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Abstract 

A number diatoms were isolated from the Scheldt estuary  of the Netherlands out of which 

three epipsammic and one tychoplankton diatom species were considered for Photo 

acclimation studies using PAM fluorometry. The  isolation was mad using two methods : i) 

vortexing a sand grain with attached diatom and ii) isolation of a single cell; the former being 

the best method in this study in terms of number of isolates made. Moreover flagellate 

removal test was mad on flagellate contaminated diatom cultures of Opephora sp., 

Cylinderotheca sp., Stauronella sp., and Amphiprora sp. showing variable results.  In the 

photo acclimation studies cultures were exposed to a light intensity of 1100µmol photons m
-

2
s

-1 
(HL)

 
for different time spans (0.5, 6, 24hrs HL and 12hrs HL/12hrs dark) and were 

compared to control treatments ( exposure to 20µmol photons m
-2

s
-1

). Non photochemical 

quenching (NPQ), PSII quantum efficiency (Fv/Fm), effective quantum yield (Y(II)) and 

relative electron transport rate (rETR) were determined. For none of the strains, fluorescence 

measurements were obtained at time points  12hrs and 24hrs, probably as a result of stress 

imposed by prolonged exposure to the high light intensity used. For all strains tested in the 

rest treatments, maximum PSII quantum efficiency (Fv/Fm) declined over time, the effective 

quantum yield(Y(II)) declined over time and increasing irradiance steps, in response to 

quenching of chlorophyll fluorescence, decreased among species in the following order: 

Opephora sp., Pseudostaurosira sp., Pierrecomperia sp. and Phaeodactylum tricornutum. In 

all the species the 6hrs HL treatment samples showed better and comparable rETR with that 

of control treatment than do the samples in 0.5hr HL. The three epipsammic species 

(Opephora sp., Pseudostaurosira sp. and Pierrecomperia sp ) showed a higher NPQ  with 

treatment time compared to tychoplanktonic Phaeodactylum tricornutum,  suggesting that 

physiological photo protection is better developed in the former.  Key words: Diatom, 

Epipsammon, Flagellate, Photo acclimation, PAM fluorometry, Tychoplankton 
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1. INTRODUCTION 

Diatoms are responsible for at least one fifth of photosynthesis on the planet earth (Armbrust, 

2009). Beside their basic role in supporting the marine food web, diatom photosynthesis 

regulates carbon export into deep marine sediments (Beerling, 1999). The role of diatoms in 

the fishery and aquaculture sector is also immense, especially in coastal areas benthic diatoms 

contribute a lot for the fishery production (Armbrust, 2009). Depending on the season diatoms 

contribute 67 to 87% of clam and oyster mariculture food resource (Kasim & Mukai, 2006).  

Moreover, diatoms are important in mussel aquaculture as they largely influence growth, 

survival and settlements of the larval stage (Pettersen et al, 2010). 

Microphytobenthic diatoms are important components of the mudflats and sandy sediments of 

the intertidal ecosystem (Macintyre et al, 1996). The diatom assemblages in estuarine tidal 

flats are subjected to rapidly changing environmental conditions that is characterized by 

strong tidal flushes, varying levels of solar irradiance and associated fluctuation in 

temperature and salinity (Serôdio et al, 2005).  The increase in light irradiance in such 

environments causes overexcitation problems in Photosystem II(PSII) which leads to the 

formation of mono oxygen, a highly reactive form of oxygen that can damage the cellular 

components in diatoms (Brown et al, 2000). To cope with this challenge diatoms dissipate 

part of the excitation energy in the form of heat through the process called non photochemical 

quenching (NPQ) as a short term response to high light irradiances (Muller et al,2001). In 

addition migration to deeper sediment layers (on the scale of mm‘s) has been pointed out as 

an important behavioral responses in diatoms of the muddy sediments of the estuary to avoid 

photodamage and sustain a better primary production (Serodio et al,1997,& Jesus et al, 2005). 

Chlorophyll fluorescence has become an important tool to assess the biomass (Honeywill et 

al, 2002) and photophysiology in diatoms (Chevalier et al, 2010), with most studies focusing 

on the diatoms of the mudflat (epipelic diatoms) while little attention has been given to the 



 
 
 

2 
 

diatoms of the sandy sediments (epipsammic diatoms). Therefore this study focuses mainly 

on photo acclimation mechanisms of epipsammic diatoms under in vitro conditions. 

Objectives of the study 

 Epipsammic diatoms of the estuarine sandy sediments were the center of 

attention for this paper. A number of epipsammic  diatom species has been 

isolated by vortexing and single cell isolation under binocular microscope after 

the collection of samples from field.  Comparison was made between the two 

methods of isolations. 

 Flagellate removal test has been performed on flagellate contaminated samples 

of Opephora, Cylinderotheca, Stauronella, and Amphiprora with the objective 

of developing flagellates free cultures as flagellates can cause measurement 

errors in photophysiological and gene expression studies. 

 photo acclimation studies have been carried out on three epipsammic diatoms 

(Opephora sp., Pseudostaurosira sp. and Pierrecomperia sp.) and one 

tychoplankton species (Phaeodactylum tricornutum) using PAM fluorometry 

after exposing the samples to 20 and 1100µmol photons m
-2

s
-1

for different 

time periods. Then PSII quantum efficiency, non photochemical quenching 

(NPQ) and electron transport rate (rETR) has been assessed for each of the 

species. 
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1. LITERATURE REVIEW 

2.1  Diatoms and their origin 

Diatoms are eukaryotic unicellular algae characterized typically by their silica enclosures. 

Diatom is a Greek word given to these group of microalgae due to the fact that they possess a 

dissected cell wall, which literally means ‗cut in half ‘ (Armbrust, 2009). The enclosure in 

these organisms exists in the form of hydrated glass: SiO2.nH2O
 
(Drum & Gordon, 2003) 

which is derived from silicic acid from their natural environment (Ramanathan et al, 2011). 

Diatoms originated some 250 Million years ago (Ulf, 2007), however there is no common 

consensus concerning the origin of the first form of diatom (Sieminska & Kwiecinska, 2000 

& Sieminska, 2000).  The genomic study of diatoms has shown that they recombine genomes 

of eukaryotic heterotrophic and photosynthetic organisms (Sieminska, 2000). Accordingly the 

first step (primary  endosymbiosis) towards the creation of diatom was the engulfment  of  a 

cynobacterial cell by a heterotrophic eukaryotic host which is believed to give rise to the 

group of land plants, green and red algae. With the course of time a second endosymbiosis 

occurred in which another heterotroph engulfed a red alga and gave rise to the heterokont 

lineage (e.g. brown macro algae and diatoms). In both cases the endo-symbiotic associations 

resulted in the transfer of plastids which made eukaryotes capable of undertaking 

photosynthesis. Moreover the presence of the urea cycle (Allen et al, 2011), and the ability of 

diatoms to generate energy from the breakdown of fat (Armbrust, 2009) illustrates the 

association of the two distinct life forms (heterotrophy and phototrophy). 

 

2.2  Habitat and distribution 

Diatoms are known for their ubiquitous nature. One can find them in every aquatic 

environment be it marine, fresh water or brackish water environment (Litchmana et al, 2009). 

Their presence in every aquatic environment and the fact that, diatoms are very sensitive to 
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changes in sediment loading and nutrient condition (nitrogen, phosphorus), make them 

important ecological tools to assess the health of aquatic habitat (lakes, streams, coastal areas, 

estuaries etc.) ( Janina et al, 1998 and Daniel et al, 2006). 

Based on the pattern of distribution in their habitat diatoms exist largely either as 

phytoplankton or microphytobenthos. Phytoplankton diatoms reside in the water column 

usually in the photic zone while benthic diatoms live on the sediments (Macintyre et al, 

1996). Microphytobenthic diatoms exist in three different forms namely: 1. Epipelon 2. 

Epipsammon 3. Tychoplankton (Trites et al ,2005). Epipelic diatoms are capable of moving 

across the sediments in response to light or darkness and regular tidal forces (Paterson& 

Hagerthey, 2001). Epipsammic diatoms anchor themselves on individual sediment particles 

and therefore rely on resuspension or tidal and wave movement of their substrate for their 

exposure to the light (Round, 1971). Tychoplankton diatoms are free living diatoms which are 

commonly found in both sediments and the water column, suggesting that they are easily 

resuspended into the water column under the influence of the tidal forces and waves but also 

easily deposited onto the sediments (Wolin & Duthie, 1999). Microphytobenthic diatoms of 

the estuaries residing on the sand and muddy sediments (MacIntyre et al, 1996) account for 

the majority of primary production in the system (Sullivan and Moncrieff 1988). The 

distribution of these organisms on the estuarine sediment is believed to be governed by the 

type of the sediment present and tidal height sites (Jesus, 2009). Generally, epipelic diatoms 

dominate muddy flats while epipsammic ones inhabit the sandy sediment type. 
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2.3  Overview of the Estuary 

Being the zones of transition between fresh water and salt water, estuaries are known to hold   

both fresh water and marine organisms. The fact that they are continuously enriched by 

nutrients from the terrestrial environment with the incoming fresh water and their semi closed 

nature makes them highly productive systems (Bricker et al, 2008). Moreover estuaries are 

known for their strong biogeochemical activity which is mainly associated with the frequent 

tidal inundation that results fluctuations in the water salinity (Forster et al, 2006). The 

fluctuation in water salinity further creates a big stress to creatures living there, as a result 

only those species that can cope with this change are able to survive. Estuaries are therefore 

characterized by low diversity and species richness (Costanza et al, 1993). Microphytobenthic 

diatoms are among the life forms to which nature has endowed them with the talent to 

withstand the frequently altering estuarine environments. Migration towards or away from the 

light ( Underwood et al, 2005), migration from tidal inundation to avoid resuspension (Round, 

1971), hiding on surface depressions of sand grains by epipsammic  diatoms (Jewson et 

al,2006) and overlapping layer of diatom cells are few of the behavioural adaptations  to cope 

with the challenges. 

 

2.4  Photosynthesis  

Photosynthesis is the most important biological process that sustains life on earth. This 

process uses light energy to fix carbon from atmospheric carbon dioxide into organic 

carbohydrate. It has been stated that around 45-55 % of the earth‘s photosynthesis takes place 

in the aquatic environment (Falkowski & Raven, 2007) and around 45% of the aquatic 

primary production comes from diatoms (Treguer et al, 1995). Besides the carbohydrate, 

which is the basic fuel or food source of heterotrophs, photosynthesis also produces oxygen as 

by-product. In 1929 the Dutch biologist Van Niel discovered the basic equation of 
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photosynthesis (equation 1). According to his finding photochemical splitting of water is the 

primary event which provides hydrogen, a strong reducing agent that reduces CO2 into 

carbohydrate. 

  6CO2 + 12H2O → C6H12O6 + 6O2 +6H2O    (Equation 1)  

This basic reaction takes place inside the chloroplast(fig 1) 

 

Fig.1. Source http://staff.jccc.net/pdecell/photosyn/chlorpla.html 

 

 Photosynthesis consists of two distinctive phases namely light dependent phase also called 

thylakoid membrane reactions which take place in thylakoid membrane and the light 

independent phase inside the stroma of the chloroplast (fig 1). In the light dependent phase 

light energy steers up electron transport within a series of the multiple sub units of protein 

complex (Embo, 2009) and in conjunction with water it will result in the production of ATP 

and reduction of NADP
+
 into NADPH. One can find two types of photosystems in plants 

namely photosystem I and photosystem II. These complexes are located in the thylakoid 

membrane. In each photosystem various types of pigments including chlorophyll a molecule 

exists bound in a protein aggregation. The protein aggregates will serve as an antenna to 

harvest light and channel it to chlorophyll a in the reaction centre (Mireille et al, 2005). Based 
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on the protein environment and photon absorption capacity there are two types of reaction 

centres, P700 and P680 (Mireille et al.2005). P700 which is found in photosystem I (PSI) 

absorbs light with wavelength of 700nm and P680 absorbs light with wavelength around 

680nm and is found in photosystem II (PSII). The excitation of chlorophyll by light initiates 

electron transport, which results in the production of intermediate products that fuel the 

Calvin cycle. 

 

 

Fig 2. Electron transport during oxygenic photosynthesis (source: Rochaix, 2011) 

The flow of electrons across the two photosystems can be best described in a Z-scheme (Hill 

& Bendall, 1960). The electron that is derived from water by PSII passes through various 

protein complexes found on the thylakoid layer namely the plastoquinone pool, the 

cytochrome b6f complex (Cytb6 f), and plastocyanin and then to PSI. Ferredoxin and NADP+ 

will serve as final electron acceptors in PSI yielding NADPH. The electron flow along these 

paths will also serve to build a hydrogen ion gradient across the thylakoid lumen which is 

then used to generate ATP (Rochaix, 2011).  
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2.5  Photoprotection in Microphytobenthic diatoms 

The rapid change in water cover by the action of tides and waves subjects Microphytobenthic 

diatoms dwelling in the estuarine sediments to extreme and highly variable light regimes. In 

the natural environment diatoms are able to withstand photoinhibition and photodamage 

through the incorporation of mechanisms discussed here. Non-photochemical quenching 

(NPQ) is one of the important processes enabling diatoms to dissipate the energy from PSII, 

that otherwise will be harmful, during the time of extremely high light exposure (Müller, 

2001). In other words NPQ reduces or lowers the chlorophyll a fluorescence yield of PSII. It 

is a kind of short term photo acclamation. NPQ works through the light activation of the 

xanthophyll cycle (Serôdio et al, 2005) that involves rapid but reversible conversion of 

diadinoxanthin (DD) in to diatoxanthin (DT). It has been suggested that the reduction in the 

Ph of the thylakoid lumen associated with light reaction is driving the conversion of 

diadinoxanthin into diatoxanthin (Olaizola and Yamamoto, 1994). Comparably, diatoxanthin 

is by far less efficient in transferring energy within the light harvesting complexes than 

diadinoxanthin making photoprotection possible as the energy is lost in the form of heat. 

Moreover, beside high light exposure extended dark incubation of diatoms also induces the 

conversion of diadinoxanthin to diatoxanthin (Cruz et al, 2011). The induction of the cycle in 

the darkness could be explained by the fact that extended dark incubation of diatoms could 

induce chlororespiration which is accompanied by the buildup of a proton gradient which 

sustains NPQ.  

Moreover in diatoms both high light and low light irradiances absorbed by the antennae 

complexes are equally distributed between PSII & PSI (Thomas, 1986) this ability avoids 

prolonged loss of photosynthetic capacity. The long term photo acclamation in response to 

changes in light conditions includes alteration in the amount and type of pigments. It has been 
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stated that high light acclimated cells posses lower light harvesting pigments and considerably 

higher amount of carotenoid pigments which have a photo protective role (Nymark et al, 

2009) and the reverse is true for low light acclimated cells.  

Numerous studies suggested the existence of vertical migration in microphytobenthic diatoms 

of the estuarine sediments (Kromkamp et al, 1998, Palmer & Round 1967,Underwood et al. 

2005) against extreme light conditions or tidal forces. Most commonly those diatom residing 

in cohesive sediments or mud (epipelic diatoms) are the ones showing the rhythmic migration 

pattern or up and down movement according to the conditions they are facing 

(Underwood,1994). Migration into the sediments happens in response to high light, darkness 

and also strong tidal forces. This behavioral adaptation avoids photoinhibition and/or damage 

in epipelic diatoms and allows them to be successful in such harsh environment (Kromkamp 

et al, 1998). Locomotion in epipelic diatoms is possible by extrusion of extra polymeric 

substances (EPS) through their raphe (Smith & Underwood,1998). The speed of the migration 

ranges from 1 to 25 µm/s into the sediment (Jeremiah et al, 2005). The production of this 

carbohydrate substance can be initiated by darkness, light and nutrient limitation conditions, 

therefore secretion of EPS confers the migration of diatoms to the desired location where 

there is minimal damage (Brouwer  & Stal, 2002).  

The epipsammic diatom species live under great hydrodynamic stress and attach themselves 

to sand grains (Paterson & Hagerthey, 2001). The attachment on the sand grains helps this 

group of diatoms to avoid resuspension by the tidal forces prevailing in estuarine 

environment. Moreover, this attachment could also provide protection against extremely high 

light irradiance and this is seen in some of the species which use to hide inside surface 

depressions of sand grains to get shelter (Jewson et al,2006). 
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 2.6. Measuring fluorescence using PAM 

PAM (Pulse amplitude modulated) as a non destructive tool for studying photobiology based 

on  the  fluorescence emitted from  chlorophyll, has become a helpful tool for ecological and 

photophysiological studies in microphytobenthic diatoms (e.g. Schreiber & Bilger, 1993, 

Perkins et al, 2002, and Jesus et al, 2005). Chlorophyll fluorescence is the light that has been 

re-emitted from light harvesting antenna complex of mainly PSII. At room temperature the re-

emitted light from chlorophyll a in PSII takes the greatest share out of the whole antenna 

complex with smaller contribution from PSI (Krause & Weis, 1991). The principle behind the 

functionality of PAM is through the provision of the sample with a pulse of light for a short 

duration (micro seconds) with a possible long lag between each pulse and the information 

enclosed at the end of the measurement includes the state of fluorescence prior to and during a 

pulse of saturating light. 

It is known that in the absence of photon striking the antennae, which is usually happing for 

samples incubated in the dark, the reaction center is ―open‖ i.e. QA is oxidized  and the 

fluorescence generated at this moment is called the minimum fluorescence (F0) (Krause & 

Weis, 1991). With the application of saturating pulse all reaction centers will be closed and 

the yield of fluorescence will be at its maximum termed maximum fluorescence (Fm). The 

different between the two fluorescence yields is called variable fluorescence (Fv). 

Fluorescence could also be measured for sample that are light adapted therefore (F‘) and (F‘m) 

are symbolic representations for minimum and maximum fluorescence yields respectively of 

the samples in the light state (Consalvey et al, 2005). 

As it has been stated above when photons strike the pigment molecules in the photosystem it 

will end up with the excitation of these molecules. The excited pigment molecules will be 

quenched to the ground state under the following competitive process: photochemical 
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reactions (photochemical quenching), excitation energy transfer to non specific neighboring 

molecule as molecular motion, energy transfer to the neighboring chlorophyll a molecule so 

as to derive excitation and fluorescence emission (low energy usually red band) (Krause & 

Weis, 1991, Muller et al, 2001 ) (fig3).  

 

                                                      

Fig.3. The different process involved in quenching the excited chlorophyll molecule in the 

PSII (Muller et al,2001) 

 

 The fact that these processes sum up to hundred percent enables to use the measurement of 

one of the processes to infer the value for the others (Consalvey et al ,2005). In this regard 

measuring fluorescence (discussed above) using PAM could be used as an important tool to 

assess the photophysiology in diatoms. Generally PAM could be utilized to study biomass, 

health and photosynthetic rate. 

It is known that the fluorescence level increases with increase in chlorophyll a amount and 

this good correlation made it possible to use PAM fluorometry as an important tool to 

measure fluorescence as an indicator of biomass in diatom (Serodio et al, 1997). It is stated 

that there exist a linear relationship between chlorophyll a and minimum fluorescence (F0) 

(Honeywill et al, 2002) and this author also showed the fact that this positive correlation is 

also maintained under varying light irradiance and temperature. Compared to the other 
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fluorescence variables (Fm, Fm‘ and F‘) F0 is seen to be least sensitive to the changes in 

irradiance and temperature and has smaller species specific variation (Serôdio et al ,2001). In 

microphytobenthic diatoms to achieve sufficient QA oxidation and hence true F0 measurement 

provision of fifteen minutes dark adaptation have been recommended (Honeywill et al, 2002, 

& Consalvey et al, 2004) and it has been reported by Serôdio et al, (1997) this duration of 

darkening do not cause substantial changes in the surface biomass as a result of the migratory 

behavior (downward movement in response to darkness) in microphytobenthic diatoms. 

It has been stated that Fv/Fm could be used as an important measure for  PSII efficiency  and 

the ratio is known to decline under the influence of environmental stress (Krause & Weis, 

1991) and the decrease in the value could be the result of Non photochemical quenching 

(NPQ) processes and photo damage on PSII reaction center (Baker & Rosenqvist, 2004). 

Fifteen minutes of dark adaptation has been suggested to achieve reliable measurement of 

Fv/Fm with sufficient QA oxidation and NPQ reversal (Honeywill et al 2002). Consalvey et 

al, ( 2004) have indicated the use of low light (far red) as an alternative approach to achieve 

better NPQ reversal and QA oxidation. 

2.7. Steady state light curves as measure for photophysiology in diatoms 

Steady state light curves which could be measured with the PAM allows measurement of 

photophysiology in diatoms as fluorescence yields (F‘ or F0)  of each increasing light 

irradiance applied (PAR) is allowed to reach to a stable level (Perkins et al, 2010) which 

enhances completion of the effects of  QA oxidation/reduction as well as NPQ 

induction/reversal. The application of saturating pulse after the stable state allows 

determination of maximum fluoresnce (F‘m) and the related photosynthetic parameters such 

us the maximum quantum efficiency (Fv/Fm), effective quantum yield (F‘q/F‘m), and the 

relative electron transport rate (rETR, rETRmax). 
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According to Baker (2008) the effective quantum yield is determined by the formula:       

F‘m-F‘/F‘m= F‘q/F‘m , where F‘ & F‘m are the minimum and maximum fluoresnce of 

culture under  continuous actinic irradiance. From now on the symbol Y(II) will be used to 

represent this parameter throughout this text (Heinz Walz, 2009). Y(II) is a measure of PSII 

quantum yield (Genty et al, 1989). The maximum quantum efficiency is the first value that is 

measured after dark or low light adaption and this represents the maximum possible quantum 

yield of PSII (Heinz Walz, 2009).  

The relative electron transport rate (rETR) in the steady state light curve  is the product of the 

photosnthetically active irradiance(PAR) and Y(II) (Serôdio et al, 2008).  
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3. MATERIALS AND METHODS 

3.1 . Sampling sites , method of sampling and isolation techniques 

The studied samples were collected from the sandy and mudflats of the Scheldt estuary in the 

Netherlands. The Scheldt estuary is situated in the southern part of the North Sea and is 

heavily polluted by organic and chemical waste coming from the surrounding environments 

(Muylaert & Sabbe, 1999). The estuary is known to hold high concentrations of nitrogen, 

phosphorous and silica (Heip, 1989). Samples were collected from two sites namely 

Rammekenshoek (Lat 51°26‟54‖N, Lon 3°38‟51‖S), Platen van Hulst (Lat 51° 22' 00" N, 

Lon 3° 57' 00" E) 

 

Fig.4. Satellite images of sampling sites. Location A represents Rammekenshoek and B 

Platen van Hulst Scheldt estuary Netherlands (http://maps.google.com) 

Sample collection was done by simply scraping the top layer (brownish layer) of the mud flat 

and the sand which were then carried in labelled recipient tubes. In the lab different protocols 

were followed for the isolation of the samples in the two substrates. The muddy samples were 

transferred to Petri dishes and left in the 4
o
C room for one day. The next day lens tissue 

technique (Hust et al, 1999) was followed to isolate the epipelic diatoms from the mud. Lens 
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tissues were put on the top of the mud contained in the Petri dishes and on the top of that 

several cover slips were placed after which the Petri dishes were left under normal light for 

some hours to allow upward migration of benthic diatom mainly epipelic ones from the mud 

through the lens tissue and attach themselves on the cover slips. The cover slips were then 

removed carefully from the tissue and immersed in a six well plate filled with F2-medium. 

After investigation under the inverted microscope (Axiovert 40 C, 20X magnifification) the 

plates were incubated in 4
o
C room to follow monoclonal culture isolation after some days. 

Sandy substrate samples were taken from each site and washed three times with f2 medium in 

50ml falcon tubes with the purpose of removing epipelic diatoms and then transferred to six 

well plates for further investigation under inverted microscope (Axiovert 40 C, 20X 

magnification) and then left in the culture room (under 18
o
C for a week) with 20 to 25µmol 

photon m
-2

s
-1

 light intensity to allow growth of attached diatom species. After the incubation a 

few sand grains (around ten) with attached diatoms seen under binocular microscope 

(OLYPUS SZX9) were selected followed by frequent washing in a Petri dishes and 

transferred in to a new Petri dishes containing f2 medium. The sand grains were then left to 

settle overnight under in the dark. The next day for the development of monoclonal culture 

only flagellate free Petri dishes were considered. Two different techniques were followed to 

obtain monoclonal cultures: i) isolation of single cells or a colony of identical cells under the 

binocular microscope by simply cutting or detaching diatoms from the sand grains and 

transferring them to labelled 96 well plates. and ii) through vortexing a single sand grain 

contained in 15ml f2 medium filled falcon tubes for the duration of 30 seconds per tube. Then 

the vortexed medium was transferred to labelled 96 well plates. Plates from both isolation 

techniques were incubated in the culture room (20 to 25µmol photon m
-2

s
-1

 light intensity) for 

approximately 3 weeks until the isolates got denser after which they were examined for 

contamination by flagellates or other diatom species under inverted microscope (Axiovert 40 
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C, 20X magnifification). Wells with monoclonal diatoms that are free or with reduced level of 

flagellates were selected and two wells were taken for each type of diatom investigated. The 

selected wells were transferred to 6 well plates containing f2 medium.  The plates were 

labelled with a code  containing first three letters from the name of the site where sampling 

have been made, next a letter representing the method for the isolation, next  a number given 

to that particular isolate  and the last letter representing strain type. The plates were then 

incubated for a week in the climate room(20 to 25µmol photon m
-2

s
-1

 light intensity). 

 

3.2. Oxidation of the sample and slide preparation 

3.2.1 Oxidation 

2ml of samples from the monoclonal culture was added in15ml volume falcon tube and filled 

with water from the MiliQ, centrifuged and washed five times to remove the sea water. The 

speed of the centrifuge (Sigma laboratory centrifuge ,4K15 ) was 3000rpm for 2minutes at 

20
o
C and in each case the supernatant was removed with a water pump down to 2ml without 

disturbing the bottom residues. For the oxidation 30% H2O2 was added in each tube until 

14ml and then the tubes were incubated in 60
o
C oven for two days. Then the samples were 

centrifuged washed again seven times, supernatant removed by following the some procedure. 

3.2.2 Slide Preparation 

The oxidized samples supernatant have been removed down to 1-2ml, shaken well and a drop 

from each samples were put on cover slides kept on hot plate (heated at 120
o
C). Cover slides 

with evaporated oxidized samples were transferred to labeled glass slide containing a drop of 

Naphrax©. The cover sleeps were fixed on the glass slides upside down to allow contact of 

oxidized drop with Naphrax© and the caring slides were then put on the hot plate. The slides 

were left on the hot plate until all the Nephrax© had evaporated. Finally the slides were 
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packed in a cardboard after cooling and incubated in 60
o
C oven for three days to be ready for 

light microscope investigation. 

The slides were observed under light microscope (Axiophot2, ZEISS with fitted AxioCam) at 

setting DIII 100X oil magnification and pictures were taken at the scale of 10µm. 

For some of the samples Scanning electron microscope (SEM) pictures has been made. For 

that a drop of oxidized cell suspensions were put on one side of Stubs with a label on the 

other side. The stubs were then gold plated and observed under SEM (JEOL JSM 5600LV, 

Coder JFC 1200). 

3.3. Protocols to remove flagellates from diatom cultures 

Four flagellate-contaminated diatom species: Opephora, Cylinderotheca, Stauronella, and 

Amphiprora were considered for the flagellate removal test which has been proven to work in 

desmids (Vannerum, pers.comm.). The protocol involves spreading stocks on agar plates , 

cold room storage for two weeks and isolation of single cell at the end of the day(after two 

weeks cold storage). The detail is explained  below. 

3.3.1 Preparation of Agar and Pouring on the plate 

Agar powder (volume of 1.5%) was dissolved in filtered sea water containing bottle with F2 

medium. The solution was then autoclaved for sterilization and left to cool until it allowed 

touch. 

Before the agar solidified it was poured in a number of plates in about half their volume. The 

plates were let to dry for 4hrs. Pouring was done in the laminar flow and gloves were used to 

avoid possible contamination. 
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3.3.2 Plating flagellate contaminated culture 

Just like pouring, plating was done in the laminar flow under sterile condition with the flame 

open all the time. Cultures of diatom contaminated with flagellates were platted on the agar 

(4hrs of drying), three plates were considered per species. The plates were labeled with the 

respective species name. Around 300µl stock of the culture were used to spread on a single 

plate. The stock was at first dropped in small amount here and there on the plate and then was 

spread smoothly so as not destroy the agar. For spreading folded pipe tips were used prepared 

by gently pressing the tips against the cover of the plates. Then the plates were left open until 

the liquid on the surface evaporated (given 10 minutes). Finally the plates were placed in the 

cold room (4
0
C) for two weeks. 

3.3.3 Extraction of flagellate free culture 

After two weeks of cold room storage, the plates were examined under binocular microscope. 

Diatoms appeared as a small colony in the plate. The colonies were pipetted carefully with 

careful observation under the binocular microscope operated inside the laminar flow. Clean 

colonies were then introduced into the labeled well containing fresh F2 medium. For the 

inoculation sterile pipettes were used and as an alternative a needle was used which has been 

frequently immersed in ethanol before using it again. A single pipetting tip was used for 

extraction of single diatom colony. Finally the plates were incubated in the climate room 

followed by daily check up to identify flagellate free wells. 
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3.4  Experimental set up for the studies of light response using PAM 

3.4.1 Experimental diatoms and culture condition   

Three epipsammic species and one tychoplanktonic diatom species were considered for light 

response studies, respectively Opephora sp., Pseudostaurosira sp., Pierrecomperia sp. and 

Phaeodactylum tricornutum UTEX 646. An epipelic species Seminavis was omitted as it was 

included in the Msc. dissertation of Bui (2011). 

Before the experiment cultures were refreshed with f2 medium to keep them in exponential 

condition. Each of the species were grown in six well plate in the climate room (temperature 

18
o
C) for three days with daily check up of flagellates and contamination by other diatoms 

under inverted microscope (Axiovert 40 C, 20Xmagnifification). One day prior to the set up 

of the experiment the cultures were split in to two six well plates and refreshed with f2 

medium then after so as to have sufficient culture at the start. All of the cultures were seen to 

be free of flagellates and other diatom species except for Phaeodactylum tricornutum which 

showed a minimal level of flagellate contamination. 

On the day of the experiment cultures of each species were made more dense by removing 

medium from the top surface and then harvested using Pasteur pipettes and collected in 50ml 

falcon tubes. In order to start with a uniform density the minimum fluorescence F0 of the 

harvested cultures was measured using a Pulse Amplitude Modulated (PAM) Chlorophyll 

fluorometry (Walz Imaging Pam, IMAG-CM), settings see below,  and diluted to 150 – 200 

units of minimum fluorescence (F0) (Heinz Walz , 2009).  

Cultures were exposed to high light (HL) condition on average 1100µmole photon m
-2

s
-1

. 

Three different time periods were considered 0.5hr, 6hrs, and 24hrs, under continuous high 

light exposure (HL) (0.5-6-24h)  and 12hrs high light/12hrs dark incubation (only 24h). For 
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the first three treatments four of the species namely Opephora sp., Pseudostaurosira sp., 

Pierrecomperia sp. and Phaeodactylum tricornutum were considered. Each of the four species 

were placed on a single 24 well plate under each treatment group and hence a total of three 

plates were used with three replicates per species per plate. For the last 12hrs high light and 

12 dark incubations, because of the shortage of cultures, only two species were considered 

Pierrecomperia sp and Phaeodactylum tricornutum with three replicates for each. A control 

treatment which was acclimated to 20µmole photon m
-2

s
-1

 (a condition in the culture room)
 

was set for the four of the species each with three replicates (fig5). To achieve high light 

irradiance Megaman Clusterlite Valves with a capacity of 200watt have been used as a light 

source inside a thermostat cabinet (fig6). To avoid temperature rise and overheating problems 

the plates were placed in the water circulation system where water holding container in the 

cabinet is connected to a water bath (Julobo F32) which has its own temperature regulating 

unit (Julobo HC) (fig6).  The temperature in the water bath was adjusted to a lower level so as 

to provide relatively cool water to the plate holding container in the cabinet. During the 

experiment the temperature in the water bath was kept at 14
o
C and with this it was possible to 

achieve an average temperature of 18.2
o
C+0.72  inside the 24 well plates. Temperature in the 

plates was measured with the help of thermometer TTX100 type T. 

Light intensity was measured at the cooling water surface with the help of quantum meter 

with separate sensor (Model MQ-200, Apogee instruments). Slight difference in light 

intensity on surface  of the plates were observed specially near to the side  it fluctuates 

between 700 to 1100µmole photon m
-2

s
-1

.  To avoid systematic errors as a result of this 

difference four of the species were randomized on each plate (fig 7) 
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                                                                                                        (no of sp =4,& no of rep=3)           

                                                                            

                                                                                                               

                                                                                                          (no of sp=4,& no of rep=3) 

                                                                                                                

                                                                                                          (no of sp =4,& no of rep 

 

                                                                                                          (no of sp =2,& no of rep=3) 

 

                                                                                                          (no of sp =4,& no of rep=4)                                                                                                          

                                                                                                                       

0                         6                          12                                              24         (time scale in hours) 

 

Fig 5. Schematic representation of the experimental set up. The five rectangles represents the 

five different treatment groups. The size of shaded areas represent the duration of the high 

light(1100µmole photon m
-2

 s
-1

) exposure with maximum time scale of 24hrs presented 

beneath the rectangles. The arrows represents the point at which PAM measurements were 

made following 15minutes of low light(15µmole photon m
-2

 s
-1

) adaptation. The number of 

species(no of sp) for each treatment and number of replicates per species(no of rep)  are 

depicted at the end of the rectangles. The first blank rectangle  represents the control 

treatment. 

 

                                                                              Darkness 
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Fig.6. Thermostat cabinet with container holding plates(left) upward blue arrow represents 

water flow in to the cabinet  ,downward red arrow represents water out flow from the cabinet 

symbols of lightening(white) representing the light valves and yellow side arrows represents 

ventilation to the system. Picture on the right side is thermostat cabinet connected Julobo 

water bath with its temperature regulating unit. 

                  

Fig.7. Randomization of the four species on 24 well plate. A species is represented by a single 

color on the plate except the white one which represents empty wells. 
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3.4.2 Chlorophyll fluorescence measurements 

Chlorophyll fluorescence measurements were made using the Imaging-PAM (Walz Imaging 

Pam, IMAG-CM). Imaging PAM applies pulse amplitude-modulated measuring light for the 

determination of chlorophyll fluorescence yields. Measuring light pulses are emitted from 

light emitting diodes (LEDs) which also serve for the provision of actinic and saturating 

pulses to the sample. The red light signals that are re emitted from the sample are filtered and 

detected with the help of CCD-camera mounted to the system and the system is further 

connected to PC and the data are retrieved using imagingwin special software. The possible 

reflections of the emission from the LEDs array at water surface or the lid of the multiwell plates are 

reduced with the help of Filter Plate IMAG-MAX/F attached to the front side of the illumination units 

and in effect it reduces the photosynthetically active radiation (PAR) values by 15% (Heinz 

Walz, 2009). The measurement of chlorophyll fluorescence for the samples was done under High 

Sensitive setting with Special SP-Routine as it has been recommended for dilute algae suspensions by 

Heinz Walz (2009). The intensity and gain of the measuring light were set at 2 and the 

frequency of measuring light was set at 8. For the saturating pulse default settings were used. 

The Fm normalization factor, which is used to adjust the signal noise that could arise as a 

result of the heating of the LEDs and adjusts the F0 and Fm to each other as they are 

measured with different settings, was calculated at the start of the measurement with the 

provided fluorescence standard and included in the setting for the automatic adjustment of 

F‘m value. 

Steady state light curves were constructed by application of 12 different levels of actinic light 

irradiance increase i.e. 1,1, 21, 56, 111, 186, 281, 396, 531, 701, 926, & 1251µmol photon m
-

2
s

-1
. The duration of the pulse for each light irradiance was set to be 2 minutes to approximate 

steady state (Serôdio, pers.comm.).  Before the PAM measurement samples were low light 

adapted (15µmole photon m
-2

s
-1

) for 15minutes immediately from their respective 
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acclamation state using energy saving Philips TDL 15W/54 valve. Low light was considered 

instead of darkness to reverse NPQ after high light exposure (Consalvey et al,2004) 

 After each light irradiance the effective PSII quantum efficiency (Y(II)) was computed using 

the formula (F‘m-Ft)/F‘m F‘m stands for the maximum fluorescence in the light, and  Ft the 

fluorescence emitted in the light before application of saturating pulse. The maximum PSII 

quantum yield was computed as Fm-F0/Fm=Fv/Fm ,where Fm-F0 represents the variable 

fluorescence (Fv), F0 minimum fluorescence and Fm maximum fluorescence of low light 

adapted samples (Serôdio et al, 2008). Moreover, for determination of relative electron 

transport rate (rETR) the formula suggested by the same author was used i.e., Y(II)*PAR, 

where Y(II) stands for PSII effective quantum efficiency and PAR is photosynthetically active 

irradiance. Therefore rETR represents the number of electrons derived from PSII with the 

application of each PAR.  Non photochemical quenching (NPQ) was calculated as (F‘max-

F‘m)/F‘m, with F‘max the maximum fluorescence obtained during the construction of the 

light curve and F‘m is the maximum fluorescence of a given irradiance. 

Finally the different curves were constructed as a function of the PAR: rETR Vs irradiance, 

NPQ Vs irradiance and F‘m Vs irradiance. Bar chart were constructed for the comparison of 

the maximum PSII efficiency (Fv/Fm) of the four  species. 

3.4.3 Statistical Analysis 

One way ANOVA test and it‘s non parametric test (Kruskal–Wallis test) were used to detect 

differences in the maximum photosynthetic efficiency (Fv/Fm) between the different species 

in each treatment group by considering 5% (p=0.05) significant level with post Hoc Tukey. 

NPQ versus irradiance (E) curves were fitted to the model proposed by Serôdio & Lavaud 

(2011) to extract relevant parameters (see further) which can be compared statistically. The 
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model uses the equation: NPQ(E) = NPQm* (E
n
/E50+E

n
), where NPQm stands for the 

theoretical maximum non photochemical quenching as in some curves saturation of the NPQ 

vs E curve is not reached during the provided irradiance steps (Serôdio & Lavaud 2011). E50 

stands for the irradiance at which half of the maximum NPQ is reached and n is the Hill 

coefficient which describes the sigmoidicity of the NPQ curve. The fitting used R-statistical 

software. The model was fitted for the control and 0.5hr high light treatment samples only(see 

further). The first values at which NPQ, developed before the start of the curve, was not 

relaxed, were omitted as the provided model cannot incorporate an initial decrease. 

Furthermore these values can bias the parameters for the rest of the curve (Serôdio, pers. 

comm.). In total 18 NPQ curves were  fitted (three replicates per species for each of the two 

treatment groups). NPQ curves for Phaeodactylum tricornutum did not yield a significant fit 

for all 3 parameters and were omitted from further analysis. During the measurement of the 

6hrs high light treatment an error occurred (see further) as a consequence these values were 

not taken into consideration.    

 the results of NPQm and E50 were subjected for further analysis in one way ANOVA and the 

mean values of  n were used for comparison between the species. 

The rETRmax values were obtained by taking the max observed value and used for 

comparison between species. 
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4. RESULTS 

    4.1 Result of diatom isolation  

A total of 25 selected monoclonal isolates of diatoms were obtained from the sediments 

following the two methods (table 1). The majority of the isolates were found to be healthy and 

free of flagellates and other diatom species. Six out of the twenty seven species were 

contaminated with flagellates and other species (Table 1). Light microscopy revealed the 

presence of 13 epipsammic, seven interstitial and four epipelic diatom taxa. LHULS5B and 

LHULS11B were found to be non monoclonal cultures as a result the were not considered for 

identification step.  For six of the isolates further investigation under SEM have been 

performed since investigation in the light microscopy was hard for these species because of 

their small size (table 1).   

Monoclonal culture development for samples isolated under lens tissue technique (muddy 

sediments) was not possible since the isolates were eaten by amoeba and herbivores present in 

the natural sample during the two weeks of stay in 4
o
C room. 

4.2 Result of the flagellate removal test  

Inverted microscopy (Axiovert 40 C, 20X magnifification) investigation of the four diatom 

species considered for this treatment revealed that the protocol worked well for Stauronella 

and Amphiprora. Opephora remained contaminated with flagellates after the treatment and 

for Cylindrotheca flagellates were observed after two weeks of incubation in the culture 

room.  
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Code 

 

Name 

 

Method  

 

Contaminatio

n 

           

  Category                

 

References 

LRAMB1A 

 
Pierrecomperia sp. Single cell None Epipsammic Sabbe et al, 2010 

LRAMB1B 
  

 

Pierrecomperia sp. Single cell None Epipsammic Round et al, 1990 

LRAMB2A Leyanella sp. Single cell None Interstitial Round et al, 1990 

LRAMS2B Leyanella sp. Vortex None Interstitial Round et al, 1990 

LRAMB3A 

 
Extubocellulus sp. Single cell None Interstitial Round et al, 1990 

LRAMB4A 

 
Pseudostaurosira sp. Single cell None Epipsammic Round et al, 1990 

LHULS4B 

 
Pseudostaurosira sp. Vortex None Epipsammic Round et al, 1990 

LRAMB5A 
 

Amphora sp. Single cell None Epipsammic

(motile) 

Round et al, 1990 

LHULS5B 
 

             - Vortex Other diatom   

LRAMB6A Fragilara cf.subsalina Single cell Flagellates Epipsammic Round et al, 1990 

LRAMS6B 
 

Fragilara cf.subsalina Vortex None Epipsammic   

LRAMB7A 
 

Pseudostaurosira sp. Single cell None Epipsammic Round et al, 1990 

LRAMB8A 
 

Opephora sp. Single cell None Epipsammic Round et al, 1990 

LRAMB9A 
 

Plagiogramma 

staurophorum 

Single cell Flagellates Epipsammic Round et al, 1990 

LRAMB9B Plagiogramma 

staurophorum 

Single cell None Epipsammic Round et al, 1990 
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Table:1. List of  diatom isolations from the sandy sediments of Scheldt estuary with methods 

of isolation and species name. Blank spaces represents non monoclonal isolates and question 

mark for isolate with unknown life style. Pictures are attached in the addendum section. 

 

 

LRAMS10A 
 

Extubocellulus sp. Vortex None Interstitial Round et al, 1990 

LRAMS10B 
 

Cymatosira minutissima Vortex Flagellates Interstitial Sabbe et al, 2010 

LHULS11A 
 

Navicula perminuta Vortex None ??? Round et al, 1990 

LHULS11B 
 

           - Vortex Other diatom   

LHULS12A 
 

Cylindrotheca sp. Vortex None Epipelic Round et al, 1990 

LHULS12B 
 

Cylindrotheca sp. Vortex None Epipelic Round et al, 1990 

LHULS13A 
 

Navicula gregaria Vortex None Epipelic Round et al, 1990 

LHULS13B 
 

Navicula gregaria Vortex None Epipelic Round et al, 1990 

LHULS14A 
 

Pseudostaurosira sp. Vortex None Epipsammic Round et al, 1990 

LHULS14B 
 

Opephora guenter- 

grassii 

Vortex None Epipsammic Round et al, 1990 

LRAMS15A 
 

Extubocellulus sp. Vortex Other diatom Interstitial Round et al, 1990 

LRAMS15B Cymatosira minutissima Vortex None Interstitial Round et al, 1990 
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4.3 Photo acclamation studies 

Steady state light curves for the four species of diatoms 

a)  Control treatment 

Fv/Fm represents the maximum efficiency at which light absorbed by PSII is used for the 

reduction of QA. (Baker, 2008). One way ANOVA showed significant differences in the 

mean scores of the maximum PSII quantum yield (Fv/Fm) (fig8(a)) between the four diatom 

species under the control treatment (ANOVA, P = 0 .004). Phaeodactylum tricornutum had 

the highest score with a mean value of 0.6487(+0.00850,95% CI), followed by Opephora sp. 

0.6453 (+0.00231,95% CI) and  Pierrecomperia sp. 0.6233 (+0.00764, 95% CI) and was the 

lowest for Pseudostaurosira sp. with value of 0.6213 (+0.01021, 95% CI).  

PSII quantum yield (Y(II)) estimates the efficiency at which light absorbed by PSII is used for 

QA reduction. At a given photosynthetically active photon flux density (PPFD) this parameter 

provides an estimate of the quantum yield of linear electron flux through PSII. Although 

Phaeodactylum tricornutum acquires the maximum PSII quantum yield (Fv/Fm), it showed 

rapid drop in the effective PSII quantum yield (Y(II)) compared to the other three species 

until it attains  a zero value (fig7(i)) at 1251µmol photons m
-2

 s
-1

. 

rETR curves represent the relative transport rate of electrons in PSII during the different 

irradiance steps. In the control treatment the four species show a similar initial slope (α).  

The model proposed by Serôdio & Lavaud (2011) was fitted to the measured NPQ Vs E 

(irradiance) curve and descrives the operation of photosynthetic energy-dissipating processes 

during increasing light intensities in a mathematical way. Three different parameters namely 

NPQm (the max attained NPQ during the NPQ vs E curve), E50  (the irradiance at which NPQ 

is 50% of NPQm) and n (a simodicity coefficient) can be obtained from this model (reported 
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in table2). The curve fitted well for  Opephora sp , Pseudostaurosira sp , and  Pierrecomperia 

sp., However, curve fitting was not significant (p>0.05) for the three parameters in the case of 

Phaeodactylum tricornutum. These values, therefore, are not reported and excluded for 

further analysis. The maximum non photochemical quenching (NPQm) values obtained 

through the model were analyzed in a one way ANOVA and showed significant differences 

(p=0.008) . Multiple comparison of the mean values with Tukey HSD showed highest values 

for Opephora sp.(3.39+0.25) and Pierrecomperia sp (2.94+0.28) with no statistical difference 

between the two (p = 0.099, 95% CI) and the value was lower for Pseudostaurosira 

sp.(2.52+0.86). One way ANOVA showed significance differences in the mean of E50  

between the three epipsammic species (p=0.008). The highest value was for Opephora 

sp.(398.2200+28.55) and the lowest values for Pseudostaurosira sp. (326.32 +11.54) and 

Pierrecomperia sp. (321.45+21.65) with no statistical significance difference between the last 

two (p=0.960, 95% CI). All fitted curves displayed a high degree of sigmoidicity (n>1): n was 

highest for Opephora sp.(2.258303 + 0.175452) followed by Pseudostaurosira sp. 

(2.162633+0.071176) and the lowest value in Pierrecomperia sp. (2.044713  +0.188796). 
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i)                                                            ii)                                                                                                                                                                                                                                                           

   

iii)  iv) 

   

v)                                                                             vi) 

Fig.7. The effective quantum yield (Y(II)) (left side) and NPQ (right side) of the 4 species 

(Opephora sp., Pseudostaurosira sp., Pierrecomperia sp. and Phaeodactylum tricornutum) 
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under the different treatment groups constructed (after provision of 15minutes low light 

adaptation) for the 12 different increasing light irradiance (PAR). i)Y(II) control (sample in 

incubated in 20µmol photons m
-2

s
-1

of light), ii) NPQ control, iii) Y(II) 0.5hr high light 

treatment, iv) NPQ 0.5hr high light treatment, v) Y(II) 6hrs high light treatment and vi) 6hrs 

high light treatment NPQ (values after 531µmol photons m
-2

s
-1

were omitted as an artifact 

occurred during measurement.                                                                                                  

 

b) 0.5hr  high light treatment  

The statistical analysis for the maximum photosynthetic quantum yield (Fv/Fm) performed 

for the four species under the 0.5hr high light treatment revealed significant differences in 

their mean values (ANOVA, p = 0). The result showed higher mean value for Opephora sp. 

(0.4637+0.01266, 95% CI) followed by Pseudostaurosira sp (0.2883+0.04168, 95% CI) and 

Pierrecomperia sp. 0.2783+0.03512, 95% CI). Phaeodactylum tricornutum scored the lowest 

mean value of 0.1813 (+0.02501, 95% CI). 

The effective PSII quantum yield (Y(II)) in 0.5hr high light exposed samples dropped to zero 

at an irradiance of 281 µmole photon/m
2
 s

-1
 for the four species (fig7(iii)) and until this point 

the Y(II) was the highest for Opephora sp and the lowest for Phaeodactylum tricornutum.  

The relative electron transport rate (rETR) shows  a sudden decline in cultures under 0.5hr HL 

treatment. Comparing the rETRmax for samples in this treatment the highest value was 

retained by Opephora sp (41.06) followed by Pseudostaurosira sp (33.852) and 

Pierrecomperia sp. (26.722)  all at 186µmol photons m
-2

s
-1 

of PAR and the lowest value was 

observed for Phaeodactylum tricornutum (14.70567 at 281µmol photons m
-2

S
-1

 PAR). The 



 
 
 

33 
 

measurement was zero after 281µmol photons m
-2

s
-1 

for all species in this treatment group 

(see discussion for the explanation). 

 

As for the control treatment, NPQ curve fitting did not yield statistically significant 

parameters for Phaeodactylum tricornutum after 0,5hrs exposure to high light. The results 

from the three epipsammic species are reported here: 

The mean NPQm after 0.5hr HL treatment was also significantly differed between species 

with p = 0.001, the highest for Opephora sp. (4.11+ 0.40) followed by Pseudostaurosira sp. 

(2.71+0.68) and Pierrecomperia sp. (2.48+0.29) with no statistical difference between the last 

two (p=0.987, 95% CI).  Also E50 differed significantly (p=0). The highest value for 

Opephora sp. (476.19+4.8) and Pseudostaurosira sp. (466.2031+14.36) and the smallest in 

Pierrecomperia sp. (397.59+10.90) but with no statistical significant difference between the 

first two (p=0.529, 95% CI).  The fitted sigmoidicity coefficient (n) was the highest for  

Pseudostaurosira sp. (2.903593+0.155061) followed by Pierrecomperia sp. 

(2.4789+0.119262) and Opephora sp (2.163+0.0812 ).  

 

c) 6hrs  high light treatment 

A non parametric one way ANOVA test i.e. Kruskal Wallis Test has been performed to 

compare the means of the maximum PSII quantum efficiency (Fv/Fm) of the four species in 

6hrs high light exposure and it showed a significant difference with p value of 0.028.  

Opephora sp. was the highest (0.36+0.018) followed by Pseudostaurosira sp.  (0.185+ 0.076) 

and Pierrecomperia sp. (0.034+0.04) and the lowest was seen in Phaeodactylum tricornutum 

(0.024+0.04). 
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Comparing the effective quantum yield(Y(II)) (fig7(vi)) Opephora sp. maintained higher 

values throughout the whole irradiance steps but showed a rapid decline, Pseudostaurosira sp. 

showed the second higher value followed by Pierrecomperia sp. and the lowest was for 

Phaeodactylum tricornutum. The value increased during the first four irradiance application 

steps and then declined with the associated build up of non photochemical heat dissipation 

(NPQ) in Pseudostaurosira. The trend in the quantum yield in  Pierrecomperia sp and 

Phaeodactylum tricornutum was somehow deviating from the normal trend. Both increased 

with  increase in light irradiance until the 531µmol photons m
-2

s
-1

.  

The rETR values in general increased until 531µmol photons m
-2

s
-1

 in 6hrs high light 

treatment for all species and obtained the same measurement as that of the control treatment 

even the measurement for Phaeodactylum tricornutum was the highest in 6hrs. Comparing 

rETRmax in this treatment group still Opephora sp. retained the highest value(97.173 ) 

followed by Pseudostaurosira sp.(87.615) and Pierrecomperia sp.(77.172) and the least goes 

to Phaeodactylum tricornutum (74.163) all at 531µmol photons m
-2

s
-1

. The measurement was 

zero after 531µmol photons m
-2

s
-1 

for all species in this treatment group (see discussion for 

the explanation).                                                                      

NPQ curve fitting did not yield significant results for all 3 parameters. This is most likely due 

to an artifact during the measurement (see discussion for the explanation). 

d) 24hrs of high light treatment 

No fluorescence measurement(both minimum and maximum fluorescence) were obtained for 

samples under this treatment group. As a result values of the maximum quantum yield 

(Fv/Fm),effective quantum yield (Y(II)) , rETR and NPQ were reported to be zero for all of 

the species.  
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e) 12hrs high light/12hrs dark incubation 

Due to lack of material only two species were used in this treatment group: Pierrecomperia 

sp. and Phaeodactylum tricornutum. Measurement was done immediately after 12hrs high 

light and 12hrs dark incubation. In both cases 15minutes of low light adaptations was 

considered before the measurement. In both species 12hrs high light exposure resulted no 

fluorescence measurement similar to the 24hrs continues high light exposed samples. 

However, after 12hrs dark incubation Pierrecomperia sp. was able to recover and even 

showed some better measurements until it drops to zero at 111µmol photons m
-2

s
-1

 of 

irradiance step. The maximum PSII efficiency score of this species was 0.47+0.02 which is 

higher than the 0.5hr HL (0.2783+0.03512) and 6hrs HL (0.034+0.04) exposed replicate 

samples (fig8a). 

The effective quantum yield (Y(II)) quickly dropped to zero at an early irradiance steps 

(111µmol photons m
-2

s
-1 

) compared to the other three treatment groups( control, 0.5hr and 

6hrs HL)(for the reason of clarity the picture was omitted). 

rETR also showed a drop to zero at the same point (111µmol photons m
-2

s
-1 

)  (fig 9(iv)) and 

rETRmax was observed at shorter irradiance step (56µmol photons m
-2

s
-1 

).   

 

In addition to the within treatment group variations in the PSII quantum efficiency (Fv/Fm) 

discussed above the result showed differences between the treatment group for each of the 

four species. As it could be seen in the fig.8a there was systematic drop in the maximum light 

utilization efficiency (Fv/Fm) as we go from the control to the 24hrs high light treatment in 

completely opposite manner with that of non photochemical quenching (fig8b) where species 
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exposed to a  high light for extended periods retained comparably higher NPQ (excluding 

24hrs HL treatment group where no measurement is obtained ).  

The decrease in the PSII efficiency is slower in Opephora sp. and it maintained the highest 

value for this parameter in 0.5hr and 6hr HL treatment. The drop in Pseudostaurosira sp. and 

Pierrecomperia sp. were comparable in control and 0.5hr HL after which the latter dropped 

much faster in 6hrs HL treatment. The value dropped much faster  in Phaeodactylum 

tricornutum. 

The retained NPQ is measured immediately after 15minuts of low light adaptation and the 

result could be used to explain why maximum PSII efficiency (Fv/Fm) dropped with 

treatment time. The result showed the longer the HL treatment period the higher the retained 

NPQ as opposed to maximum photosynthetic efficiency which declined with treatment time. 

  

a)                                                                   b) 

Fig.8. Comparison of the maximum PSII quantum efficiency (Fv/Fm) (a)  and retained non 

photochemical quenching (NPQ) (b) in the studied species between the different treatment 

groups. the solid blue arrow  shows point of zero measurement for the four species 
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i)    ii) 

  

iii) iv)  

 

Fig.9. The relative electron transport (rETR) of the 4 species under the different treatment 

groups calculated as the product of effective photosynthetic efficiency (Y(II)) and PAR. i) 

rETR control, ii) rETR 0.5hr HL treatment, iii) rETR 6hrs HL treatment and iv) rETR 12hrs 

HL/12 dark adapted values  for Pierrecomperia sp. and Phaeodactylum tricornutum. Note: no 

fluorescence measurement was found for Phaeodactylum tricornutum under 12hrs HL/12 

dark treatment.          
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Table2: Summary of the different parameters in NPQ vs. irradiance (E) curve fitting model 

for the control and 0.5hr treatment. Parameter +standard error. Significance p< 0.001 for the 

three parameters 

 

Treatments 

 

Species 

Parameters 

NPQm E50 n 

 

 

 

 

 

 

 

Control 

 

 

Opephora sp 

3.45+0.099    372.99+14.43    2.28+0.15   

3.59+0.14     429.21 +22.83    2.071 + 0.15       

3.12+0.09      392.46+15.66    2.42+ 0.18        

 

Pseudostauro

sira sp 

2.47 +0.08   332.98+14.60   2.77+0.29    

2.46+0.08       332.98+14.60   2.77484 +0.29         

2.11+0.04       312.98+14.50   2.72 +0.21         

 

 

Pierrecomper

ia sp 

3.12+ 0.16   325.74+25.23   1.97+0.23    

3.08+0.17  340.64+28.34   1.90+0.22  

2.62+0.09   297.98+15.46    2.26+0.22    

 

 

 

 

 

 

 

0.5hrs HL 

 

 

Opephora sp 

4.57 +0.18  474.01+23.59    2.09+0.14    

3.85+0.16      481.71+24.60    2.16+0.15        

3.91+0.12    472.87+17.61  2.23+0.12    

 

Pseudostauro

sira sp 

2.01+0.06     449.83+13.56   3.08+0.23       

2.09 +0.07    475.75+17.04    2.84+0.21   

1.93+0.07   473.17+17.93    2.79+0.22    

 

 

Pierrecomper

ia sp 

2.79+0.09   394.99+16.32    2.38+0.18    

2.45+0.06    409.57+13.44    2.43+0.14    

2.20+0.04   388.24+8.63    2.61+0.12    

 

 



 
 
 

39 
 

 

 

 

 

Fig.9. Sample graph of the fitted NPQ Vs E curve representing the trend of sigmoidicity  

(n>1) for the three species considered in the modeling. Opephora sp, Pseudostaurosira sp , 

and  Pierrecomperia sp 
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5. DISCUSSION  

5.1 Diatom isolation methodology 

More than half of the isolated diatoms in this study (table1) were obtained through vortexing 

a single sand grain in the falcon tube and the majority of the isolates from the sandy 

sediments with the two methods of isolation were seen to be epipsamic although some motile 

species were also seen namley Navicula sp. and Cylindrotheca sp.. This confirms the fact that 

epipsammic diatoms dominate the sandy sediments of the estuary(Admiraal, 1984), with 

attachment being an adaption to survive in intertidal environments (Paterson & Hagerthey, 

2001) . Jewson et al, (2006) has also reported hiding on les exposed surfaces or surface 

depressions by motile epipsammic species as an important behavioral adaptation to protect 

themselves from high light iradiance.  Picking a single cell under the binocular microscope is 

quite laborious and time consuming compared to vortexing a sand grain for the preparation of 

monoclonal cultures, although the former could provide an advantage of picking the species 

of interest. However, coupled with pre vortex microscopic examination of the sand grains 

vortexing could also provide an important result and in this study it was the best method in 

terms of the number of isolations made. 

Two weeks cold storage of the mixed cultures after isolating them from the mud through lens 

tissue technique ended up with the loss of diatoms as a result of predation by the natural 

predators present in the sample. Microscopic investigation showed the domination of the 

sample with ciliates and other zoobenthos at the end of the storage period. This suggest the 

need to avoid extended storage rather to undertake the isolation or picking diatoms of interest 

immediately following the lens tissue technique. 
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5.2 Protocol for removing of flagellates from cultures 

It has been reported that feeding mechanism in heterotrophic flagellates often depend on their 

motility (Boenigk & Arndt H ,2002), with motility also depending on the sediment type. The 

principle behind the flagellate removal test  used in our experiment was based on limiting the 

motility or movement of flagellates so as to starve and selectively kill them and it  has been 

proven to work for desmids in the PAE lab (K. Vannerum, pers.comm.). However, the  failure 

of the flagellate removal protocol to work on some of the species (Opephora sp. and 

Cylindrotheca sp.) makes the protocol not applicable for  every species of diatom.  The fact 

that treated cultures could again show signs of contamination after being isolated as flagellate 

free also compromises the method (in the case of Cylindrotheca sp.); the growth of Opephora 

in clumps could have contributed for the failure of the protocol to work in this species, as 

flagellates could have survived in these clumps. However, early isolation of a single cell and 

re inoculation of the culture before they get more dense could reduce the risk of picking up 

flagellates again in treated cultures. Moreover vortexing cultures of Opephora might help in 

picking flagellate free single cell.  Some alternative are available to get rid of flagellates for 

example, Zheng et al., (2005) have shown the effectiveness of potassium iodide treatment in 

inhibiting the growth of flagellates in cultures of  Cylindrotheca closterium and Phaedactylum 

tricornutum with a positive impact on growth and metabolism of the culture. With minimum 

inhibitory concentration of 400mg/L potassium iodide inhibits the growth of bacteria and 

flagellates. The paper also discussed the inhibitory effect of the treatment on invasive species 

of mass culture ( Cryptomonas sp. and Chlorella sp.) at a concentrations >700mg L
−1

. 

Polne Fuller, (1991) has also proven the success of using amoeba (Trichosphaerium) as a tool 

for the preparation of axenic cultures of species of microalgae such as  Symbiodinium and 

Porphyridium. This method, however, only works on algae which are resistant to the digestive 

enzymes of the used amoeba strain.   Differential digestion of bacteria and other protozoa 
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leaves the non digestible algal species trapped in the food vacuole of the amoeba which are 

then evacuated and released during multiple fusion making selective culture possible. This 

method avoids the use of chemicals or antibiotics which may have a negative impact on 

growth of microalgae. 

It seems prevention is always  better than cure in dealing with flagellate contaminations. It is 

always better to start with single cell isolated strains and keep them clean.  The protocol with 

the agar plates which involves diluting cultures , cold room storage for two weeks and pickup 

single cells at the end of the day seems quite laborious and time consuming and not always 

reliable as it has been seen in this study.   In this regard chemical treatment might be effective 

to cure flagellate contaminated cultures even in a large volumes of algae cultures and has the 

advantage of killing contaminants which attach to the surface of diatoms.  

 

5.3  The photo acclimation experiment 

5.3.1 Observed differences in maximum photosynthetic efficiency and Capacity(rETR) 

With this study clear differences in photosynthetic efficiency were observed between cultures 

exposed to high light for different time spans (0.5hr, 6hrs, 12hrs & 24hrs). Increasing 

exposure time resulted in a reduction of maximum photosynthetic efficiency (Fv/Fm)(fig.8a) 

to the point where no fluorescence could be measured (12 &24hrs HL). The effective 

quantum yield (Y(II)) of the four diatom species in the control (fig7(i)), 0.5hr HL (fig7(iii)) 

and 6hrs (fig7(v)) HL treatments showed a decrease with an associated rise in non 

photochemical quenching of chlorophyll fluorescence (NPQ) (fig7(ii, iv, & vi)) under the 

increasing light irradiances. It has been stated that this increase in NPQ is the primary short 

term photo protective response to increasing light conditions ( Lavaud & G. Kroth ,2006) and 

it is known that NPQ is a transthylakoid proton gradient mediated  process that  regulates the 
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xanthophyll cycle (Olaizola & Yamamoto,1994). In this cycle higher irradiance de-epoxideses 

diadinoxanthin (DD) to diatoxanthin (DT) which is much less efficient in transferring energy 

into the PSII reaction center, reducing over-excitation of chlorophyll a in diatoms (Lavaud, 

2007). Recent findings by Cartaxana et al. (2011) have confirmed that this kind of 

photoprotection is exhibited by both epipelic and epipsammic diatoms beside the deference in 

its degree of importance in the two life forms. 

Under the extended HL treatment 12 hrs& 24hrs continuous HL treatment no fluorescence 

signal could be measured. Nymark et al. (2009) described the integrated molecular and 

physiological photoacclamation mechanisms involved in Phaeodactylum tricornutum which 

were exposed to  high light for different time spans, showing the increase in the 

photosynthetic efficiency for cultures in  the extended high light acclimation (with 0- 48hrs 

HL treatment). According to their finding cultures in the initial response phase (0 - 0.5hr HL) 

showed a decline in photosynthetic efficiency and the extended HL acclimation phase (6 – 

48hrs  HL treatments) showed an increase. It seems our findings showed a contradiction to 

Nymark et al. (2009)  at our last two acclamation phases (12&24hrs) as we got no 

fluorescence measurement in these phases. The contradiction could have occurred as a result 

of the high light intensities used in the present study. We considered a high light dose (1100 

µmol photons m
-2

s
-1

 ) that is twofold higher than that was used in Nymark et al. (2009) (500 

µmol photons m
-2

S
-1

) which may lead to different responses. We suppose that this diatom 

species is not experiencing such continuous high irradiance in their natural environment 

because of their frequent tidal mixing (Harper ,1969) therefore photodamge might have 

occurred instead of the acclimation. Therefore the absence of detectable fluorescence in the 

12 & 24hrs measurement (Y(II),& rETR) may be due to severe stress from extended exposure 

to very high light intensity.  
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Concerning rETRmax the measurements were higher in the extended high light treatment 

(6hrs HL) compared to 0.5hrs HL. The rETRmax value in the 6hrs HL treatment were 

comparable to the rETRmax of the control treatments; even a higher value was scored by 

Phaeodactylum tricornutum under this treatment. This result of higher rETRmax in extended 

HL treatment was also confirmed by Nymark et al, (2009) in the same species.  

With this study we observed differences in photosynthetic efficiency (fig.7&8) and 

photosynthetic capacity (rETR) (fig.9) between the two different life forms i.e. epipsammic 

(diatoms of the sandy sediment) and tychoplanktonic diatom species (Trites et al ,2005) under 

HL treatments for the different durations. Both parameters showed higher values for 

epipsammic diatoms (Opephora sp., Pseudostaurosira sp. , and  Pierrecomperia sp. ) and 

lower for the tychoplankton (Phaeodactylum tricornutum). As a tychoplanktonic species 

Phaeodactylum tricornutum is usually subjected to frequent vertical mixing, leading to a 

lower mean light intensity compared with epipsammic diatoms which can be exposed to high 

light intensity during low tide. In addition, both groups of diatoms may also differ in their 

response to fluctuating light conditions. Lavaud et al, (2002)  demonstrated  the presence of 

better photoacclimation in Phaeodactylum tricornutum cells that are adapted to intermittent 

light as compared to cells under continuous high light exposure. The adaptation of this species 

to such strongly fluctuating light irradiance helped them to develop a large pool of 

diadinoxanthin (DD) which could then lead to much larger accumulation of diatoxanthin (DT) 

for better photoprotection up on high light exposure.  More over we have observed the 

development of higher none photochemical quenching (NPQ) in the three epipsammic species 

compared to the tychoplanktonic species in all the treatment groups, which demonstrate the 

fact that physiological photoprotection mechanism is better developed in epipsammic diatoms 

compared to tychoplankton. In addition the recovery of only Pierrecomperia sp but  not 
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Phaeodactylum tricornutum in the 12hrs HL/12dark treatment may indicate the difference in 

recovery from prolonged high light stress between the two life forms. 

Epipsammic diatoms fully relay on the physiological means of photoacclimation unlike the 

epipelic diatoms (motile diatoms) which depend both on physiological and behavioral 

mechanisms of photoacclimation (Cartaxana et al,2011). The behavioral means of photo 

acclimation is associated with rhythmic migration pattern depending on the light condition 

(Kromkamp et al, 1998, Palmer & Round 1967,Underwood et al. 2005).The recent findings 

by Cartaxana et al,(2011) showed the existence of higher levels of de-epoxidation state in 

epipsammic diatoms as compared to the motile diatoms under their exposure to higher light 

irradiance demonstrating the significant importance of physiological means of photo 

acclimation in the former ones. 

5.3.2 Methodological issues  

The observed zero values in Y(II) and rETR (for the first part of the curve Hanna Daslgaar) 

after some irradiance level i.e., 281 and 531 µmol photons m
-2

s
-1

 for 0.5hr and 6hrs HL 

treatments respectively may be  associated with the noise mask suppression mechanisms used 

in the imaging PAM. To enhance the contrast between the photosynthetically active object 

and the background matrix the system uses the definition: Fv/F‘m = 0   for all Fm<0.048 

(Heinz Walz , 2009). Therefore for any values of Fm less than 0.048 the measurements Y(II) 

and rETR appears zero(fig.10). Moreover the author recommends to use a starting density of 

150 – 200 signal units of F0 for maximum stimulation of fluorescence measurements which is 

higher than the starting density used in our study (120 – 140 signal units). Similar 

measurement problems were also observed in Msc. dissertation of Vanderheyden (2010). 

Therefore future experiments should consider this as an input for better measurements.  
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Fig.10. The maximum fluorescence yield(F‘m) of the 4 species under the 6hrs HL treatment 

group after provision of 15 minutes low light adaptation at the 12 different increasing light 

irradiance(PFDs). Note: F‘m values converges to values < 0.048 after 531 µmol photons m
-2

s
-

1
 PAR. 

5.3.3 NPQ modeling 

The model for fitting NPQ Vs E curve was based on the assumption that xanthophyll cycle is 

the main driving factor of NPQ which is a transthylakoid pH dependent process (Serôdio & 

Lavaud ,2011). The model provides the advantage of estimating NPQm that might not be 

reached by the range of irradiances applied during an experiment. NPQm is a measure for the 

maximum photoprotective potential of a given sample through the dissipation of surplus 

energy in the form of heat. Accordingly, our results showed a maximum photoprotective 

capacity for Opephora sp. in both the control and the 0.5hr HL treatment groups, followed by 

Pseudostaurosira sp. and Pierrecomperia sp. but the differences were not significant between 

the last two taxa. Moreover E50 was also significantly higher for Opephora sp in both 

treatments. The fact that Opephora sp. developed half of the maximum NPQ  capacity at a 

relatively higher irradiance besides its higher NPQ capacity explains why it was showing 

better photosynthetic efficiency in the treatment groups.   
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6. CONCLUSIONS 

If coupled with pre vortexing microscopic examination of sand grains, epipsammic diatom 

isolation through vortexing a sand grain could provide a time-efficient method to isolate 

epipsammic diatoms. Generally ,the flagellate removal test used in this study showed variable 

results and  did not work for Opephora sp. and Cylindrotheca sp. Alternative methods like 

chemical treatment or isolation of single cells should be considered. 

Generally with this study sigifnicant differences in photoacclimation mechanisms were 

observed between the four diatom species, as seen from the differences in  photosynthtic 

efficiency and capacity as well as non photochemical quenching(NPQ). In all HL treatment 

groups, for which flourescence measurements were obtained ,Opephora sp. showed the 

highest capacity to accommodate high light intensity while Phaeodactylum tricornutum was 

most sensitive to high irradiances. The higher NPQ in the three epipsammic diatoms 

(Opephora sp. ,Pseudostaurosira sp. and Pierrecomperia sp.) compared to the  

tychoplanktonic Phaeodactylum tricornutum) under all HL treatments suggests that 

physiological photoprotective process are better developed in the former.  The observed  

differences between the epipsammic species implies that it is necessary  to include more than 

one species to understand the natural variability in photoprotective capacity among this group 

of diatom. In addition the recovery by Pierrecomperia sp.  after 12hrs HL/12hrs dark regime 

of light stress  suggests that some species might recover faster or experience less mortality 

than others from long exposure to very high irradiances.  
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APPENDIX 

 

                                         LIST OF ISOLATED SPECIES OF DIATOM 

                                                                                                                                                                               

            

                          LRAMB1A                                                                                     LRAMB1B 

           

                   LRAMB2A                                                                   LRAMS2B 

              

                LRAMB3A                                                                     
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                         LRAMB4A                                                           LHULS4B 

    

                        LRAMB5A                                                        LHULS5B 

        

                    LRAMB6A                                                       LRAMS6B 

 

              

                  LRAMB7A                                                               LRAMB8A 
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               LRAMB9A                                                                       LRAMB9B 

          

                LRAMS10A                                                               LRAMS10B 

   

                             LHULS11A                                                      LHULS11B 
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                       LHULS13A                                                  LHULS13B 

              

                  LHULS14A                                                      LHULS14B 

Fig 1. Light microscopy pictures 

 

 

                  

         LHULS5B                                                                             LRAMB5A 
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                 LRAMS10A                                                            LRAMS10B 

         

                LRAMS15A                                                     LRAMS15B 

Fig 2. Scanning electron microscopy (SEM) 

 


