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Abstract

We characterized and quantified the intact polar lipid (IPL) composition of the surface waters of the North Sea and
investigated its relationships with environmental conditions, microbial abundances, and community composition.
The total IPL pool comprised at least 600 different IPL species in seven main classes: the glycerophospholipids
phosphatidylcholine (PC), phosphatidylglycerol (PG), and phosphatidylethanolamine (PE); the sulfur-bearing
glycerolipid sulfoquinovosyldiacylglycerol (SQDG); and the nitrogen-bearing betaine lipids diacylglyceryl-
trimethylhomoserine (DGTS), diacylglyceryl-hydroxymethyltrimethylalanine (DGTA), and diacylglyceryl-carboxy-
hydroxymethylcholine (DGCC). Although no significant relationships were found between the IPL composition and
environmental parameters, such as nutrient concentrations, distance-based ordination yielded distinct clusters of IPL
species, which could in turn be tentatively correlated with the predominant microbial groups. SQDGs and PGs, as well
as PC species containing saturated fatty acid moieties, were related to picoeukaryote abundances and PC species with
polyunsaturated fatty acid (PUFA) moieties to nanoeukaryote abundances. The PEs were likely of mixed
cyanobacterial-bacterial origin, whereas DGTA and DGCC species were mainly associated with cyanobacteria.
DGTSs were likely derived from either pico- or nanoeukaryotes, although the DGTS species with PUFAs also showed
some relationship with cyanobacterial abundances. Concentrations of the algal-derived IPLs showed strong positive
correlations with chlorophyll a concentrations, indicating they may be used as biomarkers for living photosynthetic
microbes. However, direct relationships between the IPLs and microbial groups were relatively weak, implying that the
predominant IPLs in marine surface waters are not derived from single microbial groups and that direct inferences of

microbial community compositions from IPL compositions should be considered with care.

Intact polar lipids (IPLs) are the basic building blocks of
biological membranes and consequently occur ubiquitously
in the natural environment. Their molecular structure
typically encompasses a glycerol backbone with ester-linked
fatty acids attached to the stereospecific number (sn)-1 and
sn-2 positions (the core lipid), and a hydrophilic (polar) head
group at the sn-3 position (Fahy et al. 2005). Many of these
head groups contain essential elements such as phosphorus,
nitrogen, or sulfur, and their biosynthesis may be related to
nutrient availability to the organism (Minnikin et al. 1974;
Benning et al. 1995; Martin et al. 2011). Certain IPL classes
or constituent fatty acids are synthesized predominately, or
sometimes exclusively, by specific microbial groups and can
thus be used as chemotaxonomic markers (Shaw 1974;
Lechevalier and Lechevalier 1989; Sturt et al. 2004).
Furthermore, IPL molecules are thought to be degraded
rapidly upon cell death and therefore predominately derived
from living (microbial) cells (White et al. 1979; Harvey et al.
1986). Based on these two concepts, the distribution of IPLs
in environmental samples should reflect the composition of
the extant microbial community, and IPL analysis thus has
the potential to provide valuable information complementary
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to that obtained by microbiological and molecular tech-
niques.

The development of rapid and comprehensive methods
for the direct analysis of IPLs (Briigger et al. 1997; Fang
and Barcelona 1998; Riitters et al. 2002a) has increased our
knowledge of their sources and dynamics in the marine
environment, in particular in subsurface sediments (Riitters
et al. 2002h; Zink et al. 2003; Lipp and Hinrichs 2009).
However, the number of studies of IPL compositions
of marine waters is still limited. Schubotz et al. (2009)
showed the presence of various glycerophospholipids,
betaine lipids, and glycosyl-glycerolipids, as well as the
sulfur-bearing glycerolipid sulfoquinovosyldiacylglycerol
(SQDQG), in surface waters of the Black Sea. The IPL as-
sortment was inferred to represent a mixed community of
eukaryotic algae, cyanobacteria, and heterotrophic bacte-
ria, but no direct comparison with the phytoplankton
composition was made. Van Mooy and Fredricks (2010)
analyzed IPLs in the euphotic zone of the eastern South
Pacific. They observed a similar suite of IPLs as in the
waters of the Black Sea, and tentatively identified broadly
defined phytoplankton groups as their likely sources.
Popendorf et al. (2011) again observed similar IPLs in the
western North Atlantic Ocean and used a combination of
observational data, isotope tracing, and culture incubations
to link the production of IPLs to different planktonic
groups. Finally, studies of IPL production under phosphate
limitation in open ocean surface waters have shown that
plankton can substitute glycerophospholipids with betaine
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lipids or SQDGs in settings where phosphate is scarce (Van
Mooy et al. 2006, 2009; Popendorf et al. 2011), a mechanism
that is well known from microbial cultures (Rose 1989;
Benning et al. 1995; Martin et al. 2011).

Although these studies have increased our knowledge of
IPLs in marine waters, there is still a strong need for
observational and comparative data to improve our under-
standing of their distribution, sources, and dynamics in the
world’s oceans and their chemotaxonomic potential. Here we
present a detailed analysis of the IPL composition in the
surface waters of the North Sea and distinct adjacent water
masses in the northeast Atlantic Ocean, English Channel, and
Skagerrak (Fig. 1). We statistically compare the IPL data
with contemporaneous environmental and microbiological
data (Brandsma 2011) in order to determine if environmental
conditions directly influence the IPL composition at this
location, and to determine what relationships exist between
the IPLs and the microbial community composition.

Environmental and microbial biogeographic context
of the study area

The environmental conditions and microbial biogeogra-
phy of the North Sea during the time of sampling are
discussed by Brandsma (2011), but a summary of these
results is given here and in Table 1. The North Sea is a
relatively shallow shelf sea (average depth around 90 m)
with a stratified water column during the summer months
(Elliott and Clarke 1991). It receives influxes of well-mixed
nutrient-rich water from the northern Atlantic Ocean
through the English Channel and around the Shetland
Islands, as well as low-salinity nutrient-poor water from
the Baltic Sea through the Skagerrak (Otto et al. 1990;
Ducrotoy et al. 2000). In general, the environmental
parameters showed a west—east gradient from the “Atlan-
tic” stations (Shetland Islands and English Channel) to the
stations in the North Sea. Temperature increased eastwards
from 11°C to 18°C, whereas salinity decreased from 35.4
to 34.6 (Fig. 2A,B). The Skagerrak and Norwegian coastal
area were further distinguished from the rest of the North
Sea by their lower salinity (around 32). Concentrations of
dissolved inorganic nitrogen, phosphorus, and silicate were
high at the Atlantic stations and near-coastal sites, but
substantially lower over much of the North Sea (Fig. 2C-
E). N : P ratios of dissolved inorganic nutrients ranged from
around 16 at the Atlantic stations to less than 5 in the
central North Sea, whereas high ratios (up to 25) were
measured in the Skagerrak and the eastern English Channel
(Fig. 2F).

Throughout most of the study area chlorophyll a
concentrations were fairly low (0.2-0.5 ug L—1), except in
the eastern English Channel and southern North Sea,
where concentrations reached 9.2 ug L-! (Fig. 3A;
Table 1). Within the microbial community, the distribution
of the cyanobacteria was generally converse to that of the
eukaryotes (Fig. 3B-D). Cyanobacteria were most abun-
dant in the central North Sea (up to 9.6 X 104 cells mL—1),
whereas smaller picoeukaryotes were most abundant in the
English Channel and southern and western North Sea (up
to 2.4 X 10% cells mL—1!), and larger nanoeukaryotes were
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Fig. 1. Station map of the R/V Pelagia cruise MICROVIR
(64PE217) in July 2007. Samples for environmental analyses,
microbial abundances, and IPL analysis were taken at all of the
stations, with the exception of MV23 (no bacterial abundances).
Chlorophyll @ concentrations were determined only for stations
with filled symbols. All sampling was performed at 10 m
water depth.

most abundant around the Shetland Islands and in the
eastern North Sea and Skagerrak (up to 1.2 X 104 cells
mL~1). In addition, at Sta. MVO0S5 in the eastern English
Channel a bloom of large diatoms (Bacillariophyceae) took
place at the time of sampling. The bacterial distribution
was generally unrelated to the distributions of the
cyanobacteria and eukaryotes, although some of the
highest abundances of heterotrophic bacteria (1.8 X 10
cells mL—1) were found at the aforementioned diatom
bloom (Fig. 3E).

Methods

Cruise and sampling—All samples for this study were
taken during the R/V Pelagia cruise MICROVIR (vi-
rus control of the picophytoplankter Micromonas pusilla
population dynamics in European waters; cruise
number 64PE217), which took place in July 2007 from
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A) Temperature (°C)

B) Salinity

D) Nitrogen (umol L)
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Fig. 2.
surface waters of the North Sea (data obtained from Brandsma 2011). Contour maps were obtained using the freeware package Ocean
Data View 4 (Schlitzer 2010).

Brest (France) to Texel (The Netherlands), and covered the
entire North Sea, plus several adjacent water masses
(Fig. 1). A total of 21 stations were sampled at a water
depth of 10 m for temperature, salinity, dissolved inorganic
nutrients, and chlorophyll a (Table 1), as well as microbial
abundances and phytoplankton composition (see
Brandsma 2011 for details). In addition, particulate matter
for IPL analysis was sampled by in situ filtration of the
surface water over 0.7-um mesh GF/F filters (292-mm
diameter, precombusted at 450°C for 12 h; Whatman). All
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(A) Temperature, (B) salinity, (C-E) concentrations of dissolved inorganic nutrients (Si, N, and P), and (F) N : P ratio in the

filters were stored frozen at —80°C for the duration of the
cruise and until extraction in the lab.

IPL analysis—The particulate matter filters were
freeze-dried before the IPLs were extracted using a
modified Bligh-Dyer procedure (Bligh and Dyer 1959;
Vancanneyt et al. 1996; Riitters et al. 2002a). Briefly,
the filters were extracted ultrasonically three times for
10 min in a solvent mixture of methanol, dichloro-
methane, and phosphate buffer (2:1:0.8 v:v:v). After
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A) Chlorophyll a (ug L")

D) Cyanobacteria (x10° cells mL™!)

Fig. 3.
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(A) Chlorophyll a concentrations and abundances of the major microbial groups, (B) picoeukaryotes, (C) nanoeukaryotes,

(D) cyanobacteria, and (E) bacteria, in the surface waters of the North Sea (data obtained from Brandsma 2011). Note that a bloom of
large diatoms (Bacillariophyceae) was sampled in the eastern English Channel at Sta. MV05. Contour maps were obtained using the

freeware package Ocean Data View 4 (Schlitzer 2010).

sonication, the supernatants were phase separated by
adding additional dichloromethane and buffer to a final
solvent ratio of 1:1:0.9 (v:v:v). The organic phases
containing the IPLs were then collected and the aque-
ous phases re-extracted three times with dichlorome-
thane. Finally, the extracts were dried under a stream of
nitrogen gas. Before analysis, the extracts were redis-
solved in a mixture of dichloromethane and methanol
(9:1 v:v) at a concentration of 10 mg mL~-!, and
aliquots were filtered through 0.45-um mesh True

Regenerated Cellulose syringe filters (4-mm diameter;
Grace Alltech).

IPL analysis of the extracts was performed by high-
performance liquid chromatography electrospray ioniza-
tion tandem mass spectrometry (HPLC-ESI-MS?), using
chromatographic conditions as described by Jaeschke et al.
(2009). Initially, the extracts were analyzed in positive and
negative ion mode (two separate runs) using a data-
dependent MS2 routine in which a full scan (m/z 300—
1000) was followed by fragmentation of the base peak of



964 Brandsma et al.

the resulting mass spectrum. Source and fragmentation
parameters for positive ion analysis were as described by
Boumann et al. (2006). For analysis in negative ion mode
the following source parameters were used: capillary
temperature 250°C, sheath gas (N,) pressure 49 (arbitrary
units), auxiliary gas (N,) pressure 21 (arbitrary units), spray
voltage —4.2 kV, and source collision-induced dissociation
(CID) 7 V. The collision energy was set at —35 V with a
collision gas (Ar) pressure of 0.8 mTorr for fragmentation
in negative ion mode. Identification of the major IPL
classes was based on diagnostic fragmentation patterns in
the MS2 mass spectra for the glycerophospholipids
(Briigger et al. 1997; Fang and Barcelona 1998), betaine
lipids (Vogel et al. 1990; Benning et al. 1995; Kato et al.
1996), and SQDG (Keusgen et al. 1997). Subsequently,
targeted mass spectrometric experiments were used to
elucidate the structural diversity within each of the
identified IPL classes, and for quantification of the IPL
classes and their constituent species. IPLs with a phospha-
tidylcholine (PC), diacylglyceryl-trimethylhomoserine or
diacylglyceryl-hydroxymethyl-trimethylalanine (DGTS or
DGTA), or diacylglyceryl-carboxyhydroxymethylcholine
(DGCC) head group were measured in positive ion mode
by parent ion scanning (m/z 300-1000) of fragment ions
diagnostic for their polar head groups (i.e., m/z 184, m/z
236, and m/z 178, respectively). DGTS and DGTA both
produce a fragment ion at m/z 236, but were distinguished
by their elution order on the HPLC, with the more polar
DGTA eluting later (Dembitsky 1996). IPLs with a
phosphatidylglycerol (PG), phosphatidylethanolamine
(PE), or SQDG head group were measured in positive ion
mode by neutral loss scanning (m2/z 300-1000) for losses of
189 Da, 141 Da, and 261 Da, respectively. The MS2 settings
for detection of these IPLs were identical to those described
above, but for detection of SQDG the collision energy for
the neutral loss assay was set to —25 V. The carbon number
and degree of unsaturation of the fatty acid moieties of the
various IPLs were calculated using the m/z of the molecular
species, and these are denoted as such below (i.e., C30.; PG
refers to an IPL with a PG head group and the subscript
indicates the total number of carbon atoms and double
bond equivalents of the fatty acid moieties; note that this
does not include the glycerol moiety). Information on
individual fatty acid compositions of the predominant IPL
species was based on fragment ions or neutral losses
diagnostic for fatty acids obtained in the data-dependent
MS?2 experiments (Briigger et al. 1997).

For quantification of the PGs, PCs, PEs, SQDGs, and
DGTSs, the peak areas of each IPL class (total ion current)
and their constituent IPL species (mass chromatogram)
were compared with the respective peak areas of known
quantities of authentic standards. The standards used in
this study were C16:0/C16:0 PC, C16:0/C16:0 PG, and C16:0/
Ci6.0 PE (all Avanti Polar Lipids, Alabaster), and a mixture
of SQDGs, which contained predominately Cig.1/Cig.2
SQDG, but also small amounts of SQDGs with Cig.9_16.1,
Cig.0-18.1, and Cs.5 fatty acid combinations (Lipid Prod-
ucts, Redhill). In addition, a standard of Cy4.o/Cyg.; DGTS
was purified from IPL extracts of Isochrysis galbana
(CCMP 1323) biomass using semi-preparative HPLC

(Jaeschke et al. 2009) and flow injection analysis—mass
spectrometry (Smittenberg et al. 2002). Structural identifi-
cation and purity of this standard (~ 70%) were confirmed
by comparing its 'H and !13C nuclear magnetic resonance
spectra with previously published spectra of DGTS (Evans
et al. 1982). As no standards were available for DGTA and
DGCC, the concentrations of these IPL classes were
estimated by comparing their peak areas (total ion current
in the full scan data acquired as part of the positive ion
data-dependent MS2? experiment) with those of DGTS,
which has a similar molecular structure (Dembitsky 1996;
Kato et al. 1996). Limits of detection were 50-100 pg on
column for the glycerophospholipids, 100 pg on column
for DGTS, and 1 ng on column for SQDG. All IPL
quantifications were reproducible within a 10% error
between duplicate runs, and the instrument response was
monitored by repeated analysis of blanks and quantitative
standards every 10 samples.

Statistical analysis—Compositional similarities between
the stations were visualized by distance-based ordination,
using the dedicated software package PRIMER 6 with the
PERMANOVA+ add-on (both PRIMER-E, Lutton). Bray-
Curtis similarity matrices of the stations were calculated
based on their IPL composition (for both the total
concentrations of the IPL classes and the concentrations of
the IPL species), and the results were plotted using
multidimensional scaling (MDS) ordination. Cluster analy-
sis was used to group stations with comparable IPL
compositions (threshold at > 80% similarity) and vector
plots were used to visualize the relationship between the
ordination and the raw data (i.e., microbial abundances and
IPL concentrations). Furthermore, the measures of depen-
dence between the IPL similarity matrices and similarity
matrices based on the environmental parameters and the
microbial community composition were determined by
calculating their Spearman’s rank correlation coefficients
(RELATE test in the PRIMER software package).

Relationships between both total and individual IPL
concentrations and environmental and microbial parame-
ters were then tested statistically in Systat 13 (Systat
Software). The measure of association between each pair of
variables was determined by calculating their Spearman’s
rank correlation coefficient (). This test was chosen as
many of the variables showed a highly skewed distribution.
Only variable associations with corrected probability
values (p) of less than 0.05 were considered significant
and are reported here.

Results

Structural diversity of IPLs—The IPL diversity in the
surface waters of the North Sea and adjacent areas
comprised seven main classes: the glycerophospholipids
PC, PG, and PE; the sulfur-bearing glycerolipid SQDG;
and the nitrogen-bearing betaine lipids DGTS, DGTA,
and DGCC (Fig. 4). In addition, trace amounts of the
glycerolipids mono- and digalactosyldiacylglycerol were
detected as well. Each of the main IPL classes contained
a large variety of IPL species with different fatty acid
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Fig. 4. Partial base peak chromatogram (Gaussian smoothed) of the HPLC-ESI-MS? analysis of IPLs in the particulate matter

sampled at Sta. MV 10, showing the IPL classes that predominate in marine surface waters throughout the North Sea. Unidentified peaks
are indicated with a question mark. Example structures are given for each of the detected IPL classes: DGTS, DGTA, PG, PE, PC,
DGCC, and SQDG. Each peak comprises a wide range of IPLs with the same head group, but different fatty acids at the sn-1 and sn-2
positions (R’ and R” in the example structures). Note that because of differences in mass spectral response factors between the IPL
classes, their relative abundances in the base peak chromatogram are not indicative of their respective absolute abundances.

compositions. A considerable difference in the number of
species was noted between PG and SQDG (around 40
each), and the other IPL classes (around 100 each). The
fatty acid compositions of the predominant IPL species can
be found in the Web Appendix, Table A1 (www.aslo.org/
lo/toc/vol_57/issue_4/0959a.html). Of the different classes,
SQDG showed the least structural variation, containing
mostly combinations of Cy4, Ci4, and Cig saturated or
monounsaturated fatty acids. For the other IPL classes, the
variation in composition was larger, with fatty acid chain
lengths generally ranging from Cj, to C,,. Within PG and
DGTS the shorter chain lengths (C;4 to C;g) predominated,
whereas DGCC had mostly longer-chain fatty acids (C;g to
C,,). Although the majority of the fatty acids in each of the
IPL classes had combinations of fatty acids with even chain
lengths, some odd—carbon number fatty acids (C;3 to C9)
were also detected. These were most common in PE and
PC, but absent in DGCC. Finally, long-chain C;g to C»,
polyunsaturated fatty acids (PUFAs) were particularly
predominant in PC, DGTA, and DGCC, but absent in
SQDG.

IPL concentrations and spatial distribution—Quantifica-
tion of the IPLs at the different stations shows that overall
SQDG was the most abundant IPL class (Fig. 5), with
concentrations generally ranging from 0.5 to 5 ug L—1, but
up to 45 pg L=1 in the eastern English Channel (Fig. 6A).
The species Cag.o, C30.1, C30:.0, and Csz».; SQDG constituted
the bulk of the total SQDG concentration throughout

(70% = 5%; Web Appendix, Table A2). At most stations
the relative abundances of these four species were
comparable, but elevated contributions of C,g, SQDG
were measured around the Shetland Islands (up to 49% of
the total SQDG) and in the southern North Sea (34%). In
addition, elevated contributions of Cz,.0 SQDG and Csy
SQDG were detected in the southeastern North Sea (11%
and 6%, respectively), whereas in the eastern English
Channel Cs,.; SQDG predominated (32%).

PC was generally the most abundant of the glyceropho-
spholipids at all stations, followed by PG and PE (Fig. 5).
Total PC concentrations generally ranged from 80 to
440 ng L1, but up to 1.2 ug L1 in the eastern English
Channel (Fig. 6B). There was no single predominant PC
species, although 10 species were on average more common
(each 3-9% of the total PC; Table A2.2), with the PUFA-
bearing Csg.¢ PC having the highest abundance overall (7-
22%). Total PG concentrations generally ranged from 30 to
320 ng L1, but up to 750 ng L~! in the eastern English
Channel (Flg 6C) The species C32;2, C32:1, C34;2, and C36;2
PG constituted the bulk of the total PG concentration at
the different stations (57% = 3%), with their relative
abundances showing little variation (Table A2.3). In
addition to these species, another six PGs comprising a
wide range of Ci,o to Cyo4 fatty acids were present in
elevated amounts at some of the stations (up to 14%).
Finally, total PE concentrations generally ranged from 1 to
100 ng L—1, with the stations in close proximity to the coast
or in front of major river systems generally having the
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Relative abundances of the predominant IPL classes in the surface waters of the North Sea. The abundances are presented as

a fraction of the total quantified IPL content at each station (i.e., within the mass window of m/z 300-1000 and excluding minor
unidentified compounds, but including estimated concentrations of DGTA and DGCC).

lowest values, and a maximum of 350 ng L—! in the eastern
English Channel (Fig. 6D). The PE species composition
was more variable than in PC and PG, with many species
predominating at some of the stations, but having low
abundances at the rest. Nonetheless, the species Cs».5, C3s.1,
C34:2, C34.1, and Csg6 PE were generally more common,
constituting on average 47% =* 2% of the total PE
concentration throughout (Table A2.4).

Of the betaine lipid classes, total DGTA and DGCC
concentrations were higher than total DGTS concentra-
tions at most stations, although care should be taken as
DGTA and DGCC concentrations could only be estimated
because of the lack of authentic standards (see Methods).
In general, DGCC was up to 2.5 times more abundant than
DGTA (Fig. 5), with estimated concentrations ranging
between 20 and 410 ng L—! for total DGCC, and between
60 and 190 ng L—! for total DGTA (Fig. 6E,F). Cs4.5, C36.,
Ci6:5, Cigq, and Cyq.;p DGCC were the predominant
DGCC species throughout, although Cg4.1, DGCC was
generally not detected in the English Channel. C;3.¢ DGCC
was the most abundant species in the central part of the
North Sea, whereas elevated contributions of Csy., and
C35.0 DGCC were observed in the southeastern North Sea
and the eastern English Channel. Within DGTA, the
species containing short-chain saturated or monounsatu-
rated fatty acids (particularly Cs.; and Cs3.; DGTA)
predominated in the English Channel and southern and
western North Sea, whereas the species containing longer-
chain PUFAs (particularly C3g:6, C4();]0, C42:11, and C44;12
DGTA) predominated in the rest of the North Sea, in the

Skagerrak, and around the Shetland Islands. Finally, total
DGTS concentrations generally ranged from 15 to
90 ng L1, but up to 160 ng L~! in the eastern English
Channel (Fig. 6G). As with PC, no predominant DGTS
species could be identified, although Cig.9, Czo.1, C3.2,
Csz.1, and Csy, DGTS were on average more common
and together comprised 33% * 2% of the total DGTS
concentration at most stations (Table A2.5). Although the
relative abundances of these five species were mostly
comparable throughout the study area, elevated contri-
butions of Cszp.; DGTS were measured in the central
North Sea (up to 29%). In addition, a further 11 DGTS
species were present in moderate and highly variable
amounts (up to 6% each). In particular, elevated
concentrations of Cs4.; DGTS were detected in the
English Channel and southern North Sea (12%), whereas
the PUFA-containing Cs4.5 DGTS predominated around
the Shetland Islands (24%).

Statistical relationships between IPLs and environmental and
microbial parameters—To investigate the potential sources
of IPLs and the effect of environmental conditions on the
IPL composition, we statistically compared the IPL
concentrations with the environmental and microbiologi-
cal parameters measured in the same set of samples
(Brandsma 2011). Trends in the data were initially
identified by plotting the stations according to their
compositional similarity (using MDS ordination of Bray-
Curtis similarity matrices and cluster analysis) and
correlating the ordination with the raw IPL, environmen-
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Fig. 6.
DGTS in the surface waters of the North Sea and adjacent areas. The contour maps were obtained from concentration data at each
station using the freeware package Ocean Data View 4 (Schlitzer 2010). Please note the differences in scale between each plot.

tal, and microbial data. Figure 7A shows the distribution
of the stations based on the dissimilarity of their IPL
composition, with stations that are similar clustering
together and stations that are different lying further out.
Similar plots were generated for the microbial and
environmental data, and correlation of the three similarity
matrices showed a weak but significant relationship
between the IPL composition and the microbial commu-
nity composition (r = 0.40, p = 0.008), but not between
the IPL composition and the environmental parameters (r
= 0.17, p = 0.114). Figure 7B shows how the distribution
of the stations relates to the original data (IPL concen-
trations and microbial abundances), with the vectors
showing the direction of the highest concentration or
abundance. For example, the stations towards the lower
right (MV01, MV03, MV06, and MV22) were character-
ized by high picoeukaryote and bacterial, but low
cyanobacterial abundances. These same stations also had
high concentrations of SQDG and PG species, as well as
of several PC and DGTS species. Although the station
distribution was skewed towards one particular station
(MVO05, where the diatom bloom produced very high IPL

967
C) Total PG (ug L") D) Total PE (ug L")
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Total concentrations of the predominant IPL classes (A) SQDG, (B) PC, (C) PG, (D) PE, (E) DGCC, (F) DGTA, and (G)

concentrations), analysis of the dataset while excluding
MVO05 resulted in comparable plots and identical cluster-
ing of the stations (data not shown).

The distance-based ordination shows that the stations in
the English Channel, in the western North Sea, and off the
Danish coast (cluster 1; open circles in Fig. 7A) were
characterized by high concentrations of SQDG and PG
species, whereas those in the central North Sea (cluster 2;
closed circles in Fig. 7A) were characterized by high
concentrations of PE, DGTA, and DGCC species. The
PC and DGTS species occupied an intermediate position
between these two groupings, and were high at stations in
the eastern North Sea, the Skagerrak, and parts of the
English Channel. Furthermore, the distributions of the PC
and DGTS species were less uniform than those of the
SQDG, PG, and PE species (as can be seen from their
spread in vectors in Fig. 7B), and depended on their fatty
acid composition. High concentrations of PC species with
short-chain saturated or monounsaturated fatty acids
coincided with high concentrations of SQDG and PG
species, as well as high picoeukaryote abundances. In
contrast, the PC species containing one or two long-chain
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PUFAs coincided with high nanoeukaryote abundances.
The division in the DGTS species was less clear-cut, and
most of these had vectors intermediate between the other
IPL species (Fig. 7B). However, all DGTS species contain-
ing PUFAs coincided with high concentrations of PUFA-
PC, PE, DGTA, or DGCC species, rather than with
SQDG, PG, or non-PUFA PC species.

The trends observed in the initial comparison of the
datasets were examined for their statistical significance by
calculating the measure of association (Spearman’s rank
correlation coefficient: r) between each pair of parameters
(see Web Appendix, Table A3). Almost no significant
correlations were found between the environmental pa-
rameters (salinity, temperature, or nutrient concentrations)
and IPL concentrations. However, the exception was the
N: P ratio, which was positively correlated with concen-
trations of total SQDG, PG, PC, and DGTS (r > 0.54), as
well as with most of their constituent IPL species. Positive
correlations were also observed between concentrations of
chlorophyll ¢ and total SQDG, PG, and PC (r > 0.69) and
their species. Scatter plots revealed this last relationship to
be linear for the log-transformed data, with R2 values of
0.45 for total PG, 0.48 for total DGTS, 0.59 for total PC,
and 0.61 for total SQDG (n = 14). To some extent
chlorophyll a concentrations also correlated with many of
the DGTS species, but not with the PEs, DGTA, or
DGCC.

Some significant correlations were found between
microbial abundances and the total concentrations of the
IPL classes. Total SQDG and PG (r > 0.62), and to some
degree PC were positively correlated with picoeukaryotic
abundances (r > 0.45), and all IPL classes were correlated
with bacterial abundances (r > 0.40), except for total
DGTA, which was the only class to correlate with
cyanobacterial abundances (r = 0.65). The trends observed
in the MDS ordination were mostly confirmed in the
correlation pattern of the IPL species (Table A3). The
SQDG and PG species, as well as the non-PUFA PCs and
several DGTS species, correlated with picoeukaryote and
bacterial abundances. In contrast, the PUFA-containing
PC species correlated with nanoeukaryote rather than with
picocukaryote abundances. Most PE species correlated
with bacterial abundances, but PE species containing either
a Cyo.5 or a Cyy 4 fatty acid were possibly associated with
nanoeukaryotes or cyanobacteria, as were a number of
DGTS species. Thus, both MDS ordination and Spearman
correlation identified three groups of IPL species that could

be tentatively related to the major microbial groups,
although the correlations were in most cases relatively
weak.

Discussion

Influence of environmental parameters on IPL distribu-
tions—Statistical analyses revealed no significant correla-
tions between IPL concentrations and sea surface temper-
ature or salinity, which indicates that these parameters are
unlikely to affect IPL distributions directly (Table A3).
Similarly, no correlations were found with the concentra-
tions of dissolved inorganic nutrients (i.e., phosphate,
ammonium, NO,, and silicate) in these waters. However,
positive correlations were observed between concentrations
of total SQDG, PG, PC, and DGTS and the N:P ratio.
This ratio is generally seen as a measure for phosphate
availability (Howarth 1988), although it should be applied
with care, as it does not take into account the more rapid
and complete turnover of phosphorus compared to
nitrogen, meaning that phosphate is not necessarily the
limiting nutrient during phytoplankton blooms (Dodds
2003). It has been shown that phytoplankton grown under
phosphate limitation can rapidly substitute the glycero-
phospholipids PG and PC in their cellular membranes with
non-phosphorous SQDG and betaine lipids (DGTS or
DGCC), and it was proposed that elevated ratios of
SQDG : PG and betaine lipids : PC in marine waters reflect
reduced phosphate availability to the phytoplankton (Van
Mooy et al. 2006, 2009; Martin et al. 2011). In our study
area the N : P ratio ranged from less than 5 (potentially N
limited) to 25 (potentially P limited), but despite this wide
range of phosphate availability, no direct relationship of
the N : P ratio with the SQDG : PG ratio, the DGTS: PC
ratio, or the DGCC : PC ratio was observed (R? < 0.20, n =
21). Instead, concentrations of these four IPLs generally
covaried, with especially total SQDG and PGs, and PC and
DGTS, positively correlated with each other (Table A3).
This covariance thus appears to contradict the prediction
that SQDG and DGTS should be found in elevated
concentrations at stations with low phosphate availability,
whereas PG and PC should be found in reduced
concentrations (as per Van Mooy et al. 2009). However,
it is important to note that this relationship between IPL
ratios and phosphate limitation was originally observed for
comparable microbial communities in oligotrophic open
ocean settings, where dissolved P concentrations are low

<«

Fig. 7.

Distance-based ordination of the MICROVIR stations based on IPL species concentrations (MDS ordination of a Bray-

Curtis similarity matrix). The distance between stations in the upper panel (A) is a measure of their compositional dissimilarity, with most
stations falling into two clusters (open or closed circles), except for the outlier Sta. MVO05 (open triangle). The stations that fall within
each cluster have > 80% similarity in their IPL composition, based on cluster analysis of the similarity matrix. The plots in the lower part
of the figure (B) show how the IPL concentrations and the microbial abundances correspond with the spatial distribution of the stations.
For example, the stations towards the lower right (MV01, MV03, MV06, and MV22) have high picoeukaryote and bacterial but low
cyanobacterial abundances, as well as high concentrations of many SQDG, PG, PC, and DGTS species.
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(i.e., < 10 nmol L—! in the Sargasso Sea), and phosphate
availability was not expected to influence IPL ratios above
concentrations of ~ 30 nmol L—! (Van Mooy et al. 2009;
Van Mooy and Fredricks 2010). As a shelf sea, the North
Sea is more eutrophic than the open oceans, with dissolved
P concentrations ranging from 10 to 300 nmol L-!
(Table 1). Combined with the more diverse microbial
community composition (Brandsma 2011), this could
explain why no relationship was found between IPL ratios
and phosphate availability, and confirms that this relation-
ship is probably limited to marine environments with low
dissolved P concentrations. In conclusion, the general lack of
correlation between the IPL concentrations and ratios and the
environmental conditions thus implies that these were not a
major controlling factor for the IPL diversity in the North
Sea.

Potential sources of IPLs in the North Sea—Through
statistical comparison of the IPL concentrations with the
microbial abundances three distinct groups of IPLs were
identified, which were significantly, albeit weakly, related
to the main microbial groups (Fig. 7A; Table A3). The
results were influenced to some degree by the compara-
tively high IPL concentrations at Sta. MV05, where the
diatom bloom and associated heterotrophic bacteria
produced concentrations of SQDG, PG, PC, PE, and
DGTS that were on average 4-18 times higher than their
concentrations over the rest of the North Sea (Fig. 6).
Therefore, this site dominated the variability between the
stations in the statistical analyses. Nonetheless, repeated
analysis of the dataset showed that the results were
comparable, whether Sta. MV05 was included or not.

The first group of IPLs identified through the statistical
analyses comprised the SQDG and PG species, as well as PC
species containing saturated fatty acid moieties and several
DGTS species (Fig. 7B; Table A3). These IPLs had the
highest concentrations at stations in the English Channel, in
the southern and western North Sea, and off the Danish
coast, and were related to the high picoeukaryote and
bacterial abundances in these areas (Figs. 3, 7). The second
group comprised the PUFA-PCs and several DGTS species,
possibly including those with PUFAs, which were highest in
the eastern North Sea, the Skagerrak, and parts of the
English Channel. This group of IPLs correlated with the
high nanoeukaryote abundances in these areas, although
surprisingly the station with the highest nanoeukaryote cell
count (Sta. MV16; Fig. 3C) did not show elevated concen-
trations of these IPLs at all (Fig. 6). The third group of IPLs
comprised the PE, DGTA, and DGCC species, and possibly
DGTS species containing PUFAs. This group of IPLs had
the highest concentrations at stations in the central North
Sea, which were characterized by high cyanobacterial and
bacterial abundances (Figs. 3, 7). The statistical analyses
thus implicate that discrete groups of IPLs are sourced by
different microbial groups.

The observed relationships can be substantiated by
comparing them with IPL compositions of cultivated
microbes. SQDG is restricted to photosynthetic organisms,
where it forms the main anionic IPL in thylakoid
membranes (Benning 1988; Keusgen et al. 1997; Frentzen

2004). As SQDG has to date not been found in non-
photosynthetic heterotrophic bacteria, the correlations
found with bacterial abundances are likely indirect,
resulting from high numbers of heterotrophic bacteria
occurring at sites of high photosynthetic phytoplankton
biomass, in particular in the southern North Sea. Interest-
ingly, total SQDG concentrations were correlated with
picoeukaryote rather than nanoeukaryote abundances.
Although this IPL probably occurs in both groups, it
may be that the smaller picoeukaryotes contained compar-
atively more thylakoid membrane per cell, and thus
contributed more to the total SQDG pool than the larger
but four times less abundant nanoeukaryotes.

In contrast to SQDG, the glycerophospholipids PC, PG,
and PE are common constituents of cellular membranes in
most microorganisms, with PC mostly confined to eukary-
otes and PE predominantly found in bacteria (Lechevalier
and Lechevalier 1989; Sohlenkamp et al. 2003; Van Mooy
and Fredricks 2010). PG is a more universal IPL class, as it
is synthesized by both eukaryotes and prokaryotes,
including cyanobacteria (Wood 1974; Lechevalier and
Lechevalier 1989; Dowhan 1997), and is also found in
small amounts in thylakoid membranes (Janero and
Barrnett 1981; Frentzen 2004). Nonetheless, PG concen-
trations in the North Sea were mostly associated with
picoeukaryote abundances, indicating that these were the
predominant source of PG. A similar relationship was
found between picoeukaryotes and non-PUFA PC species,
whereas the PC species containing PUFAs were rather
associated with nanoeukaryote abundances. Although
long-chain PUFAs are commonly found in both algal
groups (Shaw 1974; Volkman et al. 1998; Gushina and
Harwood 2006), it thus appears that in the North Sea the
larger nanoeukaryotes are the predominant source for
PUFA-PCs. The relationships found for PE were more
ambiguous than those found for the other glyceropho-
spholipids. The Spearman test yiclded significant correla-
tions between total PE concentrations and bacterial
abundances, which could in large part be explained by
the elevated presence of both at Sta. MV05 (diatom
bloom). On the other hand, the PE species containing
PUFAs were not correlated with bacterial abundances, in
line with the uncommon occurrence of such fatty acids in
bacteria, and the distance-based ordination plots showed
that overall the PE species were associated with stations
with high cyanobacterial abundances (Fig. 7). However,
PE has thus far not been found in cultivated cyanobacteria
(Lechevalier and Lechevalier 1989; Van Mooy et al. 2006),
and it is therefore likely that the PEs in the North Sea were
mostly derived from heterotrophic bacteria.

The betaine lipids DGTS, DGTA, and DGCC are found
in a wide range of eukaryotes (Sato 1992; Dembitsky 1996;
Kato et al. 1996), as well as in cyanobacteria (Rezanka et al.
2003) and some photosynthetic bacteria (Klug and Benning
2001; Elshahed et al. 2007). Although betaine lipids are
predominately found in cellular membranes, DGTS has also
been found in minor amounts in thylakoid membranes
(Janero and Barrnett 1982; Mendiola-Morgenthaler et al.
1985). In the North Sea, total DGTA and DGCC
concentrations correlated with cyanobacterial abundances,
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Table 2.

Average fatty acid chain lengths (number of carbon atoms) and degrees of unsaturation (double bond equivalents) of

SQDG, PC, PG, PE, and DGTS in surface waters of the North Sea (this study) and the eastern South Pacific (approximate values
obtained from figs. 8 and 9 in Van Mooy and Fredricks 2010). Note that the values refer to the combined fatty acid moieties and do not

include the glycerol moiety.

North Sea

Eastern South Pacific

Average degree of

Average degree of

IPL class Average chain length unsaturation Average chain length unsaturation
SQDG 30.3+0.3 0.7+0.1 29.8+0.3 1.0+0.2
PC 35.1x1.0 3.2*0.5 37.7x1.0 6.9*1.2
PG 33.2%+0.3 1.8+0.1 33.8%+0.3 2.5+0.2
PE 34.9+0.9 2.7+0.2 35.1x0.9 3.8=1.0
DGTS 32.5+0.7 1.9+0.5 33.3+0.7 3.7+0.6

implying that this microbial group was the predominant
source. Total DGTS concentrations were not related to any
single microbial group, and in the distance-based ordination
plots individual DGTS species occupied intermediate
positions between the other IPL groupings (Fig. 7B),
implying mixed sources for these IPLs. Most of the DGTS
species appeared to be derived from either pico- or
nanoeukaryotes, whereas some, including those containing
PUFAs, were rather derived from either nanoeukaryotes or
cyanobacteria (see also Van Mooy and Fredricks 2010).

IPL concentrations as a proxy for living biomass—Our
statistical analysis shows that the IPL composition in the
surface waters of the North Sea can be tentatively linked to
the in situ microbial community composition. However, the
overall measures of statistical dependence between the IPLs
and microbial groups were relatively low, raising the
question of how well they represent the in situ microbial
biomass. Abundances of IPLs or IPL-derived fatty acids
are widely used as a proxy for microbial biomass in
environmental and biogeochemical studies (Petsch et al.
2001; Zink et al. 2003; Lipp et al. 2008), although the value
of this proxy has recently been qualified to some extent for
subsurface sediments (Schouten et al. 2010). Statistical
comparison of the IPL concentrations in the North Sea
surface waters with the chlorophyll a concentration, a
measure for photosynthetic phytoplankton biomass (Huot
et al. 2007), yielded good correlations for the eukaryotic
IPL classes SQDG, PC, PG, and possibly DGTS, but not
for the (cyano)bacterial classes PE, DGTA, and DGCC
(Table A3). There thus appears to be a relationship
between the amount of photosynthetic phytoplankton
biomass and the concentrations of several IPL classes,
which provides empirical evidence for the applicability of
these compounds as a biomass proxy in marine waters.
However, an exceptional situation was found at one of the
stations (MV07), where chlorophyll a concentrations were
high, but IPL concentrations were comparable to those of
other stations. It is possible that this site represents the
situation where a phytoplankton bloom has recently
crashed, with the chlorophyll ¢ molecules potentially
having a longer residence time than the IPLs.

Comparison of the IPL composition of North Sea surface
waters with other sites—Our study shows that there is a
large diversity in IPLs in the surface waters of the North

Sea and adjacent areas. At least 600 different IPL species
were recognized, and because each of these species may
comprise multiple fatty acid compositions the total number
of IPLs in a single surface water sample is likely to be much
higher. Moreover, only the dominant IPLs in a mass
window of 300-1000 Da were targeted here, and therefore
the real structural diversity in IPLs could be even larger.

The IPL diversity within the current mass window was
dominated by seven classes: SQDG, glycerophospholipids
(PC, PG, and PE), and betaine lipids (DGCC, DGTA, and
DGTS). Similar findings were made for the surface waters
of the Black Sea (Schubotz et al. 2009), the Sargasso Sea
and the Pacific Ocean (Van Mooy et al. 2006, 2009; Van
Mooy and Fredricks 2010), and the western North Atlantic
Ocean (Popendorf et al. 2011). However, mono- and
digalactosyldiglycerides, which were abundant at these
other sites, were only detected in minor amounts in the
North Sea. The fatty acid compositions of the predominant
IPL classes were generally comparable between the
different locations. However, SQDG and PG species
containing C;3 PUFAs were detected in the Black Sea
(Schubotz et al. 2009), but were rare (PG) or not detected
(SQDQ) in the North Sea and eastern South Pacific (Van
Mooy and Fredricks 2010). Furthermore, a comparison of
the fatty acid chain lengths and degrees of unsaturation of
the predominant IPL classes in the North Sea and eastern
South Pacific showed that the IPLs in the North Sea had
either similar or lower (PC) average fatty acid chain
lengths, and a lower average degree of unsaturation
(Table 2). These differences were most pronounced in PC,
which in the North Sea contained comparatively more
short-chain saturated or mono-unsaturated fatty acids than
long-chain PUFAs. Although no quantitative data are
available from the Black Sea, at all three sites SQDG, PG,
and DGTS had the shortest and most saturated fatty acid
chains, whereas PC contained comparatively more long-
chain PUFAs. DGTA and DGCC contained the longest
and most unsaturated fatty acids in the North Sea and
eastern South Pacific, but unfortunately no distinction was
made between the three types of betaine lipid in the Black
Sea (Schubotz et al. 2009).

The general similarity between the IPL compositions
observed in the North Sea and at other sites investigated to
date suggests that the same suite of IPL classes, each with a
broadly defined but distinct fatty acid profile, predomi-
nates in the surface waters of the world’s oceans. The main
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difference between sites lies in the relative abundance of
these IPL classes and to some degree their fatty acid
compositions. This is quite striking and somewhat surpris-
ing as the investigated sites comprise rather different
environments (e.g., eutrophic vs. oligotrophic, tropical vs.
temperate) and therefore presumably contain different
microbial communities. Although there is a relationship
between the IPL composition in marine surface waters and
the in situ microbial community composition, the overall
comparatively low measures of statistical dependence, plus
the fact that many of the IPLs do not appear to be specific
for a single microbial group and predominate across a wide
range of oceanographic secttings, indicate that direct
inferences of microbial community compositions from
IPL compositions should be considered with care.
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