

the predator attack. Experimental flasks with D. tertiolecta cells infested with O. marina served 

as ‘Grazing’ cultures that were used to capture metabolites elicited as an extracellular response 

against the predator attack. All cultures were cultivated in five independent replicate bottles. 

In addition, D. tertiolecta cells were treated with 10 mM of freshly prepared ammonium 

chloride as a proxy for ammonia-nitrogen excreted by the predator (Figure 6.1).  
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For harvesting, a volumetric equivalent based on cell concentration in respective flasks 

was harvested every on 0, 4, 8, 12, 16, 20, 24, 36 and 48 h from all cultures, except the 

ammonium chloride treated group, based on cell concentration of prey and predator in the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Flow chart indicating steps in sample preparation, extracellular metabolite 
extraction and LC-MS method. 

Prey control 
(D. tertiolecta 
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grazing cultures. The ammonium chloride treated microalgal cells were harvested at the end of 

the 4th hour for metabolite extraction. For all samples, microalgal cell biomass was centrifuged 

at 1000 g for 10 mins and the supernatant filtered through a glass microfiber (GF/F GE 

healthcare 2-micron, 47 mm diameter) filter. The filtrate was stored at -20οC until extraction. 

6.2.3 Solid-Phase Extraction (SPE) of waterborne compounds 

The stored supernatant (Section 6.2.2) was allowed to thaw on ice prior to the 

extraction. Metabolites were extracted using a SPE cartridge, Oasis HLB column (Waters) that 

was assembled in extraction chamber with a vacuum manifold. The cartridges were conditioned 

by adding 3 ml ethyl acetate (Thermo Fisher, MS grade) followed by 3 ml methanol (Sigma, 

MS grade). Cartridges were equilibrated by adding 3 ml of ultrapure MiliQ water (Sigma). 

Samples were loaded onto equilibrated cartridges and extracted at a flow rate of ~1 ml min-1. 

Cartridges were washed with 4 ml of ultrapure MiliQ water. The extract was sequentially eluted 

and re-eluted using 2 ml of methanol and ethyl acetate. The total 8 ml of the elute was collected 

in detergent-free glass vials and dried under a stream of nitrogen until about 1 ml elute 

remained. The remaining elute was transferred from glass tubes into detergent-free Eppendorf 

tubes (Eppendrof LoBind, Sigma) and stored at -80οC until the analysis. All samples were dried 

using a Speed Vac at 50οC and reconstituted using 100 µl of methanol:water (80:20 v/v) prior 

to the LC-MS analysis. All samples were spiked with a mix of internal standards (HEPES, 

CAPS, CHAPS, PIPES) at 2 µM final concentration. 

6.2.4 Liquid chromatography and Mass Spectrometry (LS-MS) 

Extracellular metabolites across all samples were profiled in an untargeted manner 

using hydrophilic interaction liquid chromatography (Dionex Ultimate, Thermo Scientific) 

coupled with a Quadrupole-Orbitrap Mass Spectrometer (QExactive, Thermo Scientific) 

according to the method of Stoessel et al. (2016). The chromatography method used a ZIC-

p(HILIC) column at 25οC with a gradient elution using 20 mM ammonium bicarbonate (A) 

and acetonitrile (B). The solvent scheme was set with variable % of B and a linear gradient 

time such that 80 % of B was on hold for 0 min and was sequentially ramped to 50 % of B over 

15 min followed by 5 % of B for 18 and 21 min and 80 % of B for 24 and 32 min. The flow 

rate was maintained at 300 µL min-1 and 10 µL of sample was injected for the analysis. 

Resolution of the MS was set to 35000 and operated with rapid switch between positive (4 kV) 

and negative (-3.5 kV) mode electrospray ionisation. Capillary temperature was set to 300οC 

with sheath, Aux and sweep gas temperatures of 50, 20 and 2οC, respectively, whereas the 
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probe temperature was maintained at 120οC. All samples were randomised and processed in a 

single batch with intermittent analysis of pooled quality-control samples to ensure 

reproducibility and minimise variation. To facilitate accurate metabolite identification a 

standard library of ~300 metabolites was analysed before the sample testing and accurate 

retention time for each standard was recorded. Additional retention time for metabolites lacking 

authentic standards were computationally predicated as described by Zhang et al. (2012).  

6.2.5 Data pre-processing and analysis 

Spectral processing was performed using MzMime 2.32 for peak picking (minimum 

feature intensity of 5000). The retention time for each feature in samples and standard library 

were extracted and reviewed manually. The dataset was then imported into IDEOMv20 

software for noise elimination and metabolite identification (Creek et al. 2012). The metabolite 

identification was performed using default IDEOMv20 settings for positive and negative mode 

with a m/z window of 6 ppm. Resulting residual m/z were inspected for error in positive and 

negative mode wherein all points with m/z error <-0.4 ppm and >2 ppm, respectively, were 

eliminated from the analysis. Further re-identification was performed using a mass tolerance 

window of 3.0 ppm. The putatively identified features from positive (#1174) and negative 

(#741) mode were combined for estimation of metabolites elevated under grazing conditions.  

As a quality control test, median feature intensities from each replicate and time point 

were compared across all groups to observe the possibility of variation associated with 

extraction or instrumentation. The median intensity of all samples of the 24 h time-point was 

significantly lower than those of other time-points. Therefore, the 24 h time-point was 

eliminated from further analysis.  

The resultant peak list was further filtered to include features that were present in at 

least 3 out of 5 replicates, elevated in two-consecutive time-points or more and where the 

feature intensity was 100-fold or more than time-matched controls. The fold change of the 

feature intensity in grazing cultures was calculated using the respective feature intensity of the 

equivalent time-point in control cultures. A list of a total of 76 metabolites (specific to grazing 

cultures) was generated using the criteria mentioned above. This list was further annotated 

using a confidence score, regarding the identification of each metabolite. Confidence score 

indicates extent of metabolite identification accuracy based on spectral matches between 

features of unknown sample with database entries. Standards used in this study was given 

confidence score of 10 indicating exact match with database entry. Unknown features with 
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confidence scores less than 5 were eliminated. The 24 metabolites were putatively identified 

by matching with the range of a biological database using IDEOMv20 and univariate statistical 

analysis was performed using GraphPad Prism software. 

6.3 Results 

6.3.1 Grazing results 

No significant differences in the cell concentration of D. tertiolecta in control and 

grazing cultures were observed until 20 h post O. marina infestation. Prey cell concentrations 

in grazing cultures were depleted by 36, 50 and 80 % at 24, 36 and 48h, respectively, whereas 

O. marina concentration exponentially increased from 12 h onwards with an average specific 

growth rate of 0.6 d-1 (Figure 6.2). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Prey-predator population dynamics in grazing cultures of O. marina. ‘Control’ is 
prey cell concentration alone, ‘prey’ and ‘predator’ indicate respective cell concentration in 
grazing culture. Data represent means ± SD, n = 5 

6.3.2 Estimate of fold change of putatively identified metabolic features 

A total of 1174 compounds were putatively identified, out of which only 74 metabolites 

were 10-fold elevated compared to the controls. Further, only 24 metabolites passed a filtering 

criterion of elevated accumulation in at least two consecutive time-points with a confidence 

score of 5 and above. The exo-metabolome (Table 6.1) of the grazing cultures by these criteria 

thus consists of 24 putatively identified metabolites, primarily composed of short peptides, 
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lipids and indole derivatives. Lactones, purine and polyaromatic hydrocarbons was also found 

to be elevated in grazing cultures as compared to controls. All putatively identified metabolites 

were significantly elevated in 36 h samples where the maximum rate of predator ingestion was 

8.47 x 1014 prey cells predator-1 d-1. By 36 h, prey cells were reduced by 50 % with an 

exponential predator growth rate of 0.74 d-1.  

 

Table 6.1 List of top 24 signature metabolic features elevated from 4 h onwards over the course 
of active grazing of D. tertiolecta by O. marina.  

Putative metabolite ID Score Retention 
time 
(min) 

Mass Class 

His-Leu 5 8.02 
 

268.15 
 

short peptide 

Ile-Met-Thr-Ser 5 7.13 
 

450.21 
 

short peptide 

Arg-Phe-Asp-Gln 7 14.11 586.24 short peptide 

Ile-Lys 7 12.03 259.18 short-peptide 

Trp-Ala-Cys 7 13.54 400.11 short peptide 

Asp-Phe-Cys-Cys 7 9.06 486.12 
 

short peptide 

Phe-Arg 
 

7 11.04 
 

321.18 
 

short peptide 

L-Tyrosyl-L-arginine 
 

7 13.72 337.17 di-peptide 

Glu-Glu-His 
 

7 19.87 413.15 short-peptide 

Ile-Cys-His 7 9.95 
 

371.16 
 

short-peptide 

5-Hydroxy-N-formylkynurenine 
 

8 10.24 274.05 free amino acid 
intermediate of 
tryptophan 
biosynthesis 

PA(O-38:0)* 6 3.39 718.58 Phosphophatidic 
acid/ phospholipids 

PA(O-36:1)* 
 

6 3.37 688.54 phospholipids 

Docosanediol-1,14-disulfate 7 4.37 519.28 sulfolipid / lipid 
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Putative metabolite ID Score Retention 
time 
(min) 

Mass Class 

1-(14-methyl-pentadecanoyl)-2-
(8-[3]-ladderane-octanyl)-sn-
glycerol 
 

5 3.40 602.52 glycerolipid 

[PC acetyl(3:0)] 1-propionyl-2-
acetyl-sn-glycero-3-
phosphocholine 

8 12.28 355.13 glycerophospholipid 

Pregnenolone acetate 7 3.97 358.25 glucocorticosteroids/ 
sterol 

2-Octenedioic acid 7 13.86 194.05 aliphatic di 
carboxylic acid UFA 

3-hydroxy-2-oxindole-3-acetyl-
asp 
 

5 8.17 322.08 
 

indole derivative 

2-(5,6-dihydroxy-1H-indol-2-
yl)-1H-indole-5,6-diol 
 

7 7.60 
 

342.08 
 

indole derivative 

6-hydroxy-indole-3-acetyl-
valine 
 

5 7.20 
 

290.12 
 

alkaloids/ indole 
derivative 

Pyrene 7 4.55 
 

202.07 polyaromatic 
hydrocarbon 

Hypoxanthine  7 7.34 136.03 purine N-source 

acinetobactin 
 

7 9.56 332.14 
 

sidospore 

Scorpioidin 
 

7 8.69 312.11 
 

sesquiterpene 
lactone 

*similar metabolite feature with different chain length and branching point 

Ten putatively identified short peptide sequences represent a large proportion of 

elevated (based on fold change) exo-metabolites. Asp-Phe-Cys-Cys is the only short peptide 

sequences that was detected (Figure 6.3a) as early as 4 h post O. marina inoculation and 

sequentially increased (R2 = 0.5348) over the course of grazing. The abundance of di-peptide 

sequences, Phe-Arg (Figure 6.3b) and L-Tyrosyl-L-arginine (Figure 6.3c) peaked by 8626- and 

4484-folds, respectively, in 36 h grazing cultures. Ile-Lys (Figure 6.3d) showed a variable 

response at two time-points. Overall, 484- and 1323-fold increased levels of Ile-Lys were 

observed at 8and 36 h, respectively, in grazing samples compared to control.  A sharp drop was 
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observed in relative abundance of the di-peptide sequences around 48 h where prey cells were 

depleted by 80 %.  

 

Figure 6.3 Relative abundance of putatively identified extracellular short-peptide sequences 
estimated as a fold change between feature intensity detected in the presence of active O. 
marina grazing (4–48 h) normalised to control samples. Solid grey bar represents average 
abundance (based on fold change) of the peptides a) Asp-Phe-Cys-Cys, b) Phe-Arg, c) L-
Tyrosyl-L-arginine, d) Ile-Lys, e) His-Leu, f) Arg-Phe-Asp-Glu, g) Glu-Glu-His, h) Ile-Met-
Thr-Ser, i) Trp-Ala-Cys, j) Ile-Cys-His, and dashed line indicates cell concentration of the 
predator as a function of time. n = 5 



122 

 

A similar trend was observed in the case of the His-Leu (Figure 6.3e) di-peptide 

sequence. All di-peptides were detected in significant amounts from 8 h onwards wherein 

minimal grazing activity, 1.3 x 10-3 prey cells ml-1, was observed. The relative abundance of 

Arg-Phe-Asp-Gln (Figure 6.3f) was found to be consistently elevated in grazing samples from 

8 h onwards. Similarly, Glu-Glu-His (Figure 6.3g) was increased at 8–20 h and further 

increased at 36 and 48 h. Around 1000-fold increased levels of Ile-Met-Thr-Ser (Figure 6.3h) 

peptide was observed in the first 16 hours and further increased by 40 % and 100 % 

subsequently at 20 and 36 h, respectively (R2 = 0.7183). The tri-peptide, Trp-Ala-Cys (Figure 

6.3i) showed a similar trend wherein a 400-fold increase was observed until 16 h and levels 

were further increased by 71 % at 16 h and by 84 % at 36 h.  In contrast, the extracellular 

concentration of Ile-Cys-His (Figure 6.3j) was linearly elevated after 12 h and its relative 

abundance positively correlated (R2= 0.9474) with the ingestion rate of the predator. In 

addition, the free non-proteogenic alpha-amino acid, 5-hydroxy-N-formylkynurenin which is 

an intermediate of tryptophan biosynthesis was absent at the initial time-point and gradually 

increased (R2 = 0.7379) after 8 h over the course of grazing (Figure 6.4). 

4 8 12 16 20 36 48
0
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1000
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1×103

1×104

1×105

Time (h)
 

Figure 6.4 Relative abundance of a putatively identified extracellular free amino-acid 
intermediate, 5-hydroxy-N-formylkynurenine, estimated as a fold change between feature 
intensity detected in the presence of active O. marina grazing (4–48 h) and control samples. 
Solid grey bar represents average abundance (based on fold change) of the metabolite and 
dashed line indicates cell concentration of the predator as a function of time. n = 5 
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  Various classes of lipids such as sulfolipids, sterols, phospholipids, glycerolipids and 

unsaturated fatty acids were detected in the exo-metabolic pool of grazing cultures. A 

dicarboxylic unsaturated fatty acid, 2-Octendioic acid (Figure 6.5a), was detected to be 766-

fold higher at 12 h and levels, despite fluctuating, remained significantly elevated compared to 

the controls.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Relative abundance of putatively identified extracellular lipids estimated as a fold 
change between feature intensity detected in the presence of active O. marina grazing (4–48 h) 
and control samples. Solid grey bar  represents average abundance (based on fold change) of 
the a) 2-octenedioic acid, b) phosphatidic acids (PA 36:1 and 38:0), c) 1-(14-methyl-
pentadecanoyl)-2-(8-[3]-ladderance-octanyl)-sn-glycerol, d) 1-propionyl-2-acetyl-sn-glycero-
3-phosphocholine, e) pregnenolone acetate, f) docosanediol-1,14-disulfate and dashed line 
indicates cell concentration of the predator as a function of time. n = 5 
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The levels of two structurally related phospholipids, phosphatidic acid – PA (O-36:1) 

and (O-38:0), were consistently elevated (1000–1500-fold) for the first 20 h, peaked at 36 h, 

and subsequently dropped (Figure 6.5b). A similar trend was observed in the case of 

glycerolipids in which the relative abundance of 1-(14-methyl-pentadecanoyl)-2-(8-[3]-

ladderane-octanyl)-sn-glycerol increased by 2454-fold at 36 h in grazer-infested samples as 

compared to the controls (Figure 6.5c). Early time-points (4–20 h) also showed significantly 

elevated levels (750–1000-fold) of this glycerolipid. The relative abundance of glycerol 

containing phospholipid, [PC acetyl (3:0)] 1-propionyl-2-acetyl-sn-glycero-3-phosphocholin, 

linearly increased from 8–36 h but were offset by -41 % at 48 h (Figure 6.5d). Unlike the 

majority of the compounds detected, levels of a sterol derivative, pregnenolone acetate, were 

elevated from 12 h onwards (6234-fold) and further accumulated in grazing cultures by up to 

11810-fold at 36 h (Figure 6.5e). The levels only marginally dropped (by 22 %) at 48 h. 

Accumulation of the metabolite around 12 h corresponds with the 99 % increase in rate of 

predator ingestion.  Similarly, a sulfur containing lipid molecule, docosanediol-1,14-disufate, 

were increasingly accumulated from 12 h until 36 h (R2 = 0.8955) though the levels dropped 

by 53 % by 48 h (Figure 6.5f). 

The exo-metabolome of D. tertiolecta infestation also contained elevated levels of three 

indole-derivatives. 6-hydroxy-indole-3-acetyl-valine levels were consistently elevated from 4–

20 h and further increased by 110 % by 36 h and showed a moderate decrease thereafter (Figure 

6.6a). A similar trend was observed in the case of 2-(5,6-dihydroxy-1H-indole-2-yl)-1H-

indole-5,6-diol, wherein maximum relative abundance (1136-fold) was observed at 36 h but 

reduced by 60 % at the end of 48 h (Figure 6.6b). In contrast, 3-hydroxy-2-oxindole-3-acetyl-

asp steadily increased from 8–20 h and further plateaued around ~1100-fold at subsequent 

time-points (Figure 6.6c). 

Other putatively identified metabolic features such as pyrene (Figure 6.7a) and 

hypoxanthine (Figure 6.7b) were accumulated from 8 h. Thereafter levels peaked and levelled 

off at 36 and 48 h, respectively. In contrast, a sesquiterpene lactone-like compound, 

scorpioidin, were exclusively detected 20th h onwards (Figure 6.7c). At 36 h the levels were 

3243-fold higher in grazing cultures as compared to controls but dropped by 53 % at 28 h. A 

peptide-based toxin like structure, acinetobactin, accumulated over the course of grazing 

wherein its levels at 36 h peaked by 9619-fold in D. tertiolecta cultures infested with O. marina 

(Figure 6.7d). Overall, 9 out of 24 metabolites showed a moderately linear accumulation in 

first 20 hours of the grazing experiment. Ammonium chloride (10 mM) exposure for 4 h 
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resulted in >100-fold accumulation of 8 metabolites (Table 6.2) that were also found to be 

elevated over the course of O. marina grazing in mixed cultures. 

 

Figure 6.6 Relative abundance of putatively identified extracellular indole derivatives 
estimated as a fold change between feature intensity detected in the presence of active O. 
marina grazing (4–48 h) and control samples. Solid grey bar represents average abundance 
(based on fold change) of a) 6-hydroxy-indole-3-acetyl-valine, b) 2-(5,6-dihydroxy-1H-indol-
2-yl)-1H-indole-5,6-diol, c) 3-hydroxy-2-oxindole-3-acetyl-asp, and dashed line indicates cell 
concentration of the predator as a function of time. n = 5 



126 

 

 

 

Figure 6.7 Relative abundance of putatively identified extracellular metabolites estimated as a 
fold change between feature intensity detected in the presence of active O. marina grazing (4–
48 h) and control samples. Solid grey bar represents average abundance (based on fold change) 
of a) pyrene, b) hypoxanthine, c) acinetobactin, d) scorpioidin, and dashed line indicates cell 
concentration of the predator as a function of time. n = 5 

Table 6.2 Average relative abundance (based on fold change) of feature intensities of the 
grazing-specific signature metabolites detected after 4 h exposure of a D. tertiolecta culture to 
ammonium chloride. 

Putative metabolite ID Ammonium chloride 
(fold change±SD) 

Grazing 
(fold change±SD) 

Pyrene 65694±58310 9686±200 

6-hydroxy-indole-3-acetyl-valine 10075±2933 1446±447 

Asp-Phe-Cys-Cys 2063±569 646±0 

2-Octenedioic acid 324±89 200±0 

Hypoxanthine 5076±2889 absent 
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6.4 Discussion 

The untargeted profiling revealed 24 unique features (Table 6.1) as a metabolic 

footprint over the course of D. tertiolecta grazing-mediated by O. marina. Increased 

accumulation of the signature metabolites in initial time-points (until 16 h) without significant 

loss of the prey cell concentration indicates that such signals are mainly contributed from 

grazing activity of O. marina. In addition to the grazing-mediated perturbations, alteration of 

the exo-metabolome composition is reported to be associated with growth; however, D. 

tertiolecta and O. marina cell concentrations were relatively unaltered in first 20 h of 

incubation (Figure 6.2). Thus, the observed linear increase in the relative abundance of at least 

41 % of the signature metabolites can be exclusively attributed to increased encounters of prey 

and predator. Poulson-Ellestad et al. (2016) reported a similar trend wherein increased O. 

marina grazing on Emiliania huxleyi positively impacted accumulation of 9 metabolites out of 

which one (with a m/z = 400) with potentially similar features, Trp-Ala-Cys, was also detected 

in the current study. Grazing of E. huxleyi by O. marina also decreased accumulation of 

features associated with m/z values of 337 and 413  Poulson-Ellestad et al. (2016). Similar 

features are putatively identified as L-Tyrosyl L-arginine and Glu-Glu-His, respectively, and 

were detected at elevated levels in the current study (Figure 6.3c and 6.4g). Further 

characterization and validation of these features are required to access the extent of their 

similarity. In theory, reduced abundance of a feature can serve as a biomarker of grazing; 

however, for practical relevance, especially for outdoor cultures, estimation of elevated levels 

of metabolites is a more straightforward approach.  

Elevated levels of VOC compounds as result of a carotenoid oxidation is reported as a 

potential biomarker of M. salina grazing. The carotenoid oxidation products, trans-β-ionone 

and β-cyclocitral, accumulated up to 2–3-fold after 24 h of rotifer addition in M. salina culture 

though no obvious linear increases in the level of oxidation products were seen (Reese et al. 

Putative metabolite ID Ammonium chloride 
(fold change±SD) 

Grazing 
(fold change±SD) 

[PC acetyl(3:0)] 1-propionyl-2-acetyl-
sn-glycero-3-phosphocholine 

613±270 absent 

3-hydroxy-2-oxindole-3-acetyl-asp 3543±277 absent 

Trp-Ala-Cys 1679±1249 absent 
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2019). The apparent lack of correlation with rotifer concentration suggests that the elevated 

levels of metabolites is an indirect outcome of grazing activity. Production of VOCs due to 

carotenoid oxidation is an inevitable outcome under a variety of stress conditions such as high 

heat, light, sonication, etc. and is, therefore, viewed as essentially a damage release type of 

signal. Emission of VOCs from live cells are sparsely reported (Reese et al. 2019) thus, 

detection of the oxidation products suggests underlying stress conditions. This can result in a 

false alarm, especially in open cultures, with respective to the predator outbreak. In contrast, 

the current study attempts to profile the disturbance and prey recognition signals in order to 

exclusively leverage the extracellular response of live D. tertiolecta cells in the presence of a 

predator.  

The exo-metabolome of the current study is largely represented by short peptides that 

are detected over 100–1000-fold range and are often absent in time-matched control samples. 

One of the signature peptides, Asp-Phe-Cys-Cys, accumulated as early as 4 h post predator 

infestation (Figure 6.3a). A linear increase in the peptide abundance with increased predator 

concentration suggests its role as a conspecific, i.e. within the same species, disturbance signal 

emitted either by the prey or predator. A constitutive expression of conspecific signals often 

carries an ecological cost of attracting predators in marine environments. However, the linear 

trend in this case suggests that the peptide is mostly emitted in presence of O. marina as its 

abundance was negligible in prey-only control cultures and was completely absent in grazer-

only controls. This is further supported by incremental accumulation of Asp-Phe-Cys-Cys until 

48 h, unlike the abundance of other metabolites. Banin et al. (2001) reported that a peptide rich 

in the cyclic amino acid, Proline, facilitates uptake of ammonia by zooxanthellae. The signature 

peptide also contains a cyclic amino acid, Phenyalanine, which may assist in the uptake of 

grazing-mediated ammonia-nitrogen (see chapter 4); however, further empirical validation is 

required. A moderately linearly increased accumulation of the free amino-acid intermediate, 5-

Hydroxy-N-formylkynurenine, post 8 h (Figure 6.4) of infestation suggests its possible role as 

a conspecific disturbance signal. A similar catabolic product of tryptophan is reported to act as 

an indicator of high light stress on the photosynthetic machinery (Dreaden et al. 2011). N-

formylkyurenine moiety is also found to be a part of a antimicrobial toxin, Brunsvicamides C, 

released by cyanobacteria associated with sponges (Müller et al. 2006).  

Metabolites that were elevated in grazing cultures as early as 4 h are of particular 

importance to monitoring of grazing. Higher abundance of metabolites in grazing culture early 

in the infestation process suggests their probable role as a chemical cue involved in prey 



129 

 

predator interactions as opposed the metabolites distinctly observed at 36 h. Six out of 24 exo-

metabolites were elevated in first 4 h of predator infestation with a marginally consistent 

response until 20 h. This suggest their probably role as a signalling molecule in the D. 

tertiolecta and O. marina interaction Other than one short peptide, signature metabolites 

exclusive to 4 h post infection were mainly lipid, fatty acid and indole derivatives. O. marina 

accumulates lipid and sterols, which are also reported as biomarkers in other studies (see 

chapter 5). The polyunsaturated fatty acid, 2-octenedioic acid, is also one of the markers 

detected early on, at 4 h, as a function of grazing (Figure 6.5.a). The role of free fatty acids as 

an extracellular signal is not clearly defined in microalgae though its secretion as an outcome 

of lipid remodelling in Ochromonas danica is reported by Banin et al. (2001). The levels of 2-

octenedioic acid was neither consecutive nor increased linearly, hence its substantial role in 

grazing interactions cannot be supported. In contrast, a constitutive accumulation of the 

glycerolipid was observed from 4 to 20 h. Glycerolipids are esters of fatty acids and glycerol 

that are occasionally found in microalgal secretions (Kind et al. 2012a) however, their role as 

signalling molecules is unclear. Phosphatidic acid elevated ~1000-fold (Figure 6.5b) in current 

study, are constituents of membrane lipids and hypothesised to serve a role as messenger 

molecules in plants mainly during wounding and pathogen attack (Wang et al. 2006). In 

contrast, concentrations of 6-hydroxy-indole-3-acetyl-valine, commonly referred to as indole 

3-acetic acid (IAA), were elevated up to 2000-fold in grazing cultures within the first 4 h 

(Figure 6.6a). IAA levels were not linearly correlated with predator concentrations, which 

suggests a stimulatory effect as opposed to a signalling role. The extracellular presence of IAA 

has been reported in cultures of Chlorella, Scenedesmus sp. and E. Huxleyi (Mazur et al. 2001). 

Growth-promoting potential is the most widely documented function of IAA in plants, whereas 

an increasing number of reports are now describing its alternative role in mediating 

physiological changes in microalgae. In Desmodesmus sp. IAA brought about a change in  

phenotype, causing inhibition of colony formation, in the presence of competing microbes 

(Labeeuw et al. 2016). In E. huxleyi, tryptophan-mediated IAA serves as the conspecific signal 

and is further hypothesised to act as a interspecies-specific signal (Labeeuw et al. 2016). 

Similar to the current study, Sue et al. (2011) reported the potential of metabolic profiles for 

detection of Pseudomonas sp. contamination within the first 3 h of the onset of fermentative 

metabolism by the microalga Nitzschia laevis.  

In chapter 4, the time-dependent grazing-mediated excretion of ammonia nitrogen was 

suggested as a marker of the presence of O. marina. Untargeted profiling of the grazing culture 



130 

 

revealed an additional excretory product, hypoxanthine, as a potential marker (Figure 6.7b). 

Antia et al. (1980) reported a marine ciliate as a source of purine compounds, including 

hypoxanthine, and described its uptake by D. tertiolecta. O. marina-mediated excretion of 

hypoxanthine is not reported to-date and requires further investigation about its cause and effect 

with respect to microalgal grazing. The presence of extracellular ammonia and its uptake as a 

nitrogen source alters the physiology and photosynthesis of Dunaliella sp. (Fabregas et al. 

1989). In previous chapters 3 and 4, recycled ammonia-nitrogen is described as a potential 

source of photosynthetic alterations in the prey cells. Predator-free exudate also brought about 

similar changes in D. tertiolecta cells therefore, ammonia was hypothesised to play a role in 

mediating the chemical interactions. Exposure to ammonia of predator-free D. tertiolecta 

culture resulted in increased levels of 8 metabolites. Ammonia-specific metabolites that are 

also part of the signature exo-metabolome detected in grazing cultures of O. marina (Table 

6.2). Only 4 of the ammonia-specific metabolites (hypoxanthine, PC acetyl (3:0), 3-hydroxy-

2-oxindole-3-acetyl-asp and Trp-Ala-Cys) were not elevated by 4 h in grazing cultures, but 

showed linearly increasing accumulation until 36 h. Lack of the ammonia-specific metabolic 

feature may be due to reduced grazer ammonia-nitrogen early on in infection, but which 

increasingly accumulates in subsequent time-points. Overall, the overlap in the putatively 

identified metabolites between ammonia-treated and grazing cultures suggests a possible role 

of ammonia-nitrogen as an indirect mediator of the chemical response between the prey and 

predator. Other metabolites such as pyrene, scorpioidin and acinetobactin (Figure 6.7) were 

significantly elevated in grazing cultures, however its release by microalgal species is not 

documented. Therefore, their role as a marker of signalling cue must be carefully addressed.  

The signature metabolites that are positively correlated with increased predator 

concentration are likely to serve as a marker of grazing irrespective of its possible role as the 

chemical cue. However, further experiments aimed at targeted MS detection of candidate 

metabolites are required to ensure reproducibility and reliability of the markers. Untargeted 

metabolic profiling offers in-depth view of low molecular weight compounds that are 

exclusively associated with microalgal grazing and are otherwise undetected through 

traditional wet-chemistry methods. Further a targeted and sensitive chemistry-based detection 

method can be developed for estimation of the candidate signature metabolites that can be 

implemented in-line with cultures. In outdoor cultures exo-metabolic chemistries are likely to 

be more complex than in closed cultures. Therefore, one particular metabolite cannot be 

pinpointed as a diagnostic marker. Instead a time-resolved dynamics of a pool of metabolites, 
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preferably belonging to a same metabolic pathway as described by (Reese et al. 2019), could 

serve as a reliable marker.  

6.5 Conclusion 

 The current chapter suggests 24 potential exo-metabolic markers found in the presence 

of O. marina in D. tertiolecta culture. Six distinctive signature metabolites found at early time-

points after infection are a unique feature of this study and to our knowledge this is the first 

report of grazer detection within the first 4 h. The early indicators can largely help in 

implementation of intervention measures to avoid algal biomass loss. High coverage and 

detection of small changes by MS offers a great advantage over other traditional techniques 

which are relatively less sensitive. However, the uncontrolled and ambient conditions of open 

ponds may introduce noise and as result may mask the signal of interest. MS-based 

identification of biomarkers can help in development of analyte-specific detection chemistry 

on microfluidic or on-chip devices, or alternatively sensors. Such setups can be easily 

integrated online for real-time and non-invasive measurement of the culture crash. Importantly, 

online deployments can greatly reduce the overall cost and sample preparation efforts involved 

with MS. Overall, in-depth understanding of extracellular metabolic interactions with 

respective ecological aspects of microalgal prey and predator is required for identification of 

fairly universal biomarker.   
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Chapter 7  

Conclusion and future work 

Pond crash caused by grazer infestation is one of the major bottlenecks in successful 

outdoor microalgal cultivation. Although grazer mitigation efforts are at the forefront of pond 

management, little is known about the early signs of microalgal predation. Currently practised 

grazer monitoring methods such as microscopy and oligonucleotide-based markers pose 

several challenges in on-line culture monitoring. A quick, online and non-invasive grazer 

monitoring tools are required for effective microalgal pond management. This study 

demonstrates the effectiveness of various prey and predator specific features such as NPQ, 

TAN and 1363 cm-1 wavenumber for O. marina monitoring. This study recommends detection 

of NPQ and ammonia in tandem to overcome challenges associated with respective method. 

Minimal levels of NPQ can be particularly misleading under the dark phase of a diurnal day-

night cycle, whereas, TAN builds up under darkness and is taken up in the presence of light. 

Therefore, NPQ monitoring in the light and TAN detection in the dark phase will be beneficial 

to provide accurate estimates of predator load. FTIR-based screening in principle is relatively 

straight-forward however, in-depth method development and prior calibration is required to 

detect a variety of predators. The reported markers, from this study, are an indirect indication 

of the predator load which can be immediately implemented for on-site grazer monitoring. 

Nonetheless traditional detection of grazers using microscopy and oligonucleotide-based 

markers are vital for the taxonomic identification of grazers.  

Development of effective grazer monitoring measures is a two-fold challenge. First, in 

depth knowledge about predators of microalgal cultures is very limited. A lack of basic 

information regarding the proliferative, reproductive and infection mechanisms employed by 

predators limits the scope of designing novel detection tools and intervention measures. Our 

work demonstrates that understanding the changes associated with a unique microalgal prey 

predator process can enable development of novel grazer-detection methods. The processes 

involved in predation that are largely the same across a range of microalgae and zooplankton, 

such as ammonia excretion, are of particular importance as they can be developed as a universal 

marker of grazing. More work is required to identify, characterise and validate the crash-

predative potential of intrinsic processes associated with microalgal prey predator interactions. 
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In addition, use of mathematical models can help to improve the understanding of prey-

predator dynamics at pond level.  

 Further, a technological advancement is required to translate the applicability of the 

intrinsic process for real-time detection of invaders. A continuous effort, in parallel to improved 

understanding of basic processes, is required in order to integrate suitable sensors to mass 

culture approaches. Ideally, in-line implementation with microalgal cultures using such sensor-

based detection platform is desirable for real-time estimation of predator load. Online sensor 

integration would facilitate multiple measurements, unlike currently practised offline methods, 

in a short span of time thereby increasing the likelihood of predator detection. Currently, 

several hand-held devices are available that can be implemented immediately to measure 

suggested markers, NPQ, TAN and absorbance at the 1363 cm-1 waveband, as a means of 

detection of O. marina infection on site. However, applicability of these markers for different 

microalgal prey and predator species needs to evaluated. Use of spectral information such as 

FTIR and hyperspectral images as means of fault detection are of particularly importance. The 

detection of spectral markers can be easily up-scaled for large scale cultivation, using currently 

available imaging tools such as RGB (Red Blue Green) cameras and remote sensing techniques 

for microalgal health monitoring purposes, including grazing. However, the relevance of high-

throughput spectral data with the underlaying biological information would require in depth 

knowledge of microalgal prey-predator interactions. In addition, profiling and in detail 

characterisation of extracellular cues, such as the stress responses of the prey against predator, 

involved in microalgal predation can help to devise a quick point-of-care diagnostic test. 

Operational cost of portable devices (spectrophotometer) and sensor-based technologies can 

prove to be a relatively economical as compared to chemistry-based detection such as 

oligonucleotide-based markers. Development of quick and ‘on-chip’ grazer monitoring 

methods can help small-to-medium budget microalgal cultivation projects, whereas, relatively 

big projects can contribute in identification of potential predators (using sequencing 

technologies) in collaboration with smaller cultivation setups.  

Overall, an integrated grazer detection approach is required wherein currently 

employed methods are implemented in combination with markers suggested in this work. The 

relative success of agents, physical or chemical, used for grazer elimination would largely 

depend on the early warning potential of available monitoring tools. A collaborative research 

effort for quality control (QC) and quality assurance (QA) method development of microalgal 

pond diagnostics is urgently required for timely implementation of grazer mitigation strategies. 




