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Abstract

This paper provides a brief summary of environmental and ecological concepts, and analytical techniques for marine phospholipids (PL)
These compounds have been recognized to be a major component of lipids which play a vital role as structural and functional components c
biological membranes in all marine organisms from viruses to large animals. Major areas discussed are developed methods of PL analysis al
their limitations and implications. Another important aspect of PL in marine ecosystems is also discussed here, that is, the role and dynamic
of PL as a significant component of the nutrient phosphorus (P). However, information on PL as a P component in marine environments, sucl
as their spatial and temporal distribution, their contribution to the total P pool, and their biological availability as the nutrient P source, is still
limited. It is argued that this is due to the separation of marine PL studies into either “lipid studies” or “nutrient P studies”. New techniques
are reviewed that can be developed as a powerful tool to unite the two aspects of PL studies.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction rine ecosystems. In particular, coastal areas exposed to large
quantities of P associated with human waste have become
Phosphorus (P) plays a significant role in various biolog- eutrophic with the destruction of ecosystems and habitats in
ical/biochemical processes in nature. All marine organisms, the areg9-11]. Marine environments and productivity are
of course, require P to live. Therefore, it can be said that tightly linked with the amount and cycling of P on a wide
marine ecosystems rely upon the availability of P. Primary scale in time and space. Thus, it is imperative to understand
productivity in the ocean is limited by the availability of P, the cycling, e.g., the sources, pathways and fate, of P in ma-
nitrogen (N) and iron as nutrienf$-5]. Recent works sug-  rine ecosystems for predicting future change in global and
gest that in selected oceanic environments, the central At-regional environments.
lantic Ocean, the North Atlantic, and the subtropical North Phosphorus is a component of many macromolecules in-
Pacific, the ecosystems have undergone a regime shift fromvolved in the metabolic processes of life, including adenosine
a predominantly N-controlled system to an ecosystem wheretriphosphate (ATP) in energy-consuming reactionsin cells, ri-
production ultimately is controlled by the availability of P bonucleic acid and deoxyribonucleic acid (RNA and DNA) in
[6-8]. In addition to the role of P in global biogeochemical the evolutionary development of life, and phospholipids (PL)
processes, there is another side to this element as an environin the formation of cell membranes and various organelles.
mental factor on more regional and shorter time scales. TheFurthermore, there are various less common P compounds
role of P as a pollutant is significant in marine environments. that are synthesized by some organisms. These P-containing
Human activities have lead to excess inputs of P and N to ma-organic compounds (organic P compounds) exist in various
forms in marine environments and play potentially important
* Tel.: +81 29 861 8392 fax: +81 29 861 8357. roles in marine P cycling. In seawater, organic P exists in par-
E-mail addressm.suzumura@aist.go.jp. ticulate and dissolved pools. Since soluble orthophosphate,
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the major component of dissolved inorganic P (DIP), is the tential organic P solubility in seawater, affinity to particulate
preferred substrate of P for marine planktonic microorgan- matrices, and formation of some liposome-like structures.
isms, many previous studies have focused on the abundancén addition, hydrophobic materials can act as a carrier of
and metabolic rates of DIP in seawatfr2-16]. The poten-  hydrophobic micropollutants, including halogenated hydro-
tial importance of organic P, however, also has been indicatedcarbons, fused-ring hydrocarbons, and pesticides in aquatic
in various marine environments. In oligotrophic oceanic re- environment$32]. Because of the environmental importance
gions as well as many coastal areas, concentrations of dis-of PL as nutrient P components and hydrophobic compound
solved organic P (DOP) often exceed that of [P1P—20]. classes, itis important to understand the cycling of PL in ma-
Given the low DIP concentrations and the critical roles of P rine environments. In this study, a review of the role, charac-
in supporting biological production, early studies indicated teristics and analyses of marine PL is given.
the potential importance of DOP as a nutrient source to pri-
mary producers in marine systefi2d—24].

Particulate organic P (POP) includes P which is a compo-
nent of living or dead marine phytoplankton, partly degraded 2. Definition of phospholipids
phytoplankton cells, bacteria, zooplankton and larger multi-
cellular organisms. Land-derived detrital materials also can  The presence of P in lipids extracted with ethanol from
be included in POP in estuarine and coastal marine envi- brain tissue was first discovered in 1811 by Vauquelin. Sim-
ronmentg25,26]. POP must be an important component in ilar substances isolated from brain tissues with hot alcohol
P transport in marine environments. While dissolved mat- were named magie blanche, &ebrote, acide&@eébrique or
ter export to the deep waters largely depends on the extentoleophosphoric acid. Later, Gobley isolated a P-containing
of downward diffusion and mixing, gravitational settling of lipid from egg-yolk and brain tissues and named it lecithin
particulate matter can export significant quantities of fresh (phosphatidylcholing]33,34]. He showed that glycerophos-
organic materials produced in the euphotic zone to bottom phoric acid could be prepared from lecith@b]. Thudichum
sediments. Burial of settled POP as sedimentary organic P ismade considerable progress with PL chemistry by isolat-
one of the most important sinks of P from the ocgaf+29]. ing and characterizing many PL fractions from brain lipids.
Despite the importance of organic P as the source and sink ofFrom his studies, Thudichum concluded that PL are “the cen-
biologically available P, investigation of the marine organic ter, life, and chemical soul of all bioplasm”. In 1927, three
P cycle is complicated by the presence of numerous poorly well-defined PL had been described: lecithin, cephalin (now
identified reservoirs which precludes a straightforward deter- phosphatidylethanolamine) and sphingomyelin. Later, sev-
mination of P inventories and fluxes. For better understanding eral others were added to that list including phosphatidic
of the P cycle in marine ecosystems, it is essential to examineacid [36], one acetal phosphatide (now plasmalog&T],
the origin, distribution and fate of organic P compounds. phosphatidylinosito[38] and cardiolipin (diphosphatidyl-

Among the various organic P pools that have been iden- glycerol) [39]. The abbreviations of the representative PL
tified in marine environments, including nucleic acids, nu- compounds are shown Fig. 1.
cleotides, PL, sugar phosphate and phytic af30s31], this There is no general agreement on the best way to classify
paper focuses on PL and their related compounds. PL arePL, but most classifications contain a category for glycerol-
ubiquitous in nature as they are both structural and func- containing phospholipids (glycerophosphatides) and one for
tional components of biological membranes in organisms sphingolipids (sphingosyl phosphatides).Hig. 1, the se-
from viruses to large marine animals. There are two signif- lected structures of representative compound classes with
icant roles of PL in marine ecosystems, namely, as a major specific examples are illustrated. Glycerophospholipids are
component of lipids and a reservoir of organic P. As reviewed derivatives ofsn-glycero-3-phosphoric acid that contains at
in this paper, because of the ubiquitous distribution in ma- least oné-acyl, orO-alkyl orO-alk-1-enyl residue attached
rine organisms and structural diversity of compound classes,to the glycerol moiety and a polar head made of a nitrogenous
studying PL as a lipid component has enabled evaluation of base, a glycerol, or an inositol unit. This group of complex
various microbiological parameters, including biomass, bio- lipidsis presentin all cell membranes. Glycerophospholipids
diversity, and energy flow in marine microbial ecosystems. are derived from the simplest compound, PA, and may be
On the other hand, the role and dynamics of PL as an or- classified into several sub-groups according to their molec-
ganic P reservoir have not yet been well documented, and theular structure. For example, PC, PE and PS contains one ni-
quantitative significance, biological availability as a nutrient trogenous base, Pl inositol, and PG and DPG two glycerol
P source, and removal pathways from marine environmentsmolecules. Sphingosyl phosphatides are the group contain-
are poorly understood. The most notable distinguishing fea- ing P and a long-chain fatty acid linked to the amino group of
ture of PL compared with other organic P compounds is in along-chain base. Particularly representative of this group is
their hydrophobic nature. Among the various characteristics SPM. Phosphonolipids are the analogues of PL, containing a
of natural organic P compounds, hydrophobicity is presumed direct G-P bond in their structurgO]. Phosphonolipids can
to be a key factor in determining the behavior of P in marine be categorized into two major groups of glycerophosphono-
ecosystems. Hydrophobicity plays a role in determining po- lipids and sphyngophosphonolipids.
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Fig. 1. Chemical structures of representative PL compounds with names and abbreviations.
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As well as these PL (and phosphonolipids) compounds organic constituents (e.g., proteins, polysaccharides, amino
of biological origin, there are some hydrophobic compounds acids, sugars) as well as P-containing non-lipid compounds
containing P which play significant roles as contaminants including sugar phosphate, nucleotides, nucleic acids and
in marine environments. Organophosphorus pesticides andphosphoproteins. For further isolation and identification of
insecticides including malathion, fenitrothin, metamidophos PL classes from the extracts, all PL must be protected against
and chlorpyrifos, have increased around the world replacing degradation through oxidation by solvent, oxygen, enzymes
organochlorines in agricultural activities. As a consequence, in combination with temperature and light during the extrac-
they have been detected in ground and drinking Wit} tion procedures and preservation.
natural surface wateifg2], and marine organisnig3,44]. Lipids are classified into two groups: the neutral and
The bioaccumulation ability of some lipophilic organophos- non-polar lipids (tri-, di- and mono-glycerides, and sterols),
phorus compounds represents a potential risk for the ma-and the polar lipids (free fatty acids, sphingolipids and PL).
rine organisms inhabiting vulnerable areas. However, no fur- Whereas the neutral and non-polar lipids dissolved well in ap-
ther discussion is given about these organophosphorus comelar solvents, the polar lipids, in particular PL, only dissolve
pounds in this study. Although they are significant disrupters in relatively polar solvents. PL are similar to other lipids ex-
of marine environments, they should be distinguished from cept that the first hydroxyl of the lipid triglycerides structure
the category of natural P components of biological origins has a polar phosphate-containing group in place of the fatty
which have an important role as nutrients. In this study, then, acid (Fig. 1). This charge on the phosphate and amino groups
PL is defined as P-containing hydrophobic compounds of bi- in the structure of PL makes that portion of the molecule hy-
ological origin. drophilic. The resultis an amphiphilic molecule that contains

hydrophobic hydrocarbon chains and hydrophilic groups in
the molecular structure. This infers that a solvent mixture
3. Extraction of phospholipids from marine samples which is sufficiently polar to recover PL from sample ma-
trix, but sufficiently non-polar to dissolved the neutral and

Schemes of marine PL analysis include extraction of hy- non-polar lipids, is needed for efficient extraction of various
drophobic components (lipids) from the samples, determina- lipids.
tion of P content, separation of lipid classes or compound  The greatest achievement in the extraction of lipids was
classes, and further identification and determination of com- made by Folch et a[45], who developed a lipid extraction
pounds (Fig. 2). First, the procedures and problems in PL method from biological tissues using a solvent mixture of
extraction are discussed. The aim of extraction procedures ischloroform/methanol, followed by purification of the extracts
to recover PL from various marine samples including seawa- with a KCl solution. The method of Bligh and Dypt6] is a
ter, suspended particulate matter, sediments, and biologicalwidely used simplification of Folch et al. (1957). For extrac-
tissues. The additional aim is to separate PL from the othertion of lipids from marine particulate samples including bio-
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Separation and identification of PLFA
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Fig. 2. Schemes for analytical procedures of marine PL.
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Table 1
List of the solvent matrix utilized for extraction of PL and total lipids from a variety of marine samples
Solvent matrix Sample References
Chloroform Seawater [47-50]
Chloroform/methanol Seawater [51]
Netted plankton [52]
Cultured ciliate [53]
Chloroform/methanol/water Invertebrate tissue [54]
Netted plankton [55]
Cultured bacteria [56,57]
Suspended particulate matter [48,50,51,58]
Settling particles [55]
Sediments [59]
Dichloromethane Seawater [60-62]
Cultured phytoplankton (diatom) [61]
Suspended particulate matter [60,62]
Dichloromethane/methanol Cultured phytoplankton (diatom) [63]
Sediments [55,64]
Dichloromethane/methanol/water Cultured bacteria [65]
Diethyl ether Mucilage aggregate in seawater [66]

logical tissues, suspended particulate matter and sedimentsto describe molecules or molecular groups that mix poorly
most studies have used a variation of the protocol of Bligh with water. In terms of understanding the behaviors of P in
and Dyer. There is, however, a great diversity of methodolo- seawater, operational definition using solvent extraction tech-
gies for extraction in terms of the combination and propor- niques is a simple and reasonable option for measurement of
tions of solvents (Table 1). The protocol of Bligh and Dyer hydrophobic P concentrations. It can be assumed that various
is optimized for total lipid extraction, but not specialized for PL compounds exist in seawater that have variable extraction
PL extraction. Evaluation and intercomparison studies of the efficiencies with organic solvents due to the structural di-
Bligh and Dyer method have shown that the solvent com- versity of PL compounds (Fig. 1). Therefore, the measured
position alters the yields of extracted lipids, in particular PL values of hydrophobic P concentration may be a function of
[67—69]. The methanol content that did not vary in the Bligh the composition of the hydrophobic P present and the vari-
and Dyer experiments affects the extraction efficiency of PL able extraction efficiencies associated with the compounds.
more than that of the other lipids. Furthermore, extraction efficiencies of ambient hydropho-

For the extraction of dissolved PL from seawater sam- bic P are likely to be altered with physicochemical forms
ples, liquid-liquid extraction methods are generally used with of PL in seawater, including liposome-like macromolecules,
chloroform or dichloromethane (Table 1). An extraction effi- micelles, and truly dissolved molecules. Thus, the measured
ciency of less than 100% would be expected from seawater forhydrophobic P concentration does not equal PL concentra-
dissolved PL because of their amphiphilic nature discussedtion, even though PL are potentially significant compounds of
above. It was reported that the extraction efficiency of PL hydrophobic P. As all extraction techniquedable lare op-
from seawater was as low as 65% by dichloromethane ex-erationally defined methods, any deviation from the defined
traction[60]. Suzumura and Ingglb1] examined the extrac-  procedure can yield a different result. Further work should,
tion efficiency in chloroform of PC, a commercially avail- therefore, focus on the comparability of the methods and the
able phospholipid, added to seawater and found recoveriesvalidity of normalizing PL data.
of 60%. They noted, therefore, that PL concentrations in sea-
water are underestimated due to the low extraction efficiency.

Extraction atlower pH through the addition of acid tothe sam- 4. Separation and determination of extracted

ple seawaters might improve extraction efficiencies of PL by phospholipids

reducing the charge of the moleculg8,49,60]. However,

there is no quantitative evaluation of the effect of reducing 4.1. Determination of phosphorus in lipid fractions
pH on extraction efficiencies of PL from seawater.

Suzumura and Ingalb0] determined the concentrations The simplest way to determine PL is through direct mea-
of hydrophobic P, but not PL, in seawater samples from the surement of total P in the extracted materials. This method
Pacific Ocean. Hydrophobic P was defined simply and op- does not need further separation of PL from other lipids
erationally as the fraction of P that can be extracted with which contain no P. Although the extraction techniques ex-
organic solvent (chloroform was used in this case). As de- hibited low efficiencies for PL, contamination of P by non-
scribed in Sectiod, hydrophobicity is presumed to be akey lipid compounds can be minimizg@1]. A portion of the
factor in determining the behavior of P. However, there is organic phase from solvent extraction can be digested to lib-
no strict definition of “hydrophobic”. Generally, it is used erate orthophosphate from lipid P before measurement by
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standard phosphomolybdenum blue methptis71]. Per- compounds into two groups of PE and PI, and PC, SM
chloric acid digestion is generally used for hydrolysis of lipid and lyso-phosphatidylcholine (lyso-P{82]. Suzuki et al.

P extracted from marine sampl[&2,59]. A hightemperature  [83] evaluated five types of SPE cartridges for the isolation
dry combustion method with addition of magnesium nitrate and quantification of PL, including Nl Si, cyanopropyl-
has been employed to hydrolyze phosphonolipids contain-bonded (CN), diol-bonded (20H), and octadecyl-bonded
ing a C-P bond which is not as sensitive to hydrolysis as (Cig). Among polar (CN, 20H, Si), nonpolar (g and

the usual GO—P bond[50,51,72,73]. The detection limitof  ionic (NH,) SPE, only NH-bonded SPE retained five PL
lipid P determination largely depends on the concentration compounds (PC, PE, PG, PS and DPG) efficiently from a
factor from sample to the final solution. Very low values of hexane—chloroform—methanol matrix. Suzumura and Ingall
0.8nM P and 0.04 nM P were reported as the detection limits [51] evaluated the separation and recoveries of seven ana-
for dissolved and particulate lipid P in seawater, respectively, logues of natural PL by Si and Nbonded SPE, including
due to a 20-500-fold concentration factor using 0.2-5L of PC, PE, PI, PS, lyso-PC, PG and DPG. Nbbnded SPE
seawater samplg50]. However, the handling of a large vol-  exhibited low recoveries of PI, PS, PG and DPG, which is
ume of seawater is complicated in liquid—liquid extraction likely to be due to irreversible adsorption to the gel. In their
procedures. Tangential-flow ultrafiltration is a useful option study, two solvent systems for silica gel SPE were tested in
for concentration and fractionation of the macromolecular which acetone and methanol/chloroform mixture were uti-

colloidal fraction of lipids in seawatdd9,74]. However, to lized as the washing solvents to remove non-PL compounds
date difficulties remain in concentrating the low molecular fromthe cartridge, respectively. Both solvent systems showed
weight, truly dissolved fraction. high recoveries of PL compounds (>98%). However, it has

been demonstrated that acetone mobile polar lipids, non-PL,
4.2. Chromatographic separation and quantification of are significant components of marine lipids by silica gel thin-
phospholipids layer chromatography (TL(gB4]. Thus, a treatment that in-

corporates an acetone wash step can more effectively mini-
4.2.1. Column chromatography and solid-phase mize the contamination of non-PL materials, that is acetone
extraction mobile polar lipids, for marine samples.

Class separation of lipids leads to a broad diagnostic tool
for biogeochemical and ecological studies of marine envi- 4.2.2. High performance liquid chromatography
ronments, including the evaluation of membrane compo-  With the advent of modern separation technology, high
nents from living microbes, the determination of caloric ca- performance liquid chromatography (HPLC) has become a
pacity of organic matter evaluated from compounds linked viable option for analysis of PL, with enhanced compo-
to metabolic energy reserves, and determination of the ex-nent resolution and analytical reproducibility. As reviewed
tent of degradation of organic mat{&5]. Chromatographic by Abidi and Mountg85], various combinations of HPLC
methods have been used widely for the isolation, separation,columns and solvent systems, both normal- and reversed-
and quantification of PL along with other lipids including phase HPLC, have been used for the separation of PL from
aliphatic hydrocarbons, polycyclic aromatic hydrocarbons, other lipids as well as for the identification of individual PL
wax esters, sterol esters, glycerides, and free fatty acids. Sil-compound classes. There are several detection techniques
ica gel column chromatography can divide lipids into neutral applicable for the detection of PL in HPLC analysis. Ultra-
lipids, sugar lipids and PL using sequential elution with chlo- violet (UV) spectrophotometer has been a pragmatic choice
roform, acetone and methanol, respectiVj@l§]. As argued of detector due to its relative convenience, simplicity, and
above several different types of PL compound classes arelow cost. Variations of UV adsorption with fatty acid compo-
present (Fig. 1), but this method can separate “total PL” from sition, however, can incapacitate the direct estimation of PL
other lipids. Further fractionation of “total PL" into com- by UV detector responses. Differential refractometric detec-
pound classes by silica gel column chromatography can thention method is also widely used in HPLC. This method is not
be achieved using mixtures of chloroform and meth&nd|. feasible with the use of gradient elution because of consider-

Traditional open column chromatography is time- able fluctuation of refractive indices with changes in gradient
consuming and requires relatively large quantities of sol- mobile-phase conditions and other HPLC parameters.
vents. Furthermore, open column chromatography usually — Other detection methods of PL in HPLC involve direct
involves a gradient elution to separate overlapping sample measurement of total P and evaporative light-scatter detec-
peaks. A rapid, efficient, high recovery method to separate tor (ELSD). Direct measurement of P has been accomplished
PL involves solid-phase extraction (SPE) technology includ- using an automated total P analyzer coupled with HPLC sys-
ing pre-packed SPE cartridge and vacuum assisted elutiontem [86]. This method complements the UV detection for
Silica gel (Si) and aminopropyl-bonded silica gel (§H the direct quantification of molecular species, even in the
SPE cartridges have been used for the isolation of PL from case where no synthetic standard is available for calibration.
other lipids and for the isolation of PL compound classes Furthermore, direct measurement of P concentrations is es-
[78-80]. PC and PE can be separated from PI, PS and PAsential in order to evaluate the abundance of lipid P to total
by NH,-bonded SPH81]. Silica gel SPE fractionated PL  organic P in the samples. ELSD has been introduced as a new
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universal, versatile detection system for the analysis of vari- detection. In various fields of environmental studies, the
ous non-polar neutral lipids and polar lipi@¥]. Norback et TLC-FID system allows for rapid fractionation of total lipids
al. [88] tested ELSD coupled with polyvinyl alcohol-bonded into classes and their quantificatiffD6]. The applicability
stationary phase HPLC for lipid class separation as well as of the system has been examined for marine lipids with some
for the separation and quantification of individual PL com- modifications to improve the resolution and quantification
pounds from the samples of marine particulate materials of certain lipid classefl07—-109]. The system is relatively
and cyanobacteria. It was found to be acceptable providedstraightforward and is workable under shipboard conditions
that the major lipid classes can be identified and quantified [60].

at a sensitivity high enough for natural samples containing The Chromarod-latroscan system has been applied to
low PL contents. Mass spectrometric detection methodol- characterization of lipid classes in pure cultures of al-
ogy can provide valuable structural information about un- gae[63,84,110-112], bacter[&7,84,113-115], natural zoo-
known PL compounds as well as the universal and sensitiveplankton[115], and marine mucilagé6]. This approach has
detection capability. HPLC-ELSD and HPLC—electrospray also been used to examine the temporal and spatial distribu-
ionization-mass spectrometry (HPLC-ESI-MS) have been tions of lipids with respect to marine biological and geochem-
adopted for structural characterization and quantification of ical processeq447-49,55,61,62,84,116-120]. Chromarod-
intact PL in from bacterial membrane from marine sediments latroscan is satisfactory for neutral lipids but the separation
[64,65,89—-91]. As described below, most studies of marine into compound classes of PL is relatively poor. Thus, most
lipids have been based on different TLC techniques. Recently studies have reported “total PL".&8n and Gout{57], how-

the use of HPLC instead of TLC has offered the possibility ever, modified the TLC—FID method with a one-dimensional
of full automation, higher separation capacity, and structural double-development technique to enable clear separation of

information of analytes for marine samples. DPG, PG, PE, and PC eitherin standard mixtures or a cultured
marine bacterium.
4.2.3. Thin-layer chromatography In TLC-FID, measurement of PL concentrations is based

TLC has been used widely for the separation and deter-on the FID response to the carbon atoms in the PL frac-
mination of PL in various biochemical studifg&?—94]. PL tion isolated by TLC, and hence, direct measurement of P
developed on TLC plates can be visualized using non-specificis not obtained. This is the critical disadvantage in the uti-
reagents such as copper acetate—phosphori¢3siccopper lization of the TLC—FID system in PL studies as a marine
sulfate—phosphoric acif®6], and sulfuric acid—dichromate  organic P component. Flame photometric detection (FPD) is
[97]. Furthermore, a number of P-specific detection meth- well known as a selective detection method for sulfur and P
ods have also been propog®@8—-103]. Reliable computer- in GC analysis. Very recently, a new Chromarod-latroscan
controlled densitometers are available from several manufac-system of TLC—FID/FPD was developdeig. 3 shows the
tures. Densitometric determination coupled with P-specific chromatograms of FID and FPD responses of human serum
visualization techniques is particularly useful in the identi- lipids, that demonstrates the utility of TLC—FID/FPD for the
fication of PL. Complex lipid components can be separated selective detection of P in PL compourid21]. To date the
with two successive migrations in two orthogonal directions TLC—-FID/FPD system has not yet been applied to marine
(two-dimensional TLC). The most efficient separation can be samples. This system has a great advantage in future studies
achieved using contrasting solvent systems, i.e., a neutral orof marine PL as lipids and an organic P component.
basic solvent in the first direction followed by an acidic sol-
vent in the second direction. Some individual compounds of
PL have been successfully isolated by two-dimensional TLC
[57,104], forexample PE, PG and DPG were isolated from the I
marine bacteriurPseudomonas nautical. High-performance
TLC with one-dimensional double-development technique
also enables densitometric determination of all lipids in ma-
rine sample$105].

Even though these planar TLC techniques are reliable for
PL separation and determination, the procedures are quite
complicated. The Chromarod-latroscan system has been use
in most marine lipid studies, and in this system lipid classes
are separated on reusable quartz rods impregnated with sil:
ica and subsequently detected with a flame ionization detec-

tor (FID). The Chromarod-latroscan is based on two well- T
established analytical tools: TLC plus FID as used in gas _ L

hromatoaraph (GC) Linid extracts are spotted on the rods Fig. 3. Chromatogram of human serum lipids with latroscan TLC-FID/FPD
c graphy -LIp P *system in the phosphorus mode. 1: cholesteryl ester; 2: triacylglycerol; 3:

deVGlOpe_d by certain SOl\{ent system as planar TLC, dried, cholesterol; 4: PE; 5: PC; 6: SPM: 7: lyso-PC. Reprinted from Ogasawara
and set in a frame, and finally passed through the FID for et al.[121] with permission from Elsevier.

FPD
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20:5w3[128-130]. The non-methylene interrupted fatty acid
(20:3w3) was proposed as the biomarker of amarine flagellate
[131]. Branched chain fatty acids (iaadanteisaCys, isoand
anteisoCj7), odd chain monoenoic acids (15:1, 17:1), cyclo-
propane fatty acids (3 and Gg), and vaccenic acid (18:1w»7)
are used as indicators of bacterial input to marine sediments
[132-136]. Long chain saturated fatty acids 62Qip to G)
also are derived from sedimentary bact¢tia9,137]. Fatty
acids are designated based on the number of carbons in the
molecule, the number of double bonds, and the position of
the first double bond from the “omega” or aliphatic end of
the molecule.
It has been the practice to determine microbial commu-
nity structure through the use of PLFA profilgk38,139].
The scheme for PLFA analysis in marine samples is included
Fig. 4. Vertical profile of PL concentration in a sediment core taken from " Fig. 2. B”eﬂy'_ the PL fractlon_ EXtra(_:ted and 'SO_Iated bY
the subantarctic Indian Ocean. Redrawn from the data of Laureillard et al. the above mentioned methods is subjected to acid or mild

[119]. alkaline methanolysis. The resulting fatty acid methyl esters
are analyzed by GC and GC—mass spectrometry (GC-MS).
4.3. Determination of phospholipids and phospholipid Quantitative recovery (91-111%) in the methanolysis proce-
ester-linked fatty acids as biomarkers of aquatic dures, and high sensitivity and reproducibility in GC analysis
microbial biomass and community structure of saturated, monoenoic, and branched fatty acids have been

demonstratefl40]. PLFA analysis has been used to exam-
It has been shown that benthic bacterial biomass can ac-ine the depositional conditions and eutrophication of coastal
count for a significant fraction of sedimentary organic matter marine sediments, based on the estimates of prokaryotic and
[122-124]. The accurate measurement of biomass is a criticalmicroeukaryotic biomarkerfl41-144]. PLFA analysis has
factor for understanding material transformation and fluxes, also proven the presence of a large biomass, bioactivity and
and the trophic interactions of bacteria in marine sediments. great biodiversity of deep-sea bactgid5-149]. Recently,
It has been proposed that the measurement of lipid P concenHPLC—-ESI-MS techniques mentioned above, have been used
trations can give a reasonable estimate of the sedimentaryas a tool to investigate the microbial biomass and community
microbial biomasg59,125]. The use of PL as a biomarker structure of deep sea environmefig¢,65,89,91]. By mea-
of bacterial biomass is based on the assumption that PL con-suring the quantitative distribution of PL compound classes
tained in cell membranes can rapidly decay after cell lysis aswellas PLFA composition, this advanced technique will be
[126]; consequently, the PL concentration reflects the abun-a dominant tool for biogeochemical studies of PL and PLFA
dance of living organisms:ig. 4shows the vertical profile of  in marine environments.
PL concentrations in a deep sea sediment core. The PL con-
centration rapidly decreases with depth indicating their active
degradation in sediments. Dobbs and Findl&3b] compiled 5. Presence and dynamics of phospholipids in marine
representative values for converting lipid P concentrations ecosystems
of carbon biomass for a variety of microbial organisms in-
cluding bacteria, cyanobacteria, yeasts, diatoms and chloro-5.1. Presence and abundance of phospholipids
phyta. Using the conversion of lipid P to bacterial biomass,
the sedimentary bacterial abundance has been estimated to be Inthe firstreport on the distribution and dynamics of lipids
(0.6-2.7)x 10° cells per gram sediment, which were 2.7-31 in seawater, Jeffreji 50] separated and identified eight lipid
times higherthan those estimated by direct count using an epi-classes, including PL, from seawater extracts using a com-
fluorescence microscopic (EFM) technidag7]. Given the bination of column chromatography, TLC, infrared analysis,
inherent difficulties in using sediments for EFM techniques GC and various chemical tests. Since that, PL have been de-
due to large grains and inactive bacteria, it is perhaps prefer-termined in various marine samples and identified to be the
able to use techniques such as lipid P analysi§,127]. major components of lipids. Ifable 2, values of PL con-
Further developments in determining microbial commu- centrations reported in various marine samples are compiled.
nity structures as well as biomass in marine environments In seawater, a significant proportion of PL is present in a
have utilized the determination of fatty acids associated with dissolved fraction as well as in the particulate fraction. Fur-
PL (PL ester-linked fatty acids, PLFA). Certain PLFA are thermore, in molecular size fractionation of PL in seawater,
specific to certain microorganisms, and different microorgan- a higher concentration was found in low molecular weight
isms may have different PLFA compositions. Typical major “truly dissolved” fraction than in high molecular weight “col-
fatty acids in diatoms, for example, are 14:0, 16:0, 16:1w7, loidal” fraction [49] (Table 2). In aqueous matrices, high
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Table 2
Selected marine PL concentrations, PL as percentage of total lipids, and list of identified PL compound classes reported from a variety of marine samples
Sample Sample description Concentration % of total lipids Identified compounds References
Seawater (coastal) Dissolved (<@.ih) 23.4-35.59.0/L 34.3-52.3 PC, PE, DPG +PG [48]
Particulate (>0.7um) 3.7-40.3ug/L 11.5-35.4 PC, PE, DPG +PG
Seawater (coastal) Colloidal (10 kxa0.45p.m) 7.3-58.6.0/L 3.3-19.0 N.A. [49]
Dissolved (<10 kDa) 66.0-3221g/L 3.1-10.1 N.A.
Seawater (coastal) Dissolved (<L) 39+ 36ug/L 17+8 N.A. [61]
Particulate (>1.Qum) 6.9+3.1pg/L 8+3 N.A.
Sediment (deep sea) Top 15¢cm N.A. 36.9-79.7 PE, DPG + PG [119]
Sediment (coastal) Top 26cm N.A. 29.2-79.8 PE, DPG + PG [120]
Phytoplankton Ten species 0.08-48.2 pg/cell 3.6-52 DPG +PG [84]
Nitzschia pungens N.A. 6.7-14 N.A. [63]
Macrophyte Fifteen green algae species 0.07-1.08 mg/g 3.8-27.8 PC, PE, PI, PS, PA [151]
Nineteen brown algae species 0.16-0.83 mg/g 2.9-19.7 PC, PE, PG, PI [152]
Bacteria Four species N.A. 51-96 PE, DPG, PG [84]
Pseudomonas nautical N.A. 88.1 PE, DPG, PG [57]

N.A.: data are not available.

affinity to particles is the essential nature of hydrophobic ma- have been shown to be widespread in seawdtet—156],
terials, namely lipids. The high abundance of PL in the “truly sinking particled157] and marine sedimen{458]. Using
dissolved” fraction of seawater emphasized the amphiphilic tangential-flow ultrafiltration and'P nuclear magnetic res-
nature of PL. Dissolved and particulate PL are composed of onance, €P compounds were identified to be the domi-
PC, PE and DPG + PG (DPG and PG could not be separatedhant compound class of dissolved organic P in the colloidal
[48]. fraction (1 kDak 0.1p.m) in the Pacific Oceafl54]. Even

The proportion of PL in phytoplankton varies widely from  though certain EP compounds are present in seawater, there
3.6t052% of the total lipids. It has been demonstrated that nu-is no direct evidence of the presence of dissolved phospho-
trient conditions affect the composition of cellular lipid com- nolipids. Further research needs to identify the compound
position in phytoplankton; diatoms grown under nutrient- classes of EP compounds as well as phosphonolipids in
replete conditions exhibited high proportions of &3]. marine environments.
PL make up a particularly significant proportion of the to-
tal lipids in bacteria (~96%]57,84]and sediments (~80%)  5.2. Dynamics and role of phospholipids in marine P
[119,120]. As described above, sedimentary PL can be mostlycycling
ascribed to living bacterial cells. This is supported by the con-
sist composition of the major PL compounds, thatis PE,DPG  Concentrations of lipid P in marine sediments have been
and PG, in bacteria and sediments (Table 2). PL in brown andsymmarized previous[it25,159], and vary with awide range
green macrophytes contain PC, PE, PI, PSanflBA,152].  from 0.1 to 464 nmol P/g (dry weight) among various depo-

A marine ciliated protozoarRarauronema acutum, con-  sjtional conditions. However, most of these studies provided
tains a broad range of compound classes of PL, including data only for lipid P concentration, but neither total P nor total
PE, PC, PI, PS, SPM, PA and lyso-PC in order of abun- organic P concentrations in these samples. It is essential to
dancg53]. Some of the lipids in the protozoan were identified  examine the quantitative significance of lipid P as a function
to be phosphonolipids. Phosphonolipids have also been iso-of total P (or total organic P) to obtain a better understanding
lated from marine and estuarine invertebrdt®s153]. The  of the importance of lipid P in marine P cycling. Although
chemical and biological stability of the-® bond40] infers a few studies have reported lipid P concentrations as well as
that phosphonolipids are potentially an important class of or- data on the proportion of lipid P in total organic P in seawater
ganic P that is resistant to degradation and will accumulate and plankton samples (Table 3), the information on the dis-
in marine environments. Compounds containing#@®ond  tribution and abundance of lipid P in marine environments is

Table 3

Selected lipid P concentrations and lipid P as percentage of total organic P in a variety of marine samples

Sample Sample description Concentration % of total organic P References

Seawater (coastal) Dissolved (<0.7vm) 0.7-6.0nMP 0.1-0.9 [51]
Particulate (>0.7am) 31-294nM P 3.0-13.5 [51]

Seawater (coastal) Particulate (>0.7um) 90-750nM P 5.6-11.6 [160]

Seawater (pelagic) Dissolved (<0.7.m) 4.0-17.9nMP 1.7-17.6 [50]
Particulate (>0.7um) 0.05-1.72nMP 0.8-34.4 [50]

Netted plankton (coastal) Composite of zoo- and phytoplankton 27.96706P/g 11.3-22.2 [52]

Zooplankton Calanussp. N.A. 16.3-18.1 [161]

N.A.: data are not available.
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still limited. The most comprehensive studies of the distribu-
tion and dynamics of PL in marine ecosystems to date were
those conducted by C.C. Parrish and his colleagues in Cana-
dian coastal areas, using a TLC—FID sys{é’61,62,110].
In addition to these “lipid studies”, Suzumura and Ingall have
carried out “P studies”: the distribution, dynamics and roles
of PL (as hydrophobic P) in marine P cyclifigh,51]. Based
onthe results of these studies, important roles of PL in marine
ecosystems are suggested.
First, particulate PL is an important component of P
in plankton-rich suspended particles. During a time-course
observation in Bedford Basin, Canada, the particulate PL
concentration was relatively low before and during the ini-
tial stages of the spring bloom, increasing at the height of Fig. 5. Vertical profiles of dissolved and particulate lipid P as percentage
bloom [61]. It was reported that much higher concentra- of DOP and POP, respectively, in the oligotrophic North Pacific subtropical
tions of particulate lipid P (107—294 nM) were observed gyre. Redrawn from Suzumura and Ing&i).
in phytoplankton-rich Tokyo Bay, Japan, than in inorganic
particle-rich Corpus Christi Bay, Texas, U.S.A. (31.4nM) icant quantities of P as well as fresh organic materials from
[51]. In the open ocean environments, particulate lipid P con- the surface euphotic zone to the deeper layer and bottom
centrations were high in the surface euphotic zone, rapidly sediments. Relatively few studies have measured the flux of
decreasing with depth where chlorophgliconcentrations  settling PL in marine environmenfs5].
also decreased. As an additional significant role of PL in marine
Second, a labile fraction of PL is rapidly remineralized ecosystems, it has been proposed that dissolved PL may
and acts as an important bioavailable P source in oligotrophicenhance the preservation of other dissolved organic matter.
marine environments. It was reported that in the open oceanNagata and Kirchmarfl62] suggested that heterotrophic
environments DIP-depleted oligotrophic locations exhibited flagellates grazing on bacteria release PL-rich liposome-like
lower dissolved lipid P concentrations than those in the DIP- macromolecules. They hypothesized that the liposome-like
rich locationg50]. In the study of Parrish (1987) mentioned macromolecules are composed of undigested bacterial mem-
above, the dissolved PL concentration was high prior to a phy- brane components, which can render labile organic matter
toplankton bloom, and decreased substantially during bloom. unavailable as a substrate for hydrolytic enzymes. It has been
As argued, PL are the relatively significant components of shown that encapsulation of labile proteins within liposomes
organic P in plankton (11.3-22.2%able 3). The depletion  reduced the degradation rate of the protein versus dissolved
of PL observed in the open ocean surface seawaters indi-protein unassociated with liposomd$3,164]. In addition,
cates that PL synthesized by plankton can be readily min- it was found that~70% DOP in the high molecular weight
eralized and utilized as a nutrient P sources in oligotrophic fraction (10 kDak 0.1um) of coastal seawater samples was
environments. The ephemeral life of particulate PL has beenresistant to remineralization by phosphohydrolytic enzymes
demonstrated also by a laboratory experiment using a coasta[165]. Further characterization revealed that0% of the
seawater sample containing freshly produced organic mat-DOP fraction resistant to enzymatic remineralization was
ter [50]. During the 166-day experiment, a large portion of solvent extractable and that the aqueous fraction was then
particulate PL was removed within the initial 6 days. These hydrolyzable with the enzymes. The result of enhanced
results suggest that particulate PL produced through primaryhydrolyzability after extraction suggests that PL-rich
production is relatively enriched in labile components which liposomes can protect labile organic P compounds from
can be rapidly decomposed. The labile fraction of PL thus enzymatic activities.
may be an important pool of bioavailable P in oligotrophic
environments.
Third, less reactive fractions of PL actas a P sinkfromma- 6. Summary and prospectus
rine ecosystems. It was demonstrated by field investigation
and laboratory experiments that less reactive fractions of PL It is clear that elucidating the cycling of nutrients and or-
that withstand biological degradation in surface waters can ganic matter in marine systems is extremely important for
be exported to and accumulated in deeper wdféls Fig. 5 gaining a better understanding of the current controls on eu-
shows the vertical profiles of dissolved and particulate lipid trophication and organic pollution on a regional scale, and on
P as percentage of organic P (DOP and POP, respectively) inprimary productivity and carbon export on a global scale. As
an oligotrophic open ocean location. The abundance of lipid one of the major constituents of both nutrient P and organic
P in organic P significantly increases in deep layers indicat- matter, PL must be a key component in the controls of var-
ing the accumulation of a less reactive fraction of lipid P. ious processes in marine ecosystems. However, marine PL
Gravitational settling of PL-rich particles can export signif- studies seem to be biased towards “lipid study”; there are rel-
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atively few reports of PL as organic P components. This may
be ascribed to the usefulness of the TLC—FID system, non P-
specific detection. Although the P concentrations of the lipid
fraction have been often reported in marine sediments, they
were measured as a biomarker of microbial biomass rather
than a component of organic P. Considering the potential im-
portance of PL as a bioavailable P source and a P sink, more
attention should be paid to the cycling of P through the dy-
namics and metabolisms of PL in marine environments.

Fig. 2 shows a schematic diagram of the PL analyses in
marine samples. As argued, one of the potentially significant
problems in this scheme is in non-quantitative recovery of
PL during extraction procedures. Further developments of
the extraction methods and the evaluation of the methods in-
cluding intercomparison studies need to be carried out to aid
better understanding and interpretation of the data obtained.
However, based on the simple, operational definition of lipid
P as P extractable with certain organic solvents, the problem
of extraction efficiency may be reduced. Even though such
simple measurement of lipid P concentration provides no fur-
ther information on composition of PL compound classes, the
abundance and contribution of hydrophobic P components
can be examined, which exhibit distinguishable behavior and
distribution from that of hydrophilic P components.

The recent developments in analytical techniques for the
separation and detection of PL enable simultaneous determi-
nations of lipid P and PL components using P specific de-
tection including densitometric determination in planar-TLC
with colorimetric P determination, Chromarod-latroscan
TLC-FID/FPD system, and non-specific detection that pro-
vides molecular level information of analytes including
HPLC-ESI-MS. In particular, TLC—FID/FPD system is an
evidently useful, powerful tool that can unite with “lipid” and
“organic P” studies, since the system is the most familiar and
developed technique in marine PL studies. In addition to the
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