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Summary

Analysis of photosynthetic pigments can be used to study distribution, abundance, and

taxonomic composition of natural phytoplankton assemblages and may address the relative

importance of coccolithophorids and other haptophytes in the field. This chapter provides an

overview of phytoplankton studies from space (based on ocean colour registration), history of

chromatographic methods (mainly HPLC) developed for quantification of pigments in

extracts, and associated detection of new (haptophyte) pigments. Modern HPLC was applied

to a representative set of cultured haptophytes and revealed variations in pigment patterns

were compared with current taxonomy, published phylogeny and known ecological

preferences. Several clear-cut (evolutionary) patterns are discussed.

Introduction

Aquatic plants only comprise <1% of the total plant biomass (Falkowski and Raven, 1997), but

they are nevertheless responsible for approximately 40% of annual oxygenic photosynthesis

(Falkowski, 1994). The major photoautotrophic component in seas and oceans (covering

roughly 70% of the Earth’s surface) is represented by small floating organisms called

phytoplankton (phyton = plant; planktos = wandering). The tens of thousands of phytoplankton

species observed in the field embrace a bewildered diversity, including Phyla of the Kingdom

Monera (Prokariotae) and a number of Classes of the Phyla of the Kingdom Protoctista (see

Margulis, 1990), surpassing the diversity of terrestrial plants at higher taxonomic levels.

Phytoplankton populations form the base of nearly all marine food webs and a detailed study of

their abundance (total biomass), structure (taxonomic composition, size-class distribution) and

function (carbon fixing rate, new and regenerated production) is central for understanding the

basics of marine ecology and global elemental cycles.

The microalgal division Haptophyta is usually one of the most abundant taxonomic

components of natural phytoplankton assemblages and it harbours an important group of

species with a wide geographic distribution. The Haptophyta includes a range of beautiful

calcifying organisms, the coccolithophorids, which form the focus of the present book.

Coccolithophorids are interesting from several points of view: they are the world’s major

producer of calcite (Westbroek et al 1985) and believed to play an important role in CO2
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fluxes between atmosphere, oceans and sediments (Dymond and Lyle 1988; Sarmiento et

al. 1988; Taylor et al. 1991). Coccolithophorids and other haptophytes (like Phaeocystis) are

also indirectly involved in global climate regulation by production of

dimethylsulphoniopropionate DMSP), generally exceeding that of other algal groups (see

overview Simó 2001). DMSP has a number of interesting physiological and ecological functions

and is the precursor of dimethylsulphide (DMS). DMS is volatile and escapes into the

atmosphere, acting as cloud condensation nuclei and affecting the global radiation budget

(Malin et al. 1992; Trossat et al. 1996; Brown and Podesta 1997).

Even so, it should be borne in mind that coccolith-bearing haptophytes are, usually, only one

of the many taxonomic components comprising natural phytoplankton communities. Studies

of coccolithophorid ecology, abundance and distribution patterns should, therefore, address

their relative importance in the field by determining relationships to non-calcifying

haptophytes and to total phytoplankton biomass.

Estimating haptophyte- and total phytoplankton biomass

Microscopic techniques, ranging from classic light microscopy (phase contrast and

epifluorescence) to sophisticated electron microscopy (scanning and transmission), are

extremely useful tools for studies of phytoplankton populations. These remain the only

approaches capable of obtaining information at the species level, but like all other techniques

employed they are subject to a number of limitations. Many haptophytes become damaged

beyond recognition after sampling and fixation, whereas others lack useful morphological

features for microscopic identifications at all times (Gieskes and Kraay, 1983a, Murphy and

Haugen, 1985; Hooks et al. 1988). Moreover, in the case of coccolithophorids, microscopic

observations provide information about the heterococcolith-bearing (diploid) cells, but are

much less helpful for detection and quantification of the non-calcifying (haploid) stages

forming part of the life cycles of many species. The relative importance of these small non-

calcifying cell stages in the field is unknown, but likely to be high in open oceanic regions

where phytoplankton populations are dominated by cells in the picoplankton size-range (0.2

to 2.0 µm in diameter). In this context, the introduction of additional techniques based on

analysis of lipid-soluble photosynthetic pigments has provided a helpful complementary tool

for estimates of total- and taxon-specific phytoplankton biomass. Pigment analyses were

initiated in the 19th century (Stokes 1864) and the utilisation of this methodology for studies

of phytoplankton and haptophytes in general, and coccolithophorids in particular, is

discussed below.
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Chlorophyll a as a proxy for total phytoplankton biomass

The first pigment employed for phytoplankton ecology was chlorophyll a (Chl a), the central

component of all oxygenic photosynthetic organisms from both terrestrial and aquatic

environments. In phytoplankton, the molecular structure of Chl a is now known to occur with a 3-

vinyl-8-ethyl or a 3,8-divinyl configuration. These two forms are commonly referred to as

monovinyl (MV; associated with Synechococcus type prokaryotes and all eukaryotes) and

divinyl (DV; synthesised by Prochlorococcus type prokaryotes only) Chl a, respectively

(reviewed by Jeffrey and Vesk 1997). The value of total (MV + DV) chlorophyll a (TChl a) as a

proxy for biomass of natural phytoplankton populations has been recognised for over 40 years

and it is probably the most frequently measured biological parameter in oceanography.

TChl a measurements at sea (vertical profiles) are usually performed with an in situ

fluorescence detector module, calibrated with fluorometric quantification of TChl a in acetone

extracts (Holm-Hansen et al. 1965). The extraction approach is also commonly employed for

analyses of field- and culture samples.

TChl a measurements from space

Variations in TChl a on a global scale (synoptic observations), continuous monitoring of

regions with specific interests (studies of seasonal variations, management of fisheries and

coastal zones) and areas difficult to access for ship-borne measurements can be derived

from ocean colour measurements from space. This approach started in 1978 with the

experimental CZCS (Coastal Zone Colour Scanner) on the NASA’s Nimbus-7 satellite. When

this multi-spectral line scanner ceased operation in 1986, ocean colour studies were

hindered for roughly ten years due to the lack of an operational satellite fitted with an

appropriate sensor. Monitoring finally continued in 1996 when India launched the German

MOS (Moderate Resolution Imaging Spectroradiometer) on the IRS-P3 satellite. Two further

sensors, the Japanese OCTS (Ocean Colour and Temperature Scanner) and French

POLDER (Polarisation and Directionality of the Earth's Reflectances), were launched a few

months later. Unfortunately, they stopped transmitting in less than a year due to a problem

(solar panel shutdown) with the Japanese ADEOS (Advanced Earth Observation Satellite) on

which both sensors were boarded (for intercalibration).

Data for routine monitoring of TChl a are currently (since 1997) provided by the famous

SeaWiFS (Sea-viewing Wide Field-of-view Sensor) on the American OrbView-2 (previously

called SeaStar) satellite. This instrument was designed for five years of operation only, but it

is still working correctly, providing a complete global coverage of the oceans every two days.

SeaWiFS is owned by Orbital Sciences, but NASA has purchased the rights for non
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commercial (i.e. scientific and educational) applications of the raw (real time) HPRT (High

Resolution Picture Transmission) data and made reception accessible for private ground

stations (such as the one present at the Institute for Marine Sciences in Barcelona).

Further NASA instruments include the MISR (Multi-angle Image SpectroRadiometer) and

MODIS (Moderate Resolution Imaging SpectroRadiometer), fitted together on the Terra

satellite (1999), the flagship in NASA's EOS (Earth Observing System) programme, and a

second MODIS on the Aqua platform (2002). The Terra and Agua satellites view the entire

Earth's surface every one to two days. The European Space Agency (ESA) recently

launched (2002) the MERIS (Medium Resolution Imaging Spectrometer Instrument) on the

ENVISAT-1 satellite, allowing a global coverage every three days.

Several additional sensors from China (MVISR, CMODIS, COCTS and CZI), Korea (OSMI),

India (OCM) and Taiwan (OCI) have been put in orbit during the last years (1999-2002), but

they usually focus on specific regions of interest and provide processed images, whereas

raw data (needed for reprocessing employing regional algorithms) are less accessible.

Besides colour registrations for TChl a estimates several sensors (including MODIS, CZCS

and SeaWiFS) proved able to detect high white-light reflecting waters as a possible indicator

for blooms of coccolithophorids (Holligan et al. 1983; Brown and Yoder 1994; Brown and

Podestra 1997). However, such observations may have other causes (Broerse et al. in prep)

and should therefore always be validated by sea-truth measurements. Field studies are also

needed to evaluate cell abundance as the algorithms employed for conversions of satellite

data in glossy pictures only reveal presence or absence of blooms.

Phytoplankton mapping form space proved a powerful tool for oceanic research, especially

when combined with studies of Sea Surface Temperature (SST). Anomalies observed in SST

images may reveal presence and dimension of oceanic structures (eddies, coastal upwelling

etc.) influencing phytoplankton distribution. The above mentioned multipurpose MERIS and

MODIS sensors simultaneously provide information on SST and TChl a, but SST pictures are

nevertheless more frequently derived from the AVHRR (Advanced Very High Resolution

Radiometer) sensors onboard the NOAA (National Oceanic and Atmospheric Administration)

satellites. This option is more practical because the AVHRR HRPT data can be collected

using the same ground stations employed for SeaWiFS.
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Alternative biomass estimates

TChl a is a useful and practical measurement for evaluation of phytoplankton abundance and

distribution in the field, but it is definitely not the best parameter to express phytoplankton

biomass. This is mainly due to the fact that cellular concentrations of Chl a are influenced by

many variables, including irradiance, physiological state and nutrients (Goericke and Montoya

1998; Stolte et al. 2000). TChl a should thus only be seen as a ‘proxy’ and not as a real biomass

indicator. However, correct biomass measurements in terms of weight or carbon per volume are

extremely difficult to realise in the field because phytoplankton cells comprise only a fraction of

the total particle load in the water column.

Flow cytometry partially solved this problem, as the specific in vivo fluorescence properties (e.g.

specific excitation and emission wavelengths) of the Chl a and the phycobiliproteins (see Table

1) can be used to discriminate between living phytoplankton cells and other particles. Flow

cytometry, initially developed for clinical use, is now widely employed in marine research as a

convenient way to quantify the smallest components of the phytoplankton community (i.e.

Synechococcus and Prochlorococcus type cyanobacteria; Olson et al., 1988, 1990, Veldhuis

and Kraay, 1990; Li, 1994). This tool is also able to quantify small eukaryotic cells (including

non-calcifying haptophytes), but taxonomic identification of these less distinctive organisms

remains difficult due to overlapping cell sizes and fluorescence characteristics (Simon et al.,

1994; Carr et al. 1996).

The limitations associated with the procedures reviewed above can be offset by the application

of a chemotaxonomic approach based on analyses of accessory carotenoids and chlorophylls

associated with phytoplankton. In tandem with microscopic observations and flow cytometric

analyses, chemotaxonomy has proved an invaluable complementary tool.

Accessory pigments and chemotaxonomy

In addition to a MV or DV form of Chl a, all oxygenic photoautotrophs synthesise a range of

other chlorophyll types and carotenoids. Some of these so-called ‘accessory’ compounds are

directly active in photosynthesis through an efficient light energy transfer to Chl a (Falkowski

and Raven 1997), whereas others have a photoprotective function through interaction in

photochemically-induced oxidation reactions at high irradiance conditions (i.e. carotenoids

implied in the xanthophyll cycle, Demers et al. 1991).

The composition of accessory pigments is simple and boringly similar in all terrestrial algae and

higher plants, but highly variable, and based on far more compounds, in phytoplankton. This is

generally believed to reflect an adaptation to the specific light-harvesting requirements for
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photosynthesis in a 3-dimensional environment. The vertical dimension of aquatic ecosystems

plays an outstanding role in modifying the profiles of the underwater light field of

photosynthetically active radiation (PAR). Intensity is exponentially attenuated by particulate

organic matter (both living and detritical component), dissolved organic matter (‘yellow

substance’), and particulate inorganic matter (salt, sand etc.), as well as by the water molecules

themselves, whereas PAR wavelengths are selectively absorbed according to the optical

characteristics of the water bodies (Kirk, 1994).

However, the hypothesis that variations in intensity and spectral composition of PAR

determined the evolution of pigment diversity in phytoplankton remains to be confirmed. Even

so, there are apparently many different solutions to the light-harvesting problem as the

composition of accessory pigments varies significantly among phytoplankton species sharing

the same ecological niche (like the deep chlorophyll maximum commonly found in stratified

water columns).

Knowledge of the distribution of accessory pigments among phytoplankton groups and species

forms the base of taxonomic studies using a chemotaxonomic approach. This information can

be obtained from cultured representatives using adequate analytical methods (i.e. procedures

able to detect and quantify the complete suite of pigments currently known and allowing

detection of new compounds).

Chromatography and detection of new (Haptophyte) pigments

Several analytical methods have been proposed to estimate concentrations of carotenoids and

chlorophylls in mixed samples (after pigment extraction in organic solvents). The earliest

methods relied on absorbance characteristics (Richards and Thomson 1952; Lorenzen 1967;

Jeffrey and Humphrey 1975) or fluorescence properties of pigments (Loftus and Carpenter

1971). However, these procedures can only assess a limited number of compounds, and results

obtained are not reliable for all pigments due to the interference of others (see review by

Mantoura et al. 1997).

The best way to measure concentrations of pigments is to separate (physically) the natural

mixture into its individual components, followed by identification and quantification steps (i.e.

‘chromatography’). Quantification is possible because the specific absorption coefficients (and

other spectral characteristics) of most important pigments are nowadays available (data

compiled by Jeffrey 1997).
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The simultaneous separation of all pigments possibly present in a natural field sample or a

monoalgal culture is not an easy task because photosynthetic compounds cover a wide range

of polarities and may share almost identical chemical structures (reviewed by Jeffrey et al.

1997). The separation of pigments, especially those with subtle structural differences, has been

a challenge for chromatographic method development procedures and literature on this topic is

still increasing steadily. Parallel to advances in the analytical field, the number of pigments

detected in phytoplankton has gradually increased and compositions appeared far more

variable than previously assumed. Cultured haptophytes have played an important role in the

discovery of many of these new compounds, as outlined below.

Thin Layer Chromatography

In the past, very good pigment separations were achieved using paper chromatography

(Jensen and Sakshaug 1973) and thin-layer chromatography (TLC), both uni- and

bidimensional (Jeffrey 1974 and 1981, respectively). Using a TLC approach, Chl c, initially

believed to be a single pigment, was separated into two different compounds (Jeffrey 1969,

1972), referred to as Chl c1 and Chl c2 (based on elution order with the chromatographic method

employed). These two pigments (Figure 1) were identified as monovinyl (MV) and divinyl (DV)

compounds, respectively (Dougherty et al. 1970, Budzikiewicz and Taraz 1971). The minor

structural differences between Chl c1 and Chl c2 are thus exactly the same as between MV and

DV-Chl a.  MV/DV chlorophyll pairs have now been recorded for nearly all chlorophyll types and

others are expected to occur and are actively being sought using improved (chromatographic)

techniques and/or cultured species not previously analysed.

The structural differences between MV and DV chlorophylls (see Figure 1) form part of the

chromophore (specific part of the molecule influencing absorbance characteristics). The

observed red-shift of the so-called ‘Soret band’ (blue) between Chl c1 (λmax Chl c1 = 448 nm) and

Chl c2 (λmax Chl c2 = 454 nm) is a characteristic feature of all MV/DV Chl pairs. The λmax values

vary between different Chl types (summarised by Jeffrey et al. 1997) and are thus useful

parameters for identification (see Jeffrey et al. 1997).

Applications of TLC procedures to cultures of the ubiquitous coccolithophorid species

Emiliania huxleyi revealed the presence of the carotenoids diadinoxanthin (Ddx),

diatoxanthin (Dtx), β,β-carotene, fucoxanthin (Fx) (Jeffrey and Allen 1964, Norgård et al.

1974), and the acyloxy derivative of Fx, 19’-hexanoyloxyfucoxanthin (HFx) (Arpin et al.

1976). E. huxleyi has been the subject of many posterior pigment studies and proved a

regular source of previously undescribed compounds, including a novel chlorophyll c-type

known as Chlxc3 (Jeffrey and Wright 1987).
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An additional Chl c pigment (Chl cCS-170) was detected in the prasinophyte Micromonas

pusilla (Jeffrey 1989) and assumed to be a (DV) derivative of Chl c3 (Fookes and Jeffrey,

unpublished; see Jeffrey et al. 1997 for possible structure and spectral characteristics).

However, this Chl c type has not yet been observed in haptophytes or other algal groups. A

further Chl c type was detected in Pavlova gyrans (Fawley 1989), a species classified in the

haptophyte class Pavlovophyceae.

The HFx content of E. huxleyi was initially assumed to be a typical characteristic of all

haptophyte species and hence employed as a ‘marker pigment’ for biomass estimates

(expressed in terms of associated Chl a) of this algal group (Everitt et al. 1990; Letelier et al.

1993; Andersen et al. 1996). However, chemotaxonomy based on a single marker pigment

approach (employed for other algal groups using different marker pigments) was later

questioned when comparative analysis of haptophyte cultures revealed HFx in only a

restricted number of species and defined pigment types (Jeffrey and Wright 1994; Garrido

1997; Rodríguez 2002). The authors grouped species with similar characteristics in so-called

pigment types, which is a helpful approach for haptophyte studies in the field.

Variations in pigment composition observed for cultured species of different algal groups

suggested that a more complicated approach was needed for interpretation of field data; a

procedure that considered more (or even all) pigments synthesised by haptophytes and other

taxonomic compartments. However, this approach required detailed knowledge on variations

in pigment patterns within algal groups, and accurate and efficient analytical tools resolving

all compounds possibly associated.

High-Performance Liquid Chromatography

Since the mid 1980s, High Performance Liquid Chromatography (HPLC) has been

incorporated into phytoplankton pigment studies. Development of an HPLC method allowing

a simultaneous separation of all pigments present in cultures and natural field samples

became one of the main goals. Methodological advances further increased the number of

different haptophyte pigments described in the literature.

Using a selective HPLC protocol for analysis of E. huxleyi, Garrido and Zapata (1993a)

separated Chl c3, previously observed as a single peak (Jeffrey and Wright 1987), into two

compounds. The spectral differences of these two compounds (Garrido et al. 1995)

suggested the presence of a new, MV, compound in addition to the DV-Chl c3 form already

identified by Fookes and Jeffrey (1989). This was later confirmed using mass spectrometry
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and fast atom bombardment spectrometry (Garrido and Zapata 1998). These studies also

revealed the presence of an additional carotenoid related to Fx or its derivatives (probably

HFx). This compound was recently identified as, a xanthophyll with a novel, highly

oxygenated, carotenoid end group (Engeland et al. 2000). Results presented by the authors

revealed that 4-keto-HFx is in fact the same carotenoid previously suggested to be 19’-

hexanoyloxy-paracentrone 3-acetate (Arpin et al. 1976).

During a comparative HPLC study of cultured representatives of the class Pavlovophyceae,

a new haptophyte Chl c pigment was detected in Exanthemachrysis gayraliae (Van Lenning

et al. 2003). This species also contained the Chl c form described for P. gyrans. Based on

differences in spectral characteristics and chromatographic behaviour these two Chl c

pigments were identified as MV (Chl c1-like) and DV (Chl c2-like) analogues, respectively. For

practical reasons, and respecting first taxonomic source of detection, they were referred to

as MV-Chl cPAV and DV-Chl cPAV. Both forms have also been detected in a few diatoms and

dinoflagellates (Zapata et al. 2000a; Rodríguez 2002), but their molecular structure remains

unknown. All species of Pavlovophyceae studied also contained a Chl c-like pigment,

commonly called MgDVP (Magnesium 2,4-divinyl pheoporphyrin a5 monomethyl ester), first

described for prasinophytes (Ricketts 1966) and later for the coccolithophorid E. huxleyi

(Garrido et al. 1995). Unlike other Chl c pigments, MgDVP is a precursor of Chl a synthesis

and its presence has therefore been detected in many other algal groups (see Table 1).

Nonpolar Chl c pigments

All chlorophyll c pigments mentioned above (e.g. Chl c1, Chl c2, MV-Chl c3, DV-Chl c3, Chl

cCS-170, MV-Chl cPAV, DV-Chl cPAV and MgDVP) are polar (non-esterified, acidic) compounds,

and thus characterised by short retention times when employing common reversed-phase

(RP) HPLC procedures. Haptophytes may, however, also contain several nonpolar

(esterified) Chl c pigments, eluting towards the end of the chromatogram.

The first nonpolar Chl c pigment described in the literature was detected in natural field

samples collected during a bloom of the haptophyte Corymbellus aureus (Gieskes and Kraay

1986). Years later this compound was observed in cultured E. huxleyi (Nelson and Wakeham

1989) and initially believed to be a phytolated form of the Chl c-pigment associated with P.

gyrans (i.e. DV-Chl cPAV). Garrido et al. (2000) recently identified this pigment as a Chl c2-

moiety esterified to a monogalactosyldiacylglyceride (Chl c2-MGDG) with myristic (14:0) and

octadecatetraenoic (18:4 n-3) fatty acid residues (shortly: ‘Chl c2-MGDG Ehux-like’). Using

specific chromatographic procedures this nonpolar Chl c type may separate into two fractions

(Garrido et al. 1995). However, these fractions appeared spectrally identical and separations
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also occurred when re-injecting purified peaks (i.e. using fractions collected at the HPLC

detector outlet). These results revealed a chemical equilibrium, rather than the existence of

two different (MV/DV) chlorophyll forms.

A further nonpolar Chl c2 type was detected in the non-coccolith-bearing haptophyte

Chrysochromulina polylepsis (Zapata et al. 1998). This compound was recently identified

(Zapata et al. 2001) as a Chl c2-MGDG bearing two myristic (14:0) fatty acid residues (‘Chl

c2-MGDG Chryso-like’). The first nonpolar form of Chl c1 was detected in the haptophyte

Prymnesium parvum (Garrido et al. 1995), but its molecular structure remains to be studied.

Nonpolar forms of Chl c3 have not yet been reported for any algal species.

The molecular structures of the Ehux- and Chryso-like forms of Chl c2-MGDG contain a

massive side chain not found in MV or DV-Chl a.  However, in spite of these significant

differences in molecular structures their retention times (primarily determined by polarity and

less so by molecular shape) show minor differences only. Many of the HPLC methods

currently available are in fact not selective enough to separate this range of chlorophyll types

in mixed samples. The same analytical limitations preclude the separations of the MV and

DV forms of the polar Chl c types mentioned above, whereas MgDVP usually coelutes with

Chls c1 and c2. Hence, little is known of their distribution in natural environments and their

possible chemotaxonomic implications.

Review of HPLC procedures

The Normal-phase (NP) HPLC approach of Abaychi and Riley (1979) proved very useful for

separation of the MV/DV pairs of Chls a and b (Gieskes and Kraay 1983b; Letelier et al.,

1993; Veldhuis and Kraay, 1993). However, NP-HPLC procedures cause severe degradation

of the polar Chl c pigments and are incompatible with solvents commonly employed for

extraction of pigments (i.e. acetone and methanol). Methods currently used for pigment

analyses are therefore usually based on reverse phase (RP) HPLC procedures.

Many RP-HPLC methods developed along the years employed monomeric C18 columns and

gradient elution with initial mobile phase composition based on methanol (Gieskes and

Kraay, 1983a) or acetonitrile (Wright and Shearer, 1984). These methods allowed the

separation of the main phytoplankton carotenoids, but failed to retain the polar Chl c

pigments. Addition of the ion-pair reagents tetrabutylammonium acetate (Mantoura and

Llewellyn 1983) or ammonium acetate (Zapata et al. 1987) allowed retention of these

compounds, although a separation of MV/DV forms was still not achieved. The same
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limitations affected early methods based on monomeric C8 columns (Goericke and Repeta

1993; Vidussi et al. 1996).

The analytical problems of the polar Chl c pigments were not solved until polymeric C18

columns became available. The higher selectivity of polymeric stationary phases is a

consequence of their ability to ‘recognise’ differences in molecular shape of the compounds

analysed (Sander and Wise 1993). This capacity increases at reduced column temperature,

whereas higher temperatures enhance efficiency (Sander and Wise 1989).

Column temperature was introduced as an additional variable controlling separation of

phytoplankton pigments using HPLC. Results obtained improved selectivity towards

carotenoids (Van Heukelem et al. 1992) and improved methods allowed complete separation

of the polar Chl c pigments (Garrido and Zapata, 1993a,b). A previously achieved separation

of Chls c1 and c2 (Kraay et al. 1992) using a C18 column, assumed to be monomeric, was

related to an intermediate polarity of this specific stationary phase (Zapata pers. com.).

Introduction of an unconventional column temperature step-gradient (Van Lenning et al.

1995) allowed combined separation of MV and DV forms of all polar (at >28°C) and nonpolar

(at <10°C) chlorophylls, together with carotenoids commonly employed for chemotaxonomic

studies. Due to the complex nature of the (experimental) technical set-up required for such

temperature regulations, further method development procedures focussed on more

conventional isothermal approaches. However, it should be noted that temperature gradients

can now be provided by commercially available equipment, including a re-circulating

waterbath (NESLAB RTE-200) and a column thermostat based on the Peltier system (JET-

STREAM plus, Thermotechnic Products).

The latest advances in pigment analyses were based on the substitution of the commonly

employed ion-pair reagent ammonium acetate (Zapata et al. 1987) by pyridinine, in

combination with a polymeric C18 (Garrido and Zapata 1997) or a monomeric C8 column

(Zapata et al. 2000b). The latter is characterised by an excellent selectivity towards all

pigments currently described for the Haptophyta and represents the best and most practical

compromise available at the present time for routine analyses of natural field samples. This

method was therefore selected to evaluate variations in pigment patterns of cultured

coccolithophorids and non-calcifying haptophyte species in the context of the CODENET

project

Distribution of pigments among cultured haptophytes
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The cultured haptophyte species submitted to HPLC pigment analyses revealed a suite of 10

different Chl c pigments (including MgDVP) and 7 carotenoids (Figure 2). All species (from

both the Prymnesiophyceae and Pavlovophyceae) shared four accessory pigments: Chl c2,

Ddx, Dtx and β,β-carotene. The carotenoid Fx was also a common component of the

haptophyte light-harvesting system, but it remained below detection levels in a few species.

Synthesis of the above mentioned pigments is, however, not restricted to the Haptophyta as

detectable amounts have been described for many different taxonomic groups (see Table 1).

In addition to the common pigment load, all haptophyte species studied synthesised either

HFx or Chl c1, but rarely both. This was classified as the most significant difference in

haptophyte pigment composition. Taxonomic distribution of HFx is basically restricted to the

Haptophyta, but Chl c1 is also common for chlorophytes and diatoms (see Table 1).

DV-Chl c3 was identified as an obligate companion of HFx, whereas the carotenoid 4-keto-

HFx was always associated with HFx.  MV-Chl c3 was never detected in the absence of its

DV counterpart and the same held true for MV-Chl cPAV and a nonpolar form of Chl c1

(associated with the non-calcifying genus Prymnesium only). However, the relationships

between the above mentioned compounds did not apply vice versa, which is most likely a

consequence of biosynthetic pathways.

Overall results revealed an extraordinary diversity in pigment composition within the

Haptophyta, greater than that observed for any other algal group. Detected pigment

compositions were compared with current taxonomy, published phylogeny and known

ecological preferences (Figure 2). This revealed several clear-cut (evolutionary) patterns,

outlined below.

Separation of the Pavlovophyceae and Prymnesiophyceae

Several members of the class Pavlovophyceae (Pavlova lutheri, Pavlova virescens and

Diacronema vlkianum) only contained the common haptophyte pigment load (i.e. Chl c2, Fx,

Ddx, Dtx and β,β-carotene) and Chl c1. This content was identified as the least complex

pigment composition of haptophytes. According to the 4 haptophyte pigment types defined

by Jeffrey and Wright (1994) and the more detailed 7 type scheme defined by Garrido (1997)

these species would be included in “haptophyte type 1”. This type 1 composition was also

found in species representing the coccolithophorid genus Pleurochrysis. Similarities between

these phylogenetically distant (Fujiwara et al. 2001; see Figure 2) groups are remarkable

since the Pavlovophyceae clearly diverged from the Prymnesiophyceae prior to the evolution

of coccolithophorids, dated at >200Ma using a molecular clock (Medlin et al. 1997).

Moreover, the pigment signature of the mentioned is also the most common composition of
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diatom species. Based on these results it is plausible to assume that these common

pigments comprise the most ancient accessory compounds of the haptophyte light-

harvesting system.

In addition to the common haptophyte pigment load and Chl c1, some Pavlovophyceae

synthesised MV- and/or DV-Chl cPAV (see Figure 2). Based on the distribution of the Chl cPAV

forms the Pavlovophyceae can be separated into three groups that cross the conventional

taxonomy at the genus level, but perfectly coincide with species grouping based on

molecular data and specific morphological characteristics (Van Lenning et al. 2003). The

combination of these data sets suggested a gradual loss (rather than development) of the

Chl cPAV forms (plus an unidentified Ddx-like carotenoid) during evolution.

HFx, Chl c1 and ecological preferences

The assumed haptophyte marker pigment HFx was detected in all genera classified in the

coccolithophorid families Noelaerhabdaceae, Helicosphaeraceae, Calcidiscaceae, and in the

holococcolithophore Calyptrosphaera sphaeroidea. HFx is not typical for the coccolith-

bearing species because it was also found in the non-calcifying genera Chrysochromulina

and Imantonia. All species representing other (non-HFx containing) genera synthesised Chl

c1 instead. Distribution of HFx or Chl c1 thus coincided with taxonomy (at genus, and usually

at family level) and was perfectly supported by separation of species based on molecular

data (Figure 2).

A remarkable observation was that all genera with a known preference for coastal, benthic or

brackish environments contained Chl c1 rather than HFx. This included Prymnesium,

Platychrysis, Isochrysis, Cruciplacolithus, and Pleurochrysis as well as several additional

coccolithophorids not included in the phylogenetic tree (i.e. Hymenomonas, Ochrosphaera

and Jomonlithus; Van Lenning et al. in prep.). The biogeographic distribution of HFx

synthesising haptophyte genera, on the other hand, seems to cover both open coastal (i.e.

not littoral) and open oceanic regions.

Chl c1 as a possible marker for coastal haptophyte species is supported by distribution of

pigments observed along several transects south of the Canary Islands perpendicular to the

African coast (Van Lenning 2000). HFx was abundant at all locations sampled (coinciding

with data available for other oceanic areas), whereas concentrations of Chl c1 (not usually

measured in the field) were only detectable between the African coast and the upwelling front

(marked by anomalies in SST and salinity).



14

A possible functional advantage of Chl c1 has not previously been reported, but is worth

further investigation. Based on the suggested relationship between pigment content and field

distribution of haptophyte species, many separations observed in the phylogenetic tree

reflect evolutionary adaptations to ecological conditions. This includes, for example, the

reversion to Chl c1 formation in the Isochrysidaceae, which coincides with the loss of

coccolith formation and ecological adaptation to littoral or brackish environments.

Coccosphaerales

HFx synthesising haptophytes usually also contained 4-keto-HFx, except for the

coccolithophorid species Calcidiscus leptophorus, Umbilicosphaera sibogae and

Umbilicosphaera foliosa (comprising the family Calcidiscaceae), as well as the

holococcolithophore Calyptrosphaera sphaeroidea. These species fall in the diverse order

Coccosphaerales, which forms a separate cluster in the phylogenetic tree. These results

suggested that that the absence of in certain species had an evolutionary background. It is

well know that content of carotenoids may increase when employing extreme light regimes or

when analysing samples collected from old cultures (advanced stationary phase). However,

it is to be expected that the concentrations of 4-keto-HFx in Coccosphaerales will always

remain below that of other haptophytes.

The family Calcidiscaceae was also characterised by an anomaly regarding the carotenoid

Fx. This carotenoid was abundant in both HFx and Chl c1 synthesising haptophytes, but

remained below detection levels in Calcidiscus leptoporus, and was present only at trace

levels in the two Umbilicosphaera species. Low concentrations of Fx may depend on growth

conditions, but this did not seem to apply for the Calcidiscaceae. It is to be expected that

even under extreme conditions these species will always contain lower Fx levels compared

to other haptophytes.

Synthesis of MV-Chl c3 by Umbilicosphaera represented the only difference to the closely

related genus Calcidiscus, but this chlorophyll form was detected in many other lines of

haptophytes. The pigment composition observed for Umbilicosphaera was nearly identical to

that of Calyptrosphaera sphaeroidea, except for Fx, which was far more abundant in the

latter. Pigment patterns observed for the coccolith-bearing genera Umbilicosphaera,

Calcidiscus and Calyptrosphaera agreed with their current taxonomic classification, and

genetic proximity observed in the phylogenetic tree. However, this did not hold true for

Cruciplacolithus neohelis. This species is included in the Coccosphaerales, but it synthesises

Chl c1, rather than HFx. As stated before, this difference reflects an adaptation to life in

coastal environments.
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Nonpolar Chl c forms

Overall results clearly showed that the pigment content of E. huxleyi is not indicative for

haptophytes as a whole. The pigment content of this species was identical to that of

Gephyrocapsa oceanica and Helicosphaerae carteri. These three species contained the

nonpolar Chl c2-MGDG form first described for E. huxelyi (i.e. npc2E in Figure 2), but this

pigment (at least a version with exactly the same retention time) was also observed in many

other species studied (see Figure 2). The same holds true for the second Chl c2-MGDG form

first detected in Chrysochromulina polylepis (i.e. npc2C).

Members of the order Isochrysidales (Isochrysis galbana, E. huxleyi and G. oceanica) and H.

carteri only contained type npc2E. This was also the case for the two closely related genera

Prymnesium and Platychrysis. The genera Chrysochromulina and Imantonia on the other

hand, synthesised both npc2E and npc2C. This was also the case for the Calcidiscus,

Umbilicosphaerae and Calyptrosphaera. Cruciplacolithus was the only haptophyte

synthesising npc2C without a trace of npc2E, whereas the genus Pleurochrysis and members

of the class Pavlovophyceae did not contain any nonpolar Chl c2-MGDG type at all.

Distribution of these nonpolar Chl c2 compounds thus coincided with taxonomy and

phylogeny, as was the case for most pigments detected. These results revealed that

variations in pigment composition have a clear evolutionary (and ecological) background,

rather than reflecting temporal adaptations.

Evolution of pigment compositions

Considering phylogenetic branching in Figure 2, and assuming that the simplest pigment-

state observed for the Haptophyta (e.g. pigment load of some Pavlovales and Pleurochrysis)

is primitive for this algal division as a whole, nearly all other pigments detected must have

evolved many times independently. This is not impossible, but it is quite unlikely that

phylogenetically distant families finally evolved towards exactly the same composition by

development of new additional pigments. Assuming the opposite, that the capacity of

synthesis evolved in a common ancestor followed by gradual losses of specific pigments

towards the current species has not been previously covered in the literature, but is a priori

perfectly reasonable.

Available results on the Haptophyta shown in Figure 2 do not give unambiguous support for

the simplification sequence, but it may actually be the only realistic solution. Based on this

approach the capacity to synthesise a compound like Chl c1 must have evolved before the

separation of the Pavlovophyceae and Prymnesiophyceae. However, other pigments, like
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HFx and the two Chl c3 forms, may have evolved at a later stage, in the line towards the

Prymnesiophyceae. Non-polar forms of Chl c1, only detected in the genus Prymnesium,

probably comprise a more recent acquisition.

The absence of specific pigments in current haptophyte species does not imply that the

capacity to synthesise these compounds has been definitively lost. The pigment composition

of a given species is probably determined by preferred biosynthetic conversions (and their

speed) under normal growth conditions, controlled by a simple turning off or on of required

enzyme coding genes. This working model of the simplification theory would explain why

extreme environmental conditions (like prolonged high-light stress) may lead to formation of

pigments not usually associated with haptophytes, like violaxanthin and zeaxanthin (Lohr and

Wilhelm 1999). In higher plants, and green and brown algae these two pigments form part of

a well-known (3-step) photoprotective xanthophyll cycle (Stransky and Hager 1970; Hager

1980). This reversible cycle is not usually associated with haptophytes, but they may use an

alternative (2-step) xanthophyll cycle, based on diadinoxanthin and diatoxanthin (see Porra

et al. 1997). Violaxanthin was also identified as a precursor of diadinoxanthin (Lohr and

Wilhelm 1999), found in all haptophytes. However, under normal conditions violaxanthin is

not observed in haptophytes because enzymatic conversions occur extremely fast, thus

avoiding accumulation to detectable levels. Even so, it is clear that haptophytes still have the

capacity to initiate the 3-step xanthophyll cycle, allowing de-epoxidation of violaxanthin to

zeaxanthin (trough anteraxanthin) when light absorption strongly exceeds light utilization by

photosynthesis.

The assumed working model of the pigment simplification theory explains why one of the

Coccolithus pelagicus (large sized) strains submitted to pigment analysis (but not included in

the phylogenetic tree) contained both Chl c1 and HFx, whereas a second (small sized) strain

contained HFx only. The two species within C. pelagicus diverged relatively recently, and it is

interesting to note that Cruciplacolithus neohelis, the extant species which most closely

resembles the fossil ancestor of this (mainly HFx containing) lineage, contains only Chl c1.

These results provide further evidence for the hypothesis that all species retain the genetic

capacity to produce either pigment type.

Conclusions

The extraordinary diversity in pigment content observed for the haptophytes can be ordered

according to large-scale phylogenetic distribution and/or general ecological preferences,

whereas similarities increased towards the lower taxonomic levels. Pigment compositions of

coccolithophorids were not affected by changes from calcifying to non-calcifying life cycle cell
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stages. Overall results revealed that differentiation of the light harvesting system has an

evolutionary origin, rather than reflecting short-term temporal changes in environmental

conditions. The composition of coccolithophorids did not represent specific differences to

other haptophytes, which shows that evolution of pigment patterns and synthesis of external

calcite scales are not related.

Based on the typical content of Chl c1 in haptophytes with a known distribution in inshore

coastal areas only, HFx can be considered as a straightforward marker pigment to study the

distribution of haptophytes in open coastal and oceanic habitats. However, this fact recalls

the need for adequate chromatographic procedures, capable of separating Chl c1, Chls c2

and MgDVP.

When concentrations of Chl c1 in the field increase to detectable levels (expected to occur in

coastal areas) a more complicated approach, considering all pigments detected, is required.

This task is now commonly performed with the CHEMTAX program (Mackey et al. 1996),

which interprets field data by means of user provided pigment data observed in cultured

representatives. However, even with this approach reliable results can only be expected

when adequate backup, provided by more conventional techniques (microscopy and flow

cytometry), is available. Future studies should focus on the relationships between such

alternative approaches.
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Table I Summary of photosynthetic pigments detected in Haptophyta and other groups of marine phytoplankton.
Compounds in bold: employed as diagnostic pigments using a single marker pigment approach.
Underlined compounds: taxonomic distribution of accessory pigments described for the Haptophyta.

Algal group Pigments described

Haptophyta
(Prymnesiophyceae)

Chl a, Chl c1, Chl c2, MV-Chl c3, DV-Chl c3, MgDVP, Chl c2-MGDG Ehux-like, Chl c2-
MGDG Chryso-like, nonpolar Chl c1-like, diadinoxanthin, diatoxanthin, fucoxanthin, 4-keto-
fucoxanthin, 19’-hexanoyloxy-fucoxanthin, 4-keto-hexanoyloxyfucoxanthin, 19’-
butanoyloxyfucoxanthin, violaxanthin and β,β-carotene.

Haptophyta
(Pavlovophyceae)

Chl a, Chl c1, Chl c2, MV-Chl cPAV, DV-Chl cPAV, MgDVP, diadinoxanthin, diatoxanthin,
fucoxanthin, violaxanthin and and β,β-carotene.

Rhodophyta Chl a, cryptoxanthin, lutein, zeaxanthin; phycobiliproteins and β,ε-carotene.

Cryptophyta Chl a, Chl c2, MgDVP, alloxanthin, crocoxanthin, monadoxanthin; phycobiliproteins and
β,ε-carotene.

Euglenophyta Chl a, Chl b, diadinoxanthin, neoxanthin, zeaxanthin and β,β-carotene.

Raphidophyta
(Chloromonads)

Chl a, Chl c1, Chl c2, MgDVP, fucoxanthin, violaxanthin and β,β-carotene.

Dinophyta
(Dinoflagellates)

Chl a, Chl c2, MV-Chl cPAV, DV-Chl cPAV, MgDVP, peridinin, diadinoxanthin, diatoxanthin,
dinoxanthin, fucoxanthin and β,β-carotene. Species with endosymbionts have pigments
typical for chrysophytes, haptophytes, crypthophytes or chlorophytes.

Chrysophyta
(Pelagophyceans)

Chl a, Chl c2, DV-Chl c3, MgDVP, diadinoxanthin, diatoxanthin, fucoxanthin, 19’-
butanoyloxy-fucoxanthin and β,β-carotene.

Eustigmatophyta Chl a, MgDVP, vaucheriaxanthin ester, violaxanthin and β,β-carotene.

Bacillariophyta
(Diatoms)

Chl a, Chl c1, Chl c2, DV-Chl c3, MV-Chl cPAV, DV-Chl cPAV, MgDVP, diatoxanthin,
diadinoxanthin, fucoxanthin and β,β-carotene.

Chlorophyta
(Chlorophyceans)

Chl a, Chl b, antheraxanthin, lutein, zeaxanthin, neoxanthin, violaxanthin, β,ε- and β,β-
carotenes.

Chlorophyta
(Prasinophyceans)

Chl a, Chl b, MgDVP, neoxanthin, prasinoxanthin, lutein, siphonein, siphonaxanthin,
antheraxanthin, violaxanthin, zeaxanthin, β,ε- and β,β-carotenes.

Cyanobacteria,
Synechococcus-type

Chl a, zeaxanthin, phycobiliproteins and β,β-carotene.

Cyanobacteria,
Prochlorococcus-type

DV-Chl a, DV-Chl b, MV-Chl b, MgDVP, zeaxanthin, unk (lutein-like) carotenoid,
phycobiliproteins and β,ε-carotene.

Pigment signatures compiled from Garrido et al., (1995), Andersen et al. (1996), Jeffrey and Vesk (1997), Zapata

and Garrido (1997), Zapata et al. (1998), Engeland et al. (1999; 2000), Zapata et al. (2000a); Garrido et al. (2000),

Zapata et al. (2001) Rodríguez (2002) and Van Lenning et al. (2002).
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Figure 1: Molecular structures of Chl c1 (A) & Chl c2 (B) (minor differences are
highlighted with arrows) and their corresponding on-line (measured in HPLC
solvent) aborbance characteristics.
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Heterosigma akashiwo

Pavlovophyceae

Prymnesiaceae

Calcidiscaceae

Pleurochrysidaceae

Coccolithaceae

Outgroup (Chromophyta)

          Calcidiscus leptoporus     Chls a, c2, npc2 E&C, DVc3 + Ddx, Dtx, HFx, ßßcar.

                     Cruciplacolithus neohelis       Chls a, c1, c2, , npc2 C, DVc3 + Fx, Ddx, Dtx, ßßcar.

                          Prymnesium parvum    Chls a, c1, c2, npc2 E, npc1, MVtr&DVc3 + Fx, Ddx, Dtx,
                                                                                                                                                            ßßcar
                                Platychrysis sp.       Chls a, c1, c2, npc2 E, DVc3 + Fx, Ddx, Dtx, ßßcar.

               Chrysochromulina sp.                        ?

        Imantonia rotunda Chls a, c2, npc2 E&C, MVtr&DVc3 + Fx, Ddx, Dtx, HFx, 4kHFx,
                                                                                                                                              ßßcar.           Chrysochromulina parva                          Chls a, c2, npc2 E&C,
                                                                                            MVtr&DVc3 + Fx, Ddx, Dtx, HFx,
                                                                                                         4kHFx, ßßcar.
         Chryssochromulina alifera
                                  Chrysochromulina sp.     ?
 Chrysochromulina hirta                                      Chls a, c2, npc2C, DVc3 + Fx, Ddx,
                                                                                                         Dtx, HFx, 4kHFx, ßßcar.

                             Pleurochrysis haptonemofera

                              Pleurochrysis carterae

       Umbilicosphaerea  sib. var. sibogae    Chls a, c2, , npc2 E&C, MV&DVc3 + Fxtr,
                                                                                                                Ddx, Dtx, HFx, ßßcar.      Umbilicosphaerea sib. var. foliosa

  Calyptrosphaera sphaeroidea       Chls a, c2, npc2 E&C, MV&DVc3 + Fx, Ddx, Dtx,
                                                                               HFx, ßßcar.

Holococcolith

Helicosphaeraceae
             Helicosphaerae carteri   Chls a, c2, npc2 E, MV&DVc3 + Fx, Ddx, Dtx, HFx,
                                                                                                                4kHFx, ßßcar.

Isochrysidaceae

Noelaerhabdaceae          Gephyrocapsa oceanica     Chls a, c2, npc2 E, MV&DVc3 + Fx, Ddx, Dtx, HFx,
                                                                                                                 4kHFx, ßßcar.

                     Isochrysis galbana             Chls a, c1, c2 , npc2 E + Fx, Ddx, Dtx, ßßcar.

Exanthemachrysis gayraliae    Chls a, c1, c2, MV&DVcPAV + Fx, Ddx, Dtx, ßßcar.
   Rebecca salina
*Pavlova gyrans                      Chls a, c1, c2, DVcPAV + Fx, Ddx, Dtx, ßßcar.
*Pavlova pseudogranifera

Prymnesiophyceae

Chls a, c1, c2 + Fx, Ddx, Dtx, ßßcar. 

Emiliania huxleyi

*Pavlova lutheri
*Pavlova virescens                  Chls a, c1, c2 + Fx, Ddx, Dtx, ßßcar.
*Diacronema vlkianum

*Isochrysis litoralis                 Chls a, c1, c2 , npc2 E, DVc3 + Fx, Ddx, Dtx, ßßcar.
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Figure 2 Published Phylogeny (Fujiwara et al. 2001), current taxonomy and determined pigment composition

of cultured haptophytes. Species marked with * were only submitted to pigment analyses.


