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Thesis abstract  

 

Genetic variability of the microalga  Emili ania huxleyi  (Haptophyta): a temporal 

and geographical study  

By Cecilia Balestreri , Wolfson College 

For the Degree of Doctor of Philosophy, September 2015 

 

 4ÈÅ %ÁÒÔÈȭÓ ÃÌÉÍÁÔÅ ÉÓ ÃÈÁÎÇÉÎÇ ÁÔ Á ÐÁÃÅ ÔÈÁÔ ×ÁÓ ÎÅÖÅÒ ÏÂÓÅÒÖÅÄ ÂÅÆÏÒÅȟ ÁÎÄ 

this may result in species migration to new habitats or, more drastically, to extinction. 

Nevertheless, certain species which have a fast turnover might evolve and become 

resilient to the effects of a rapidly changing environment. This resiliency-scenario 

better applies to species with large population size and rapid generation times, such 

as the coccolithophore Emiliania huxleyi, which plays a fundamental role in the 

marine ecosystem since it produces calcium carbonate coccoliths and it is responsible 

of circa 80% of carbonate precipitation in seawater.  E. huxleyi shows both 

morphological and genetic intraspecific variability, with A and B being its two main 

coccolith morphological types, corresponding to its two main genotypes 

characterised by coccolith morphology motif (CMM) I & II respectively. 

 Here I present the results of a temporal and geographical study, aimed to 

investigate the extant diversity of E. huxleyi in both the Northern and Southern 

hemispheres and its genetic standing stock over a 6-year time period. I found that 

only genotypes CMM I & CMM IV persist and dominate throughout the years, and they 

are both representative of E. huxleyi A morphotype, which dominates North-eastern 

Atlantic, Western English Channel (WEC) and North Sea E. huxleyi bloom events. 



 

2 
 

Additionally, my study confirms the genetic variability in the global E. huxleyi 

community and reveals that the intraspecific variability is defined by geophysical 

features, with E. huxleyi morphotype A being dominant in temperate regions (10-18 

ºC), while morphotypes B & B/C as defined by CMM II & IIb, respectively, being 

dominant in  polar regions (<10 ºC).  

 Finally my results show that cultures maintained in laboratory collections 

might not be representative of real extant stocks, and therefore may not necessarily 

describe the genetic composition of wild biogeographic populations. 
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1.1 Phytoplankton Biodiversity  

             

               Biodiversity is a concept which embraces many aspects of the life on our 

planet, related to different habitats, communities, species and genotypes (Medlin and 

Kooistra, 2010). It can be described as the total genetic information on Earth or in any 

part of it and it can be distinguished from diversity, which is constituted by the 

components that are active and abundant at one particular time and space (Pedrós-

Alió, 2006).  

               The ocean efficiency to recover from perturbation, maintain water quality and 

provide food is diminished by biodiversity loss (Worm et al., 2006). The recent rapid 

climate change has modified the population structure and the biogeographic ranges 

of many intertidal indicator species (e.g. Mieszkowska et al., 2006), as well as the 

response of the marine pelagic community, leading to a discrepancy between trophic 

levels and functional groups (e.g. Edwards and Richardson, 2004). 

               The Convention on Biological Diversity (CBD) was created in 2002 to achieve 

a reduction in the biodiversity loss by the year 2010. In areas where biodiversity is 

affected by increasing pressure-symptoms, the indicators of the state of biodiversity, 

such as extinction risk, community composition and population dynamics, and habitat 

extent and condition exhibited decline and no reductions in rate (Butchart et al., 

2010). The declines affected vertebrates and habitat specialist birds; shorebird 

populations worldwide; extent of forest; mangroves; seagrass beds; and the condition 

of coral reefs. None showed considerable reductions in the rate of decline. 
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1.1.1 The diversity-stability debate  

               Biodiversity is closely related to ecosystem functioning, emerging as one of 

the most controversial research areas in ecology over the last two decades (Loreau et 

al., 2002). The diversity-stability debate divided scientists between the supporters of 

the view that ecosystem-stability is enhanced by the presence of diverse communities 

and  their challengers who believed that community dynamics could be destabilized 

by  diversity (McCann, 2000). This debate played a key role in understanding whether  

the loss of inter- and intra- species variability will affect the functioning of ecosystems 

(Cardinale et al., 2012).  

               The Gaia-ÈÙÐÏÔÈÅÓÉÓ ÓÐÅÃÕÌÁÔÅÓ ÔÈÁÔ ÔÈÅ %ÁÒÔÈȭÓ ÅÃÏÓÙstem is resistant and 

resilient over long time scales and at global spatial scales, whether or not the present 

organisms living in it will persist over such scales (Free and Barton, 2007). 

Nevertheless, it is of fundamental importance to assess whether and how the 

ecological processes which control the fluxes of energy, nutrients and organic matter 

through the environment will be negatively altered by the loss of biodiversity. 

 

1.1.2 The importance of phytoplankton  

               Life evolved predominantly in the oceans (Sagan, 1961; Baross and Hoffman, 

1985)ȟ ÁÎÄ ÔÈÅÉÒ ÒÏÌÅ ÉÎ ÔÈÅ %ÁÒÔÈȭÓ ÈÅÁÌÔÈ ÉÓ ÃÒÕÃÉÁÌȢ 0ÌÁÎËÔÏÎÉÃ ÃÏÍÍÕÎÉÔÉÅÓ ÕÎÄÅÒÐÉÎ 

many biogeochemical processes on a global scale (Cotner and Biddanda, 2002; Allison 

and Martiny, 2008), and they are the base of the marine food web. Many studies 

conducted in the mid-1990s suggested that biomass production and nutrient cycling 

respond strongly to changes in biological diversity (Cardinale et al., 2012). 

Furthermore, key physical processes such as changing sea surface temperatures and 
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upwelling events are factors that can impact the biodiversity of certain regions 

determining a variation in the primary productivity.   

               Global surface temperature has increased by about 0.2°C per decade in the 

past 30 years (Hansen et al., 2006), and the elevated temperatures have resulted in 

changes in phytoplankton community structure (Feng et al., 2009). The phenology 

(annually recurring life cycle events such as the timing of migrations and flowering) 

of many organisms may be impacted, resulting in decoupling of trophic interactions 

and altered food-web structure, ultimately leading to changes in ecosystem-level 

where the success of higher trophic levels depends on the synchronization with the 

planktonic production (Edwards and Richardson, 2004). 

               On land and in the oceans oxygenic photosynthesis is responsible for the 

production of virtually all organic matter (Field et al., 1998). The availability of iron, 

nitrogen and light control the variation of both spatial and seasonal variation in 

photosynthetic biomass in the oceans. Consequently, regional and repetitive 

distributions of net primary production (NPP) are affected by physical (e.g. rain 

precipitation, photosynthetically active radiation, ocean circulation, and water-

column stratification) and biological processes (e.g. species composition and their 

interactions in the communities)(Vitousek et al., 1997; Field et al., 1998).  

               Furthermore, phytoplankton convert dissolved CO2 into organic carbon in the 

surface ocean and the fate of this carbon may be to be eventually rereleased to the 

atmosphere as respiratory CO2 or exported into deeper oceans. The atmospheric CO2 

concentration is currently around 380 ppm, the highest it has reached in the last 20 

million years (Berner, 1990) and according to the projections of future climate from 

forcing scenario experiments (IS92a of the IPCC 1996) the CO2 concentration will 

double by around year 2060 (Cubasch et al., 2001). At the current pH level the 
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ÐÒÅÖÁÌÅÎÔ ÆÏÒÍ ÏÆ ÔÈÅ ÃÁÒÂÏÎ ÉÎ ÔÈÅ ÓÅÁ×ÁÔÅÒ ÉÓ ÂÉÃÁÒÂÏÎÁÔÅȟ (#/σȅ (Fabry et al., 

2008). The dissolution of increasing CO2 concentrations, with the consequent rise in 

hydrogen ions concentration and a reduced carbonate ion concentration, according to 

the reactions 

CO2 + H2O      H2CO3 

H2CO3       H+ + HCO3ȅ 

HCO3ȅ      (+ + CO32ȅ 

is leading to a lower pH level in the surface ocean. This reduction in the pH value and 

ÔÈÅ ÃÏÎÓÅÑÕÅÎÔ ÁÌÔÅÒÁÔÉÏÎÓ ÉÎ ÆÕÎÄÁÍÅÎÔÁÌ ÃÈÅÍÉÃÁÌ ÂÁÌÁÎÃÅÓ ÈÁÓ ÂÅÅÎ ÃÁÌÌÅÄ ȬÏÃÅÁÎ 

ÁÃÉÄÉÆÉÃÁÔÉÏÎȭ ÁÎÄ ÉÔ ÈÁÓ ÃÏÎÃÅÒÎÅÄ ÓÃÉÅÎÔÉÓÔÓ ÉÎ ÔÈÅ ÌÁÓÔ ÄÅÃÁÄÅÓȟ because it has an 

impact first on seawater chemical speciation and biogeochemical cycles of many 

elements and compounds and subsequently potentially  on marine organisms, 

especially those characterised by the calcification processes (Doney et al., 2009; 

Guinotte and Fabry, 2008).  

               In order to understand the effects of changing climate on species diversity 

and resilience, it is necessary to assess the current biodiversity and understand the 

mechanisms underlying ecosystem dynamics. Assessing biodiversity is also of 

fundamental importance to understand how ecosystems are regulated and to 

evaluate productivity and other ecosystem services (Cardinale et al., 2012). 

Phytoplankton can be divided into functional groups according to how they influence 

the silica, carbon or nitrogen cycles. They are loosely classified as silicifiers, calcifiers 

and diazotrophs, respectively, which play specific roles in the marine ecosystem and a 

number of studies have demonstrated how these groups are sensitive to increasing 

CO2 concentrations (Kroeker et al., 2013, 2010; Beaufort et al., 2011; Rost et al., 2008; 

Fabry et al., 2008) and to climate change.  
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               Calcifiers are directly impacted by ocean acidification, as calcium carbonate 

dissolves in acidic conditions. Calcifiers are represented by numerous groups in the 

oceans, both in the animal kingdom and among the protists: 

¶ Foraminifera are ameboid protists, the majority marine, which produce a 

calcium carbonate shell, some becoming quite elaborate in structure 

(Kennett and Srinivasan, 1983).  

¶ Dinoflagellates are flagellate protists and some genera, such as Ensiculifera, 

Pentapharsodinium and Scrippsiella include species which have calcified or 

partially calcified resting cyst wall; although the walls are not exclusively 

calcareous (Head, 1996). 

¶ Calcifying algae, such as the unicellular marine coccolithophores (Haptophyta 

division), the multicellular marine macrophyte Corallina spp. and Halimeda 

spp. and the freshwater alga Chara (Charophyta division) produce calcium 

carbonate and play a key role in the global carbon circle (Brownlee and 

Taylor, 2002). 

¶ Calcareous sponges (phylum Porifera, class Calcarea) are characterized 

by spicules made from calcium carbonate in the form of calcite or aragonite 

(Barnes, 1963). Aragonite in seawater dissolves more readily than calcite 

(Guinotte and Fabry, 2008). 

¶ Stony corals (phylum Cnidaria, class Anthozoa, order Scleractinia) are marine 

animals formed by a founding polyp which settles on the seabed and starts to 

secrete a calcium carbonate skeleton to protect its soft body, creating a large 

colony (Bourne, 1900). 

https://en.wikipedia.org/wiki/Spicule_(sponge)
https://en.wikipedia.org/wiki/Calcite
https://en.wikipedia.org/wiki/Polyp
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¶ Barnacles (phylum Arthropoda, subphylum Crustacea) are marine 

arthropods, which tend to live in shallow and tidal waters. Their external 

structure is strengthened by calcareous plates (Anderson, 1994). 

¶ Sea snails (phylum Mollusca, class Gastropoda) are marine gastropods 

with  shells (Bouchet et al., 2005).  

¶ Bivalves (phylum Mollusca, class Bivalvia), such as clams, mussels, oysters 

and scallops, constitute a class of marine and freshwater molluscs that have 

laterally compressed bodies enclosed by a shell. Shells may contain both 

aragonite and calcite in separate monomineralic layers, or they may be 

totally made of aragonite (Kennedy et al., 1969). 

¶ Echinoderms (phylum Echinodermata), such as brittle stars, starfish and sea 

urchins, have a mesodermal skeleton composed of calcareous plates 

or ossicles, composed mineralogically of a crystal of calcite (Bäuerlein et al., 

2009). 

¶ Teleosts or bony fish (phylum Chordata, superclass Osteichthyes) form 

calcium carbonate crystals as the result of absorbing water across the 

intestine from the surrounding salted seawater (Grosell, 2014). Estimates 

suggested that bony fish produce 40 millionɀ110 million tonnes of calcium 

carbonate per year, and this range accounts for 3%ɀ15% of the estimated 

total (Kwok, 2009). 

 

Although there are no accurate calculations of the relative contributions of these 

organisms on the global calcium carbonate production, the pelagic foraminifera and 

coccolithophores together are likely to represent the main producers. It has been 

estimated that the coccolithophores represent up to 50% of all current global oceanic 

https://en.wikipedia.org/wiki/Gastropod_shell
https://en.wikipedia.org/wiki/Class_(biology)
https://en.wikipedia.org/wiki/Mollusca
https://en.wikipedia.org/wiki/Mesoderm
https://en.wikipedia.org/wiki/Ossicle_(echinoderm)
https://en.wikipedia.org/wiki/Crystal
https://en.wikipedia.org/wiki/Calcite
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calcium carbonate production (Beardall and Raven, 2013; Brownlee and Taylor, 

2002). 

               A study by Liu et al., (2009) demonstrated that the haptophyte algal division, 

which includes the coccolithophores, dominates the chlorophyll a-normalized 

phytoplankton standing stock in modern oceans. Their findings show that the 

evolution of complex eukaryotic cells is a crucial force in the functioning of the 

biosphere and that, ecologically, they may have substantially impacted the oceanic 

carbon pump (Liu et al., 2009).  

 

1.1.3 Coccolithophores diversity  

 Coccolithophores form one important group of the Haptophyta phylum: they 

are characterised by beautiful calcium carbonate structures, they are major sediment 

formers and indicators of palaeoceanographic change, as stated in a study by Young 

and his colleagues (2003), who redefined the coccolithophores taxonomy, which is 

composed of six main orders: 

¶ Isochrysidales : include Noelaerhabdaceae and the extinct family Prinsiaceae, 

based on flagella characters, biochemical characters and molecular genetics. 

 Noelaerhabdaceae are characterised by placoliths, with a grill in the central 

area, and monocyclic proximal shields (Figure 1.1). The representatives of this 

order have been cultured extensively and their life-cycle is well known. Their 

dominant phase is diploid, non-motile, and heterococcoliths-bearing (Young et 

al., 2003). 

 Emiliania huxleyi, Gephyrocapsa oceanica (Figure 1.2) and Reticulofenestra 

parvula are the preeminent representatives of this order. 
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¶ Coccosphaerales: include the two major families Coccolithaceae and 

Calcidiscaceae, plus the family Pleurochrysidaceae. The grouping was made 

based on their structural types and supported by molecular genetic studies. 

Additionally the Hymenomonadaceae were added to this order, because they 

are closely related to the Pleurochrysidaceae.  

 Coccolithaceae dominant phase of life-cycle is non-motile, with placoliths 

heterococcoliths (Figure 1.1). Their central area is connected by disjunct 

structures, which are used to define various fossil genera. Calcidiscaceae have 

proximal shields formed of a single layer of elements with sub-radial sutures. 

The connection between the proximal and distal shields is weak and they are 

often found separated. Pleurochrysidaceae have a rim structure which appears 

as a simplified version of that of the Coccolithaceae. Hymenomonadaceae are 

small littoral and fresh water coccolithophores. Their coccoliths are muroliths 

with an open central area (Figure 1.1; Young et al., 2003).  

 The main representatives of this order include Coccolithus pelagicus (Figure 

1.2), Calcidiscus leptoporus (Figure 1.2) and Pleurochrysis carterae. 

¶ Zygodiscales: include Helicosphaeraceae, Pontosphaeraceae and the extinct 

family Zygodiscaceae. These families have evolutionary connections. 

 Helicosphaeraceae are ellipsoidal with a prominent flagellar opening and the 

coccoliths are arranged spirally around the coccosphere. Pontosphaeraceae are 

sub-spherical, non-motile. The coccoliths are muroliths (Figure 1.1); their 

central area shows a variable number of perforations (Young et al., 2003). 

 In this order we can distinguish Helicosphaera carteri (Figure 1.2), Pontosphaera 

discopora (Figure 1.2) and Scyphosphaera apsteinii. 
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¶ Syracosphaerales : include the families Syracosphaeraceae, 

Rhabdosphaeraceae and Calciosoleniaceae, plus the genus of uncertain 

placement Coronosphaera. The grouping was made based on the coccolith 

structure; typically the members of this order show more than one coccolith 

type (polymorphism). Coccoliths are complex, consisting of three components: a 

rim, a radial lath cycle and an axial structure in their centre.  

 Syracosphaeraceae are motile, with elaborate coccospheres, often showing 

dithecatism (i.e. development of distinct inner and outer layers of coccoliths). 

Rhabdosphaeraceae are typically spine-bearing and non-spine-bearing 

coccoliths with similar shields. Calciosoleniaceae are motile, with elongate, 

fusiform coccospheres (Young et al., 2003).  

 The only species which have been cultured from this very diverse order are 

Syracosphaera pulchra (Figure 1.2), Algirosphaera robusta and Coronosphaera 

mediterranea (Figure 1.2; Young et al., 2003). Other representatives of this 

order include Acanthoica quattrospina (Figure 1.2), Calciopappus caudatus, 

Michaelsarsia elegans, Ophiaster hydroideus, Calciosolenia brasiliensis, and 

Rhabdosphaera clavigera (Figure 1.2).  

¶ Heterococcolith and genera of uncertain placement  do not show clear 

affinities to any other order.  They include Alisphaeraceae, 

Umbrellosphaeraceae, Papposphaeraceae families and narrow rimmed 

placoliths genera.  

 Alisphaeraceae have asymmetrical coccoliths with edge directed toward 

flagellar opening extended into a protrusion and the entire coccolith is formed 

of rim units. Umbrellosphaeraceae have coccoliths which consist of a funnel-

shape distal part on a flat base. The funnel elements are continuous with the 
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basal plate elements of the central area. Papposphaeraceae are small (4-φ ʈÍɊ 

and lightly-calcified, and their haptonema (i.e. cylinder-shaped organelle 

attached near the flagella and unique to the group) 

is usually longer than the cell. They are usually recorded at high-latitudes 

(Young et al., 2003). 

 Alisphaera gaudii (Figure 1.2), Canistrolithus sp., Polycrater galapagensis, 

Umbrellosphaera irregularis (Figure 1.2), Tetralithoides quadrilaminata, 

Papposphaera lepida, Picarola margalefii (Figure 1.2) are some representatives 

of these groups. 

¶ Nannoliths  include Braarudosphaeraceae and Ceratolithaceae families, plus 

nannoliths of uncertain placement. The structures characterising this order are 

about the same size of coccoliths, but they lack definite coccolith affinities. 

Braarudosphaeraceae are not grown in culture, they contain visible chloroplasts 

and, at present day, they occur in shelf environments, usually under lower 

salinity conditions. Ceratolithaceae are characterised by horseshoe-shaped 

nannoliths (Figure 1.1; Young et al., 2003). Braarudosphaera bigelowii (Figure 

1.2) and Ceratolithus cristatus (Figure 1.2) are two representatives of these 

families. 

 Other representatives of this order include Florisphaera profunda (Figure 1.2), 

Gladiolithus flabellatus and Ericiolus sp. 
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Figure 1.1 From Young et al. (2003); ȰKey terms of the coccolith morphology.ȱ 
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Figure 1.2  Some coccolithophore 

species. All the photos are taken 

from Young et al., (2003). The scale 

ÉÓ ρ ʈÍ ÉÆ ÎÏÔ ÄÉÆÆÅÒÅÎÔÌÙ ÉÎÄÉÃÁÔÅÄȢ 
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 One of the most important and well-studied coccolithophore is Emiliania 

huxleyi. Calcification by this species is thought to exert a significant influence on net 

drawdown of atmospheric CO2 by creating a net export of carbon to the seabed 

(Robertson et al., 1994; Riebesell and Tortell, 2011; Westbroek et al., 1993) during 

and  following bloom events, because its coccoliths sink towards the bottom of the 

water column taking large amounts of organic carbon with them (i.e., ballast effect), 

where a significant proportion becomes lost to the carbon cycle for millennia (Coxall 

et al. 2005; Riebesell et al. 2009).  In the short term the calcification process results in 

reduced sea surface alkalinity (Bates et al., 1996), which in turn reduces the surface 

ocean ability to drawdown CO2 (Arrigo et al., 1999) and opposes the direct drawdown 

of CO2 by photosynthesis. E. huxleyi is, in modern oceans, the most abundant 

coccolithophore (Hagino et al., 2011; Okada and Mclntyre, 1979), and it is frequently 

the most numerous species in phytoplankton cell counts from surface water samples 

(Tyrrell and Merico, 2004). It is also the most widespread species, being found from 

the tropics to high latitude regions and from mid-ocean to inshore water, with the 

exception of the polar waters. Under appropriate circumstances, E. huxleyi regularly 

forms blooms which extend over thousands of square kilometres and may persist for 

many months (Holligan et al., 1993; Tyrrell and Merico, 2004; Hagino et al., 2011). 

These blooms become visible to satellites such as the Moderate Resolution Imaging 

Spectroradiometer (MODIS) when they collapse due to the mass shedding of calcium 

carbonate coccoliths following large scale cell death (Holligan et al., 1993). 

E. huxleyi contains high concentrations of dimethylsulphoniopropionate (DMSP), a 

precursor of DMS, which is a key compound in the global sulphur cycle and its 

oxidation products influence atmospheric acidity.  It has also been proposed that 

DMS, by providing precipitation nuclei,  may influence cloud formation and the 
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%ÁÒÔÈȭÓ ÔÅÍÐÅÒÁÔÕÒÅ (Charlson et al., 1987; Malin, 1997). E. huxleyi is a model 

organism with a fully sequenced genome (Read et al., 2013) and a considerable body 

of physiological information (e.g. Grossi et al., 2000; Conte et al., 1998; Richier et al., 

2011; Beaufort et al., 2011; Brownlee and Taylor, 2002; Poulton et al., 2014; Cook et 

al., 2011; Tyrrell and Schneider, 2008; Müller et al., 2008; Stolte et al., 2000; 

Fernandez, E. Boyd, P. Holligan, P. Harbour, 1993; Balch and Utgoff, 2009; Findlay et 

al., 2011; Rost and Riebesell, 2004; Bell and Pond, 1996; Barcelos e Ramos et al., 

2010; Paasche, 2002; Rees et al., 2002; Langer et al., 2009; Houdan et al., 2005).  

Moreover, different strains of E. huxleyi show morphological and genetic variability 

(Iglesias-Rodriguez et al., 2006; Schroeder et al., 2005). For the above  reasons E. 

huxleyi  has been chosen for my research project with the overall aim of assessing the 

genetic composition of its populations at different locations, characterised by 

particular bio-geographical conditions and in relation to bloom and non-bloom 

conditions in order to better understand the mechanisms underlying its ecosystem 

dynamics in the present oceans. A more detailed description of E. huxleyi and its life 

cycle is explained in 1.2. 

 

1.1.4 Assessing phytoplankton biodiversity  

               Many molecular markers have been used to characterise biodiversity within 

species. DNA markers are useful in phylogenetic analysis, functional gene analysis 

and applied research, such as paternity testing and food traceability. In order to 

detect polymorphisms in nuclear DNA, thus assess the genetic diversity of a 

population, the most frequently used markers are microsatellites (Marsjan and 

Oldenbroek, 2007), which target non-codifying regions (Sunnucks, 2000). 

Microsatellites comprise duplet or triplet nucleotide repetitions and are subjected to 
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extremely high mutation frequencies (Jarne and Lagoda, 1996). Although the 

breeding structure of populations, population bottlenecks and the biogeographical 

history of a species are expected to affect all markers in similar ways, the functional 

gene variability can be different for each gene as a result of history, migration and 

drift. For this reason the variation within regions which might express certain 

advantageous traits and adaptable features might not be detected by their correlation 

with random markers in non-codifying regions (Van Tienderen et al., 2002). 

               Markers which can directly target specific genes or gene families are used to 

amplify non-random regions, (Van Tienderen et al., 2002). Different taxonomic levels 

can be investigated selecting an appropriate genetic marker. At general taxonomic 

rank, RNA genes (small subunit, SSU, or large subunit, LSU) are well known and SSU 

in particular has a huge dataset of sequences (NCBI, EMBL or ARB databases), which 

covers virtually every living taxonomic group known to biology. Furthermore SSU is 

known to be universally present with the same function in all organisms, except 

viruses, and to contain variable regions of conservation, which enables design of 

primers or probes. SSU and LSU are also used in phylogenetic analyses. Furthermore, 

next-generation sequencing approaches, such as Illumina sequencing, enables 

millions of sequencing reactions to be run in parallel, at acceptable costs in a short 

time (Mardis, 2008). These techniques are widely utilised to assess prokaryotic and 

eukaryotic biodiversity within environmental samples. Whilst the V4 and V9 regions 

of the small subunit (SSU) rDNA are the best targets for assessing environmental 

diversity of microbial eukaryotes (Stoeck et al., 2010), 16S rRNA is the most utilised 

for microbial prokaryotes (Medlin and Kooistra, 2010). Metagenomics, 

metaproteomics, metatranscriptomics, and proteogenomics are becoming 
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fundamental approaches to characterize the microbial diversity and their interactions 

with all the environmental factors (Rastogi and Sani, 2011). Furthermore, non-

molecular techniques, such as flow cytometry combined with microscopy can be used 

to distinguish and quantify species in environmental samples (Medlin and Kooistra, 

2010).  

 
1.2 Emiliania huxleyi  

                

               Emiliania huxleyi belongs to the order Isochrysidales, family 

Nöelaerhabdaceae of coccolithophores (phylum Haptophyta; Figure 1.3).  

Paleontological studies have revealed that coccolithophore floras in the geological 

past were often dominated by a few cosmopolitan taxa (Hine and Weaver, 1998; 

Young et al., 1999; Rickaby et al., 2002; Moolna and Rickaby, 2012). The maximum 

species diversity was reached in Late Cretaceous and in some places, e.g. the white 

cliffs of Dover in England, extraordinary production of chalk are still visible 

(Westbroek et al., 1989). Nöelaerhabdaceae, have dominated coccolithophore 

communities numerically for more than 20 million years.  Related species, 

Gephyrocapsa spp and Reticulofenestra spp, are genetically very close but vary 

significantly in the morphology of the coccoliths  (Beaufort et al., 2011). E. huxleyi and 

Gephyrocapsa oceanica are genetically identical for the SSU rDNA and RuBisCO rbcL 

sequences (Medlin et al., 1996; Fujiwara et al., 2001), but G. oceanica has a longer 

fossil record than E. huxleyi (Hine and Weaver, 1998; Hagino et al., 2011). For this 

reason it  is thought that E. huxleyi diverged from G. oceanica circa 290 kYa (ka; Raffi 

et al., 2006). Furthermore, both E. huxleyi and G. oceanica produce particular kinds of 
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long-chain alkenones and they have in common certain fine structural features  

(Paasche, 2002; Eglinton et al., 2001; Fujiwara et al., 2001). 

 

1.2.1 E. huxleyi blooms 

               E. huxleyi blooms are seasonally predictable in certain shelf areas including 

the North Sea (Holligan et al., 1983) and the Western English Channel (Groom and 

Holligan, 1987), along continental shelves, e.g. Patagonian Shelf (Painter et al., 2010), 

and in open ocean, e.g. Iceland Basin (Holligan, 1992; Garcia-Soto and Fernandez, 

1995). These blooms are formed by fragmented gene pools with evidence of 

adaptation of local populations to their environment (Beaufort et al., 2011; Martínez 

et al., 2012). 

               Formation of E. huxleyi blooms is often linked to warm, stratified conditions 

where silicic acid and microzooplankton concentrations are low and irradiance levels 

are high (Holligan et al., 1983; Poulton et al., 2014) with low chlorophyll -a 

concentrations (Tyrrell and Merico, 2004). In the western English Channel E. huxleyi 

blooms occur at the end of the positive net heat flux (NHF), an indicator of ecosystem 

dynamics which is involved in the regulation of the yearly community structure 

(Smyth et al., 2014). Other factors, such as iron availability, may also be important in 

further regulating bloom formation in cold, nutrient-rich waters (Poulton et al., 

2014).  The end of a bloom event is associated with the switch to negative NHF, which 

appears to be an important cut-off for coccolithophore species that require thermal 

stratification to thrive . Furthermore, it has been proven that viral infection, by E. 

huxleyi large lytic virus EhVs, plays an important role in terminating the bloom 

(Wilson et al., 2002).   
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Figure 1.3 From Liu et al., 2009; ȰPhylogenetic assessment of the haptophyte environmental diversity: A) LSU rDNA tree (5% 

divergence cutoff), B) Focus on the stratigraphic ranges (black rectangles) of key genera within the calcifying haptophytes. The 

coccolithophore fossil record (Lower Right) represents number of fossil morphospecies along time in millions of years. Black clover 

symbols indicate the origin of haptophyte calcification circa 220 Ma.ȱ  

Emiliania huxleyi  
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1.2.2 Life cycle 

               E. huxleyi and the Haptophytes generally, have a haplodiplontic life cycle 

(Figure 1.4).  In E. huxleyi,  the different life cycle phases  bear either  coccoliths 

(diploid phase) or organic scales (haploid phase) (Billard, 1994). E. huxleyi is 

characterised by three types of cell. These are the non-motile coccolith-bearing cell 

(C-cell), the non-motile naked cell (N-cell) and the flagellated haploid cell. The C-cell 

is the most studied form, it has been recorded forming blooms, and its DNA content is 

twice that of the haploid cell. The haploid has two flagella which allow the cell to 

swim (Paasche, 2002; Billard and Inouye, 2004). The N-cells apparently arise in 

culture after extended periods of cultivation (Green et al., 1996; Houdan et al., 2005).   

 E. huxleyi can alternate a diploid phase and a haploid phase, via meiosis and 

syngamy, and in this way genetic recombination occurs, maintaining high diversity, 

however it is still not understood what is the ecological role played by E. huxleyi 

switch between sexual and asexual reproduction, and vice versa. In 2008, a study by 

Frada and his colleagues (2008) demonstrated that the haploid phase of E. huxleyi is 

ȰÉÎÖÉÓÉÂÌÅȱ ÔÏ E. huxleyi virus, EhVs, like the Cheshire Cat in the famous novel Ȱ!ÌÉÃÅȭÓ 

Adventures in Wonderlandȱ ÂÙ ,Å×ÉÓ #ÁÒÒÏÌÌȢ 7ÈÉÌÅ ÔÈÅ Ȱ2ÅÄ 1ÕÅÅÎ (ÙÐÏÔÈÅÓÉÓȱ 

(Jaenike, 1978) explains the sexual reproduction as a co-evolved defensive 

mechanism of a host against its parasites, because it allows the organisms to survive 

across time becoming more genetically diverse, and subsequently more resistant to 

ÖÉÒÁÌ ÁÔÔÁÃËȟ ÔÈÅ Ȱ#ÈÅÓÈÉÒÅ #ÁÔ 3ÔÒÁÔÅÇÙȱ ÐÒÏÐÏÓÅÄ ÆÏÒ E. huxleyi shows that the asexual 

phase is used to escape death (Leung et al., 2012; Frada et al., 2008). The strategy, in 

fact, is efficient without variating the dominant genotypes over multiannual 

mesocosm experiments (Martínez et al., 2007; Frada et al., 2008), which means that E. 
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huxleyi and its pathogen co-evolved in sympatry (Leung et al., 2012), and that E. 

huxleyi energetic costs are reduced.            

               If nutrients and light are abundant E. huxleyi  will divide about once a day, 

allowing very rapid population growth (Paasche, 2002). Müller et al (2008) showed 

that the cells enter the cell division cycle after reaching a critical diameter in the G1 

phase, independently from the degree of calcification. The same trend was also 

observed in naked cells. Muller et al also demonstrated that calcification in E. huxleyi 

is confined to the G1 phase and that the cells suppress this process during the S 

phase, when the very sensitive process of DNA replication takes place (Müller et al., 

2008). 
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Figure 1.4 Emiliania huxleyi haplo-diplontic life cycle (modified from Young & Henriksen, 2003).

EhVs 
EhVs 
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1.2.3 Coccolith formation  

               Many theories have been proposed to explain the production of coccoliths.  

These include protection from grazing, buoyancy regulation, light modification, 

providing protons for conversion of HCO3Ϻ to CO2 for photosynthesis, and prevention 

of osmotically induced volume changes (Kleypas et al., 2006). Furthermore, E. huxleyi 

sinking rate is of interest for the ecology of this species, because the movement 

through the water column may be essential for survival, by increasing the likelihood 

that it encounters patches or water layers with elevated nutrient concentrations 

(Paasche, 2002). Since the C-cell form does not have flagella, the motility can be 

increased by the presence of coccoliths. Effectively the calcite (density, 2.7 gcm-3) is 

much heavier than organic cell matter (mean density, c. 1.05 gcm-3) or seawater 

(density, l.027 gcm-3;  Young, 1994; Paasche, 2002). Stokes' law should be particularly 

valid for E. huxleyi, in view of its small size and spherical shape (Young, 1994). 

               Coccolith formation by E. huxleyi occurs in an intracellular vesicle, the 

coccolith vesicle, which seems to arise from a Golgi cisternae. The vesicle is closely 

apposed to the nuclear membrane, it apparently communicates with a membranous 

structure termed the 'reticular body' and it probably produces no more than one 

coccolith at a time (Paasche, 2002). Inside the vesicle there are coccolith constituents 

including an acidic, water-soluble, calcium binding polysaccharide (Corstjens et al., 

1998; Schroeder et al., 2005). A thin organic plate (called base-plate) is used as a 

substrate for crystal nucleation and the accumulation of calcium and carbonate 

(Westbroek, P. et al., 1989; Sekino and Shiraiwa, 1996). The coccolith vesicle is not 

present during nuclear division and is reconstituted after mitosis (Müller et al., 2008; 

van Emburg, 1989). 
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1.2.4 E. huxleyi morphotypes  

               E. huxleyi coccoliths are heterococcoliths, comprising two elliptical shields 

(distal and proximal) connected by a central area.  The distal shield is formed by T-

shaped crystal elements (Figure 1.5). The coccoliths are composed of CaCO3 and trace 

amounts of S, Sr and Mg (Cros et al., 2013), which form  complex crystal units 

departing strongly from simple crystal shapes (Young et al., 1999; Paasche, 2002) and 

the coccolith shape varies according to different morphotypes. There are, in fact, six 

well established forms of E. huxleyi.  

               Morphotype A is characterised by medium-sized coccoliths (3-τ ʈÍɊȟ ÒÏÂÕÓÔ 

distal shield elements and curved central area elements (Young et al. 2003; Figure 

1.6). The A morphotype is the most common in culture collections (Iglesias-Rodriguez 

2006). E. huxleyi B form is characterised by larger coccoliths (3.5-υ ʈÍɊ ÄÅÌÉÃÁÔÅ ÄÉÓÔÁÌ 

shield elements and irregular morphology in the central area (Young et al., 2003). 

This morphotype is distinctly less calcified (Young et al., 2014) and it is found rarely. 

Morphotype C (also called O type) shows small coccoliths (2.5-σȢυ ʈÍɊȟ ÄÅÌÉÃÁÔÅ ÄÉÓÔÁÌ 

shield elements and an open central area, sometimes covered by a thin plate. There 

are two additional forms of E. huxleyi: type B/C, and type R. The B/C form shows 

morphology intermediate between B and C morphotypes, with medium-sized 

coccoliths (3-τ ʈÍɊ ÁÎÄ ÄÅÌÉÃÁÔÅ ÄÉÓÔÁÌ ÓÈÉÅÌÄ ÅÌÅÍÅÎÔÓ  (Young et al., 2003) and often 

dominates assemblages in the southern hemisphere (Cubillos et al., 2007; Holligan et 

al., 2010; Poulton et al., 2011), and subpolar waters (Hagino et al., 2005). The R 

phenotype is an overcalcified type A, showing heavily calcified shield elements 

(Young et al., 2003). Furthermore, a sixth variety of E. huxleyi has been described, the 

so called var. corona (Okada and McIntyre, 1977), which is characterised by a 

discontinuous elevated crown around the central area (Young et al., 2003). 
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The volume of calcium carbonate in individual coccoliths can vary by more than an 

order of magnitude, with obvious implications for carbonate flux modelling (Young, 

1994).  

 

 

 

Figure 1.5 E. huxleyi coccolith structures. In detail: A) Scanning electron micrograph 

(SEM) of an intact coccosphere with two detaching-coccoliths. B) One coccolith 

consists of two overlapping elliptical shields equal in size, the distal shield (upper 

one) and the proximal shield (underside one), connected by a central area. C) Back 

side of the proximal shield. D) Coccolith distal shield and central area. Their elements 

are used to classify different morphotypes of E. huxleyi. E) The coccolith structure is 

well organised around the cell.  
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Figure 1.6 SEM images of E. huxleyi morphotypes: A) A form, B) R form, C) B form, D) 

B/C form, E) C form (or O) and F) var. corona, Young et al., 2003.  
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1.2.5 Pigments 

               E. huxleyi pigment composition has been analysed by high-performance liquid 

chromatography (HPLC) analysis in a number of studies and shown to comprise 

chlorophyll -a, the carotenoid 19'hexanoyloxyfucoxanthin (yellow-orange) typical for 

Primnesiophyceae (Wright and Jeffrey, 1987), 19'-butanoyloxyfucoxanthin together 

with fucoxanthin, diadinoxanthin (yellow), diatoxanthin (pale orange), ɼ-ɼ carotene, 

the chlorophylls c2 and c3 and c1 (in minor quantity) and a phytol-substituted 

chlorophyll c (Haxo, 1985; Wright and Jeffrey, 1987; Fookes and Jeffrey, 1989; Nelson 

and Wakeham, 1989; Kraay et al., 1992; Garrido et al., 1995; Garrido and Zapata, 

1998). Cook et al. (2011) analysed the photosynthetic pigment composition and the 

tufA gene of different strains of E. huxleyi ÔÙÐÅÓ ! ÁÎÄ "ϳ# ÆÒÏÍ ÔÈÅ 3ÏÕÔÈÅÒÎ /ÃÅÁÎȢ 

The carotenoid composition was found to be morphology-specific and so was the 

allelic composition of tufA. Based on their findings they proposed to classify the type 

B/C as E. huxleyi var. aurorae (Cook et al., 2011).  

 

1.2.6 Genetic variability  

               In 2013 the sequencing of the first haptophyte reference genome, from the E. 

huxleyi strain CCMP1516, was completed, revealing extensive genome variability. 

This study revealed a pan genome likely supported by a complement of repetitive 

sequences: the E. huxleyi genome is comprises of genes distributed variably between 

strains additionally to common core genes. An important branch of the eukaryotic 

tree of life is represented by haptophytes, and E. huxleyi genome will be extremely 

useful in trying to better understand evolutionary, cellular and physiological 

processes (Read et al., 2013). 
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               Before E. huxleyi genome sequencing was completed, the variability within E. 

huxleyi sp. had been described in several studies that used both genetic and 

biochemical approaches. Polyclonal antibodies have been used to differentiate 

between morphotypes (van Bleijswijk et al., 1991; Young and Westbroek, 1991; 

Medlin et al., 1996), but they were not effective if the cells were naked (Campbell et 

al., 1989).  

               Alkenone/alkenoate biomarkers have been used as a proxy of paleo-sea 

surface temperature (SST), to analyse E. huxleyi batch cultures originated from 

coastal and oceanic regions and maintained under controlled temperature conditions. 

The analysis confirmed that biogeographical variations observed in the alkenone vs. 

temperature relationship in natural waters is representative of differences in genetic 

makeup and physiological status of the local alkenone-synthesizing populations 

(Conte et al., 1998). Furthermore, different pigment composition has been found to be 

strain specific (Stolte et al., 2000).  

               In 2005 Schroeder and colleagues discovered a genetic marker that correlates 

with the separation of E. huxleyi morphotypes (Figure 1.7) and revealed that the two 

main morphotypes are composed of a number of distinct genotypes. This marker lies 

in the untranslated region of the GPA gene, so called for its high content in glutamic 

acid, proline and alanine and which encodes for a protein implicated in regulating 

coccolith structure. The marker, circa 100 bp, has been named coccolith morphology 

motif (CMM) and it has been used to analyse strains obtained from various locations. 

Four different motifs were well characterised and they described four groups in 

which the isolates were divided: CMM I, II, III and IV. The motif could be involved in 

binding the sequence that modules the initiation machinery which controls the 

overall morphology of the coccoliths or it could be involved in repressing and 
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Figure 1.7  Summary of E. huxleyi different morphotypes and the related Coccolith Morphology Motives (CMMs). 
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activating proteins which control the development of the coccoliths within the 

coccolith vesicle (Schroeder et al., 2005). 

               Moreover, high intraspecific genetic variability within E. huxleyi sp. was 

assessed analysing the microsatellite length variants (alleles) on 85 E. huxleyi clonal 

isolates representative of different ocean basins (Iglesias-Rodriguez et al., 2006). 

Microsatellites are multiple repeats of simple oligonucleotides which have high 

mutation rates, and they are present in both coding and non-coding regions of all 

prokaryote or eukaryote genomes (Schlötterer and Tautz, 1992; Iglesias-Rodriguez et 

al., 2006). 

 

1.3 Thesis outline  

                

               Populations are dynamic and many factors, such as nutrient limitation, 

physical and biological interactions, migration processes and environmental factors 

can influence their structures. Montes-Hugo et al. (2009) showed a decadal variation 

of phytoplankton biomass and environmental factors along the Western Antarctic 

Peninsula associated with a rapid regional climate change.  Also studies carried out by 

Feng et al. (2009), using a natural North Atlantic bloom phytoplankton community in 

Á ÓÈÉÐÂÏÁÒÄ ÃÏÎÔÉÎÕÏÕÓ ÃÕÌÔÕÒÅ ÉÎÃÕÂÁÔÉÏÎȟ ÒÅÖÅÁÌÅÄ ȰÈÉÇÈÅÓÔ ÃÏÃÃÏÌÉÔÈÏÐÈÏÒÅ 

abundance in samples treated at high CO2 levels and highest chrysophyte abundance 

ÁÔ ÈÉÇÈ ÔÅÍÐÅÒÁÔÕÒÅȱȢ &ÕÒÔÈÅÒ ÓÔÕÄÉÅÓ ÂÙ Edwards and Richardson (2004) found that 

the level of response to climate change differs throughout the community and the 

seasonal cycle.  

               The stability debate on how the loss of biodiversity can influence ecosystem 

dynamics is still open, as our knowledge of the marine phytoplankton biodiversity is 
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still limited. Key questions relate to the extent to which phytoplankton may be able to 

display particular survival mechanisms (acclimation) or whether particular species 

or genotypes will be selected to dominate the oceans of the future (adaptation). 

Establishing the present condition of the marine environment and how the organisms 

are responding to the fast changing climate is fundamental to understanding how 

biodiversity will be affected. 

               In spite of %ÁÒÔÈȭÓ ÃÌimate changes, the combination of genetic diversity and 

high functional redundancy has helped to maintain the continuity of oxygenic 

photosynthesis. The composition of phytoplankton communities is correlated with 

oceanic circulation and mesoscale physical processes, which influence the fluxes of 

essential nutrients (Falkowski et al., 1998).  

 E. huxleyi is one of the major pelagic producers of CaCO3 in the modern ocean, 

and its response to water chemistry changes at the surface is of particular relevance 

for ocean biogeochemical cycles and climate feedback systems ɉ/ȭ$ÅÁ et al., 2014).   

               Knowing that E. huxleyi shows genetic variability which is related to different 

morphotypes (Schroeder et al., 2005) and that complete coccoliths of a given size can 

contain widely varying amounts of calcite, as a result of variation in the degree of 

primary calcification (Young and Westbroek, 1991; Young, 1994a), it becomes of 

great relevance, and it is the focus of this thesis, to assess the genetic composition, the 

population structure and dynamics of this key species. What is the extant genetic 

assemblage of E. huxleyi natural populations? Are some of its genotypes more suitable 

to certain ocean carbonate parameters? Can studies conducted on E. huxleyi strains 

maintained for years in laboratory collections be representative of the wild 

community?  
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 Genetic diversity within species is at the heart of biodiversity (Frankham et 

al., 2002), and in the same way coexisting species evolve to use different resources, 

reducing the effects of interspecific competition, competition among members of a 

single species drives ecological diversification within natural populations (Svanback 

and Bolnick, 2007). 

               In order to make an initial assessment of the diversity within the standing 

stock of E. huxleyi held within established culture collections, I developed a quick 

method to characterise different E. huxleyi genotypes. This technique is based on 

qPCR and it uses dual labelled probes, which can be combined together to run 

multiplexing amplification. The probes are designed on the E. huxleyi coccolith 

morphology motif (CMM). This method, called probe assay, was tested on E. huxleyi 

clonal isolates obtained from a cruise around the UK and in the North Sea (see 

Appendix I for the details on the expedition) and on samples collected from various 

oceans and held in culture collections for many years. Additionally, in order to test 

the robustness of the method, the same samples were analysed by microsatellite 

profiling (by Dr Stacy Krueger-Hadfield) and many of them were additionally 

sequenced. The results of this analysis and the description of the probe assay are 

illustrated in Chapter 2. 

               The majority of the studies found in literature regarding E. huxleyi are focused 

on bloom events, aimed to comprehend the underlying causes of these episodes; 

however there is only limited information about E. huxleyi genetic composition 

outside the bloom context. I analysed a six year time series of E. huxleyi samples 

collected at the L4 station of the Western Channel Observatory to understand on a 

temporal scale how the genetic composition of E. huxleyi varies when bloom events 

are not occurring and to assess E. huxleyi genetic standing stock. My working 
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hypothesis was that the E. huxleyi population is resilient from year to year, although 

the relative abundance of specific genotypes may change throughout the year and 

only specific genotypes are selected to form blooms (Chapter 3).  

               Furthermore, I analysed the genetic composition of recently collected E. 

huxleyi samples from the Northern and Southern Hemispheres (Appendix I). 

Information obtained from this study will allow us to address the more general  

hypothesis that despite rapid changing climate and the subsequent ocean 

acidification problem, certain taxa, like the abundant and wide spread E. huxleyi, may 

survive though different genotypes within these taxa will be selected (Chapter 4).
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2.1 Abstract  

               

               Due to the unprecedented rate at which our climate is changing, the ultimate 

consequence for many species is likely to be either extinction or migration to an 

alternate habitat. Certain species might, however, evolve at a rate that could make 

them resilient to the effects of a rapidly changing environment. This scenario is most 

likely to apply to species that have large population sizes and rapid generation times, 

such that the genetic variation required for adaptive evolution can be readily 

supplied. Emiliania huxleyi (Lohm.) Hay and Mohler (Prymnesiophyceae) is likely to 

be such a species as it is the most conspicuous extant calcareous phytoplankton 

species in our oceans with generation times of 1 day-1. Here we report on a validated 

set of microsatellites, in conjunction with the coccolithophore morphology motif 

genetic marker, to genotype 93 clonal isolates collected from across the world.  Of 

these, 52 came from a single bloom event in the North Sea collected on the D366 

United Kingdom Ocean Acidification cruise in June-July 2011.  There were 26 

multilocus genotypes (MLGs) encountered only once in the North Sea bloom and 8 

MLGs encountered twice or up to six times.  Each of these repeated MLGs exhibited 

Psex values of less than 0.05 indicating each repeated MLG was the product of asexual 

reproduction and not separate meiotic events.  In addition, we show that the two 

most polymorphic microsatellite loci, EHMS37 and P01E05, are reporting on regions 

likely undergoing rapid genetic drift during asexual reproduction.  Despite the small 

sample size, there were many more repeated genotypes than previously reported for 

other bloom-forming phytoplankton species, including a previously genotyped E. 

huxleyi bloom event.  This study challenges the current assumption that sexual 
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reproduction predominates during bloom events. Whilst genetic diversity is high 

amongst extant populations of E. huxleyi, the root cause for this diversity and ultimate 

fate of these populations still requires further examination.  Nonetheless, we show 

that certain CMM genotypes are found everywhere; while others appear to have a 

regional bias. 
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2.2 Introduction  

                 

 The coccolithophore Emiliania huxleyi (Lohm.) Hay and Mohler 

(Prymnesiophyceae), is thought to be the main calcite producer on Earth (Westbroek 

et al., 1993), it is widespread in all but extreme polar oceans and it regularly forms 

ÅØÔÅÎÓÉÖÅ Ȱ×ÈÉÔÅ ×ÁÔÅÒȱ ÂÌÏÏÍÓ ÉÎ ÈÉÇÈ ÌÁÔÉÔÕde coastal and shelf ecosystems.    While 

the process of calcification results in decreased alkalinity of surface waters, 

potentially reducing the drawdown of CO2 from the atmosphere, coccolithophores, 

such as E. huxleyi, are thought to contribute to reductions in atmospheric CO2 by 

creating a net export of carbon to the seabed (Robertson et al., 1994; Riebesell and 

Tortell, 2011). 

               Current estimates are that as much as 27% of the anthropogenic CO2 

produced from burning of fossil fuels released between 1959 -2011 has been 

absorbed by the oceans (Le Quéré et al., 2013).  As CO2 reacts with seawater, it 

generates dramatic changes in carbonate chemistry, including decreases carbonate 

ions and pH (ocean acidification) and an increase in bicarbonate ions. The 

consequences of this overall process are commonly referred to as ocean acidification. 

Moreover, ongoing atmospheric warming is expected to cause significant changes to 

the ocean climate by the end of this century (the average temperature of the upper 

layers of the ocean having increased by 0.6°C over the past 100 years, IPCC, 2007).  

The oceans are, therefore, experiencing unprecedented levels of change, raising 

concerns about the impacts on key biological species such as E. huxleyi.  The nature of 

such impacts will have important biological, ecological, biogeochemical and societal 

implications (Turley et al., 2010).  Langer et al. (2009) found that different clonal E. 
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huxleyi isolates vary in their phenotypic traits such as growth and calcification rate, 

suggesting a potential role for selection on standing genetic variation in shaping 

future populations. This mechanism was demonstrated by Lohbeck et al. (2012) who 

identified pH-driven selection on 6 clonal isolates from an E. huxleyi bloom near 

Bergen, Norway. Functional diversity within this set of clones allowed selective 

sorting over only 500 generations of exponential growth. These findings raise 

questions about the pace and relevance of such clonal sorting under natural 

conditions. Unfortunately, very little is known about the population biology of this 

key phytoplankton species and hence, forecasting how future populations will 

respond is difficult. 

               Future E. huxleyi populations could have a very different set of phenotypes 

when compared with present-day populations.  This shift in phenotypic traits would 

have profound implications on ecosystem function and biogeochemical cycles.  

However, before we can address the effects of a rapidly changing climate on E. 

huxleyi, we must understand the very basic properties of its genetic diversity and 

ecological interactions.  Martínez et al. (2007, 2012) described a genetically rich, but 

stable E. huxleyi population using the coccolithophore morphology motif (CMM) in 

ÔÈÅ .ÏÒÔÈ !ÔÌÁÎÔÉÃȢ  4ÈÅ #-- ÌÉÅÓ ×ÉÔÈÉÎ ÔÈÅ σȭ ÕÎÔÒÁÎÓÌÁÔÅÄ Í2.! ÒÅÇÉÏÎ ÏÆ ÔÈÅ 

coccolith polysaccaride associated protein GPA, which is implicated in controlling 

coccolith structure (Schroeder et al., 2005).  In addition, Iglesias-Rodriguez et al. 

(2006) and Hinz (2010) found high levels of intraspecific microsatellite genetic 

diversity in different E. huxleyi bloom events.  In contrast to the CMM, microsatellites 

appear to be highly polymorphic markers that can resolve neutral genetic diversity 

within populations. The authors concluded that this is most likely driven by high 
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rates of sexual reproduction.  However, for species with large population sizes and 

rapid generation times, sex is not the sole driver for high genetic diversity.  Indeed, in 

species exhibiting large dispersal potential and geographic ranges, very high levels of 

genetic diversity are expected (i.e., molecular hyperdiversity, Cutter et al., 2013).  In 

the natural environment Saccharomyces yeasts only reproduce sexually one in every 

1000 to 3000 effective generations (Tsai et al., 2008).  The mycorrhizal fungi (phylum 

Glomeromycota) are among the oldest and most successful symbionts of land plants 

and show no evidence of sexual reproduction (VanKuren et al., 2013).  Indeed, a 

combination of intra-indivi dual polymorphism and effective population sizes in the 

Glomeromycota contribute to its evolutionary longevity. 

               The 10 polymorphic microsatellite markers used in Iglesias-Rodríguez et al. 

(2006) and Hinz (2010) were developed without the benefit of genome sequence 

information for this species (Read et al., 2013).  In this study, we revisited 10 

polymorphic microsatellite markers developed by Iglesias-Rodriguez et al. (2002, 

2006), thoroughly tested and critically evaluated them in order to begin 

characterizing genetic diversity in an Emiliania huxleyi bloom event sampled during 

the D366 Sea Surface Consortium UK Ocean Acidification cruise 

(www.surfaceoa.org.uk; see Appendix I).  The estimated genetic diversity, as defined 

by both the CMM and microsatellite markers, was used to critically revise the 

predominant mode of reproduction during an E. huxleyi bloom. Moreover, clonal 

diversity in the North Sea bloom event is compared to a biogeographic phytoplankton 

data set and the adaptive potential of future E. huxleyi populations facing a changing 

ocean is discussed. 
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2.3  Materials and methods  

 

2.3.1 Validation of microsatellite primers  

               (I) Ten polymorphic microsatellite sequence primer pairs (AJ487304-17; 

AJ494737-42, Table 2.1) were blasted (blastn) against the CCMP1516 genome (Read 

et al., 2013) in order to verify the amplification of a single site within the genome. 

               (II ) PCR conditions used are as those described in Iglesias-Rodríguez et al. 

(2002, 2006), using the following modified PCR mix: 20 µL final volume, 2 µL of at 

least 10 ng DNA template, 1x reaction buffer, 1.5 mmol L-1 MgCl2, 0.25 mmol L-1 

deoxyribonucleotide triphosphate, 250 mmol L-1 each of unlabeled forward and 

reverse primers and 1 U of taq polymerase (GoTaq Flexi, Promega).  In addition, the 

loci which produced repeatable PCR results and for which single-locus genetic 

determinism was verified were tested with an annealing temperature of 54 oC in 

order to facilitate the multiplexing of loci in the future.  Initial PCR amplification trials 

were visualized using 1.8% agarose gels with a 50 bp ladder (New England Biolabs, 

MA, USA).  Each reliable locus produced the same results as when tested with the 

original annealing temperature.  Therefore, all subsequent reactions were run at 54 

oC, though for the purposes of this study, all reactions were done in simplex. 

               (III ) In order to investigate the stability of alleles at each locus, strain no. 62 

used in Lohbeck et al. (2012b, 2013) was genotyped at the start of the experiment 

and after 1300 generations of exponential growth under a set of different CO2 

conditions (i.e. mapping any changes between June 2010 to November 2012). A 

second strain, CCMP1516 (Read et al., 2013), was also used spanning multiple 
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generations, varying culture conditions under alternating exponential and stationary 

growth conditions that resulted in loss of coccolith production. 

 

 

 

Table 2.1 Characteristics of the 10 microsatellite markers isolated in Emiliania 

huxleyi by Iglesias-Rodríguez et al. (2002, 2006). NBio, total number of distinct alleles 

observed over the biogeographic data set and NNS, total number of distinct alleles 

observed over the North Sea Bloom data set. 

 

Locus Acc. No. 
Fluorescent 

Dye 
Profile*  BLAST 

Amplification 
proportion  

A-range 
(bp)  

NBio NNS 

EHMS37 AJ494737 PET one 1 0.93 194-340 37 12 

  AJ494738 
       

P01E05 AJ494739 6-FAM one 1 0.96 106-190 28 10 

  AJ494740 
       

P02F11 AJ487316 NED one 0 0.98 98-192 21 8 

  AJ487317 
       

P02E09 AJ494741 PET one 1 0.99 82-172 10 7 

  AJ494742 
       

P02B12 AJ487310 NED one 0 1 204-224 11 4 

  AJ487310 
       

P02E11 AJ487312 VIC multiple  1 - - - - 

  AJ487313 
       

P02E10 AJ487314 6-FAM multiple  5 - - - - 

  AJ487315 
       

EHMS15 AJ487304 VIC multiple  2 - - - - 

  AJ487305 
       

P01F08 AJ487306 - none. 0 - - - - 

  AJ487307 
       

P02A08 AJ487308 - none 0 - - - - 

  AJ487309 
       

*: number of loci amplified
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2.3.2 Microsatellite amplification  

               For optimization purposes, all successful PCR products were transferred to an 

ABI 3130 xL genetic analyzer (Applied Biosystems, Foster City, CA, USA) equipped 

with a 36 cm capillary array.  The PCR mix was updated to include a fluorescently 

labeled forward primer: 150 mmol L-1 of the labeled forward primer, 100 mmol L-1 of 

the unlabeled forward primer and 250 mmol L-1 of the unlabeled reverse primer, 

where all other mix components remained unchanged.  Two µL of each PCR product 

was added to 10 µL of loading buffer containing 0.3 µL of size standard (GeneScan ɀ 

500 Liz, Applied Biosystems, Foster City, CA, USA) plus 9.7 µL of Hi-Di formamide 

(Applied Biosystems, Foster City, CA, USA).  The loading mix was denatured at 92°C 

for 3 minutes.  A positive and negative control was electrophoresed with each set of 

samples run on the sequencer. 

               After optimization, a subset of known genotypes was transferred to 

SourceBioScience Nottingham for fragment analysis on a 3730xL DNA analyser run 

on a 50 cm capillary array.  For all clonal isolates, 7 µL of each PCR product was sent 

to SourceBioScience, including positive and negative controls for each sequencer run.  

All genotypes were scored manually using GENEMAPPER ver. 4 (Applied Biosystems, 

Foster City, CA, USA). 

 

2.3.3 UK Ocean Acidification Research Cruise 

               The R/V Discovery, cruise number 366, circumnavigated the British Isles in 

June/July 2011 as part of the UK Ocean Acidification research programme 

(www.surfaceoa.org.uk; see Appendix I).  Samples used in this study were collected 
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mainly in the North Sea (5 stations, Figure 2.1) and also in the Western coast of 

Scotland, Bay of Biscay and Western English Channel (Table 2.2).   

 

 

 

Figure 2.1 Earth observation 7-day composite data showing Emiliania huxleyi bloom 

development before, during and after cruise: (a) Enhanced ocean colour from Aqua-

MODIS, showing coccoliths as bright patches and persistent cloud in black. (b) 

Chlorophyll-a concentration from Aqua-MODIS, with cloud in light grey. (c) Sea-

surface temperature from AVHRR, where numbered circles indicate cruise stations 

listed in Table 2.2. 



CHAPTER 2  

49 
 

Table 2.2 Emiliania huxleyi isolates used in this study 
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2.3.4 Satellite Imagery  

               Ocean colour data from the Moderate Resolution Imaging Spectroradiometer 

(MODIS) sensor on the Aqua satellite were acquired from NASA OceanColor Website 

and processed to version R2013.0 using the PML Generic Earth Observation 

Processing System (GEOPS) (Shutler et al., 2005). Chlorophyll-a concentration was 

estimated using the OC3M algorithm, and a 7-day median composite calculated from 

the cloud-free pixels to gain a synoptic view. The enhanced colour view is obtained 

from 7-day median composites of remote sensing reflectance at 547nm, 488nm and 

443nm, combined as the red, green and blue channels respectively of an RGB image; 

hence this enhances the green-blue section of the visible spectrum. These images are 

useful for distinguishing different types of plankton or sediment: pure water looks 

blue; plankton blooms appear green or brown-red for more dense blooms; suspended 

sediment appears whitish/yellow; and E. huxleyi blooms appear brighter turquoise. 

               Sea-surface temperature (SST) data were generated from Advanced Very High 

Resolution Radiometer (AVHRR) data on NOAA satellites, acquired by NEODAAS-

Dundee, and processed using the Panorama system (Miller et al., 1997). The NOAA 

non-linear SST (NLSST) algorithm was applied, and again the 7-day median 

composite used to reduce the effect of clouds. 

 

2.3.5. E. huxleyi clonal isolates 

               Culture strains used in this study are listed in Table 2.2.  The D366 samples 

were screened and sorted using a flow cytometer (FACSORT, BD Biosciences, San 

Jose, CA, USA) and cell counts were assessed using a flow cytometer (Accuri C6, BD 
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Biosciences, San Jose, CA, USA) at the following thresholds: FSC 2000 and FL3 800.  A 

dilution factor was calculated in order to obtain a starting concentration of 

approximately 1000 cells/mL.  Each sample was subjected to a dilution-to-extinction 

regime in order to isolate individual cells and obtain clonal uni-algal cultures 

(Appendix II).  All the cultures, including those additional geographically diverse 

strains resourced from various culture collection repositories (Table 2.2), were 

maintained in f/2 -Si medium (Guillard, 1975) in a constant temperature room at 15 

°C and irradiated by a photon flux of 40-υυ ʈÍÏÌ Í-2s-1 on a 16:8 hours LD cycle.  The 

Qiagen DNeasy Blood and Tissue protocol (QIAGEN, Valencia, CA, USA) was used to 

extract DNA from each isolate. 

 

2.3.6 Scanning Electron Microscopy 

               !ÌÌ ÏÆ ÔÈÅ ÓÁÍÐÌÅÓ ×ÅÒÅ ÆÉÌÔÅÒÅÄ ÕÓÉÎÇ Á πȢτυ ʈÍ ÃÅÌÌÕÌÏÓÅ ÎÉÔÒÁÔÅ ÍÅÍÂÒÁÎÅ 

filter, mounted onto metallic stubs using adhesive tape and coated in a thin layer of 

gold (Au) using an Au sputter coater.  These were visualized using a JEOL 5600 Low 

Vacuum Scanning Electron Microscope. Scanning electron micrographs were 

captured at magnifications ranging between x8,000 - x20,000, and electron beam 

damage was minimized by operating the microscope at 15 kV. A total of 152 

micrographs were captured, 62 from the environmental samples and 90 from the 

clonal isolates.  All coccoliths were measured mainly at x20,000 magnification using 

ImageJ v1.38 software (rsb.info.nih.gov/ij/). Morphometrics included in analysis 

were distal shield length and width, central area length and width, average element 

length and width, and coccosphere diameter. To reduce bias and maintain a 

randomized sampling method during examination the surface area of the stubs was 
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divided into nine squares. For each sample, six squares were randomly allocated 

using a random number generator, and examined for coccospheres with coccoliths 

lying flat on the substrate. 

 

2.3.7 CMM amplification and sequencing 

               Amplification of the coccolith morphology motif (CMM, Schroeder et al., 2005) 

ÁÓ ÁÃÈÉÅÖÅÄ ÕÓÉÎÇ Á ÓÅÔ ÏÆ ÎÅÓÔÅÄ ÐÒÉÍÅÒÓ Ñ#"0ͺ& ɉυȭ-AGTCTCTCGACGCTGCCTC-σȭɊ 

ÁÎÄ Ñ#"0ͺ2 ɉυȭ-TGGCCTAGCACCAGTCTTTGG-σȭɊ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÔÏ ÐÏÓÉÔÉÏÎ ρςπσ-

1221 and 1283-1303, respectively, for the GPA mRNA of strain L (AF012542).  The 

template DNA was added to 12.5 µL of QuantiTect Multiplex PCR NoROX kit master 

mix (Qiagen) and 1 µL for each probe (2 pmol), final volume of 25 µL for each 

reaction.  PCR products were incubated with ExoSAP-IT (USB corporation) before 

being sequenced using the ABI Big Dye terminator cycle sequencing ready reaction kit 

version 3.1 (Applied Biosystems) at Geneservice, Cambridge, UK.   

 

2.3.8 CMM probe design and multiplex assay 

               Dual labelled probes (Table 2.3, Figure 2.2) were designed based on multiple 

sequence alignments from reference CMM sequences (Schroeder et al., 2005) and 

sequences generated from section 2.7.  The probes were designed to be specific to a 

particular CMM group I to IV. Based on the sequence variation, two different probes 

were designed for CMM II and IV.  The probes were divided into two multi-probe sets 

according to their fluorescent dyes and melting temperatures to allow for 

multiplexing (Table 2.3).  The multiplex probe assay was carried out using a Corbette 
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Rotor-'ÅÎÅΆ φπππ ɉ1)!'%.ȟ 6ÁÌÅÎÃÉÁȟ #!ȟ 53!ɊȢ  4ÈÅ 0#2 ÐÒÏÃÅÅÄÅÄ ×ÉÔÈ ÁÎ ÉÎÉÔÉÁÌ 

denaturation at 95 °C for 15 minutes, followed by 40 cycles of a two-step PCR: 94 °C 

for 60 seconds and 68 °C for 60 seconds for the first probe-set (probes I, II and III) 

and 94 °C for 60 seconds and 64 °C for 90 seconds for the second probe-set (probes 

IIb, IV and IVb). The fluorescence was acquired at the end of each 

annealing/extension step on the green, yellow and crimson channels.

 

 

Table 2.3 Emiliania huxleyi dual labelled probes for the CMM probe assay. 
 
 

Multiplex  Probe CMM 
Sequence 
ɉυȭ -Є σȭɊ 

Tm 
(ºC) 

$ÙÅ ɉυȭɊ 
Quencher 
ɉσȭɊ 

Channel 
Excitation/  
Detection  

1 

Probe 
I 

I 
CCTGACG
GGTGGTG
GGCGGCG 

 
6-FAM BHQ1 Green 470 nm/ 510 nm 

Probe 
II  

II  

CGGCGAT
TTTTATG
CGCCCAC
CA 

68 ATTO680 BBQ650 Crimson 680 nm/ 712 nm 

Probe 
III  

III  

GATCGAG
AGGCCTG
ACGGGTG
G 

 
CY5 BBQ650 Red 625 nm/ 660 nm 

2 

Probe 
IIb 

II  

CGGCGAT
TTTATGC
GCCCACC
A 

 
HEX BHQ1 Yellow 530 nm/ 555 nm 

Probe 
IV 

IV 

GGCGGCG
ATTTTTA
TGCCCGC
CCCA 

64 ATTO680 BBQ650 Crimson 680 nm/ 712 nm 

Probe 
IVb 

IV 

GGGGCGG
CAATTTT
ATGCCCG
CCCCA 

 
6-FAM BHQ1 Green 470 nm/ 510 nm 
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Figure 2.2 Alignment of CMM sequences produced in this study to reference CMMs 

(Schroeder et al. 2005).  The CMM region is boxed.  The dash line indicates the split 

between two subgroups of CMMs based on variation outside the CMM genotype. The 

bases shaded in grey show the positions of the probes (Table 2.3). 

 

2.3.9 Microsatellite multilocus genotype analyses  

               For each of the following analyses, the biogeographic (MLG-Geo) and North 

Sea (MLG) bloom clonal isolates (Table 2.2) were treated separately.   

Prior to analyses, the number of repeated identical multilocus microsatellite 

genotypes (MLG) was computed using the Mutlilocus Matches option in GENALEX, ver. 

6.5 (Peakall and Smouse, 2006, 2012).  This option automates detection of repeated 

genotypes within a dataset.  The genotypic richness (R) was calculated as:  

R =  

where G is the number of distinct multilocus genotypes and N is the total number of 

studied individuals (Dorken and Eckert, 2001).  This modification of Ellstrand and 

Roose's (1987) index of clonal diversity was proposed by Dorken and Eckert (2001) 

such that the smallest possible value in a mono-clonal bloom is always 0, 

independently of sample size, and the maximum value is still 1, when all the different 

samples analysed correspond to distinct clonal lineages. 
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               Repeated MLGs may occur due to repeated sampling of the same genet which 

are produced through asexual reproduction (i.e., sampling many clones of the same 

genotype) or two distinct sexual events wherein the resulting cells share the exact 

same alleles at all loci.  In order to estimate whether putative genets shared the same 

MLG, GENCLONE 2.0 was used (Arnaud-Haond and Belkhir, 2006).  For each repeated 

MLG, Psex, which is the probability for a given multilocus genotype to be observed in N 

samples as a consequence of two different sexual reproductive events, was calculated.  

For Psex > 0.05, duplicated multilocus genotypes were considered as different genets 

having arisen from two independent sexual recombination events).  If Psex <0.05, the 

duplicated multilocus genotypes were considered clones of the same genet (i.e., 

products of asexual reproduction).   

 

2.3.10 Null alleles and linkage disequilibria  

               The frequency of null alleles was estimated using a maximum likelihood 

estimator in the software ML-NULLFREQ (Kalinowski and Taper, 2006).  Linkage 

disequilibrium was tested for using GENEPOP, ver. 4.1 (Rousset, 2008).  In addition to 

physical linkage on a chromosome, disequilibria may be due to a lack of 

recombination caused by clonal propagation or selfing (mating system) or to 

differences in allele frequencies among populations (spatial genetic structure).  

Significance testing was done using 1,000 permutations and Bonferroni correction 

(Sokal and Rohlf, 1995). 
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2.3.11 Sampling effort  

               Variation in allelic richness depends, essentially, on population sizeɂlarge 

samples are expected to have more alleles, especially rare ones, than small samples.  

Rarefaction (in-silico) analyses involve subsampling each sample without 

replacement at a range of depths.  By considering these subsamples taken from each 

sample, samples originally of different sizes can be compared and unbiased estimates 

of allelic richness computed (Kalinowski, 2005).  Using rarefaction, as implemented in 

the program HP-RARE, ver. 1.0 (Kalinowski, 2005), the mean number of alleles (i.e., the 

number of alleles averaged over the total number of loci used) expected with a 

sample size of 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 and 75 were computed.  In addition, 

the accumulation of different genotypes sampled in the North Sea bloom was 

calculated for CMM and the microsatellites separately using the FASTGROUPII web-

based calculator (Yu et al., 2006). 

 

2.3.12 Genetic distance  

               Bruvo et al.'s (2004) approach was used to calculate a genetic distance matrix 

from the alleles observed at the five microsatellite markers. The genetic distance 

between two ȬÉÎÄÉÖÉÄÕÁÌÓȭ, at a single microsatellite marker, reflects the probability 

that the alleles of one individual mutated to the other. Probabilities are calculated 

using a model which assumes that slipped-strand mis-pairing is the main cause of 

changes in microsatellite length, resulting in single-step mutations. Notably, the 

Bruvo et al. (2004) calculation is independent of the microsatellite mutation rate, 

which in this study, and the majority of other studies, is unknown.  A genetic distance 
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matrix (comparing all samples) was computed for each microsatellite marker and the 

average of these matrices used in the analyses described.  The Polysat package (Clark 

and Jasieniuk, 2011) was used with R version 3.0.0 to perform the computations.   

               The genetic distance matrix was then analyzed using a permutational 

multivariate analysis of variance implemented in the R community ecology package 

Ǭ6ÅÇÁÎȭ ɉÖÅÒȢ ςȢπ-7, Oksanen et al., 2012). Termed ADONIS in the software package, the 

function partitions the variation observed in the distance matrix into sums of square 

distance matrices, characterising variation attributable to specified sources.  This 

method is a robust alternative to parametric MANOVA (multivariate analysis of 

variance) and to ordination methods for describing how variation is attributed to 

different uncontrolled covariates. ADONIS is also an alternative to AMOVA (nested 

analysis of variance, Excoffier et al., 1992) for genetic data when there are some 

samples with limited numbers of individuals.  Significance is assessed using F-

statistics on sequential sums of squares from permutations of the raw data.  In this 

study, permutational multivariate analysis of variance (ADONIS) was used to 

partition distance matrices among the following sources of variation in Sea Surface 

Temperature (SST), Northern vs. Southern Hemisphere and Locality.  These tests 

were considered across all samples (i.e. the full genetic distance matrix) and within 

samples of specific CMM genotypes (i.e. submatrices of samples extracted from the 

full genetic distance matrix according to CMM genotype). 
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2.3.13 Global SSTs determination 

               Gridded (1° x 1°) Sea Surface Temperature (SST) data originated from the 

Hadley Centre (www.metoffice.gov.uk/hadobs/hadisst/). For those samples that fell 

outside the Hadley Centre SST coverage, i.e. the extreme coastal, their nearest SST 

values in a latitudinal direction were used instead.  Similarly, in situ SST data were 

used for the Oslo Fjord strains. The matrices have been calculated by averaging SST 

values for the sampling effort (from January 2006 to December 2011). The samples 

were then clustered using a hierarchical clustering algorithm (termed hclust) 

implemented in R (version 3.0.0).  The algorithm starts with each sample as a cluster 

in itsÅÌÆ ÁÎÄ ÍÅÒÇÅÓ ÃÌÕÓÔÅÒÓ ÔÏÇÅÔÈÅÒ ÓÅÑÕÅÎÔÉÁÌÌÙ ÕÓÉÎÇ 7ÁÒÄȭÓ ÍÉÎÉÍÕÍ ÖÁÒÉÁÎÃÅ 

criterion (Ward, 1963).  The sequential merging was continued until all samples were 

contained in a single cluster and the subsequent tree describing how the clusters 

ÍÅÒÇÅÄ ×ÁÓ ǬÃÕÔȭ ÔÏ ÙÉÅÌÄ ÔÈÒÅÅ ÃÌÕÓÔÅÒÓȢ  4ÈÅÓÅ ÃÌÕÓÔÅÒÓ ÆÏÒÍÅÄ ÔÈÅ ÌÏ×ȟ ÍÅÄÉÕÍ ÁÎÄ 

high SST groups. 

 

2.4 Results 

 

2.4.1 Genetic inheritance, polymorphism and stabili ty of the microsatellite 

markers  

               Loci P01F08 and P02A08 did not produce any PCR products after repeated 

attempts and alteration of PCR conditions (Table 2.1).  These two markers were, 

therefore, the first to be eliminated from the suite of loci. In addition, there were no 

hits against the CCMP1516 genome for either of these two primer pairs (Table 2.1). Of 
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the remaining eight markers that produced products, P02E11, P02E10 and EHMS15 

resulted in multi-allelic (i.e., more than two, the maximum number of alleles possible 

for a diploid) profiles.  There were at least three distinct peaks corresponding to at 

least three different alleles (Supplementary Figure 2.1).  Altering PCR conditions 

resulted in different allelic peaks rendering these loci unrepeatable.  Moreover, 

P02E10 and EHMS15 primer pairs were found five and two times, respectively, in the 

CCMP1516 genome (Table 2.1).  The multiple hits suggested these primer pairs may 

have amplified more than one region in the genome which corresponded to the multi-

peaked profiles observed.  As they were not repeatable and did not follow single-

locus genetic determinism, they were rejected from further analyses. 

               EHMS37, P01E05, P02F11, P02E09 and P02B12 produced consistent results 

at their original annealing temperatures as well as the modified PCR program with an 

annealing temperature of 54 °C.  For each of these polymorphic markers, single-locus 

Mendelian inheritance was assumed as only one (i.e., homozygous) or two peaks (i.e., 

heterozygous) were observed for each of the clonal isolates tested.  For the 15 

samples (5 replicates, 3 different CO2 conditions) from Lohbeck et al. (2012) 

extracted at the start of the CO2 selection experiment in 2010, there were no 

differences between replicates and treatments.  Further, in the same replicate 

selection lines extracted after 1300 generations of exponential growth, there was no 

change in the alleles present at each locus (Table 2.4).  However, CCMP1516 showed 

variation in allele number and size for both EHMS37 and P01E05; the two most 

polymorphic loci (section 3.5).  When comparing the genome sequence (Read et al., 

2013) and previously characterized microsatellite data for this strain (Mackinder et 

al., 2011b) to our PCR amplicons, variation extended to the locus P02E09.  The loss of 
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the 137 PO1E05 allele in strain CCMP1516 genotyped in this study coincided with the 

loss of calcification, i.e. failure to produce a coccolithosphere.  Unfortunately, 

Mackinder et al. (2011) did not look at this allele (Table 2.4). Moreover, CCMP1516 

can no longer produce haploid flagellate life-forms (P. von Dassow, personal 

communication), therefore these genetic modifications were not due to sexual 

recombination. 

 

2.4.2 D366 E. huxleyi cultures  

               The techniques used to isolate clonal uni-algal E. huxleyi strains from the 

D366 cruise, selected only for calcified (diploid) forms that were cultured. We 

successfully produced 104 isolates from single cells, 88 (85%) remained viable (data 

not shown).  Of these, 65 D366 isolates were successfully genotyped (Table 2.2), 52 of 

which originated from the North Sea bloom event (Figure 2.1).  E. huxleyi morphotype 

A was the only morphotype to be identified (Figure 2.3).  The mean coccosphere 

ÄÉÁÍÅÔÅÒ ×ÁÓ υȢτ ʈÍ ɉÒÁÎÇÅ σȢω-χȢυ ʈÍɊȢ #ÏÃÃÏÌÉÔÈ ÄÉÍÅÎÓÉÏÎÓ ɉ&ÉÇÕÒÅ ςȢτɊ ×ÅÒÅ 

consistent with the classic morphotype A phenotype. The mean coccolith distal shield 

ÌÅÎÇÔÈ ×ÁÓ σȢς ʈÍ ÒÁÎÇÉÎÇ ÂÅÔ×ÅÅÎ ςȢρ-τȢτ ʈÍ ɉ&ÉÇÕÒÅ ςȢτÁɊȟ ÁÎÄ ÔÈÅ ÍÅÁÎ ÄÉÓÔÁÌ 

ÓÈÉÅÌÄ ×ÉÄÔÈ ×ÁÓ ςȢφ ʈÍ ÒÁÎÇÉÎÇ ÆÒÏÍ ρȢυ ÔÏ τ ʈÍ ɉ&ÉÇÕÒÅ ςȢτÂɊȢ  4ÈÅ ÍÅÁÎ ÃÅÎÔÒÁÌ 

ÁÒÅÁ ÌÅÎÇÔÈ ×ÁÓ ρȢφ ʈÍ ɉÒÁÎÇÅ 1.2-ςȢυ ʈÍɊȟ ÁÎÄ ÔÈÅ ÍÅÁÎ ÃÅÎÔÒÁÌ ÁÒÅÁ ×ÉÄÔÈ ×ÁÓ ρȢρ 

ʈÍ ɉÒÁÎÇÅ πȢχ-ρȢχ ʈÍɊȢ  4ÈÅ ÍÅÁÎ ÁÖÅÒÁÇÅ ÅÌÅÍÅÎÔ ÌÅÎÇÔÈ ×ÁÓ πȢφσ ʈÍ ɉÒÁÎÇÅ πȢςυ-

πȢωυ ʈÍɊȟ ÁÎÄ ÔÈÅ ÍÅÁÎ ÁÖÅÒÁÇÅ ÅÌÅÍÅÎÔ ×ÉÄÔÈ ×ÁÓ πȢρς ʈÍ ɉÒÁÎÇÅ πȢπω-πȢρφ ʈÍɊȢ  

All consistent with the classic morphotype A phenotype (Young et al., 2003).
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Table 2.4 Microsatellite stability over multiple generations. 
 
 

Sample Year Generations  EHMS37 P01E05 P02F11 P02E09 P02B12 Source 

Lohbeck* 
2010 0 208 214 124 148 102 104 102 104 208 208 this study 

2012 1300 208 214 124 148 102 104 102 104 208  208 this study 

CCMP1516 

2007 - 341 158 no hit 100 no hit Read et al. (2013)^  

2010 - 339 339 ND 119 193 96 102 212 216 Mackinder et al. (2011a) 

ςπρπȰ - 339 339 ND 119 193 96 102 212 216 Mackinder et al. (2011a) 

2010 ND 338 340 137 153 120 192 100 106 212 216 this study 

2011 ND 340 340 137 153 120 192 100 106 212 216 this study 

ςπρςȰ ND 338 340 153 153 120 192 100 106 212 216 this study 

 
 
*: Lohbeck et al. (2013) 
": independent loss of coccolithsphere production  
^: from the genome 
ND: not determined 
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Figure 2.3 Scanning electron micrograph of a mixed Emiliania huxleyi culture prior to single cell isolation originating from D366 

station 5 in the North Sea. Bar = 5 µm. 
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Figure 2.4 Frequency distribution histograms of all the measurements taken for 

distal shield length (a) and width (b): 95% t-confidence for mean is shown. 
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2.4.3 Biogeographic E. huxleyi cultures  

               A select group of 26 E. huxleyi strains were chosen based mainly on origin and 

date of isolation.  Our aim was to include strains from diverse geographic locations, 

from both northern and southern hemispheres and disparate climatic environments.  

In addition, we wanted to restrict the age of the cultures to lessen the influence of 

genetic drift from the point of isolation.  Our final data set comprised strains not more 

than 5 years older than D366 strains, with the only exception being strain CH25/90 

(Table 2.2) as the most recent and only one of two reference strains for morphotype B 

(CMM II) still in culture (Schroeder et al., 2005). The majority (84%) of all the 

biogeographic samples, including the D366 cultures, were isolated in 2011. Twenty 

isolates originate from the Southern hemisphere, while 6 isolates were isolated from 

the Mediterranean Sea, Oslo fjord, Irish Sea and Tsushima Strait, Japan (Table 2.2).  

The SST experienced by these strains ranged from 4.1 to 21.2 ºC (Figure 2.5).  All 

strains could be clustered into three SST groups, namely low, <5 ºC, medium >5 & 

<14.3 ºC, and high >14.3 ºC (Table 2.2).  The North Sea SSTs as observed by AVHRR 

(Figure 2.1c) are consistent with the SST clustering ranges that were based on Hadley 

Centre temperatures (Table 2.2). 
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Figure 2.5 !ÖÅÒÁÇÅ 3ÅÁ 3ÕÒÆÁÃÅ 4ÅÍÐÅÒÁÔÕÒÅ ɉ334Ɋ ÖÁÌÕÅÓ ÆÏÒ ÔÈÅ ÓÁÍÐÌÉÎÇ ÅÆÆÏÒÔ ÆÒÏÍ *ÁÎÕÁÒÙ ςππφ ÔÏ $ÅÃÅÍÂÅÒ ςπρρ ÆÏÒ ÔÈÅ ×ÏÒÌÄȭÓ 

oceans.  The four regions that include Europe, Japan, Chile and Australia that represent all our dataset are shown in greater detail.  Key: 

temperature colour index from blue to red, 0ºC to 25ºC, respectively. 

T (°C) 
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2.4.4 CMM genotyping 

               Isolates in our reduced D366 dataset could be divided into three main CMM 

groups, namely homozygous for CMM I, homozygous for CMM IV and heterozygous 

for CMM I/IV & III/IV (Table 2.2).  It is, however, important to note that two of the 13 

isolates that did not make the final reduced D366 dataset, produced complex MLGs 

and CMM profiles; all indicative of the presence of multiple genotypes in the same 

sample (data not shown).  For technical reasons, these and the remainder 11 strains 

were not included in later analyses.  

               The CMM identity was mainly determined by applying the multiplex CMM 

probe assays (Supplementary Figures 2.2 and 2.3), with sequencing of CMM 

amplicons from a few isolates to validate the probe assay results (Table 2.2). Note 

that multiple CMM probes were designed to account for the additional sequence 

variation outside the designated CMM region (Figure 2.2). When this was taken into 

account for two of the main affected CMMs, namely CMM II and IV, both sets of probes 

improved the sensitivity of the assay. 

               Of the North Sea D366 clonal isolates, 38 were homozygous for CMM I, 3 were 

homozygous for the CMM IV and 11 were heterozygous for CMM I/IV (Table 2.2).  

Therefore, CMM I was the most numerically abundant genotype. CMM I in a 

homozygous state was also found in other geographic strains, seven were of Chilean 

and two of Norwegian origins (Table 2.1). Similarly, CMM IVs were distributed widely 

geographically, while CMM I/IVs where restricted to the Northern hemisphere. 

               No CMM IIs were detected in our D366 dataset.  The five B/C and C 

morphotypes from the Southern Ocean and Tsushima Strait, respectively, were 



CHAPTER 2  

68 
 

however shown only to have the CMM II genotype (Table 2.2).  There are 91 samples 

in this data set and of these 6 are homozygous CMM II (including the homozygous 

CMM II morphotype B Ch25/90 reference strain - Schroeder et al., 2005).  

Furthermore, exactly these 6 samples are characterized by a morphotype other than 

type A (morphotype R being a Southern Ocean over-calcified variant of A).  The 

probability that these non-morphotype A samples are the only CMM II genotypes by 

chance is 1/(91C6) = 1.5e-09.  The number 91C6 = 666563898 is the total number of 

ways 6 samples can be selected from 91, it suggests the observed result is highly 

unlikely to have occurred by random chance. 

 

2.4.5 Microsatellite genotyping  

               There were significantly greater amplification rates in this study (Table 2.2) 

compared to Iglesias-Rodríguez et al. (2006; t = 5.18, df = 5, p = 0.004), but no 

difference between this study and Hinz (2010; t = 0.75, df = 4, p = 0.493).  However, 

the amplification rate at locus P02B12 in Hinz (2010) was only 66%, whereas in this 

study it was 100%. 

               One hundred and eight alleles were characterized across the five 

microsatellite loci.  The number of alleles ranged from two to ten in the North Sea 

bloom, whereas there were five to 17 alleles encountered on a global scale (Table 

2.2).  Each of the loci corresponded to a stepwise mutation model. EHMS37 was the 

most polymorphic locus whereas P02B12 was the least polymorphic locus.  Allele 

frequencies are available upon request.   

               Of the 52 clonal isolates genotyped in the North Sea bloom, 26 MLGs were 
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only encountered once, five MLGs were encountered twice, two MLGs were 

encountered three times, one MLG was encountered five times and, finally, one MLG 

was encountered six times.  The genotypic richness, R, in the North Sea was 0.667, the 

smallest value reported during a phytoplankton bloom.  Moreover, each duplicated 

MLG was characterized by Psex values much smaller than 0.05 (Table 2.2).  In other 

words, it was extremely unlikely that they were the product of two independent 

meiotic events.  All repeated microsatellite MLGs also shared the same CMM allele.  

Consequently, all repeated MLGs were considered descendants of the same genotype.  

In addition, there was also a repeated microsatellite MLG encountered three times in 

a bloom sampled off the coast of Chile in 2011 (Table 2.2).  This repeated MLG 

exhibited Psex values much smaller than 0.05 (Table 2.2) and, as above, was 

considered descendants of the same genotype. 

               There was no evidence of linkage disequilibrium in the North Sea bloom (i.e., 

all p-values were > 0.05 before Bonferroni correction).  There was evidence of null 

alleles at each locus except P02F11 in the North Sea bloom.  The null allele 

frequencies varied from 0.194 at EHMS37 to 0.258 at P01E05.  However, as 

demonstrated by Krueger-Hadfield et al. (2011, 2013), null allele frequencies 

calculated in diploid stages of haploid-diploid life cycles could be biased due to 

violation of some of the assumptions underlying maximum likelihood estimators.  

Therefore, null alleles may be present in our diploid strains (i.e., a diploid strain may 

have been scored as homozygous at locus EHMS37, but was in fact a heterozygote for 

the allele amplified and for an allele that was not amplified due to, for example, a 

possible mutation in the primer binding site).  However, the frequency estimates are 

likely upwardly biased and the actual numerical value should be treated with caution 
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as we are unsure of certain parameters of the E. huxleyi life cycle (i.e., mating system), 

which could bias the maximum likelihood estimator. 

 

2.4.6 Sampling effort  

               There was a difference between CMM and the microsatellites in that the 

rarefaction curve for CMM genotypes reached a plateau whereas the microsatellites 

did not (Supplementary Figure 2.4).  Although the microsatellite rarefaction curve did 

not plateau, at the point at which sampling was ceased, the gradient of curve was not 

as steep as that observed in other studies (e.g., Hinz, 2010).  That said, a slight 

increase did occur between 50 and 75 genes sampled (Supplementary Figure 2.4). 

 

2.4.7 Population genetic structure at different spatial scales  

               Using the ADONIS method to attribute variation in microsatellite Bruvo 

genetic distances (Figure 2.6) to variation in SST, Northern vs Southern hemispheres 

and locality yielded weak correlations: between 8 and 31% of the variation in the 

distance matrix was explained by these variables (Table 2.5). In addition, the 

morphotypes did not cluster together on the basis of microsatellite genetic distance, 

notably the four B/C morphotypes from the cooler Australian waters were dispersed 

between other morphotypes (Figure 2.7).  Within CMM genotypes, locality explained 

the most variation out of the three covariates. 
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Table 2.5 ADONIS output with three different clustering variables: SST, Northern vs. 

Southern hemispheres (North vs. South) and Locality. Each model is fitted to all 

samples, CMM type I/I samples only, CMM type II/II samples only, CMM type I/IV 

samples only, and CMM type IV/IV samples only. 

 

 

Clustering variables  Samples (N) R2 ȱ DF^ 
SST All (71) 12.9 2 

 I-I (28) 19.8 1 

 II-II (5*)  39.0 1 

 I-IV (15) 9.0 1 

 IV-IV (23) 15.8 1 
    

North vs. South All (71) 8.8 1 

 I-I (28) 19.8 1 

 II-II(5*)  39.0 1 

 I-IV (15) NA NA 

 IV-IV (23) 12.8 1 
    

Locality All (71) 31.1 9 

 I-I (28) 25.6 2 

 II-II(5*)  39.0 1 

 I-IV (15) 33.6 3 

 IV-IV (23) 51.3 7 
    

 

N: sample size 

*: small sample size 

Ȱȡ 2ͮς ÉÎÄÉÃÁÔÅÓ ÔÈÅ ÐÒÏÐÏÒÔÉÏÎ ɉϷɊ ÏÆ ÖÁÒÉÁÂÉÌÉÔÙ ÁÃÃÏÕÎÔÅÄ ÆÏÒ ÂÙ ÔÈÅ ÃÌÕÓÔÅÒÉÎÇ 

variable 

^: DF is the number of free parameters in the model 
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Figure 2.6 Multi -ÄÉÍÅÎÓÉÏÎÁÌ ÓÃÁÌÉÎÇ ÐÌÏÔÓ ÃÏÎÓÔÒÕÃÔÅÄ ÕÓÉÎÇ "ÒÕÖÏ ÅÔ ÁÌȢȭÓ ɉςππτɊ ÇÅÎÅÔÉÃ ÄÉÓÔÁÎÃÅ ÃÒÅÁÔÉÎÇ Á ς-dimensional 

representation of the dissimilarity matrix used for the permutational multivariate analysis of variance (ADONIS {VEGAN} community 

ecology package in R) for all the samples. 
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Figure 2.7 Multi -ÄÉÍÅÎÓÉÏÎÁÌ ÓÃÁÌÉÎÇ ÐÌÏÔÓ ÃÏÎÓÔÒÕÃÔÅÄ ÕÓÉÎÇ "ÒÕÖÏ ÅÔ ÁÌȢȭÓ ɉςππτɊ ÇÅÎÅÔÉÃ ÄÉÓÔÁÎÃÅ ÃÒÅÁÔÉÎÇ Á ς-dimensional 

representation of the dissimilarity matrix used for the permutational multivariate analysis of variance (ADONIS {VEGAN} community 

ecology package in R) in the biogeographic group: a) CMM I, b) CMM IV & c) CMM II. 
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2.5 Discussion 

                

 The use of a validated set of microsatellites and the CMM functional genetic 

marker demonstrated clear evidence of asexual reproduction prevailing during a 

single E. huxleyi bloom event in the North Sea in 2011. Eight genotypes were 

encountered between two to six times across the sampling dates and locations of the 

bloom event. Despite the small sample size, there were many more repeated 

genotypes than previously reported for other bloom-forming phytoplankton species, 

including a previously genotyped E. huxleyi bloom event. This study challenges the 

assumption that sex drives genetic diversity within and between E. huxleyi 

populations. Whilst genetic diversity is high amongst extant populations of E. huxleyi, 

the root cause for this diversity still requires further examination in order to be able 

to predict the impacts of unprecedented levels of climate change are having on key 

biological species such as E. huxleyi. 

 

2.5.1 Asexual dominance in the D366 North Sea Bloom 

               For population genetics, the key benefit of microsatellites is the high inter-

individual variation, which makes it possible to study both intra- and inter-population 

genetic diversity. The evolutionary dynamics, biological function, genomic 

distribution and practicality of microsatellites have been summarized in a wide 

variety of reviews (see Schlötterer, 1998; Selkoe & Toonen, 2006). As a down-side, 

mutation rates may be so high that appreciable genotypic changes may occur during 

an observational period (e.g., Tesson et al., 2013).  However, whether these are real 

mutations or mis-scoring (discussed again below) would need more careful analysis.  
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Microsatellite mutation rates vary, but the typical range is thought to be 10-2 to 10-6 

mutations per locus per generation (Li et al., 2002).  Hinz (2010) estimated the 

number of mutations per microsatellite locus per generation in E. huxleyi to be 

between 7x10-3 to 142 over a 15 year culture period.  Assuming this calculation is 

meaningful for certain strains, 1 mutation per 1000 generations is expected 

statistically within each lineage.  As each of these mutations would be selectively 

neutral, the probability of fixation would be negligible and would be dependent upon 

the size of the asexual population.  In other words, even if occasional mutations 

occurred in uni-algal cultures, it would not be possible to detect - as seen for the 

Lohbeck et al., (2012b) strain that did not show any changes based on microsatellite 

genotyping during 1300 asexual generations.  However, we investigated a second 

strain (CCMP1516) that originates from the warmer tropical Pacific environment and 

has been in culture since 1991 (Schroeder et al., 2005).  In contrast, the strain used in 

Lohbeck et al. (2012b) originates from Bergen (relative cooler environment) and was 

maintained in culture for a lot less time (i.e., since 2009) and under continuous 

exponential growth.  Our data suggests the change in selective pressure incurred due 

to culturing in artificial laboratory conditions over a 20 year time period has had a 

compounding effect on fitness.  While adaptation to high pCO2 conditions had little 

effect on Lohbeck strains ability to calcify (i.e. cells never lost their ability to produce 

coccoliths), we predict that the same would not be true for CCMP1516.  We predict 

that it would have behaved very differently as it often loses its ability to calcify under 

current pCO2 scenarios.  Replicate cultures of CCMP1516 have to be kept to ensure 

that the calcified form of CCMP1516 is not lost for good. 
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Mis-scoring of alleles was certainly a problem for CCMP1516 (Table 2.4). The 

variations observed in the EHMS37 and P02F11 are likely as a result of noise, user 

interpretati on and between sequencer shifts associated with the stutter peaks 

ÓÕÒÒÏÕÎÄÉÎÇ ÔÈÅ ȰÄÏÍÉÎÁÎÔȱ ÍÉÃÒÏÓÁÔÅÌÌÉÔÅ ÐÅÁË ɉÅØÐÁÎÄÅÄ ÕÐÏÎ ÁÇÁÉÎ ÌÁÔÅÒɊȢ "Ù 

contrast, the variations observed in P01E05 and PO2E09 are more intriguing.  What is 

the source of this variation?  Could the P01E05 loci be informative about the state of 

calcification?  We know that the allele size 137 for PO1E05 was likely present in the 

genome sequence dataset (Read et al., 2013) but was omitted from the final genome 

due to the complexities of assembly, i.e. assembly of genomes of diploid organisms 

eliminates subtle variation and reports mainly on a single consensus chromosomal 

copy.  However, the disappearance of this allele in the 2012 non-calcifying strain 

(Table 2.4) raises important questions regarding the role of this genomic region in 

the calcification process.  What is certain, however, is that some genomic regions 

within E. huxleyi are subject to greater genetic drift or rearrangements within an 

asexually maintained state.  Until we determine the source and the nature of these 

variations and understand the effect and extent of the changes on the fitness of a 

diversity of strains, estimation of microsatellite mutation rates per locus for E. huxleyi 

would be futile.  This in turn raises questions of the usefulness of these particular 

microsatellites in E. huxleyi population genetics. 

               Microsatellites have previously been used to explore genetic diversity and 

population structure in several bloom-forming phytoplankton (e.g., diatoms: 

Rynearson & Armbrust, 2000, 2004, 2005; Evans et al., 2005; dinoflagellates: 

Alpermann et al., 2009; Erdner et al., 2011; Casabianca et al., 2012; coccolithophores: 

Iglesias-Rodríguez et al., 2006). High levels of intraspecific genetic variability have 
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been reported in all phytoplankton groups, but often these results are discussed as 

somewhat of a paradox.  A bloom event should be dominated by asexual 

reproduction, as asexual reproduction is likely the only mode by which such large 

biomass can be generated over short time periods.  Yet, the paradigm of sexual 

reproduction being the source of exceptional genetic diversity during bloom periods 

has pervaded the microbial literature.  For E. huxleyi, we have seen that sexual 

recombination was not the cause of the microsatellite variation observed in 

CCMP1516.  This has been documented in other asexually reproducing organisms, 

such as fungi.  Sexual recombination was thought to only occur between two fungal 

strains of opposite mating types; however, Lin et al. (2005) demonstrated 

recombination in isogenic mating types.  We have no evidence that recombination 

between diploid E. huxleyi cells are the source for the genetic variation observed, but 

this merely highlights the many possibilities that could explain high levels of genetic 

variation within species.  Due to the high levels of genetic diversity and linkage 

equilibrium observed in our study, genetic drift had occurred, but was unlikely to 

have contributed to genetic diversity directly during the D366 North Sea bloom.  

Indeed, rare recombination events can erase any signatures of clonality, such as 

heterozygote excess and linkage disequilibrium (Halkett et al., 2005).  Yet, the fact 

that many genotypes were re-sampled indicates that asexual reproduction was 

driv ing the bloom formation. 

               This is one of the only studies which calculated Psex values in order to 

demonstrate the origin of the repeated MLGs (sexual or asexual events).  In contrast, 

Iglesias-Rodríguez et al. (2006) and Hinz (2010) reported few, if any, repeated MLGs 

in two previous studies on E. huxleyi blooms, but this is likely due to several features 
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of these studies which do not arise directly from the biology of this coccolithophore.  

First, the sample size used to calculate genetic diversity from a sampling location or 

time point (Iglesias-Rodríguez et al., 2006) or a particular mesocosm or time point 

(Hinz 2010), was small and therefore, repeated genotypes may not be detected due to 

chance or isolation techniques. Second, Iglesias-Rodríguez et al. (2006) included 

several loci which have been shown in this study to be multi-allelic and are, therefore, 

not suitable for genotypic diversity estimates.  Further, only seven out of the 85 

isolates tested amplified at all ten loci.  It is unclear from Iglesias-Rodríguez et al. 

(2006) what the genotypes were for the validated five loci used in this study and 

whether these genotypes were in fact different.  Third, in Iglesias-Rodríguez et al. 

(2006), the authors used two microsatellites, P01E05 (potentially mutating after long 

periods of time in culture) and EHMS15 (multi-allelic), in isolation to describe the 

geographic distribution of genotypes and potential reductions in gene flow.  However, 

if one uses restricted data sets to perform these calculations, such as between 

Northern and Southern hemisphere strains, spurious results will be encountered.  For 

example, we demonstrated that SST, Northern vs. Southern hemisphere and Locality 

does not explain the overall clustering of the strains based on CMM or microsatellite 

profiling.  

               Iglesias-Rodriguez et al. (2006) also estimated the number of genotypes in the 

environment to be, at the minimum, 2.4 x 1020.  Yet, the computational method of 

calculating this value depends on locus independence.  There were no calculations of 

linkage disequilibrium, but if one assumes the loci are independent and in linkage 

equilibrium based on the results of the current study, this would not be a major 

violation. However, the method likely overestimates the number of different 
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genotypes. If there were four alleles at a locus, then in Iglesias-Rodríguez et al.ȭÓ 

(2006) method, there would be six different heterozygous combinations plus the four 

possible homozygous states. This would then be multiplied by the next figure at the 

next locus and so on. The computational method used does not take into account the 

manner in which certain alleles are encountered or that some combinations are never 

found.  Capture-recapture statistics is a preferred method to estimate the number of 

lineages within a bloom in a conservative manner.  

               One issue with studies, such as this in coccolithophores (also see Cook et al., 

2013) or in diatoms, as in Rynearson and Armbrust (2005), is the sample size of 

cloÎÁÌ ÉÓÏÌÁÔÅÓ ÆÒÏÍ Á ÇÉÖÅÎ ȰÓÉteȱ. For macroalgae, it is necessary to sample at least 30 

diploids and haploids (for those which have haploid-diploid life cycles) from a 

population (Krueger-Hadfield et al., 2011). However, due to the difficulty of single cell 

extractions in some phytoplankton and the large scale of their distribution and bloom 

events, more than 30 samples of at least the diploid phase are likely to be necessary. 

For example, the daily sample size of clonal isolates from Rynearson and Armbrust 

(2005) varied from 20 to 76 with values of D ranging from 0.87 to 1.0.  Plotting the N 

versus R resulted in a significant negative slope (r2= 0.456, b = -0.001, p < 0.023), 

indicating that increasing the sample size of clonal isolates increases the chances of 

re-encountering a MLG. 

               Yet, even values in Rynearson and Armbrust (2005) with apparently sufficient 

sample size to detect repeated MLGs, there were still more unique MLGs encountered 

than in the North Sea E. huxleyi bloom studied here.  This might be expected due to 

the nature of diatom blooms.  Diatoms continue dividing until they reach a critical 

size when sexual reproduction is triggered (Chepurnov et al., 2005).  However, 
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Rynearson and Armbrust (2005) did not find any sexual stages during the sampling of 

a Ditylum brightwellii  bloom event in Puget Sound.  Therefore, the high genotypic 

diversity in the diatom bloom may have been due to past sexual events, but also 

resting stages of D. brightwellii.  Resting stages can act as inocula for blooms and 

provide an additional diversifying effect. 

 

2.5.2 A place for CMM 

               Ascribing a genetic basis to a particular coccolithophore morphotype has 

been attempted in several studies which were able to show some genetic 

differentiation among the strains tested (gpa/CMM: Schroeder et al., 2005, tufA: Cook 

et al., 2011, cox1b and atp4 Hagino et al., 2011). There are four main morphotypes: 

Type A [E. huxleyi var huxleyi] has varying levels of calcification, global distribution 

and is the most prevalent in bloom events (Hagino et al., 2011; Cook et al., 2011, 

2013).  The other three, namely C [E. huxleyi var kleijniae Young & Westbroek ex 

Medlin & Green] (Young et al., 2003), B [E. huxleyi var pujosae (Verbeck) Young & 

Westbroek ex Medlin & Green] and B/C [Emiliania huxleyi var aurorae Cook & 

Hallegraeff] are found in the most northern and southern latitudes (van Bleijswijk et 

al., 1991; Young et al., 2003; Cook et al., 2013).  Two other morphotypes, R (Young et 

al., 2003; Cook et al., 2011) & O (Hagino et al., 2011) have been reported in the 

southern and northern latitudes, respectively.  Schroeder et al. (2005) used the CMM 

to reinforce the partitioning of the A & B morphotypes.  In addition, morphotype A 

has a combination of CMM I, CMM III or CMM IV alleles, while morphotype B was only 

found associated with CMM II.  The present study has expanded on this finding by 

showing that the morphotype R is likely an over-calcified form of A, and more 
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surprisingly linking morphotypes C and B/Cs to B.  While the latter share a similar 

biogeography, their cell sizes span the smallest (C ɀ 2.5 µm) to the largest (B ɀ 7 µm) 

for this species.  

               CMM I was the numerically dominant allele in the form of homozygous CMM I 

and heterozygous CMM I/IV. However, CMM IV was the second most abundant 

genotype and the most widely distributed.  This was partially supported by the 

ADONIS variation test (i.e. locality being the greatest influence on the genetic 

variation for homozygous CMM IV), but also by the discovery of a CMM IV repeated 

MLG in the North Sea and the Western English Channel (see Table 2.2, MLG 34). 

               CMM II, on the other hand, was not detected in the North Sea locality.  One of 

the original B morphotype strains, CH25/90, originated from the North Sea (van 

Bleijswijk et al., 1994) at a location not too dissimilar from the D366 North Sea 

sampling sites.  In addition, Martínez et al. (2012) reported the presence of CMM II in 

the North Sea in 1999.  The absence of morphotype B or CMM II in our D366 culture 

collection raises important questions as to whether the well-documented increase in 

SSTs over the past decade could have negatively affected the natural habitat for this 

ÍÏÒÐÈÏÔÙÐÅȢ  7Å ËÎÏ× ÔÈÁÔ #-- ))Óȟ ÉÎÃÌÕÄÉÎÇ "Ⱦ# ÁÎÄ #ȭÓȟ ÐÒÅÄÏÍÉÎÁÎÔÌÙ ÏÒ ÅÖÅÎ 

exclusively occupy the more northern and southern latitudes. It is conceivable to 

ÐÒÅÄÉÃÔ ÔÈÁÔ ÉÎ ÔÈÅ ÃÁÓÅ ÏÆ ÔÈÅ .ÏÒÔÈ !ÔÌÁÎÔÉÃ ÔÈÅ ÍÏÒÐÈÏÔÙÐÅ "ȭÓ ÃÏÕÌÄ ÈÁÖÅ ÍÏÖÅÄ 

further north to cooler environments. Helaouët et al. (2011) showed a similar 

northward movement for the copepod, Calanus, over the past decade.  Higher spatial 

and temporal resolution is required before we can conclude that climate change could 

also have attributed to the range restriction of morphotype B.  Taken together, 

morphotype A appears to be more resilient and thus dominates at a regional and 
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global scale while morphotype B is more sensitive and thus likely to be more specific 

to the niche it occupies. 

 Assessing the CMMs to clonal samples obtained from environmental cultures 

raise some issues regarding the reliability of the results when making ecological 

inferences about E. huxleyi wild populations. Every sample taken from the 

environment and transferred into an artificial habitat is subjected to selection, genetic 

mutation and subsequent mutation accumulation, and recombination (Lakeman et al., 

2009). These artificial lab-induced processes alter the final interpretation of the 

frequencies of alleles in field populations., In order to obtain results which mirror the 

ȬÒÅÁÌȭ ÃÏÍÐÏÓÉÔÉÏÎ ÏÆ a community, the strains should be isolated as soon as possible 

from the environmental material it was collected from and they should be maintained 

at similar conditions to that from which they were sampled (Lakeman et al., 2009). 

Nevertheless, certain genotypes or strains more suited to these artificial lab 

environments and the interpretation of lab based results should always be validated 

with in situ based observations. 

               The true biological function of the calcium binding protein, GPA, which CMM 

is thought to influence (Schroeder et al., 2005), remains to be resolved.  Recent 

studies have shown that GPA is most likely not directly involved in the production of 

coccoliths in E. huxleyi (Mackinder et al., 2011; Rokitta et al., 2011) but there is 

evidence to suggest GPA binds Ca2+ (Corstjens et al., 1998).  The link between CMM 

and morphotypes observed in this study is clear (i.e., one in one and a half billion 

ÃÈÁÎÃÅ ÏÆ ÁÌÌ ÓÉØ #-- ))ȭÓ ÂÅÉÎÇ ÒÁÎÄÏÍÌÙ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÍÏrphotypes other than 

the dominant A morphotype).  Interestingly, the plastid gene tufA (Cook et al. 2011) 

supports the division of E. huxleyi into two main subgroups or varieties (Cook et al. 
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2013), while the mitochondrial (mtDNA) cox1b-ATP4 genes (Hagino et al., 2011) 

found that no genetic distinction could be made.  The most parsimonious explanation 

for this apparent discrepancy is that the chromosomal (CMM) and plastid (tufA) 

alleles are under different selection pressure, possibly as a function of their individual 

attributes to fitness, while the mtDNA genes provide an insight into the ancestral 

history of this species through their maternal line.  Such discrepancies between 

mtDNA and chromosomal phylogenies are well documented in animal systems.  For 

example, apparent discrepancies exist between the distributions of the lineages of 

mtDNA and of the two major Y-chromosome lineages in mice (Boissinot and Boursot, 

1997).  Some subspecies share the same mtDNA lineage but have different 

chromosome lineages or vice versa (Boissinot and Boursot, 1997).  Partitioning E. 

huxleyi into different CMM subgroups certainly has its place in population genetics as 

it appears to be more informative than when using microsatellites in isolation. 

 

2.5.3 Implications for future research in microalgal population genetics  

               The bloom population in E. huxleyi appears to be relatively stable over 

consecutive blooms in a similar location, as also documented in Ditylum brightwellii  

(Rynearson and Armbrust, 2005).  Martínez et al. (2007) demonstrated a stable inter-

annual population using CMM genotypes using environmental DNA.  However, this 

has been a limiting step as microsatellites necessitate clonal cultures or individuals.  

Preliminary data suggest certain allelic combinations are found in different years in 

the North Atlantic (unpublished data).  Yet, this raises a critical point.  As microalgae 

inhabit such a stochastic environment that changes rapidly, how should genotypes be 

scored? As gradations of allele frequencies, or distinctive diagnostic genotypes?  



CHAPTER 2  

86 
 

Schuller et al. (2012) demonstrated genetic difference in Saccharomyces cerevisiae 

were due to fine-scale allelic changes rather than diagnostic genotypes (i.e., very 

different allele sizes).  The authors cautioned that though microsatellites are useful 

for population-level analyses, sub-strain level discrimination may occur due to their 

relatively high mutation rates.  In this study, there was noise around the dominant 

allele of several base pairs, suggesting these alleles were recent mutations from the 

dominant (i.e., 100 and 104 alleles surrounding the 102 allele in P02F11, Table 2.4).  

Therefore, it might be necessary to treat microalgae in a similar manner to yeast. 

Does this represent something biological or is it simply noise? Are other bloom events 

in other basins dominated by the same or different alleles? Applying the techniques 

used in this study will enable us to respond to these questions and in so doing begin 

to describe the genetic structure of E. huxleyi in more detail.  This is a critical step for 

further exploring host-viral dynamics (e.g., Martínez et al., 2007), the occurrence of 

meta-population dynamics (Rynearson et al., 2009), associated levels of genetic 

diversity (Walser and Haag, 2012) and understanding how this species will respond 

to climatic change or ocean acidification.  High standing genetic variation and the fact 

that bloom events do not appear to cause a genetic bottleneck indicate that 

phytoplankton populations have the potential to adapt fast enough to keep pace with 

ongoing climate change.  E. huxleyi is a relatively new species, having only appeared 

less than 300,000 years ago (Raffi et al., 2006).  Therefore, it will be interesting to 

explore the population genetics of this species in more detail in order to determine 

how this species has and is evolving.  
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2.7 Supplement  

 

 

Supplementary Figure 2.1 The traces from two assumed Mendelian markers with a 

single BLAST hit against the Emiliania huxleyi CCMP 1516 genome sequence (Read et 

al. 2013) and one non-Mendelian marker.  Each arrow indicates a putative 

microsatellite allele.  a) Locus P02F11 did not exhibit stutter peaks occasionally 

associated with microsatellite trace profiles, but produced reliable single peaks.  This 

trace demonstrates a homozygous strain at P02F11 (i.e., allele 1).   b) Locus P01E05 

exhibited stutter bands.  However, it was possible to score the largest and furthest 

right peak as the locus profile was reproducible within and among strains (i.e., the 

same number of stutter peaks with the largest peak. This trace demonstrates a 

heterozygous strain at P01E05 (i.e., allele 1 and allele 2).  c) Locus P02E10 produced 

multiple peaks for the tested strains which were not reproducible between different 

PCRs of the same strain.  This locus was found five times in the CCMP 1516 genome.  

Moreover, it was impossible to score the alleles as exhibited in this trace where there 

were four possible alleles.  The fourth allele (indicated with an asterix) does not 

follow the typical stutter motif pattern as the largest peak is not the furthest right.  

This problem was also found in different PCRs where the peak heights within the 

stutter motif were altered in which the largest peak could be the first, second or third.  

The remaining loci, EHMS15 and P02E11, exhibited similar types of patterns as 

demonstrated at P02E10. 
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c)  

 

Supplementary Figure 2.2   The following panels show the probes-specificity for their respective sequences for Multiplex 1:  a) probe 

I (6-FAM ɀgreen channel), b) probe II (ATTO680 ɀ crimson channel) and c) probe III (CY5- red channel) (Table 2.3).  Red numbers 1-

6) CMM I, II, III, IV, IVb and IIb template DNA, respectively. 



CHAPTER 2  

92 
 

a) 

 

 

 



CHAPTER 2  

93 
 

b) 

 

 

 



CHAPTER 2  

94 
 

c)  

 

Supplementary Figure 2.3   The following panels show the probes-specificity for their respective sequences for Multiplex 2:  a) probe 

IV (ATTO680 ɀ crimson channel), probe IVb (6-FAM ɀgreen channel) and c) probe IIb (HEXɀyellow channel) (Table 2.3). Red numbers 

1-6) CMM I, II, III, IV, IVb and IIb template DNA, respectively. 
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Supplementary Figure 2.4  a) Genotype rarefaction curve for CMM genotype (solid 

line) and microsatellites (dashed line) generated using FASTGROUPII (Yu et al., 

2006).  The curve reaches a plateau for CMM genotypes whereas, there appeared to 

be microsatellite MLGs which were not sampled.  b) The variation in the mean 

number of alleles (averaged over 5 microsatellite loci) observed with different 

numbers of genes sampled using HP-RARE (Kalinowski 2005) indicated that after 

sampling at least 75 genes (or at least 38 diploid isolates), the chances of 

encountering a rare allele decreased.   
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3.1 Abstract  

                

 The coccolithophore Emiliania huxleyi regularly forms extensive white-water 

blooms that extend over thousands of square kilometres and may persist for many 

months in high latitude coastal and shelf ecosystems. Coccolithophores take 

advantage of the seawater carbonate chemistry to create insoluble carbonate 

structures known as coccoliths. A variety of E. huxleyi genotypes corresponding to 

either of two main coccolith morphological types, morphotype A or B, have been 

reported. By using a multiplex probe assay, we monitored the in situ E. huxleyi 

intraspecific genetic diversity at the L4 long-term monitoring site within the Western 

Channel Observatory over a period of 6 years. We report here that only 2 out of the 6 

known CMM genotypes, CMM I & CMM IV, persist and dominate throughout the year; 

in both bloom and non-blooming periods. Both genotypes correspond to the classic 

morphotype A phenotype, which have in the recent past been reported to dominate 

North-eastern Atlantic, Western English Channel (WEC) and North Sea E. huxleyi 

bloom events. One specific genotype linked to morphotype B, that previously formed 

blooms in the WEC and North Sea, was only found during the winter non-blooming 

months in the WEC in our 6-year dataset. This recent disappearance of morphotype B 

forming blooms coincides with the well-documented rise since the 1980s of sea 

surface temperatures in this region.  
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3.2 Introduction  

               

  About half the anthropogenic CO2 produced from burning of fossil fuel 

released between 1800 and 1994 has been absorbed by the oceans (Sabine et al., 

2004). As CO2 reacts with seawater, it causes a decrease in pH (ocean acidification) 

and carbonate ions and an increase in bicarbonate ions (Raven et al., 2005). 

Moreover, compounding stressors include an increase in global sea surface 

temperatures by 0.6 ± 0.2 °C over the 20th century (Rayner et al., 2003). The complex 

and rapid changes in ocean physical and chemical properties raise concerns about the 

impact on key biological species over such short timescales. The nature of their 

responses will have important biological, ecological, biogeochemical and societal 

implications (Turley et al., 2010). 

               The coccolithophore Emiliania huxleyi (Prymnesiophyceae) is one of the main 

calcium carbonate producers on Earth (Westbroek et al., 1993) and is present in all 

but extreme polar oceans. In the right conditions, it regularly forms blooms which 

extend over thousands of square kilometres and may persist for several months 

(Holligan et al., 1993). Coccolithophores contribute in the reduction of atmospheric 

CO2, as sinking coccoliths, especially at the final stages of the bloom, transport large 

amounts of associated organic carbon to the deep sea enhancing the oceanic sink for 

carbon (Coxall et al., 2005; Riebesell et al., 2009; Riebesell and Tortell, 2011; 

Robertson et al., 1994). Moreover, anthropogenic CO2 has the potential to reduce 

calcification rates in various morphotypes of E. huxleyi (Riebesell et al., 2000; Müller 

et al., 2015). 
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               E. huxleyi is characterised by two major morphotype groups: type A and B.  

Morphotype B is distinctly less calcified (Young et al., 2014); and has a higher calcite 

carbon to organic carbon ratio than morphotype A (van Bleijswijk et al., 1994). 

Variation occurs within each group as evidenced by both morphology (Young and 

Westbroek, 1991; Young et al., 2014) and genetics (Schroeder et al., 2005; Krueger-

Hadfield et al., 2014). A dual labelled probe assay technique allowed the genetic 

characterisation of numerous E. huxleyi samples for the coccolith morphology motif 

(CMM), discovered by Schroeder and his colleague (2005), and determined that CMM 

I and CMM IV, associated with morphotype A, are the most prevalent in both the 

Northern and Southern hemispheres, while CMM II, associated with morphotype B, is 

more rare (Krueger-Hadfield et al., 2014). This latter observation contradicts an older 

study which described the dominance of morphotype B in the North Sea (van 

Bleijswijk et al., 1991). 

               Krueger-Hadfield et al. (2014) also genotyped a bloom event that occurred in 

late June 2011 in the North Sea; revealing that the CMM I and CMM IV dominated the 

bloom and that asexual reproduction drove its formation. Moreover, in two separate 

mesocosm studies in Raunefjorden in western Norway (Marine Biological Field 

Station), conducted in June 2000 and June 2003, Martínez et al., (2007) monitored the 

progression of independent coccolithophore bloom events and found that CMM I 

dominated each bloom. A subsequent study conducted at the same station in June 

2008 by Sorensen et al. (2009) showed that E. huxleyi genetic composition during the 

bloom was still dominated by CMM I. Further studies of a bloom event in the North 

Sea in June 1999 (Martínez et al., 2012) revealed the presence of five distinct E. 

huxleyi genotypes by DGGE analysis. Although a high genetic variability was detected 
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in the water column, the bloom chlorophyll maximum was characterised only by 

CMM IV (Martínez et al., 2012). Highfield et al. (2014) showed that an E. huxleyi 

bloom event in late summer 2006, was dominated by CMM IV. The CMM IV genotype 

appears to dominate in a wide range of environmental niches, from cold to warm and 

often changeable environments (Krueger-Hadfield et al., 2014). 

               All the aforementioned studies represent snapshots of diversity in a restricted 

time frame and the source of the diversity that underpins bloom development 

remains an open question. For example, does an extensive genetic standing stock 

ÅØÉÓÔ ÆÒÏÍ ×ÈÉÃÈ Á ÓÕÂÓÅÔ ÏÆ ȬÆÉÔȭ ÇÅÎÏÔÙÐÅÓ ÁÒÅ ÓÅÌÅÃÔÅÄ ÔÈÁÔ ÇÏ ÏÎ ÔÏ ÆÏÒÍ Á ÂÌÏÏÍȩ 

Time-series data offer a great resource to assess the continuous genetic composition 

of a species over time. The Western %ÎÇÌÉÓÈ #ÈÁÎÎÅÌ ɉ7#/ȟ υπЈρυȭ. τЈρσȭ%Ƞ 

www.westernchannelobservatory.org.uk; see Appendix I) has been studied 

intensively for more than 100 years (Southward et al., 2005) and this abundance of 

data provides a robust context with which to explore temporal microbiological 

complexity in the calcifying haptophytes. 

               Several molecular studies on the L4 station of the WCO have successfully 

analysed the prokaryotic community structure, detecting strong seasonal patterns 

(Caporaso et al., 2012; Gilbert et al., 2009, 2012). To date, no study has described the 

molecular eukaryotic diversity at this station. Nonetheless, a substantial inter-annual 

variability in the composition of the phytoplankton community has been routinely 

observed at L4 through the use of traditional microscopy techniques. During the 

summer months, thermal stratification and increased irradiance coincided with 

increased coccolithophorid abundance, with E. huxleyi accounting for ca. 90% of the 

species composition (Widdicombe et al., 2010). The seasonal patterns observed at the 
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WCO are consistent with phytoplankton succession during the year defined by 

turbulence and nutrients (Margalef, 1978). A high abundance of diatoms that flourish 

in well-mixed and high-nutrient waters, occurs during the spring followed by 

coccolithophores and finally by dinoflagellates, which flourish in well-stratified and 

low-nutrient waters, at the end of the summer/beginning of autumn (Margalef, 1978; 

Balch, 2004). 

               The switch in species dominance can also be correlated with net heat flux 

(NHF) at the L4 station (Smyth et al., 2014). The NHF was calculated using modelled 

meteorological conditions and measured sea-surface temperature. The NHF takes 

into account five different parameters: air temperature, dew point, wind speed, cloud 

fraction and atmospheric pressure, and it was used as a critical indicator of 

ecosystem dynamics. A tight correlation has been shown between phytoplankton 

abundance and diversity patterns and the switches between negative and positive 

NHF over an annual cycle (Smyth et al., 2014). The switch to positive NHF at L4 

coincided with the initial dominance of phyto-flagellates and diatom species, while 

the switch to negative NHF toward the autumn proved to be an important cut-off for 

coccolithophores and dinoflagellates. Therefore, the E. huxleyi population at the WCO 

requires well-stratified waters, low-nutrient concentration, moderate density and day 

length approaching 16h for bloom development. Independent studies at other 

locations, i.e. during the summer of 1992 in the Equatorial Pacific (Balch and 

Kilpatrick, 1996) , in the Bering Sea during 1990 (Napp and Hunt, 2001) and in the 

Gulf of Maine during June 2000 (Balch et al., 2004), confirm these requirements. Here 

we used NHF to constrain the periods when E. huxleyi is predicted to bloom; thereby 

allowing us to determine the composition, by CMM profiling, of the E. huxleyi 
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community in monthly samples collected at the L4 station of the WCO, over a 6 year 

period through bloom and non-bloom months. We show for the first time genotypes 

that co-occur in non-bloom populations in the Western English Channel.  However, 

only selected genotypes go on to develop into bloom populations. 

 

3.3 Materials and methods  

 

3.3.1 Sample collection  and oceanographic data  

               Surface seawater samples were collected from the L4 station 

(www.westernchannelobservatory.org.uk; see Appendix I) from January 2008 to June 

2013. Five litre volumes of seawatÅÒ ×ÅÒÅ ÆÉÌÔÅÒÅÄ ÔÈÒÏÕÇÈ Á πȢςς ʈÍ 3ÔÅÒÉÖÅØ 

cartridge (Millipore) and stored at -80 °C (Gilbert et al., 2009). Corresponding NHF 

data was collated as described by Smyth et al. (2014). All the cell count, the 

chlorophyll -a and the temperature data relative to the L4 station were found online at 

www.westernchannelobservatory.org.uk. 

3.3.2 DNA extraction and genetic analysis 

               Sterivex filters were selected for DNA extraction as described in Neufeld et al., 

(2007).  The only modification to the protocol was that the Sterivexes were first 

broken and the filter-part removed so as to improve DNA yield efficiencies. To 

confirm the quality of the DNA, PCR amplification of the V9 eukaryote SSU rRNA gene 

region (Dunthorn et al., 2012) ×ÁÓ ÏÂÔÁÉÎÅÄ ÕÓÉÎÇ ρ ʈÌ ÏÆ ÔÈÅ ÅÎÖÉÒÏÎÍÅÎÔÁÌ $.! 

ÁÄÄÅÄ ÔÏ υ ʈÌ υ8 #ÏÌÏÕÒÌÅÓÓ 'Ï4ÁÑ &ÌÅØÉ "ÕÆÆÅÒ ɉ0ÒÏÍÅÇÁɊȟ ρȢυ ʈÌ -Ç#Ìς 3ÏÌÕÔÉÏÎ ςυ 

Í- ɉ0ÒÏÍÅÇÁɊȟ ςȢυ ʈÌ 0#2 .ÕÃÌÅÏÔÉÄÅ -ÉØ ρπÍ- ÅÁÃÈ ɉ0ÒÏÍÅÇÁɊȟ ρ ʈÌ %ÖÁÇÒÅÅÎ $ÙÅ 
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ςπ8 ɉ"ÉÏÔÉÕÍɊȟ πȢρ ʈÌ 'Ï4ÁÑ $.! 0ÏÌÙÍÅÒÁÓÅ ɉυÕȾʈÌ - Promega) up to a final volume 

ÏÆ ςυ ʈÌ ÆÏÒ ÅÁÃÈ ÒÅÁÃÔÉÏÎȢ 4ÈÅ 0#2 ÐÒÏÃÅÅÄÅÄ ×ÉÔÈ ÁÎ ÉÎÉÔÉÁÌ ÄÅÎÁÔÕÒÁÔÉÏÎ ÁÔ ωτ Ј# ÆÏÒ 

3 minutes, followed by 40 cycles of a three step PCR: 94 °C for 45 seconds, 50 °C for 

60 seconds and 72 °C for 90 seconds. The cycle was repeated 35 times.  

               Amplification of the CMM was carried out using the multiplex probe assay 

technique as described in Krueger-Hadfield et al., (2014) to detect the presence of 

certain genotypes in each L4 sample. Each CMM tested was cloned into plasmidic 

vectors (pCB1-φɊ ÕÓÉÎÇ 4! #ÌÏÎÉÎÇ΅ +ÉÔȟ ×ÉÔÈ Ð#2ΆςȢρ 6ÅÃÔÏÒ ÁÎÄ /ÎÅ 3ÈÏÔ΅ 4/0ρπ 

Chemically Competent E. coli (Invitrogen, Life technologies, Paisley - UK). These were 

used as a positive control during each qPCR run (Corbett Life Science ɀ Rotor Gene 

6000). The positive controls were also used as an indicator of the amplification 

quality and quantity after setting fluorescence thresholds against standard curves 

ɉ3ÕÐÐÌÅÍÅÎÔÁÒÙ &ÉÇÕÒÅ σȢρɊ ÁÎÄ ÁÐÐÌÙÉÎÇ ÔÈÅ ȬÄÙÎÁÍÉÃ ÔÕÂÅ ÃÏÒÒÅÃÔÉÏÎȭ ÁÎÄ ÔÈÅ ȬÎÏÉÓÅ 

ÓÌÏÐÅ ÃÏÒÒÅÃÔÉÏÎȭ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÒÅÃÏÍÍÅÎÄÁÔÉÏÎÓ ɉ2ÏÔÏÒ-Gene 

6000, Operator Manual, 2006). Additionally, they were used to normalize the data 

with in and between qPCR runs. Cycle threshold (CT) values were compared (when 

possible) for the samples and a fold-difference value (FD) was calculated to quantify 

the presence of each specific CMM (Supplementary Figure 3.3). Calculation of the 

standard deviation for each plasmid confirmed the robustness of the technique 

between different PCRs (Supplementary Figure 3.2). 

 

3.3.3 Estimation of genotypic diversity  

               Genotype diversity during sampling was calculated by simply using the 

number of coccolithophore genotypes (CMMs) recorded at each sampling event. 
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 To assess whether particular genotypes were found preferentially during 

predicted bloom or non-bloom conditions, we performed a number of randomization 

tests. Given the number of times a particular genotype was observed at each time 

point during the 6 year study, we calculated the likelihood of finding a particular 

genotype the number of times it was actually observed during the predicted E. huxleyi 

bloom period. Specifically, these tests were based on the total (T) number of sampling 

times (nT=51), the number of samples collected during the predicted E. huxleyi bloom 

(B) period (nB=8); and for each genotype the total number of times it was found (nT,i, 

where i is the genotype) and the number of times it was sampled during predicted 

bloom conditions (nB,i). The predicted bloom times were set to be 8 days as predicted 

by Smyth et al 2014. We thus randomly selected nT,i (say 7 for i=CMM IVb) numbers 

from nT (51) random numbers without replacement ɀ wi th the sequence of numbers 

representing a series of random sampling times for genotype i.  We ran 1 million 

iterations for each genotype. We then summed the number of times that genotype i 

was found during the predicted bloom times (nhatB,i). For each random realization, 

this sum varied from no occurrences of the genotype in the predicted bloom times (0) 

to the genotype being found during all possible bloom times (8). The randomization 

tests thus represent the likelihood of obtaining nB,i or more occurrences of the 

genotype during the predicted bloom time given the distribution of nhatB,i. 

 

3.4 Results 

               

  PCR amplification of the eukaryotic V9 SSU rRNA region was achieved for all 

51 samples collected (data not shown), while E. huxleyi CMM amplification occurred 
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in 46 out of the 51. No CMM amplification occurred in three consecutive months from 

April to June in 2012 (Figure 3.1). The other two negative results occurred at a similar 

time of the year, i.e. July 2008 and May 2013. 

               Using the NHF criteria as defined in Smyth et al 2014, we were able to 

positively assign the sampling dates collected for the months of July and August to fall 

within the predicted E. huxleyi bloom period (Figure 3.1). Temperature data relative 

to the samples support the trend described by the NHF, while chlorophyll-a data and 

cell count data show some anomalies (Figure 3.1). Two CMMs, namely CMM I and 

CMM IV, were most prevalent over the six year period and both were present in 7 out 

of the 8 bloom months (Figure 3.1). For those 46 samples, where E. huxleyi was 

detected, only two months during the spring of 2008 showed an absence of CMM I. 

Similarly, CMM IV was not amplified for only 5 months, three of which were in 2008. 

CMM II amplification occurred less frequently and was absent in 2012 and 2013. 

Moreover, CMM II was not detected in the predicted bloom months, while the months 

of April, May and June gave consistent positive amplification for CMM II in 2008, 2009 

and 2011. Year 2010 was unusual as CMM II appeared later on in the year, i.e. 

September to December 2010; however, samples were not available from March to 

August of this year.  In addition, the occurrence of CMM II extended into early January 

2011. CMM IVb was occasionally amplified, and was found in 7 out of the 46 samples 

and in 2 out of the 8 bloom months. Two CMMs, namely CMM III and CMM IIb, were 

not detected in this time series. 
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Figure 3.1 (previous page). Presence/absence of specific CMMs and positive net 

heat flux (NHF). 51 samples selected over a six year period at the L4 station in 

relation to the positive NHF for each year (highlighted background) are compared 

with the coccolithophores cell count, the chlorophyll-a (chl-a) content and the 

temperature (T) of the surface seawater over the same time. The presence of a 

coloured square, on the genotype plot, indicates a great amplification of a specific 

genotype, related to the corresponding CMM. A hatched square indicates the 

detection of a certain CMM, although the signal was too weak for an accurate 

quantification. The star on a square indicates the dominance of that CMM.  Some 

months of this time series are missing, because there were no samples available. 

 

 CMM I was not only the most prevalent but also dominated the population in 

the presence of the other CMMs. When the amplification of two or more CMMs in the 

same run was quantifiable, CMM I resulted dominant in 9 samples out of 15 (FD=7.7 

for September 2008; FD=5.2 for August 2009; FD=14.2 for September 2009; FD=60.5 

for September 2010; FD=5.1 for October 2010; FD=11 for December 2010; FD=5.9 for 

February 2011; FD=23.3 for April 2011; FD=5.4 for June 2011). Only in two cases, 

June and July 2009, was CMM I not the dominant CMM. During these periods, CMMs II 

and IVb were dominant respectively (FD=7 for CMM II and FD=104.5 for CMM IVb). In 

four cases we were not able to establish a clear dominance of a single CMM (August 

and November 2008, May 2009 and February 2010; Supplementary figure 3.3). 

               There was no significant difference between the coccolithophore genotypic 

diversity during E. huxleyi bloom (2.00±0.33) and non-bloom (2.05±0.15) conditions. 

Based on the randomization tests, the probability that CMM I was found 7 or more 

times during the predicted bloom times (nB, CMM I=7) given that it was found in 44 

samples (nT, CMM I=44) is p=0.700 (Figure 3.2a). Given how common this genotype 
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is, there is a 70% chance of it being found 7 or more times during the predicted bloom 

times. Similarly for CMM IV (Figure 3.2c), the probability of this genotype being found 

7 or more times during the predicted bloom times (nB, CMM IV=7) given that it was 

found in 41 samples (nT, CMM IV=41) is p=0.503, suggesting that the prevalence and 

dominance of both CMM I and CMM IV throughout the year is a good predictor for 

which genotype(s) will go on to bloom in the WEC. 

               For CMM II (Figure 3.2b), the probability of it never being found during the 

predicted bloom times (nB, CMM II=0) given that it was found in 12 samples (nT, 

CMM II=12) is simply the value at zero of p=0.097. This is marginally significant 

(p<0.1), implying that this genotype is rarely found during bloom times as 

experienced in the WEC. For CMM IVb (Figure 3.2d), the probability of this genotype 

being found 2 or more times during the predicted bloom times (nB, CMM IVb=2) 

given that it was found in 7 samples (nT, CMM IVb=7) was 0.300, suggesting that this 

genotype could potentially bloom but is certainly not the dominant genotype. 
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Figure 3.2 Histogram of results from randomization tests (n=1,000,000) showing the 

probability of each genotype being found a certain number of times during the 

predicted bloom period. Dashed blue line shows the observed number of times each 

genotype was found during the bloom. P gives the probability of the observed number 

of occurrences in the bloom. 
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3.5 Discussion 

                

  Phytoplankton succession in the WEC follows tÈÅ -ÁÒÇÁÌÅÆȭÓ ÓÅÁÓÏÎÁÌ ÐÁÔÔÅÒÎ 

where the spring bloom starts with a positive NHF as defined by an increase in light 

availability, an increase in sea surface temperature (SST) and an inhibit ion of vertical 

mixing (stratification), which cause the phytoplankton and the nutrients to be 

maintained at the surface (Margalef, 1978; Mann and Lazier, 2005; Miller, 2004; 

Widdicombe et al., 2010). E. huxleyi in this period is found in concurrence with small 

phyto-flagellates (between 2 and 4 mm in size) and diatoms; however it is the 

diatoms which regularly dominate the spring period in the WEC. Between March and 

May diatoms such as Chaetoceros and Thalassiosira, are known to be the dominant 

species (Widdicombe et al., 2010). Stratification lasts until September, with elevated 

chlorophyll in June, July and August, as showed in Figure 3.1, with the exception of 

summer 2010 and two anomaly peaks in spring 2009 and spring 2012. The 

temperature profile follows the NHF predicted period, with the positive NHF starting 

when the water gets warmer (Figure 3.1). E. huxleyi cell count generally does not fit 

the expected bloom period (Figure 3.1), but we have to take into account that the 

measurements used to produce the plot were taken at the sea surface, and therefore 

they may not be representative of the real depth at which the bloom was occurring. 

Breakdown in stratification and erosion of the thermocline, with consequent 

replenishment of nitrate to the surface layers, induces the switch to a negative NHF 

and determines the cut-off point for the E. huxleyi bloom (Smyth et al., 2014). 

 The screening of environmental samples for a short genetic marker, such as 

the probes designed based on the CMM, could present some disadvantages, as it 



                                                                                                                                                                                  CHAPTER 3  

113 
   

would be possible that the marker is not unique for a certain species within a whole 

mixed community. When, at first, Schroeder and his colleagues (2005) discovered the 

correlation between the CMM sequence and different E. huxleyi morphotypes, they 

tested the oligonucleotide primers, which produced amplicons only for E. huxleyi and 

not for other Haptophyte species, such as Gephyrocapsa oceanica, Coccolithus 

pelagicus, and Phaeocystis globosa. G. oceanica and E. huxleyi have been proven 

belonging to the same species-complex (Bendif et al., 2014), therefore they are 

genetically very close. Nevertheless, the probes tested by Schroeder et al. (2005) and 

used in this study appear to be E. huxleyi-specific, although E. huxleyi genomic 

sequence is the only Haptophyte species fully characterised to date. 

 E. huxleyi morphotype A (specifically CMM I and CMM IV) clearly dominates 

the blooms in the WEC. This is consistent with the blooms documented in 2006 

(Highfield et al., 2014) and is typical of the blooms in the North Sea (Martínez et al., 

2012; Krueger-Hadfield et al., 2014). When the NHF switches to become positive we 

found that the CMM II genotypes appear in the first two/three months: April, May and 

June of years 2008, 2009 and 2011. CMM II is positively correlated with the presence 

of E. huxleyi morphotype B (Schroeder et al., 2005; Krueger-Hadfield et al., 2014) and 

this morphotype was first isolated in a bloom event in the WEC in July 1975 (Young 

and Westbroek, 1991). In the 1990ȭs, it was also observed in the North-East Atlantic 

region and in the North Sea (van Bleijswijk et al., 1991), where it was responsible for 

a bloom event in the summer of 1990. In 1993 it was only found rarely during 

another bloom event in the same area (Van der Wal et al., 1995). Therefore, 

morphotype B has been observed to form blooms both in the WEC and North Sea 

ÐÒÉÏÒ ÔÏ ÔÈÅ ςπππȭÓȢ 2ÅÃÅÎÔÌÙȟ ×Å ÃÏÕÌÄ ÎÏÔ ÆÉÎÄ ÔÈÅ ÍÏÒÐÈÏÔÙÐÅ " ÉÎ ÔÈÅ .ÏÒÔÈ 3ÅÁ 
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during the bloom event in the summer of 2011 (Krueger-Hadfield et al., 2014) and 

this study showed no bloom event in the WEC dominated by B morphotype between 

2008 and 2013. It has been well documented that the North-East Atlantic and UK 

coast SST have been rising at a similar rate to land air temperature. Since the 1980s 

the rate of rise has been about 0.2-0.6 ºC per decade (Rayner et al., 2003; Figure 3.3). 

In the last 40 years, the warming SST in the Northern Hemisphere seems related with 

the disappearance of B morphotype bloom events in the Western English Channel and 

in the North Sea (Figure 3.3). Could morphotype B prefer cooler summer SSTs? If so, 

this would be consistent with our observation of its more recent presence in the 

cooler April to May months. An alternate explanation could be that since morphotype 

B is less calcified and larger than morphotype A (Young et al., 2014), it could be more 

susceptible to grazing by zooplankton (Fileman et al., 2002). However, zooplankton 

abundance is low in early spring (Miller, 2004) . 

               If we consider the annual trend of genotypes of E. huxleyi in the WEC, we 

found that CMM I and IV were generally present throughout the year, often being 

present outside the periods of seasonal stratification of the water column. In fact, the 

winter/early spring and autumn  are characterised by well-mixed water columns 

(Smyth et al., 2010). Therefore there is no requirement for a stable water column to 

permit E. huxleyi growth in this region. Balch et al. (2000) showed that in the Arabian 

Sea, the highest coccolithophorid abundance was during the highly productive inter -

monsoon period (Balch et al., 2000, 2001), suggesting an association between high 

numbers of coccolithophores and mixed overlying waters of high productivity (Balch, 

2004). However, the majority of studies observing E. huxleyi natural blooms (and the 

associated measured water conditions) suggest that they tend to occur in highly 
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stratified water where the mixed layer depth is usually ~10-20 m, and is almost 

always Ѕ 30 m (Nanninga and Tyrrell, 1996; Tyrrell and Taylor, 1996). 

               Morphotype A has been shown to dominate bloom events in the northern 

hemisphere, i.e. in the North-East Atlantic Ocean in June 1991 (Holligan et al., 1993), 

in the WEC in June 1992 (Garcia-Soto and Fernandez, 1995), in the North Sea in July 

1993 (Van der Wal et al., 1995) and June 2011 (Krueger-Hadfield et al., 2014), and in 

the Norwegian mesocosm experiment in 1992 (Young, 1994). The studies on 

coccolithophore bloom events in the southern hemisphere (Brown and Yoder, 1994; 

Brown and Podestá, 1997; Gayoso, 1995; Painter et al., 2010) have not focused on the 

morphological or genotypic composition of the blooms so preventing any insight as to 

whether morphotype B is able to form bloom events in this hemisphere. Nevertheless, 

the B/C morphotype, related to the CMM IIb (Krueger-Hadfield et al., 2014), is found 

in high abundance during the bloom event in December 2008 along the Patagonian 

Shelf and it has been reported that this morphotype is specifically a Southern Ocean 

ecotype (Poulton et al., 2011). Indeed, this E. huxleyi form was found in many studies 

in the southern hemisphere (Cubillos et al., 2007; Holligan et al., 2010; Cook et al., 

2011; Müller et al., 2015), and subpolar waters (Hagino et al., 2005). Moreover, we 

could not detect the B/C morphotype (CMM IIb) in the WEC. This adds credence to 

ÔÈÅ ÒÅÇÉÏÎÁÌ ÂÉÁÓ ÏÆ ÃÅÒÔÁÉÎ #-- ÇÅÎÏÔÙÐÅÓ ÁÎÄ ÓÕÐÐÏÒÔÓ ÔÈÅ ÒÅÐÏÒÔÉÎÇ ÏÆ ȰÅÃÏÔÙÐÅÓȱ 

for E. huxleyi (Müller et al., 2015). 
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Figure 3.3 (previous page). Presence of E. huxleyi morphotypes A and B in the last 

40 years, as observed during bloom events in the Western English Channel and North 

Sea. The letters A and B next to E. huxleyi photos refer to the morphotype. The 

hatched red cross represents a presence followed by an absence of E. huxleyi in a 

certain area. Color-coded maps in Robinson projection display a progression of 5 year 

rolling average of changing global surface temperature anomalies. Three decade 

period, from 1951 to 1980, functioned as a baseline for the analysis of the 

temperature produced at NASA's GISS Surface Temperature Analysis (GISTEMP) 

using current data files from NOAA GHCN v3 (meteorological stations), ERSST v4 

(ocean areas), and SCAR (Antarctic stations) combined as described by Hansen et al., 

2010. The software calculated the difference between the surface temperature in a 

given month and the average temperature for the same place from the baseline. 

Higher than normal temperatures are shown in red and lower than normal 

temperatures are shown in blue. Credit for the Global Temperature Anomalies maps: 

NASA/Goddard Space Flight Center Scientific Visualization Studio. Data provided by 

Robert B. Schmunk (NASA/GSFC GISS). Visualizations by Lori Perkins (NASA/GSFC). 

Visuals review by lead scientist and head of the Goddard Institute for Space Studies 

(GISS) Gavin A. Schmidt (NASA/GSFC GISS). For more information visit 

http://svs.gsfc.nasa.gov/goto?4252. 
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               The CMM IVb genotype shows a different temporal abundance pattern to 

CMM IV despite their close sequence similarities (Krueger-Hadfield et al., 2014). The 

significance of this remains unclear, especially since CMM IVb was seen to co-occur 

with CMM IV in the North Sea bloom of 2011 (Krueger-Hadfield et al., 2014). 

Finally, we have to take in account the possibility of homozygous and heterozygous 

CMM co-dominance. In the study of an E. huxleyi bloom event from 2011 in the North 

Sea, both homozygous clones for CMM I and CMM IV and heterozygous clones for 

CMM I/IV and CMM I/IVb were shown to co-dominate the bloom (Krueger-Hadfield et 

al., 2014). In our study we could only assess which CMM allele was the most 

dominant in environmental samples and further analysis would be necessary to 

determine contingent heterozygosity. 
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3.6 Supplement  

 

 

 

Supplementary Figure 3.1 Different plasmidic concentration during a multiplexing 

run: after applying the slope correction visualisation mode and setting the 

fluorescence threshold at 0.15 it is observable a decreasing cycle threshold (CT) value 

mirroring a decreasing concentration of plasmidic material (specifically plasmid 

pCB2, corresponding to CMM II sequence). In detail: 1) Yellow curve, plasmid 

ÃÏÎÃÅÎÔÒÁÔÉÏÎ υ ÎÇȾʈÌȟ #4Ѐ ρπȢχχȠ ςɊ 'ÒÅÅÎ ÃÕÒÖÅȟ ÐÌÁÓÍÉÄ ÃÏÎÃÅÎÔÒÁÔÉÏÎ πȢυ ÎÇȾʈÌȟ 

#4Ѐ ρτȢςχȟ &$Ѐ σȢυȠ σɊ "ÌÕÅ ÃÕÒÖÅȟ ÐÌÁÓÍÉÄ ÃÏÎÃÅÎÔÒÁÔÉÏÎ πȢπυ ÎÇȾʈÌȟ #4Ѐ ρψȢυφȟ &$Ѐ 

4.29. The bottom line (light blue) represents the negative control. 
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Supplementary figure 3.2 Standard deviation for each CMM over multiple PCR runs. 

The small value of the standard deviation, with the exception of the CMM III, indicates 

robustness of the probe assay over multiple experiments. Represented on the plot 

there are the mean values for the CMM CT amplification calculated on the total 

number (n) of probe assays in which each CMM was recorded.  
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Supplementary figure 3. 3 CT comparison of multiple CMMs detected in a same month. This bar plot shows the months in which multiple CMMs 

were recorded and their signal was strong enough for quantification. There is a correlation between the difference in CT values (CT) and the fold-

difference (FD) of DNA and this determined which CMM dominated in a specific moment. Furthermore, the standard deviation bars are showed 

and only in four cases (August and November 2008, May 2009 and February 2010) we could not assess the dominance of a unique CMM.
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4.1 Abstract  

 

 Emiliania huxleyi is a coccolithophore that has a global distribution and under 

appropriate conditions form extensive blooms in both northern and southern 

latitudes. A few studies have suggested that certain E. huxleyi genotypes are 

generalists, with others having restricted biogeographical boundaries. Here we report 

on a biogeographic survey to determine the extant diversity of E. huxleyi in both the 

Northern and Southern hemispheres. We profiled DNA extracted from both in situ 

environmental water samples and were possible from single-celled isolated clones 

established from the same bodies of water. We show that E. huxleyi morphotype A as 

defined by the coccolith morphology motif (CMM) I dominates the temperate regions 

(10 -18 ºC), while morphotypes B & B/C as defined by CMM II & IIb, respectively, 

dominate the polar regions (<10 ºC). There was however a notable exception in the 

Greenland Sea, likely due to the extensive intrusion of temperate waters into this 

otherwise polar environment. These results confirm the genetic variability in the 

global E. huxleyi community and how the intraspecific variability is defined by 

geophysical features. Furthermore, our finding demonstrate that we should be 

cautious in describing the genetic composition of biogeographic populations based on 

cultures maintained in laboratory collections alone, as the cultured isolates might not 

be representative of real extant stocks. 
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4.2 Introduction  

 

 Over the last two decades, biodiversity and ecosystem function has emerged 

as one of the most controversial research areas in ecology (Loreau et al., 2002). 

Species definitions further complicate matters especially in the microbial world 

where sequence barcodes are routinely being used to define and re-define species 

(e.g. Bendif et al., 2013). Furthermore, genetic variation is driven by breeding, the 

environment and random mutations. If this variation occurs in genes, the variation 

might express certain advantageous traits and adaptable features (Van Tienderen et 

al., 2002). It is predicted that a rapidly changing climate will directly influence species 

diversity and distribution (Thomas et al., 2004). 

 A study by Liu et al. (2009) demonstrated that haptophytes dominate the 

chlorophyll -a normalized phytoplankton standing stock in modern oceans. They 

propose that ecological and evolutionary success of this group may have significantly 

impacted the oceanic carbon pump (Liu et al., 2009). The marine coccolithophore 

Emiliania huxleyi is one of the most abundant calcareous phytoplankton species, it is 

found at all the latitudes but the extreme polar regions and under appropriate 

conditions it can form extensive blooms observable through satellite images (Berge, 

1962; Brown & Yoder, 1994; Holligan et al., 1993; Holligan et al., 1983). 

Over the past decade, many gene markers have been used to characterise the 

biodiversity within this species (Bendif et al., 2014).  

 We have recently used a multiplex probe assay, using the CMM as a short 

molecular marker, to monitor the in situ E. huxleyi intraspecific genetic diversity at 

the L4 long-term monitoring site within the Western Channel Observatory over a 
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period of 6 years. We report that only 2 out of the 6 known CMM genotypes, CMM I & 

CMM IV, persist and dominate throughout the year; in both bloom and non-blooming 

periods (Balestreri et al., unpublished). Both genotypes correspond to the classic 

morphotype A phenotype, which have in the recent past been reported to dominate 

North-eastern Atlantic, Western English Channel (WEC) and North Sea E. huxleyi 

bloom events. One specific genotype linked to morphotype B, that previously formed 

blooms in the WEC and North Sea, was only found during the winter non-blooming 

months in the WEC in our 6-year dataset. This study highlights the importance of 

characterizing the standing stock for any given region as this is fundamental to 

determining which E. huxleyi population will be selected for in future ocean scenarios.  

 We have also previously suggested that the two main morphotypes, A and B 

(which includes B/C) of E. huxleyi is unequally distributed in the modern oceans 

(Krueger-Hadfield et al., 2014; Balestreri et al., unpublished). Here we wanted to 

further test this hypothesis by screening the DNA collected from environmental 

samples and clonal cultures isolated from numerous scientific cruises across different 

geo-thermal boundaries. We sampled across the geo-thermal boundary in the 

Southern Indian Ocean created by the Antarctic Circumpolar Current (ACC). A similar 

geo-thermal boundary was sampled in the Arctic Ocean, where the Gulf Stream enters 

the northernmost part of the Atlantic Ocean, passing south-east the Iceland, crossing 

the Norwegian Sea toward the Barents Sea. We show that both the Arctic and 

Antarctic polar waters have selected similar ecotypes, while temperate waters are 

dominated by two genotypes within morphotype A. 
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4.3 Materials and methods  

 

4.3.1 Environmental samples   

 A total of 49 environmental samples (Table 4.2) were collected from CTD 

casts during two cruises as part of the UK Ocean Acidification research program 

(Table 4.1). These cruises were aimed to investigate the biology of surface ocean 

communities and biogeochemistry in areas known as CO2 ȬÓÉÎËÓ ÁÎÄ ÓÏÕÒÃÅÓȭ 

(www.surfaceoa.org.uk, see the cruise track in Appendix I). Additionally, we collected 

26 samples during the second transect of the Great Southern Coccolithophore Belt 

(Table 4.1), a cruise which was aimed to examine several aspects of the 

coccolithophore biology and the impact of short-term ocean acidification on 

coccolithophore growth and calcite dissolution (www.bco-dmo.org/project/473206, 

see the cruise track in Appendix I).  

 

 

Table 4.1 Cruise list 

VESSEL CRUISE NAME PERIOD 

RRS Discovery D366 June/July 2011 

RV Roger Revelle RR1202 February/March 2012 

RRS James Clark Ross JR271 June/July 2012 
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Table 4.2 List of the environmental samples 

Station 
number 

CTD cast Original collection area  Latitude 
(DD.dddddd°) 

Longitude 
(DD.dddddd°) 

Year 

1 JR271 CTD 42 Greenland Sea 78,9871 7,9797 2012 

2 JR271 CTD 29 Greenland Sea 78,7181 -0,0001 2012 

3 JR271 CTD 41 Greenland Sea 78,4218 2,7657 2012 

4 JR271 BIO 4 Greenland Sea 78,3526 -4,168 2012 

5 JR271 CTD 44 Greenland Sea 77,9291 9,1365 2012 

6 JR271 CTD 40 Greenland Sea 77,8465 -1,2959 2012 

7 JR271 CTD 45 Greenland Sea 76,2619 12,5416 2012 

8 JR271 CTD 27 Greenland Sea 76,1753 -2,5495 2012 

9 JR271 CTD 48 Eastern Barents Sea 74,09 25,9993 2012 

10 JR271 BIO 5 Eastern Barents Sea 72,8916 26,0017 2012 

11 JR271 CTD 55 Norwegian Sea 71,7607 13,3949 2012 

12 JR271 CTD 56 Norwegian Sea 71,7475 8,4428 2012 

13 JR271 CTD 57 Norwegian Sea 71,7519 3,8717 2012 

14 JR271 CTD 58 Norwegian Sea 71,7453 -1,2672 2012 

15 JR271 CTD 59 Norwegian Sea 71,7517 -5,8638 2012 

16 JR271 CTD 62 Norwegian Sea 70,5083 -10,1 2012 

17 JR271 CTD 64 North of Iceland 67,8343 -12,1742 2012 

18 JR271 CTD 65 North of Iceland 67,8304 -16,4218 2012 

19 JR271 CTD 67 North of Iceland 67,8315 -20,0642 2012 

20 JR271 CTD 68 North of Iceland 67,2642 -24,0415 2012 

21 JR271 CTD 17 South West of Iceland 60,5942 -18,8565 2012 

22 JR271 BIO 2  South West of Iceland 60,5942 -18,8565 2012 

23 JR271 CTD 12 South West of Iceland 60,0014 -18,6702 2012 

24 JR271 CTD 8 North and North-West of Scotland 60,1342 -6,7121 2012 

25 JR271 CTD 10 North and North-West of Scotland 59,971 -11,9751 2012 

26 D366 CTD 15 North and North-West of Scotland 59,9423 -1,7858 2011 

27 D366 CTD 16 North and North-West of Scotland 60,0002 -2,6645 2011 

28 D366 CTD 17 North and North-West of Scotland 59,4247 -7,7973 2011 

29 D366 CTD 18 North and North-West of Scotland 57,4512 -11,1675 2011 

30 D366 BIO 1 North and North-West of Scotland 56,7943 -7,4055 2011 

31 JR271 CTD 6 North Sea 58,7397 -0,8615 2012 

32 D366 CTD 11 North Sea 57,9245 4,865 2011 

33 D366 CTD 10 North Sea 57,6938 4,4183 2011 

34 D366 CTD 9 North Sea 57,5778 4,2017 2011 

35 D366 CTD 13 North Sea 57,4595 5,5472 2011 

36 D366 CTD 8 North Sea 57,4492 3,9582 2011 

37 D366 CTD 14 North Sea 57,2415 4,0308 2011 

38 D366 CTD 7 North Sea 57,201 3,4893 2011 

39 D366 CTD 12 North Sea 57 4,9978 2011 

40 D366 BIO 5 North Sea 56,504 3,6555 2011 

41 JR271 BIO 1  North Sea 56,2666 2,6333 2012 
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42 D366 CTD 6 North Sea 54,372 5,1592 2011 

43 D366 CTD 5 North Sea 53,656 4,1977 2011 

44 D366 BIO 4 North Sea 52,994 2,4997 2011 

45 D366 CTD 1 South West of Ireland 51,258 -11,3348 2011 

46 D366 CTD 4 Western English Channel 50,0867 -4,6178 2011 

47 D366 CTD 2 Western English Channel 50,029 -4,3795 2011 

48 D366 CTD 3 Western English Channel 48,8237 -5,1492 2011 

49 D366 BIO 3 Bay of Biscay 46,2013 -7,2215 2011 

50 RR1202 CTD 1 Southern Indian Ocean: above the ACC -35.507 37.455183 2012 

51 RR1202 CTD 5 Southern Indian Ocean: above the ACC -37.053 39.517 2012 

52 RR1202 CTD 7 Southern Indian Ocean: above the ACC -37.920117 40.440033 2012 

53 RR1202 BIO 1  Southern Indian Ocean: above the ACC -38.314983 40.958083 2012 

54 RR1202 CTD 13 Southern Indian Ocean: above the ACC -40.355133 43.496483 2012 

55 RR1202 CTD 22 Southern Indian Ocean: above the ACC -44.11375 48.178283 2012 

56 RR1202 CTD 26 Southern Indian Ocean: above the ACC -45.707933 50.25725 2012 

57 RR1202 CTD 29 Southern Indian Ocean: above the ACC -46.059317 52.646483 2012 

58 RR1202 CTD 35 Southern Indian Ocean: above the ACC -46.743333 57.483917 2012 

59 RR1202 BIO 2 Southern Indian Ocean: above the ACC -46.821367 58.312133 2012 

60 RR1202 CTD 38 Southern Indian Ocean: above the ACC -47.047067 59.922217 2012 

61 RR1202 CTD 47 Southern Indian Ocean: above the ACC -47.8981 67.37615 2012 

62 RR1202 CTD 49 Southern Indian Ocean: above the ACC -48.027267 69.053467 2012 

63 RR1202 CTD 57 Southern Indian Ocean: below the ACC -51.411017 72.602367 2012 

64 RR1202 CTD 59 Southern Indian Ocean: below the ACC -52.458117 73.265967 2012 

65 RR1202 CTD 87 Southern Indian Ocean: below the ACC -54.2439 88.139383 2012 

66 RR1202 CTD 89 Southern Indian Ocean: below the ACC -52.768717 90.217383 2012 

67 RR1202 CTD 77 Southern Indian Ocean: below the ACC -58.749433 80.8856 2012 

68 RR1202 CTD 102 Southern Indian Ocean: above the ACC -43.135083 102.190017 2012 

69 RR1202 CTD 100 Southern Indian Ocean: above the ACC -44.616767 100.498517 2012 

70 RR1202 CTD 96 Southern Indian Ocean: above the ACC -47.588783 96.93655 2012 

71 RR1202 CTD 111 Southern Indian Ocean: above the ACC -39.475433 108.934817 2012 

72 RR1202 CTD 112 Southern Indian Ocean: above the ACC -40.260267 109.62705 2012 

73 RR1202 CTD 119 Southern Indian Ocean: above the ACC -42.081683 113.399883 2012 

74 RR1202 CTD 115 Southern Indian Ocean: above the ACC -42.666783 111.760783 2012 

75 RR1202 CTD 117 Southern Indian Ocean: above the ACC -43.998867 112.9806 2012 
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4.3.2 Sea Surface Temperature, Mesoscale Circulation and Geo-thermal 

boundaries  

 Daily maps of absolute dynamic topography and sea surface temperature 

were used to examine the mesoscale circulation of all the regions in the six months 

prior to sampling at the stations. Images for Figures 4.1 & 4.2 were selected from the 

3 month period prior to sampling at intervals of 2 weeks. The absolute dynamic 

topography fields were calculated by Aviso at 1/4 degree horizontal resolution from 

all remotely-sensed altimetry mission data available at a given time referenced to a 

20 year mean. High resolution (1/20 degree) sea surface temperature data were 

produced from the Operational Sea surface Temperature and Ice Analysis (OSTIA) 

system using both in situ and satellite data (Donlon et al., 2012). Based on these data 

the samples could be assigned to two main geo-thermal groups: cold polar seawater 

(<10 °C) and temperate seawater (10- 18 °C). 

 

4.3.3 Clonal isolates  

 Seawater samples were transferred in vessel containing f/2 medium 

(Guillard, 1975) and maintained on board in incubation at 15 °C and 8 °C, for cruise 

D366, and cruises RR1202 & JR271 respectively. They were irradiated by a photon 

flux of 40-υυ ʈÍÏÌ Í-2s-1 on a 16:8 hours LD cycle. Clonal isolates (Table 4.3) were 

established as described in Krueger-Hadfield et al. (2014). The environmental 

samples were screened and sorted using a FACSORT flow cytometer. Cell count was 

assessed using a Accuri C6 flow cytometer (threshold FSC 2000 and FL3 800) and 

dilution factor was calculated to obtain a starting concentration of about 1000 

cell/ml. Subsequently each sample was subjected to a dilution-to-extinction regime in 
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order to isolate individual cells and thus obtain clonal unialgal cultures (see Appendix 

II). All the cultures were maintained in f/2 medium (Guillard, 1975) in a constant 

temperature room, at 15 °C and irradiated by a photon flux of 40-υυ ʈÍÏÌ Í-2s-1 on a 

16:8 hours LD cycle. 

 

Table 4.3 List of the clonal isolates 

Station number 

 

Clone  

 

Morphotype 

CMM detected 

Allele 1 Allele 2 

1 JR271 30-1 A I IV 

 

JR271 30-2 A I IV 

 

JR271 30-3 A I IV 

 

JR271 30-4 A I IV 

 

JR271 30-5 A I IV 

2 JR271 26-1 A II IV 

 

JR271 26-2 A II IV 

 

JR271 26-3 A II IV 

 

JR271 26-4 A II IV 

 

JR271 26-5 A II IV 

3 JR271 29-1 A I I 

 

JR271 29-2 A I I 

 

JR271 29-3 A I I 

 

JR271 29-4 A I I 

 

JR271 29-5 A I I 

5 JR271 31-1 A I I 

 

JR271 31-2 A I I 

 

JR271 31-3 A I I 

 

JR271 31-4 A I I 

 

JR271 31-5 A I I 

6 JR271 28-3 A I I 

 

JR271 28-4 A I I 
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JR271 28-5 A I I 

 

JR271 28B-1 A I I 

 

JR271 28B-2 A I I 

 

JR271 28B-3 A I I 

 

JR271 28B-4 A I I 

 

JR271 28B-5 A I I 

 

JR271 28C-1 A I I 

 

JR271 28C-2 A I I 

 

JR271 28C-4 A I I 

 

JR271 28C-5 A I I 

7 JR271 59-2 A IV IV 

 

JR271 59-4 A IV IV 

 

JR271 59-5 A IV IV 

9 JR271 61-1 A I I 

 

JR271 61-2 A I I 

 

JR271 61-3 A I I 

 

JR271 61-4 A I I 

 

JR271 61-5 A I I 

10 JR271 50-2 A I I 

 

JR271 50-3 A I I 

 

JR271 50-4 A I I 

 

JR271 50-5 A I I 

 

JR271 51-1 A I I 

 

JR271 51-2 A I I 

 

JR271 51-3 A I I 

 

JR271 51-4 A I I 

 

JR271 51-5 A I I 

 

JR271 52-1 A I I 

 

JR271 52-2 A I I 

 

JR271 52-5 A I I 

 

JR271 52B-1 A I I 

 

JR271 52B-2 A I I 
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JR271 52B-3 A I I 

 

JR271 52B-4 A I I 

 

JR271 52B-5 A I I 

 

JR271 55B-1 A I I 

 

JR271 55B-2 A I I 

 

JR271 55B-3 A I I 

 

JR271 55B-4 A I I 

 

JR271 55B-5 A I I 

 

JR271 55B-6 A I I 

 

JR271 55B-7 A I I 

 

JR271 55B-8 A I I 

 

JR271 55B-9 A I I 

 

JR271 55B-10 A I I 

 

JR271 56-1 A I I 

 

JR271 56-2 A I I 

 

JR271 56-3 A I I 

 

JR271 56-4 A I I 

 

JR271 56-5 A I I 

 

JR271 58-1 A I I 

 

JR271 58-2 A I I 

 

JR271 58-3 A I I 

 

JR271 58-4 A I I 

 

JR271 58-5 A I I 

12 JR271 63-1 A IV IV 

 

JR271 63-2 A IV IV 

 

JR271 63-3 A IV IV 

 

JR271 63-4 A IV IV 

 

JR271 63-5 A IV IV 

 

JR271 63B-1 A I I 

 

JR271 63B-2 A I I 

 

JR271 63B-4 A I I 

17 JR271 68-1 B/C IIb IIb 
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JR271 68-2 B/C IIb IIb 

 

JR271 68-3 B/C IIb IIb 

 

JR271 68-4 B/C IIb IIb 

 

JR271 68-5 B/C IIb IIb 

18 JR271 69-1 A IVb IVb 

 

JR271 69-2 A IVb IVb 

 

JR271 69-3 A IV IVb 

 

JR271 69-4 A IV IVb 

 

JR271 69-5 A IVb IVb 

21 JR271 23-2 A I I 

 

JR271 23-3 A I I 

 

JR271 23-4 A I I 

 

JR271 23-5 A I I 

22 JR271 10-1 A I I 

 

JR271 10-2 A I I 

 

JR271 10-3 A I I 

 

JR271 10-4 A I I 

 

JR271 10-5 A I I 

 

JR271 12-1 A I I 

 

JR271 12-2 A I I 

 

JR271 12-3 A I I 

 

JR271 12-4 A I I 

 

JR271 12-5 A I I 

 

JR271 12B-1 A IV IV 

 

JR271 12B-2 A IV IV 

 

JR271 12B-3 A IV IV 

 

JR271 12B-4 A IV IV 

 

JR271 12B-5 A IV IV 

 

JR271 13-1 A IV IVb 

 

JR271 13-2 A I I 

 

JR271 13-3 A IV IVb 

 

JR271 13-4 A IV IVb 
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JR271 13-5 A I I 

 

JR271 15-2 A I I 

 

JR271 15-3 A I I 

 

JR271 15-4 A I I 

 

JR271 15-5 A I I 

 

JR271 15B-1 A IV IV 

 

JR271 15B-2 A IV IV 

 

JR271 15B-3 A IV IV 

 

JR271 15B-4 A IV IV 

 

JR271 15B-5 A IV IV 

 

JR271 16-1 A I I 

 

JR271 16-2 A I I 

 

JR271 16-3 A I I 

 

JR271 16-4 A I I 

 

JR271 16-5 A I I 

 

JR271 17-2 A I I 

 

JR271 17-3 A I I 

 

JR271 17-4 A I I 

 

JR271 17-5 A III III 

 

JR271 18-1 A I I 

 

JR271 18-2 A I I 

 

JR271 18-3 A I I 

 

JR271 18-4 A I I 

 

JR271 18-5 A I I 

30 D366 48-2 A IV IV 

 

D366 48-3 A I IVb 

 

D366 48-5 A III IVb 

31 JR271 19-1 A I I 

 

JR271 19-2 A I I 

 

JR271 19-3 A IV IV 

 

JR271 19-4 A I I 

32 D366 120-1 A I I 
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D366 120-2 A I IVb 

34 D366 112-1 A I I 

 

D366 112-2 A I I 

 

D366 112-3 A I I 

35 D366 124-1 A I I 

 

D366 124-2 A I I 

 

D366 124-3 A I I 

 

D366 124-4 A I I 

 

D366 124-5 A I I 

 

D366 126-2 A IV IV 

38 D366 106-2 A I I 

 

D366 106-4 A I IV 

 

D366 106-5 A I IV 

40 D366 17-1 A I I 

 

D366 17-3 A I I 

 

D366 19-2 A I IVb 

 

D366 20-4 A I I 

 

D366 21-3 A I I 

 

D366 21-4 A I IVb 

 

D366 21-5 A I I 

 

D366 22-4 A I I 

 

D366 24-1 A I I 

 

D366 25-3 A I I 

 

D366 26-1 A I I 

 

D366 26-2 A I I 

 

D366 26-3 A I I 

 

D366 26-4 A I I 

 

D366 26-5 A I I 

 

D366 30-1 A I I 

 

D366 30-2 A I I 

 

D366 30-4 A IV IV 

 

D366 31-2 A I IV 
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D366 31-3 A I IVb 

 

D366 32-5 A I I 

 

D366 33-1 A I I 

 

D366 33-2 A I I 

 

D366 33-3 A I I 

 

D366 34-1 A I IV 

 

D366 34-3 A I IV 

 

D366 35-1 A I I 

 

D366 35-2 A I I 

 

D366 35-3 A I I 

 

D366 36-2 A I IVb 

 

D366 36-4 A I I 

 

D366 36-5 A I IVb 

 

D366 37-4 A I I 

 

D366 40-1 A I I 

 

D366 40-3 A I I 

 

D366 40-5 A I I 

 

D366 89-5 A I I 

 

D366 91-2 A IV IVb 

46 D366 97-5 A I IV 

 

D366 98-1 A IV IV 

49 D366 71-1 A IV IV 

 

D366 71-4 A IV IV 

50 RR1202 5-1 A IV IV 

 

RR1202 5-2 A IV IV 

 

RR1202 5-3 A IV IV 

 

RR1202 6-1 A I I 

 

RR1202 6-2 A I I 

 

RR1202 7-1 A IV IV 

 

RR1202 7-2 A IV IV 

 

RR1202 7-3 A IV IV 

 

RR1202 42-1 A IV IV 
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RR1202 42-2 A IV IV 

 

RR1202 42-3 A IV IV 

 

RR1202 42-4 A IV IV 

 

RR1202 42-5 A IV IV 

51 RR1202 22-1 A I I 

 

RR1202 22-2 A I I 

52 RR1202 23-1 A IV IV 

 

RR1202 23-2 A IV IV 

 

RR1202 23-3 A IV IV 

53 RR1202 1-1 A IV IV 

 

RR1202 1-3 A IV IV 

 

RR1202 1-4 A IV IV 

 

RR1202 1-6 A IV IV 

 

RR1202 1-8 A IV IV 

 

RR1202 19-1 A IV IV 

 

RR1202 19-2 A IV IV 

 

RR1202 19-3 A IV IV 

 

RR1202 19-4 A IV IV 

 

RR1202 19-5 A IV IV 

 

RR1202 21-1 A IV IV 

 

RR1202 21-2 A IV IV 

 

RR1202 21-3 A IV IV 

 

RR1202 21-4 A IV IV 

 

RR1202 21-5 A IV IV 

 

RR1202 40-1 A IV IV 

 

RR1202 40-2 A IV IV 

 

RR1202 40-3 A IV IV 

 

RR1202 40-4 A IV IV 

 

RR1202 40-5 A IV IV 

 

RR1202 63-1 A IV IV 

 

RR1202 63-3 A IV IV 

 

RR1202 63-4 A IV IV 
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RR1202 63-5 A IV IV 

 

RR1202 63B-1 A IV IV 

 

RR1202 69-1 A I I 

 

RR1202 69-2 A I I 

 

RR1202 69-3 A I I 

 

RR1202 69-4 A IV IV 

 

RR1202 69-5 A IV IV 

 

RR1202 69B-1 A IV IV 

 

RR1202 69B-2 A IV IV 

 

RR1202 69B-3 A IV IV 

 

RR1202 69B-4 A IV IV 

 

RR1202 69B-5 A IV IV 

64 RR1202 36-1 A I I 

 

RR1202 36-2 A I IV 

 

RR1202 36-3 A I IV 

 

RR1202 36-4 A IV IV 

 

RR1202 36-5 A I IV 

68 RR1202 30-1 A IV IV 

 

RR1202 30-2 A IV IV 

 

RR1202 30-3 A IV IV 

 

RR1202 30-4 A IV IV 

 

RR1202 30-5 A IV IV 

72 RR1202 14-1 A III III 

 

RR1202 14-2 A III III 

 

RR1202 14-3 A III III 

 

RR1202 14-4 A III III 

 

RR1202 14-5 A III III 

73 RR1202 52-1 A IV IV 

 

RR1202 52-2 A IV IV 

 

RR1202 52-3 A IV IV 

 

RR1202 52-5 A IV IV 

 

RR1202 52B-1 A IV IV 
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RR1202 52B-2 A IV IV 

 

RR1202 52B-3 A IV IV 

 

RR1202 52B-4 A IV IV 

 

RR1202 52B-5 A IV IV 

 

RR1202 55-1 A IV IV 

 

RR1202 55-2 A IV IV 

 

RR1202 55-3 A IV IV 

 

RR1202 55-4 A IV IV 

 

RR1202 55-5 A IV IV 

75 RR1202 16-1 A IV IV 

 

RR1202 16-2 A IV IV 

 

RR1202 16-3 A IV IV 

 

RR1202 16-4 A IV IV 

 

RR1202 16-5 A IV IV 

 

 

4.3.4 Scanning Electron Microscopy (SEM) 

 !ÌÌ ÔÈÅ ÃÌÏÎÁÌ ÃÕÌÔÕÒÅÓ ×ÅÒÅ ÆÉÌÔÅÒÅÄ ÕÓÉÎÇ Á πȢτυ ʈÍ ÃÅÌÌÕÌÏÓÅ ÎÉÔÒÁÔÅ 

membrane filter, mounted onto metallic stubs using adhesive tape and coated in a 

thin layer of gold (Au) using an Au sputter coater.  These were visualized using a JEOL 

5600 Low Vacuum Scanning Electron Microscope. Scanning electron micrographs 

were captured at magnifications ranging between x7.500 - x20,000, and electron 

beam damage was minimized by operating the microscope at 15 kV.  
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4.3.5 DNA extraction  

 From each CTD cast up to 1 L quantities of seawater was collected into 

Nalgene bottles and subsequently filtered using a vacuum pump and a filter rig 

through 0.45 ʈÍ ÐÏÌÙÃÁÒÂÏÎÁÔÅ ÍÅÍÂÒÁÎÅ ÆÉÌÔÅÒÓ ɉ0!,, #ÏÒÐÏÒÁÔÉÏÎȟ -ÉÃÈÉÇÁÎȟ 53!ɊȢ 

Each filter was rinsed into a petri dish with 2ml of phosphate buffered saline (PBS) 

solution and the final solution was collected into an eppendorf tube. The solution 

from the eppendorf tubes was used to carry out DNA extraction in situ for each 

environmental sample, using Qiagen DNeasy Blood and Tissue kit protocol (QIAGEN, 

Valencia, CA, USA), and subsequently in our laboratory on each isolated strain and the 

clonality was confirmed by GPA gene as described in Krueger-Hadfield et al (2014).  

 

4.3.6 Probe assay 

 Amplification of the coccolith morphology motif was carried out using 

multiplex probe assay technique previously described in Krueger-Hadfield et al., 2014 

and Balestreri et al., unpublished. 

 

 

 

 

 

 

 



CHAPTER 4  

143 
 

4.4 Results 

 

4.4.1 Culture and DNA collection  

 From the starting material collected on board of each cruise we were able to 

maintain in the laboratory in UK a total of 75 environmental cultures (Appendix II), of 

which 25 belonging to polar regions and 50 belonging to temperate regions. Out of 

ÔÈÅ ςυ ȬÐÏÌÁÒȭ ÓÁÍÐÌÅÓȟ υ ×ÅÒÅ ÃÏÌÌÅÃÔÅÄ ÉÎ ÔÈÅ 3ÏÕÔÈÅÒÎ )ÎÄÉÁÎ /ÃÅÁÎȟ ÂÅÌÏ× ÔÈÅ 

!ÎÔÁÒÃÔÉÃ #ÉÒÃÕÍÐÏÌÁÒ #ÕÒÒÅÎÔ ɉ!##Ɋȟ ×ÈÉÌÅ ÔÈÅ ÒÅÍÁÉÎÉÎÇ ςπ ȬÐÏÌÁÒȭ ÓÁÍÐÌÅÓ ×ÅÒÅ 

collected in the Greenland Sea, Eastern Barents Sea, the Norwegian Sea and North of 

)ÃÅÌÁÎÄ ɉ&ÉÇÕÒÅ τȢρ ÁÎÄ τȢςɊȢ ςρ ȬÔÅÍÐÅÒÁÔÅȭ ÓÁÍÐÌÅÓ ×ÅÒÅ ÃÏÌÌÅÃÔÅÄ ÉÎ ÔÈÅ Southern 

)ÎÄÉÁÎ /ÃÅÁÎȟ ÁÂÏÖÅ ÔÈÅ !## ÁÎÄ ÔÈÅ ÒÅÍÁÉÎÉÎÇ ςω ȬÔÅÍÐÅÒÁÔÅȭ ÓÁÍÐÌÅÓ ×ÅÒÅ 

collected in the ocean South-West of Iceland, North and North-West of Scotland, in 

the North Sea, in the Western English Channel, South West of Ireland, and in the Bay 

of Biscay (Figure 4.1 and 4.2). 

 Subsequently, we succeeded in isolating 292 clones, of which 100 clones from 

polar regions: 95 of them belonging to the Northern Hemisphere (45 of them from the 

Eastern Barents Sea, and 35 of them from the Greenland Sea) and 5 of them belonging 

to the Southern Hemisphere. The remaining 192 clones were obtained from 

temperate regions and 109 of them belonged to the Northern Hemisphere (56 of 

them from the North Sea, and 47 of them from South-West of Iceland), while 83 of 

them belonged to the Southern Hemisphere. DNA was successfully extracted for all 

the environmental and clonal isolate samples. 
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Figure 4.1  Composite images of the environmental sample locations for the Northern Hemisphere, obtained combining water flows and 

sea surface temperature (SST in °C). The black lines are dynamic height and the closed contours show eddies. The main current flows 

are reported by arrows: blue arrows for cold water coming from the North and orange arrows for the warmer currents coming from the 

Atlantic Ocean.  Each red dot represents a sample and the number above the dot indicates the closest time of the year at which the 

sample was collected; in detail: A) refers to 1/06/2012, B) refers to 15/06/2012, and C) refers to 29/06/2012. Note that samples 26-30, 

32-40 and 42 were collected in June/July of 2011and these stations on the maps are indicative of a similar temperature pattern. 
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Figure 4.2  Composite images of the environmental sample locations for the Southern 

Hemisphere, obtained combining water flows and sea surface temperature (SST in °C). The 

black lines are dynamic height and the closed contours show eddies. The main current flow, 

the Antarctic Circumpolar Current (ACC) is reported by black arrows.  Each red dot 

represents a sample and the number above the dot indicates the closest time of the year at 

which the sample was collected; in detail: A) refers to 15/02/2012, B) refers to 29/02/2012, 

and C) refers to 14/03/2012. 

T (°C) 
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4.4.2 Genetic diversity of E. huxleyi in the Northern Hemisphere  

 A total of 49 environmental samples were screened for the CMM region. The 

samples collected in the Northern Hemisphere were dominated by CMM I, which was 

detected in 13 out of 20 in the polar region and 24 out of 29 in the temperate region 

(Figure 4.3). CMM II was found in 2 out of 20 in the  polar region and 5 out of 29 in 

the temperate region. CMM IIb was detected 6 times in the polar region and 1 time 

only in the temperate region (Figure 4.3). CMM III, IV and IVb were amplified in 1, 13 

and 3 samples and in 2, 2 and 2 in the temperate and polar region respectively. Seven 

samples out of 22 collected during the D366 cruise were sampled in a bloom area in 

the North Sea. 

 The CMM screening of the clonal cultures isolated from the temperate region 

showed that 74 resulted homozygous for CMM I, 16 of them were homozygous for 

CMM IV and 1 sample was homozygous for CMM III. The other strains studied were 

heterozygous: 6 strains had CMM I-IV, 7 strains had CMM I-IVb, 4 strains had CMM IV-

IVb, 1 strain had CMM III-IVb (Figure 4.4).  
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Figure 4.3 (previous page) Bar-plot of all the environmental samples and the 

respective sea water temperature (T). The dotted line indicates the 

Northern/Southern hemisphere division. Each geographical province is highlighted 

by a black rectangle grouping the data-point on the x axis. The bars show the different 

CMM composition for each station and the stars on top of the bars indicate a non-

quantifiable, but detected, amplification. The CMM are grouped according to the 

relative morphotypes. The temperature plot shows the T in situ for each 

environmental sample. 
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Figure 4.4  Bar-plot of the allele frequency detected in the clones. The dotted line indicates the Northern/Southern hemisphere division. 

Each geographical province is highlighted by a black rectangle grouping the data-point on the x axis. The bars show the allelic 

composition for each station.  
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4.4.3 Genetic diversity of E. huxleyi in the Southern Hemisphere 

 A total of 26 environmental samples from the Southern Hemisphere were 

screened for the CMM region and the majority of them were dominated by CMM IIb, 

both in polar and temperate regions: 4 out of 5 and 17 out of 21 samples respectively 

(Figure 4.3). CMM II was found in 3 out of 5 samples in the polar region and in 5 over 

21 in the temperate region. The CMM I was amplified only in 1 samples from the 

temperate region and CMM III & IV were found 3 and 4 times exclusively in the 

temperate region (Figure 4.3). 

 The CMM composition changed when we analysed the 87 clonal isolates 

obtained from the original environmental cultures. Almost all the clones resulted 

homozygous, with the exception of 3 clones from the polar region having the allelic 

composition CMM I-IV. The CMM I-I was found in 1 sample from the polar region and 

in 7 samples in the temperate region. CMM IV-IV was detected in 1 sample in the 

polar region and 71 times in the temperate region, accounting as the main allelic 

combination in this region. Additionally, 5 samples from the temperate region 

showed CMM III-III composition (Figure 4.4). 

 

4.5 Discussion 

  

 The amplification of the CMM region was not successful for more than a third 

of the samples collected at temperature <10 °C and it occurred significantly more 

often in samples collected in the Southern Ocean below 50 °S. This is probably 

explained by the fact that E. huxleyi is worldwide spread with the exception of the 
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extreme polar regions (Holligan et al., 1993; Tyrrell and Merico, 2004; Hagino et al., 

2011), which are characterised by low sea temperatures (Antarctic Convergence <6 

°C, Deacon, 1982; Arctic Ocean <4°C, Steele, Ermold, & Zhang, 2008). Nevertheless, in 

the Arctic Sea we could amplify samples collected at 79 °N and only 5 samples were 

not amplified for the CMM sequence and the majority of them belonged to the lower 

temperature group (<10 °C), supporting the idea that a low seawater temperature 

increases the probability of not finding E. huxleyi and subsequently the PCR failure for 

the GPA gene. We have to take into account that individual strains of E. huxleyi have 

different growth rate tolerances to temperature, in the range  between 2 °C and 27 °C 

(Brand, 1981), therefore E. huxleyi specific growth rate may vary greatly, making 

extrapolation of strain-specific data to hypothetical scenarios such as models difficult 

(Fielding, 2013). 

 The screening of environmental samples revealed the dominance (>50% of 

the alleles detected) of CMM I in 38 out of the 75 site In fact, in 75% of the cases CMM 

I dominated the Northern Hemisphere sites, consistent with the results previously 

described by Krueger-Hadfield et al. (2014). On only one occasion CMM I could be 

found (<30% of the CMM alleles) in the oceans below the equatorial line, but 

nonetheless in a temperate environment. CMM I is associated with morphotype A 

(Schroeder et al., 2005) and our findings confirm many oceanic observations (J. 

Young, personal communication) that morphotype A is the most wide spread and 

abundant in the modern oceans. More specifically, morphotype A and B are unequally 

distributed in the Northeast Atlantic region (van Bleijswijk et al., 1991) as well as in 

the South-west and South-east Atlantic (van Bleijswijk et al., 1994) and the 

morphotype B is found rarely compared to the morphotype A (Krueger-Hadfield et 
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al., 2014). In line with this, we amplified CMM II, which is related to the genuine B 

form, only 15 out of the 75 sites (20%) and it only dominated (>50% of the alleles 

detected) at 6 out of the 75 sites (8%) all exclusively to the Southern Hemisphere. We 

previously reported the presence of CMM II in the Western English Channel (WEC) in 

the non-blooming winter months (Balestreri et al., unpublished), hypothesizing that 

its absence in the summer blooming months could be explained by the increase SSTs 

observed in recent years in the North Atlantic (Rayner et al., 2003). In this study we 

note that CMM II could still be found (between 30 -45%) in more northerly latitudes 

in the summer blooming period months. This suggests that CMM II can still persist in 

this warming environment and the conditions have not deteriorated sufficiently to 

see its extinction. This further suggests that something else is at play in the WEC that 

has seen its disappearance in the summer months. Nonetheless, CMM II is in decline 

in the Northern Hemisphere, were it once formed blooms as the recorded by van 

Bleijswijk et al. (1991). Our study also opens a new possibility that CMM II might in 

fact be a Southern Hemisphere morphotype or ecotype that through ocean circulation 

or anthropogenic forcing resulted in incursions into the Northern Hemisphere 

regions.  

 Over 205 total clones obtained from the samples collected in the Northern 

Hemisphere, 141 (69%) amplified for CMM I, as we would have expected after the 

CMM analysis of the environmental samples. In addition, the isolation of clones from 

samples collected in the Southern Indian Ocean produced 8 out 87 (9%) CMM I clones 

which confirms the presence of this genotype in the Southern Hemisphere in a 

smaller proportion. Furthermore, 7 of these southern CMMs I were isolated from a 

seawater temperature >10 °C and from locations influenced by the Agulhas Return 
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Current (Lutjeharms and Ansorge, 2001). This current shows enhanced primary 

productivity , with chlorophyll -a concentrations significantly higher than the 

surrounding South Indian Ocean (Mann and Lazier, 2005). CMM I was also present as 

one of the alleles in many of the heterozygous strains (21 clones isolated from the 

Northern Hemisphere). As previously observed by Krueger-Hadfield et al. (2014), 

based on clonal culture collections alone CMM I appears to be more resilient and thus 

it can dominate temperate regions at a regional and global scale. 

 CMM II was found 15 times in our environmental samples, 7 times in the 

Northern Hemisphere and 8 times in the Southern Hemisphere. Moreover, we found 

to be the dominant (>50% alleles detected) in 5 of the 13 (38%) temperate region 

influenced by the Agulhas Return Current. This is in direct contrast to the absence of 

the CMM II allele in any of the clonal isolates collected from either the temperate or 

polar regions. Our inability to bring the CMM II or morphotype B strains into culture 

suggests that this genotype has different nutrient and/or temperatures to that of 

morphotype A. Furthermore, we know that morphotype B is distinctly less calcified 

than morphotype A (Young et al. 2014) and maybe this factor makes this morphotype 

more susceptible to damage during the isolation process. This finding nonetheless 

highlights once again the biases associated with culture collections and that we would 

have been wholly incorrect to infer from our culture collection that CMM II or 

morphotype B in absent in the Southern Indian Ocean. In fact the most southerly 

sample site was exclusively CMM II. 

 Although CMM II (morphotype B) was not prevalent in any of the Northern 

Hemisphere environmental samples, the related genotype CMM IIb (correlated to the 

B/C morphotype) was detected on 5 occasions (4 of which were exclusively CMM IIb) 

http://en.wikipedia.org/wiki/Primary_production
http://en.wikipedia.org/wiki/Primary_production
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in samples collected in the Norwegian Sea and North of Iceland, an area where the 

cold water of the East Greenland Current separates from the main branch and turns 

southeast, contributing to the East Icelandic Current (Aagaard and Coachman, 1968; 

Delworth et al., 1997; Woodgate et al., 1999). These samples were therefore 

represented true polar waters. We confirmed the presence of E. huxleyi B/C 

morphotype through scanning electron microscopy (SEM; Figure 4.5). Five clones 

isolated from one environmental sample collected in the sea-area northern of Iceland 

were found to be B/C phenotype and their CMM analysis confirmed that their 

genotype was CMM IIb, supporting the correspondence between the morphotype and 

this specific genetic sequence. 
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Figure 4.5  Electron Scanning Microscope (SEM) photos of E. huxleyi B/C morphotype 

found in clonal isolates North of Iceland. 
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 In the Southern Hemisphere we found CMM IIb more frequently: in 21 

samples out of 26 (81%). At 14 sites, CMM IIb was the exclusive genotype; 11 found 

in the temperate region, 3 in the polar region with one exception showing evidence of 

the presence of CMM II.   

 In the polar regions 1 environmental samples were dominated by CMM IV 

and its related genotype, CMM IVb, was also found to dominate on 1 occasion. In the 

temperate region we found CMM IV on 17 occasions and CMM IVb on 2 occasions. We 

know that these genotypes are found in the North Sea and Western English Channel 

(Krueger-Hadfield et al. 2014, Balestreri et al. unpublished) and that CMM IV can 

dominate bloom events in the WEC (Highfield et al., 2014). The genotype IV appears 

to adapt to a wide range of environmental niches, from cold to warm and often 

changeable environments (Krueger-Hadfield et al., 2014).  However, as the Arctic 

polar region especially the Greenland Sea was heavy impacted by the temperate 

waters, the CMM IIb should be considered as the true Arctic genotype while CMMs I, 

III, IV & IVb are relics or active intrusions from temperate waters. 

 Out of 292 isolated clones, 96 (33%) amplified for the CMM IV, which means 

that this allele in present circa one in three of our isolates in the culture collection. 

Conversely only 3 strains showed CMM IVb, and they were isolated from cold 

seawater collected North of Iceland. The majority of the CMM IV clones were isolated 

from environmental material originated in the Southern Hemisphere in polar regions 

and in areas influenced by the Agulhas Return Current in the region South-East of 

South Africa and by Leeuwin Current in the region South-West of Western Australia.  

Only one clone was isolated from the North of Heard Island and McDonald Islands, in 

a polar region. The diversity of environments in which we found CMM IV and IVb 
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supports the hypothesis that these genotypes are able to adapt to a variety of niches. 

Moreover, CMM IV and IVb alleles were found in all the heterozygous strains, 

meaning that these genotypes mate with a higher frequency. The main heterozygous 

combinations detected in our study were CMM I-IV, I-IVb and IV-IVb and these 

findings are in line with Krueger-Hadfield et al. (2014) study, who showed co-

existence of these alleles in presence of a bloom event dominated by homozygous 

CMM I, occurred in the North Sea in the summer of 2012. 

 CMM III was amplified on only 6 occasions in the environmental samples, 2 

times in polar regions and 4 times in temperate regions. It was found in the 

Greenland Sea, Eastern Barents Sea and also in the North Sea, and in three locations 

South-West of Western Australia. This CMM is a rare genotype, despite its ability to 

occupy a multiplicity of conditions. 

 In summary, the most dominant genotype was CMM I (51% of the positive 

amplified samples), followed by CMM IIb (37%), which are related to E. huxleyi A and 

B/C morphotypes, respectively. Furthermore, we showed that the former dominated 

(75 %) in the Northern Hemisphere, while the latter dominated the Southern regions 

(81%). To our knowledge, this is the first study that reports on such a clear provincial 

delineation. Other studies have reported that the B/C morphotype of E. huxleyi  is 

found in the Patagonian Shelf, in the Southern Ocean and in sub-polar Antarctic 

waters (Poulton et al., 2011; Cook et al., 2011; Cubillos et al., 2007; Hagino et al., 

2005). We now can confirm the only other location that it can be found is in the true 

polar waters north of Iceland. Morphotype A (CMM I) is a temperate strain, while 

Morphotype B/C (CMM IIb) is a polar strain. In addition, morphotype B (CMM II) also 

appears to prefer the Southern Hemisphere and polar waters. However, this 
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assessment does not find an exact correspondence in the genetic composition that we 

observed in the clonal isolates. Although the dominant genotype among the 292 

clones was again CMM I (51% of the total samples), the second most frequently was  

CMM IV, being present in more than 32% of the cases.  Given this, we recommend that 

culture collections should not be used in isolation for the genetic profiling of E. huxleyi 

populations. The genetic variability that characterizes environmental material is 

biased toward a smaller number of genotypes grown in artificial conditions and it is 

not necessary representative of the real population structure of E. huxleyi. 

 We have to take into account, especially when making ecological statements 

based on lab based genetic studies, that every organism could not be obtained by 

laboratory culturing and isolation as a result of the artificial selection pressure placed 

on them. In most of the cases, artificial growth selection deeply impacts on the true 

genetic assessment of the original population, which can lead to misinterpretation of 

the real picture. In a laboratory environment the real ecological dynamics between 

organisms are not respected: competition for a resource, e.g. nutrients, might be 

compromised or overturned by the organism whose physiology better adapt to the 

artificial conditions (Service and Rose, 1985). The culture establishment is moreover 

altered by irradiance, salinity, nutrients and light which often differ from the natural 

environment (Lakeman et al., 2009). Furthermore, the maintenance of a culture for 

long periods can lead to physiological and phenotypical changes in an organism, e.g. 

strain of calcifying E. huxleyi kept in a manipulated environment for a long time can 

lose their ability to calcify (Green et al., 1996; Houdan et al., 2005).  

 E. huxleyi ÏÃÃÕÐÉÅÓ Á ÖÁÒÉÅÄ ÒÁÎÇÅ ÏÆ ÈÁÂÉÔÁÔ ÁÎÄ ÔÈÅÒÅÆÏÒÅ ÁÓ Á ȰÓÐÅÃÉÅÓȱ ÉÓ 

likely resilient to the changing ocean conditions. This is consistent with the numerous 
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studies that demonstrate the varied responses of E. huxleyi strains challenged with 

future climatic exposures (Iglesias-Rodriguez et al., 2008; Riebesell et al., 2008; 

Müller et al., 2015; Rost and Riebesell, 2004; Meyer and Riebesell, 2015). That said 

we observed a clear separation of dominant genotypes both in habitat and between 

Northern and Southern hemispheres. Additionally, we observed a greater 

heterogeneity and heterozygosity in the Northern Hemisphere and in proximity of the 

continental shelves. In open ocean environments, far from the continents and at 

oligotrophic conditions, such as the Southern Indian Ocean, only a couple of 

genotypes prevailed in the environmental samples. Future experiments need to 

address the differential responses of strains/genotypes isolated from their respective 

habitats. Our current knowledge is largely limited to a CMM I, morphotype A response 

scenario.
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ȰConsidering that the more prevalent coccolithophore species appear to be 

vulnerable to ocean acidification, a local or global shift in the species 

composition or a replacement by other photoautotrophic organisms may 

occur and could affect higher trophic levels and ocean biogeochemical 

cyclingȱ (Meyer and Riebesell, 2015).  

 

 The question of how the Emiliania huxleyi species-complex successfully 

colonized very diverse surface ocean habitats while its close relatives remained more 

ecologically restricted has broader implications for understanding controls on 

phytoplankton adaptation to new and changing habitats (Bendif et al., 2015; Read et 

al., 2013). Not only E. huxleyi is numerically the most abundant coccolithophore 

species, but it is found in several different habitats (Müller et al., 2015). The work 

carried out in my PhD project, demonstrated and confirmed a high genetic variability 

associated with different morphotypes (Chapter 2 - Krueger-Hadfield et al., 2014). 

Furthermore, it showed a dominance of certain CMM genotypes to specific 

geographical regions both in time (Chapter 3) and space (Chapter 4). 

 

 One of the main effects of anthropogenic CO2 emissions that challenges 

calcifiers in current oceans is the acidification of seawater. The lowest pH values are 

found in upwelling areas, such as Equatorial Pacific and Arabian Sea, where the 

surface moves to deeper layers as the rich deep water with lower pH value is brought 

to the surface. Conversely, in areas where the biological production and export are 

elevated, the dissolved CO2 is converted into organic carbon by phytoplankton and 

exported in deeper oceans resulting in higher pH values in the surface waters (Raven 

et al., 2005). The Southern Ocean is known as one of the main sinks for CO2, but 
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studies by Le Quéré et al. (2007) found that this sink has weakened between 1981 

and 2004 by 0.08 petagrams of carbon per year per decade due alterations in the 

Southern Ocean winds. Moreover, low levels of iron and irradiance, especially during 

the winter, make the Southern Ocean not as productive as may be expected, although 

it is generally considered a nutrient rich ocean (Harper et al., 2011). In the temperate 

and sub-polar regions of the North Atlantic and North Pacific, there are long-term 

records that the pH varies on a seasonal cycle (Bellerby et al., 2005; Wootton et al., 

2008; Olafsson et al., 2009) because of changes in physical ocean properties, such as 

temperature and salinity, but also because of the biological processes (Findlay, 2010). 

Nevertheless, in the Arctic Ocean the alkalinity level is already lower than many other 

oceans and overall polar pH levels are changing twice as fast as tropical ones; pre-

industrial pH 8.2 dropped to pH 8.1, indicating increased acidity (Harper et al., 2011).  

  

 Another main effect of increasing CO2 emissions is the rise in ocean 

temperature (Feng et al., 2009), and its negative effects on marine organisms have 

been shown in numerous studies.  Global surface temperature has increased 0.2 °C 

per decade in the past 30 years, especially in the Western Equatorial Pacific and 

Indian Oceans, which are approximately as warm now as at the Holocene maximum 

(Hansen et al., 2006).  Moreover, the upper layer of the ocean retains anomalous heat, 

which is originated from changing solar irradiance (White et al., 1997). In the region 

of the Weddell Sea from 35°S to 65°S, the Southern Ocean has warmed by 0.17 °C in 

the upper 1000 metres since the 1950s (Gille, 2002) and a predominantly sea-ice-free 

Arctic is predicted for the end of this century (Johannessen et al., 2004). 

Morphotype A of E. huxleyi appears to dominate the wild populations in the Northern 

Hemisphere, while the morphotypes B and B/C are more frequently found in 
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environmental samples collected in the Southern Hemisphere. We know that the 

different strains of E. huxleyi respond to acidification in diverse ways and that they 

might differ genetically (Langer et al., 2009); it remains unclear which mechanism 

underlies the selection of a morphotype over the other in a specific region. 

 

 Physiological experiments need to be conducted in order to delineate E. 

huxleyi strain-specific response to altered pH conditions. A newly submitted study by 

Rickaby et al. (unpublished) on recently isolated, genetically diverse, strains of E. 

huxleyi collected in the Northern and Southern Hemispheres shows that the 

physiological properties of each strain is related to the natural environmental 

concentration of carbonate ion at the site of isolation. The projection of the study 

anticipates the future outcompetition of the morphotypes B/C and R by more rapidly 

photosynthesising, and lightly calcified strains of morphotype A but with their rate of 

calcification highly dependent on the surface ocean saturation state (Rickaby et al., 

unpublished). 

 

 The work carried out for this thesis showed that E. huxleyi blooms are 

characterised by one or two dominant genotypes, even if natural variability is found 

within its genetic standing stock. This matches with our finding regarding asexual 

reproduction driving a bloom event in the North Sea in 2011. Furthermore, this study 

brought light on E. huxleyi population dynamics in the Western English Channel over 

a longer time period. Four genotypes were detected: two of them found constantly 

over the years and able to produce blooming events (CMM I & IV), and the remaining 

two (CMM II & IVb), which were sporadically found during the cold seasons, and 

unable to form blooms, even if, in the past, bloom events dominated by E. huxleyi 
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morphotype B, accounting for CMM II, were recorded in the same region taken in 

exam during this study (van Bleijswijk et al., 1991; Van der Wal et al., 1995). The 

reasons underlying the selection of certain genotypes to thrive during the blooms are 

still unknown. We can hypothesize that zooplankton grazing, changes in nutrient 

availability, variation in salinity due to abundant precipitation and the rise in 

seawater temperature might be involved in the selection and not exclude each other.  

 

 E. huxleyi is a species-complex (Bendif et al., 2015), composed of numerous 

genotypes, and given that the short and long-term survival of species depends in part 

on the options that their genetic diversity gives them for adapting to change (Hatton 

et al., 2011), we can speculate that E. huxleyi sp. is likely to survive future ocean 

conditions. Nevertheless, there are different lines of evidence that suggest E. huxleyi is 

increasingly expanding its range into the polar oceans (Winter et al., 2014). It has 

been predicted that one of the likely results of climate change is an alteration in the 

distribution and the abundance of species (Thomas et al., 2004). A global meta-

analysis, conducted on more than 1700 species, documented significant range shifts 

averaging 6.1 km per decade towards the poles (or metres per decade upward) for 

279 species, and significant mean advancement of spring events by 2.3 days per 

decade (Parmesan et al., 2003). This poses the question of whether both the two main 

morphotypes of E. huxleyi are globally shifting or if morphotype B specifically is 

moving toward the Polar Regions. E. huxleyi B and B/C morphotypes show a lower 

degree of calcification and these forms are prevalent in the Southern Hemisphere. 

Morphotype A is regularly found in the Northern Hemisphere and we found it in only 

one sample collected in a temperate region of the Southern Hemisphere. However, 

there is a large part of the Southern Hemisphere still unexplored for the different E. 
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huxleyi morphotypes and genotypes. Expeditions in the Southern Atlantic and Pacific 

Oceans would fill the gap and bring light on E. huxleyi community composition in 

these areas.   

 

 The ÓÏ ÃÁÌÌÅÄ ȰÓÕÐÅÒÇÒÏÕÐÓȱ ÒÅÄÅÆÉÎÅÄ the organisation of the eukaryotic 

organisms at a high taxonomic level, and this was possible through the use of genomic 

data and the rise of phylogenomics (Liu et al., 2010). Numerous genetic markers have 

been used to characterise E. huxleyi genetic delineation from its closest relative G. 

oceanica: the nuclear 18S rDNA and 28S rDNA, the plastidial 16S rDNA, rbcL, tufA, and 

petA and the mitochondrial cox1, cox2, cox3, rpl16, and dam (Bendif et al., 2014; Liu et 

al., 2010). E. huxleyi shows extensive genome variability and as much as 25% 

variability in gene content might occur between strains of the E. huxleyi species-

complex (Bendif et al., 2015; Read et al., 2013). It is still unclear what are the 

phylogenetic links between E. huxleyi species and the lineages to which they belong 

and how many coccolithophore existed in the past that are not found today (de 

Vargas and Probert, 2004). We have to take in account that many evolutionary 

processes can affect the genetic diversity of natural populations, e.g. the Wahlund 

effect,  the gene flow via migration, natural selection,  inbreeding, spontaneous 

mutation, and random genetic drift (Hartl and Clark, 2007). Analysis of mutations of 

coccolithophores using population genetics, phylogenetic, and genomic approaches 

may help to answer some of these questions (de Vargas and Probert, 2004). 

Moreover, next generation sequencing (NGS) technologies have improved in the last 

few years: we can now rely on reads of sufficient length for accurate annotation and 

assembly of whole operons and the future studies will be aimed to experimental test 

the gene function (Temperton and Giovannoni, 2012). NGS technology has made high-
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resolution biodiversity assessments of environmental samples possible (Hadziavdic 

et al., 2014), using transcriptome or genomic data obtained through NGS to search for 

new genetic markers, which can develop a strategy to analyse the gene function. 

 

 Our analysis of environmental samples and laboratory clones showed a bias 

toward certain genotypes and morphotypes. This is reasonable, as it is shown in 

many studies, e.g. on bacteria (Russell, 2003), phytoplankton (Lewis and Hamm, 

1986), invertebrates (Regoli and Principato, 1995), and mammals (Crabbe et al., 

1999), how difficult is to translate experimental findings to the environmental 

situations.  

All these observations lead to the need of being cautious in making general 

statements about the physiology, genetic composition and behaviour of the organism 

exclusively using laboratory material, especially the ones with a fast turnover, even if 

substantial changes in community composition in less than a few hours are not 

expected (Fuhrman et al., 2015). 

 

 The disappearance of E. huxleyi morphotype B from temperate waters and its 

movement toward northernmost latitudes could affect the community dynamics in 

ÔÈÏÓÅ ÁÒÅÁÓȡ " ÍÏÒÐÈÏÔÙÐÅ ÉÓȟ ÉÎ ÆÁÃÔȟ ÌÅÓÓ ÃÁÌÃÉÆÉÅÄ ÔÈÁÎ ! ÍÏÒÐÈÏÔÙÐÅ ÁÎÄ ÇÒÁÚÅÒÓȭ 

diet might ÂÅ ÁÆÆÅÃÔÅÄ ÁÎÄ ÓÕÂÓÅÑÕÅÎÔÌÙ ÂÉÇÇÅÒ ÐÒÅÄÁÔÏÒÓȭ ÄÉÅÔȢ )Ô ÉÓ ÓÔÉÌÌ ÕÎËÎÏ×Î ÉÆ 

there are substantial differences in the physiology of different E. huxleyi genotypes, 

e.g. DMSP production, which has been shown to be metabolised by the grazer Oxyrrhis 

marina (Wolfe et al., 1994). O. marina has also been proven to feed preferentially on 

E. huxleyi infected by its virus, EhV-86 (Evans and Wilson, 2008), and although a 

correlation between different E. huxleyi viruses and different E. huxleyi morphotypes 
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and/or genotypes has not been demonstrated.  in the study by Schroeder and his 

colleagues (2003) a diverse virus succession was found in the presence of a E. huxleyi 

bloom in a mesocosm experiment, suggesting that despite a genetic variation in the 

virus population, only few genotypes were able to infect and terminate the bloom. In 

the paper they leave an open question: whether or not the virus genetic-specificity is 

linked to a host genetic-specificity and the question is still without answer. 

 

 In the research work conducted for this thesis, E. huxleyi morphotype A 

shows a greater genetic variability than morphotypes B or B/C. Furthermore, 

heterozygosity was found in numerous clones characterised by A morphotype (CMM 

I-IV, I-IVb, IV-IVb, II-IV, III-IVb), but it was never found in presence of B/C 

morphotype. Might this mean that morphotype A more frequently reproduce 

sexually? Perhaps the Red Queen Hypothesis is relevant for morphotype A, and the 

Cheshire Cat Strategy is prevalent for morphotype B. Moreover, morphotype B is 

genetically characterised by homozygous CMM II (Krueger-Hadfield et al., 2014), 

however the heterozygous CMM II-IV shows morphotype A characteristics. Does this 

mean that allele IV is dominant?  

 

 Since the calcite production is strictly correlated with cell-specific 

calcification rate and irradiance (Poulton et al., 2014) a shift toward colder regions of 

E. huxleyi B and B/C morphotypes could have implications on the biogeochemistry of 

those waters, especially if these morphotypes are outcompeted by the stronger A 

morphotype in the formation of large blooms. In these areas the iron availability 

could also play an important role for the bloom formation. E. huxleyi species survival 

is not in danger in the light of the changing climate, nevertheless, the shift in genetic 
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composition may lead to shift in the food web dynamics and subsequently in how 

carbon and nutrients are metabolised in the ocean.  

 

 In order to answer some of the key questions that this study raises, e.g. what 

is the physiological response of different genotypes to the changing climate, what are 

the trophic effects due to the movement of certain morphotypes toward higher 

latitudes, whether and how the carbon pump will be affected by a possible 

disappearance of the morphotype B, and how different genotypes interact in the wild 

population,, we need in the first place more sampling efforts, especially in areas not 

yet studied for the genetic composition of E. huxleyi standing stock, and more genetic 

markers.  The scientific community needs to address its laboratory studies on freshly 

collected samples and newly isolated clones and physiological variability should be 

determined in situ. Furthermore, it would be extremely valuable to acquire 

elucidation on the specific genetic adaptations, whether it exists, of particular strains 

studies relative to other coccolithophore species. Finally, we should look at studies of 

other phytoplanktonic species to determine whether the same principles of genetic 

diversity and distributions also apply to other organisms.  
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APPENDIX I: Cruises & L4 Station 

                

 In order to assess the present genetic composition of E. huxleyi populations 

and interpret the new data in the light of its population structure in a changing 

climate we used different sampling approaches. 

 

Cruises 

               One fundamental resource for this research has been provided by the field 

work that I carried out in the Northern and in the Southern Hemispheres on board 

three scientific cruises. These campaigns allowed me to sample seawater from 

different geographical regions around the world, wide-ranging in latitude and 

longitude.  

Two of these cruises were part of the UK Ocean Acidification (UKOA) research 

program, funded by the Natural Environment Research Council (NERC). The aim of 

these expeditions was to investigate the biology of surface ocean communities and 

biogeochemistry in areas known as CO2 ȬÓÉÎËÓ ÁÎÄ ÓÏÕÒÃÅÓȭ ɉ×××ȢÓÕÒÆÁÃÅÏÁȢÏÒÇȢÕËɊȢ 

Additionally, samples were collected along the second transect of the Great Southern 

Coccolithophore Belt, a campaign which aimed to examine several aspects of 

coccolithophore biology and the impact of short-term ocean acidification on 

coccolithophore growth and calcite dissolution (www.bco-dmo.org/project/473206). 

My participation in this cruise was funded by an UK Ocean Acidification Added Value 

Grant from NERC. 
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§ Cruise D366 (6th June 2011, Liverpool - 10th July 2011, Liverpool) on board the 

RRS Discovery (UK). 
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§ Cruise JR271 (1st June 2012, Immingham-UK - 3rd July 2012, Reykjavik) on board 

the RRS James Clark Ross (UK). 
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§ Cruise RR1202 (18th February 2012, Durban-South Africa - 23rd March 2012, 

Fremantle-Australia) on board the R/V Roger Revelle (USA).  
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               DNA extraction from the environmental samples was carried out on board 

each cruise and the DNA samples were stored frozen. These samples collected in-situ 

provided an important biological resource, representing snapshots of E. huxleyi 

community structure at particular locations at present day CO2 concentrations.  

 

Western Channel Observatory (WCO-Plymouth)  

               WCO (Appendix Figure I) provided another important data resource. The 

WCO has some of the longest time-series in the world for zooplankton and 

phytoplankton, with data collected over a century 

(www.westernchannelobservatory.org.uk). This great collection supplied a large 

amount of environmental samples and it gave me the opportunity to study the E. 

huxleyi population composition over a 6 year time at the L4 station.  

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure I. L4 station of the Western Channel Observatory 

L4 
Station 
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APPENDIX II: Culture collection  

 

 

 

               An algal culture collection was established (Appendix Figure II) from the 

water samples collected during the cruise work. Many culture vessels containing f/2 ɀ

Si (Guillard, 1975) culture medium were inoculated with the environmental water 

samples, maintained in an on board incubator and subsequently transported to the 

laboratory at the MBA in Plymouth (UK). Uni-algal cultures were obtained by 

screening the environmental water samples using a FACSORT flow cytometer 

(FACSORT, BD Biosciences, San Jose, CA, USA), which allowed  for the selection of 

distinct features and characteristics associated with coccolithophores, diatoms and 

picoeukaryotes. The cells isolated in this way were transferred into culture vessels 

containing f/2 nutrient media and were incubated at 15°C at a light intensity between 

τπ ÁÎÄ υυ ʈÍÏÌȾÍ2s with a 16:8 light:dark cycle. Dilution to extinction was carried 
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out (see the details in Ȭ"ÏØ ÍÅÔÈÏÄȭɊ ÉÎ ÏÒÄÅÒ ÔÏ obtain clonal uni-algal colonies and 

subsequently clonal cultures.   

 

 

Appendix Figure II.  Established culture collection of 292 clonal cultures. 

 

 

BOX METHOD 

Dilution to extinction technique  

 

Appendix Figure III.  

Plate with E. huxleyi 

colonies growing in each 

well at different 

concentrations. The top 

row contained thousands 

of colonies per well, the 

bottom row contained 

between 1 and 10 

colonies per well. 

            


