N
N

N

HAL

open science

Gradients in intact polar diacylglycerolipids across the

Mediterranean Sea are related to phosphate availability

K. Popendorf, T. Tanaka, Mireille Pujo-Pay, A. Lagaria, C. Courties, P.
Conan, L. Oriol, L. Sofen, T. Moutin, B. van Mooy

» To cite this version:

K. Popendorf, T. Tanaka, Mireille Pujo-Pay, A. Lagaria, C. Courties, et al.. Gradients in intact polar
diacylglycerolipids across the Mediterranean Sea are related to phosphate availability. Biogeosciences,

2011, 8 (12), pp.3733-3745. 10.5194/bg-8-3733-2011 . hal-01790825

HAL Id: hal-01790825
https://hal.science/hal-01790825
Submitted on 3 Aug 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NoDerivatives 4.0 International License


https://hal.science/hal-01790825
http://creativecommons.org/licenses/by-nd/4.0/
http://creativecommons.org/licenses/by-nd/4.0/
https://hal.archives-ouvertes.fr

Biogeosciences, 8, 3733745 2011 A ]
www.biogeosciences.net/8/3733/2011/ iGG’ Biogeosciences
doi:10.5194/bg-8-3733-2011 -
© Author(s) 2011. CC Attribution 3.0 License.

Gradients in intact polar diacylglycerolipids across the
Mediterranean Sea are related to phosphate availability

K. J. Popendorft, T. Tanaka®"™ , M. Pujo-Pay®#, A. Lagaria®®, C. Courties”8, P. Conar?4, L. Oriol 34, L. E. Sofert,
T. Moutin 2, and B. A. S. Van Mooy

1Dept. of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, MS #4, Woods Hole,
MA 02543, USA

2Universié de la Mediterraiee, CNRS, Laboratoire d’@anographie Physique et Biachimique, UMR 6535,

Centre d’'Oéanologie de Marseille, Campus de Luminy, Case 901, 13288 Marseille cedex 09, France

3CNRS, UMR 7621, LOMIC, Observatoire ®anologique, 66651 Banyuls/mer, France

4UPMC Univ Paris 06, UMR 7621, LOMIC, Observatoire @mologique, 66651 Banyuls/mer, France
SINSU-CNRS, Laboratoire d’CGeanologie et des @sciences, UMR 8187, Univessitille Nord de France, ULCO,
62930 Wimereux, France

SHellenic Centre for Marine Research, Inst. of Oceanography, 71003 Heraklion, Crete, Greece

CNRS, UMS 2348, Observatoire @anologique, 66651 Banyuls/mer, France

8UPMC Univ Paris 06, Laboratoire ARAGO, Observatoireé@oologique, 66651 Banyuls/mer, France

“now at: INSU-CNRS, Laboratoire d’@anographie de Villefranche, UMR 7093, 06230 Villefranche-sur-Mer, France
“now at: Universié Pierre et Marie Curie-Paris VI, Laboratoire d@mographie de Villefranche, UMR 7093, 06230
Villefranche-sur-Mer, France

Received: 31 July 2011 — Published in Biogeosciences Discuss.: 8 August 2011
Revised: 1 December 2011 — Accepted: 2 December 2011 — Published: 20 December 2011

Abstract. Intact polar membrane lipids compose a signifi- ratio of SQDG to chlorophyll: was also explored as an in-
cant fraction of cellular material in plankton and their synthe- dicator of phytoplankton response to nitrogen availability.
sis imposes a substantial constraint on planktonic nutrient reThis study is the first to demonstrate the dynamic response
quirements. As a part of the Biogeochemistry from the Olig- of membrane lipid composition to changes in nutrients in a
otrophic to the Ultraoligotrophic Mediterranean (BOUM) natural, mixed planktonic community.

cruise we examined the distribution of several classes of in-
tact polar diacylglycerolipids (IP-DAGS) across the Mediter-
ranean, and found that phospholipid concentration as a per;  |niroduction

cent of total lipids correlated with phosphate concentration.

In addition, the ratios of non-phosphorus lipids to phos-|ipids form the membranes of cells and comprise a substan-
pholipids — sulfoquinovosyldiacylglycerol (SQDG) to phos- tjal fraction of planktonic carbon and phosphorus (Wakeham
phatidylglycerol (PG), and betaine lipids to phosphatidyl- et al., 1997; Van Mooy and Fredricks, 2010). As such, lipids
choline (PC) — were also found to increase from west topjay key roles in the biogeochemical cycles of carbon and
east across the Mediterranean. Additionally, microcosm in-phosphorus in the ocean (Suzumura and Ingall 2001), and
cubations from across the Mediterranean were amended Wittheir synthesis poses a Significant cellular nutrient require_
phosphate and ammonium, and in the course of several daygent (Van Mooy et al., 2008, 2009). Bacterial and eukary-
nutrient amendments elicited a shift in the ratios of IP-DAGs. otic marine membranes are Composed mainiy of intact po-
These experiments were used to assess the relative contribigr diacylglycerolipids (IP-DAGs) and these compounds are
tion of community shifts and physiological response to theyaluable tools for the study of microbes in the environment
observed change in IP-DAGs across the Mediterranean. TheRitters et al., 2002; Sturt et al., 2004). These IP-DAGs are
classified by the structure of their headgroups, which are dif-
ferentiated by containing phosphorus, nitrogen, sulfur, sug-

Correspondence td<. J. Popendorf ars, or some combination of these (Guschina and Harwood,
BY (kpopendorf@whoi.edu) 2006; Kato et al., 1996; Oliver and Colwell, 1973; Sato,
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1992; Van Mooy and Fredricks, 2010). The relative abun- ,5.yi
dance of different headgroups within a membrane contributes

to the cellular demand for limiting nutrients. Because phos-
phorus is in low supply in much of the ocean and is in high
cellular demand, the constraint imposed by production of 4™
phospholipids is nontrivial for marine microbes (Van Mooy

et al., 2006, 2008, 2009).

Different groups of plankton contain different arrays of IP- .,
DAG headgroups (Popendorf et al., 2011; Van Mooy et al.,
2006), such that a community dominated by phytoplankton
could be expected to have a different total IP-DAG composi-
tion than a community dominated by heterotrophic bacteria. 3
Some types of plankton have been shown to be capable of
substituting non-phosphorus lipids for phospholipids in con- " ®E  10°E  15E  20°E 25
ditions of phosphorus stress (Benning et al., 1993, 1995;

Martin et al.,, 2011; Minnikin et al., 1974; Van Mooy et Fig. 1. Map of the Mediterranean Sea, colored to indicate
al., 2009), adjusting the composition of their membrane agPathymetry, with locations of sampling on the BOUM cruise. Num-
a physiological response to nutrient conditions. This physi-ber?d stations (black circles) deno'te Iocations_ where a single depth
ological response has been demonstrated in culture, but ha&roflle was sampled; Iett.ered stations (red Frlangles) dgnqte loca-
not previously been observed in a natural, mixed planktonic'©"'S Where multiple profiles were sampled in near proximity, and
. . where microcosm incubations were conducted.
community. It has been observed that the ratios of non-
phosphorus lipids to phospholipids in the water column were

lower in the phosphate-replete South Pacific and higher in thg contained, highly oligotrophic water mass with a longitu-
phosphate-depleted Sargasso Sea (Van Mooy et al., 2009ina| gradient of phosphate, provides an excellent study site
but we posit that this difference in IP-DAG ratio could be at- for the response of IP-DAGs to nutrient limitation.
tributed to either differences in planktonic community struc- | thjs study we set out to see if the phosphorus gradient
ture or differences in the physiological adaptation of plank- 5¢ross the Mediterranean Sea (Krom et al., 1991, Pujo-Pay
ton to low nutrients. Deconvolving the contribution of these gt 5| 2011) leads to a shift in the membrane lipids of ma-
two mechanisms would provide deeper insights on the ecorine microbes, where we would expect the oligotrophic con-
logical and oceanographic meaning of IP-DAG ratios in the gitions in the west to correspond with proportionally more
environment. abundant phospholipids than the ultraoligotrophic conditions
The Mediterranean Sea is well suited for a study of the in-in the east. In addition, we performed microcosm incuba-
fluence of phosphate depletion on IP-DAG distribution, as ittions with nutrient amendments to test whether changes in
is characterized by exceptionally low concentrations of phoSthe available nutrients would elicit a measurable change in
phate and high ratios of dissolved N:P (Krom et al., 1991/ p.paG composition in a natural, mixed planktonic commu-
Moutin and Raimbault, 2002; Pujo-Pay et al., 2011). In ity on short timescales. These controlled incubations al-
the Biogeochemistry from the Oligotrophic to the Ultraolig- owed us to assess the relative contribution of physiological

otrophic Mediterranean (BOUM) cruise the ratio of nitrate response and changes in community composition to the ob-
plus nitrite to phosphate ranged from 24.5 at the surface inggpyeq changes in IP-DAGs.

the west to 32.4 in the east (Pujo-Pay et al., 2011), far exceed-

ing the canonical Redfield ratio of 16 and distinguishing the

Mediterranean Sea as one of the most phosphorus-depleted Methods

bodies of water in the world. The major input of water to

the Mediterranean is over the shallow sill of the Strait of 2.1 Sampling sites

Gibraltar, bringing in nutrient-depleted surface water from

the Atlantic and establishing the oligotrophic nature of the This study was conducted as a part of the Biogeochem-
Sea (Krom et al., 1991). The bathymetry and circulation leadistry from the Oligotrophic to the Ultraoligotrophic Mediter-
to distinctly different water masses in the eastern and westernanean (BOUM) cruise in June—July of 2008 aboard the
basins with a gradient of nutrients, primary production, andR/V L’Atalante Samples were collected for IP-DAG quan-
planktonic community structure from west to east (Moutin tification along a transect from the Algero-Provencal basin
and Raimbault, 2002; Moutin et al., 2002). During the sum-(39.1° N, 5.2 E) to the eastern Levantine basin near Cyprus
mer months intense stratification develops in the Mediter-(33.7 N, 32.7 W, Fig. 1). At 11 stations samples for IP-
ranean, leading to a shallow mixed layer that is downwelledDAG depth profiles were collected (numbered stations, 1—
in some areas by anticyclonic eddies (Siokou-Fragou et al.21). Each depth profile was composed of nine or ten samples
2010; Moutin et al., 2011). Thus the Mediterranean Sea, asaken between 5m and 250 m. At three additional stations

Biogeosciences, 8, 3733745 2011 www.biogeosciences.net/8/3733/2011/
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(lettered stations, station A in the Algero-Provencal basin,were quantified: three phospholipids, phosphatidylglyc-
station B in the lonian basin, and station C in the Levantineerol (PG), phosphatidylethanolamine (PE), phosphatidyl-
basin), located near the center of anticyclonic eddies, multicholine (PC); three glycolipids, sulfoquinovosyldiacylglyc-
ple depth profiles were collected in close proximity (10 pro- erol (SQDG), monoglycosyldiacylglycerol (MGDG), digly-
files in total). At each of these stations single profiles werecosyldiacylglycerol (DGDG); and three betaine lipids, dia-
taken to greater depths: 2700 m, 2500 m, and 900 m respeaylglyceryl hydroxymethyl-trimethyjg-alanine (DGTA), di-
tively at stations A, B and C. Microcosm incubations with acylglyceryl trimethylhomoserine (DGTS), and diacylglyc-
nutrient amendments were also conducted at these stationseryl carboxyhydroxymethylcholine (DGCC). MS detection
and quantification of phospholipids and glycolipids followed
2.2 Microcosm incubation set up and sampling the methods given in Popendorf et al. (2011). Additionally,
) ) ) . betaine lipids were analyzed. Detection of the betaine lipids
V\I_ate_r for the microcosm incubation was coIIe_cted vv_lth was by positive ion mode parent ion scans, for DGTS and
Niskin bottles at 8m depth. Each microcosm incubation y51a product ionm/z236; for DGCC product iom/z104.
consisted of triplicate 20L carboys for each of four con- o antification of DGCC used an external standard curve
ditiong: control (C) no nutrient.addition; nitrogen addition prepared with natural DGCC extracted frofhalassiosira
(N) with 1600 nM NHCI at stations A and B, 3200nM at  hqedonangrown in the Van Mooy lab, purified by prepara-
station C; phosphorus addition (P) with 100 nM B#O1 e HPLC and then quantified by gas chromatography flame-
at all stations; nitrogen and phosphorus addition (NP) withjsni;ation detector (GC-FID) analysis of transesterified fatty
1600 nM NH,CI, 100nM KHPO, at stations A and B,  46iq methyl esters. The response factor of DGTA on the

3200nMNH,CI, 100nM KHPQO, at station C. Carboys 150 Ms was established previously using standard curves
were incubated in on-deck incubators flushed with surfaceof DGCC and DGTA prepared in a similar fashion. MS re-
seawater to maintain ambient temperature, and outfitted Wi“}.ponse of DGTS and DGTA were compared on a Thermo-

screens to reduce incident light by ca. 50 %. Samples Weginnigan LCQ Deca XP ion trap MS and the TSQ MS to
taken daily for a range of biogeochemical parameters (se@gclate a response factor for DGTS.

Tanaka et al., 2011 for full results). Samples were taken for
IP-DAGs at the initiation of the experiments and termination, 2.5 Nutrients
at station A at the end of three days, at stations B and C at

the end of four days. Dissolved nitrate (N@), nitrite (NO,) and phosphate
) ) (PO?[) were measured on board using the automated colori-
2.3 IP-DAG sample collection and extraction metric technique on a segmented flow Bran Luebbe autoanal-

yser II; ammonium (NH) determinations were performed on

Samples for depth profiles were coIIectgd using Niskin bot'board by fluorometry on a Jasco FP-2020 fluorometer. For
tles mounted on a rosette equipped with sensors for con;

ductivity, temperature, pressure, oxygen photosyntheticall))(u” method description see Pujo-Pay et al. (2011). Partic-
) ' o X ' ' ulate phosphorus and particulate nitrogen were collected si-
available radiation (PAR), and chlorophyll fluorescence. All phosp b g

I I F/F fil Wh
samples for IP-DAGs were 1L, transferred from CTD castsmu taneously on precombusted GF/F filters (Whatman), and

: ) . : : were analyzed using the wet-oxidation procedure of Pujo-
(depth profiles) or incubation carboys (microcosm) to filtra- Pa d Raimbault
) . . y and Raimbault (1994).
tion using polycarbonate bottles. Seawater was filtered onto
47 mm 0.2 pm poresize hydrophilic Durapore filters (Milli- 2 6 Microbial cell abundance
pore) using gentle vacuum filtratiorsR00 mm Hg). Filters
were folded in half, cell side in, wrapped in combusted alu- Abundances of the following microbial populations were as-
minum foil and stored in liquid nitrogen until extraction. sessed using flow cytometry: heterotrophic bacteBime-
Extraction was conducted using a modified Bligh and DyerchococcusProchlorococcuspicoeukaryotic phytoplankton,
solvent extraction method with phosphatidylethanolamine-and nanoeukaryotic phytoplankton. Total cells are presented
N-(2,4-dinitrophenyl) (DNP-PE; Avanti Polar Lipids) as an as a sum of these groups. Full methods for flow cytometry
internal recovery standard (Bligh and Dyer, 1959; Popendorfenumeration of both autotrophic and heterotrophic cells are
etal., 2011). provided in Talarmin et al. (2011) and Tanaka et al. (2011).

2.4 IP-DAG quantification 2.7 Chlorophyll

Total lipid extracts were analyzed using high performanceDepth profiles across the transect were sampled for pigments
liquid chromatography/mass spectrometry (HPLC-MS) with by filtering 2 L of seawater onto 25 mm GF/F filters, which
an Agilent 1200 HPLC and Thermo Scientific TSQ Vantage were frozen until extraction. HPLC analysis was used to
triple quadrupole MS with a heated electrospray ionizationquantify pigments, see Ras et al. (2008) for full analyti-
(ESI) interface following Popendorf et al. (2011). HPLC cal methods. Total chlorophydl-(chl-a) for the transect
methods are given in Sturt et al. (2004). Nine IP-DAGs depth profiles is reported as a sum of chloroplayldivinyl

www.biogeosciences.net/8/3733/2011/ Biogeosciences, 8, 37432011
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chlorophyllu, and chlorophyllide:. For the microcosm in- A Salinity (PSU)
cubations, chlorophyldr was measured fluorometrically, see Op— e o
Tanaka et al. (2011) for complete methods. ’ .

2.8 Statistical treatment of data

Depth (m)

Averages are reportetl one standard deviation. All reported
correlation coefficients are from linear regression analysis.
Significant differences in total IP-DAGs and IP-DAG ratios 0B Glam)
across different nutrient amendments in the microcosm in-
cubations (Fig. 6) were identified by ANOVA and post-hoc
Tukey-Kramer HSD tests using MatLab software (version
R2009b), at a confidence level of 95%. Principal compo-
nent analysis (PCA) was conducted using MatLab software 200 Il
(version R2009b) following procedures and code outlined in SE - 10E 1l5°E W 25E 30
Glover et al. (2011). The purpose of the PCA was to de- o pomosPnae (moll)
termine if the variability of individual IP-DAGs was similar ;,ﬁﬂé
to the variability of nutrients (P9 NOz, NHj), pigments ([ p—
(chl-a), or microbial groupsKrochlorococcusSynechococ-

cus heterotrophic bacteria, picoeukaryotic phytoplankton,
nanoeukaryotic phytoplankton). Accordingly a covariance
matrix was constructed as the minor product of eighteen stan-
dardized parameters; 76 samples were included where each
parameter was measured at the same depth from the same
CTD cast. Two principal component factors were selected
which captured the greatest variability in the data, and the
loading of each parameter on the varimax rotation of these
two factors is presented. Loadings were considered notable e 10E 15E  20F  25E  30°F
when their absolute values were greater than 0.6. o - Total cells (10° celsimL)

3

00
5°E 10°E

Depth (m)

Depth (m)

Depth (m)

3 Results

Depth (m)

3.1 Environmental conditions across the
Mediterranean

The surface waters of the Mediterranean basins were distin-
guished by their variation of salinity (Figs. 1 and 2a): rela-
tively low salinity in the Algero-Provencal basin in the west
(stations A, 21), and across the Sicilian channel (stations 19
and 15) and the Sicilian strait (station 17), increasing salin-
ity through the lonian basin (stations 13, B, 1, 3), and high-
est salinity in the Levantine basin in the east (stations 5, 7,
9, 11, C). Intense summer stratification was apparent in the
\?v(;(ﬁzga;td:rr:ﬁgggn:?gé dzdki)()e,smrlggr ;lasgoﬂfﬂa)éedgd:mnb Fig. 2. Distribution of several parameters measured in the upper
. . P ““water column (300 m) from west to east across the Mediterranean
There' was a WeSt'ef"‘St gradient in phosphate .Concentratlogea_ SalinityA) and potential densitysf; B) were measured with
with high phosphate in the west. The phosphocline was shalge cTD sensors: phosphae) is soluble reactive phosphorus as
lowest through the Sicilian channel (Fig. 2c) and deepenedneasured by an autoanalyzer instrument; total chlorophll) is
to the east (Pujo-Pay et al., 2011). Further discussion of theéne sum of chlorophylk, divinyl chlorophyll and chlorophyllide-
oceanographic conditions during the BOUM campaign area; total cells (E) is the sum ofProchlorococcus Synechococ-
described by Moutin et al. (2011). cus heterotrophic bacteria, picoeukaryotic phytoplankton, and na-
noeukaryotic phytoplankton; total IP-DAGE) is the sum of the
nine most abundant classes of IP-DAGs found in the water col-
umn. Numbers across the top panel indicate station labels; black
dots indicate individual samples, colored contours indicate interpo-
lated gradients.

Depth (m)

10°E 15°E 20°E 25°E 30°

Longitude
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A. PG (pmoliL) B. PE (pmol/L) C. PC (pmoliL)

0A 21 19 17 15 13 B 1 3 5 7 9 1C 1000 A 21 19 17 15 13 B 1 3 5 7 21 19 17 15 13 B 1

AAAA B 400

.zuo
| -

5°E 10°E 15°E 20°E 25°E

H. DGTS (pmol/L)

L
- — ﬂ\ s ,\ 200
I Uil S S E 100
00 i o
5 10°E  15°E  20°E  25E  30°E 5 10°E  15°E  20°E  25°E  30°E 5°E  10°E 15°E  20°E  25°E  30°E

Longitude Longitude Longitude

Fig. 3. Distribution of the nine most abundant IP-DAGs in the upper water column (300 m), each panel showing the concentration of a single
class of IP-DAG from west to east across the Mediterranean Sea. The firgh+@y is phospholipids; the second rq®—F) is glycolipids;

the third row(G-I) is betaine lipids. Numbers across the top panels indicate station labels; black dots indicate individual samples, colored
contours indicate interpolated gradients.

3.2 Distribution of IP-DAGs across the Mediterranean ipids (Fig. 3), closely followed by phospholipids. Averag-
ing across the whole transect, from the surface to 150 m
The IP-DAG membrane lipid composition of particulate ma- depth the most abundant IP-DAG was the glycolipid SQDG,
terial was analyzed at 14 stations across the Mediterraneafioughly 30 % of the total IP-DAGs at many depths, with a
In each sample the nine most abundant classes of marin@aximum of 2.5nM at 50m in the Sicilian strait. Below
IP-DAGs (Van Mooy and Fredricks, 2010) were quantified: 150 m the phospholipid PE was most abundant. The dis-
three phospholipids, PG, PE, PC; three glycolipids, SQDG,trlbutlon of each lipid class varied both longitudinally and
MGDG, DGDG; and three betaine lipids, DGTA, DGTS, with depth, however the classes within each type of IP-DAG
DGCC (Fig. 3). Total IP-DAG concentration, as the sum (Phospholipids, glycolipids, betaine lipids) tended to have
of these nine classes, averaged 245nM in the upper similar c_haracterlstlcs. This was part|cul_arly clear in the
250 m of the Mediterranean. The general distribution of to-rénds with depth: at depths below approximately 100 m be-
tal IP-DAGs paralleled that of total cells (Fig. 2), with a taine lipid conce.nt.ratlons decrgased sharply; at depths be-
significant positive linear correlationRg = 0.64, n = 159, low 150 m glycolipid concentrations decr_e(_':lsed ste_eply, thus
p <0.01). The average IP-DAG content per cell was found at depths greater than.150m phospholipids dominated the
to be 6.6+ 2.4 amol/cell, or approximately 3:71.3fglipid  reservoir of IP-DAGs (Fig. 3).
Clcell (assuming an average IP-DAG molecular weight of
800 gmot ! and 70 % w/w C). Total lipid concentration was 3.3 Variation within types of lipids
highest in the western Mediterranean with a maximum of
6.3 nM at approximately 50 m in the Sicilian channel at sta-3.3.1 Phospholipids
tion 15. The depth of the total IP-DAG maximum deep-
ened from west to east, reaching 100 m in parts of the LevPhospholipids demonstrated a strong longitudinal gradient,
antine basin and a maximum concentration of only 4.3 nMwith a clear maximum in the west and decreasing concen-
in the east. The distribution of the total IP-DAGs by depth trations to the east (Fig. 3a, b, ¢). The phosphate concentra-
showed low concentration in the surface (1.0-5.0nM), ation was also higher in the west and decreased to the east
maximum around 50-100m (2.5-6.0nM), and decreasingFig. 2c). As a fraction of total IP-DAGSs, total phospho-
concentration down to 150m (1.0-3.0nM), then relatively lipid concentration (the sum of PG, PE and PC; Fig. 4a) was
low and constant down to 250 m (0.3—-0.7 nM; Fig. 2). Near significantly positively correlated with phosphate concentra-
the surface, total IP-DAGs were dominated by the glycol-tion (R2=0.30, n =198, p < 0.01). The longitudinal and

www.biogeosciences.net/8/3733/2011/ Biogeosciences, 8, 37432011
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depth distribution of the three phospholipids, PG, PE, and
PC, was quite similar (Fig. 3a, b, c). By depth, each phos-
pholipid class was approximately 200—600 pM in the surface,

increasing to 200-800 pM at 50-75m, then decreasing to
100-200 pM at 250 m. Though the basin-wide distribution of
the three phospholipids was similar, their relative abundance
varied with depth. From 5m to 100 m, PC was the most
abundant phospholipid, and in many places the second most
abundant IP-DAG after SQDG. At depths below 100 m PE
was the most abundant phospholipid; and below 150 m PE
15 was the most abundant IP-DAG. Maxima occurred at station
! 17 for PG and PE; station 21 for PC; at station 9 high con-
10 centrations of all three phospholipids persisted much deeper
b than the surrounding areas consistent with downwelling seen

100F

Depth (m)

200

300
5°E 10°E 15°E 20°E 25°E
B. Phospholipids (% of particulate phosphorus)

100 -, i

30°E

0

e

Depth (m)

200| - |

15 in isolines (Fig. 2). At several locations samples were taken

from 250 m down to 2500 m (data not shown); below ap-
0 proximately 175 m all of the detectable IP-DAGS were phos-
pholipids, which persisted in measurable quantities down to
2700 m (the deepest depth sampled). At 500 m and deeper,
each phospholipid was roughly 50-100 pM, with PE being
most abundant (40 % of total IP-DAGS).

Ocean Data View

300
5°E 10°E

15°E
C.SQDG : PG (nM : nM)

20°E 25°E

0

=
(=3
o

Depth (m)

N
=3
o

3.3.2 Glycolipids

-

Ocean Data View

0 (il
N w H (3]

o

300 .
5°E 10°E 15°E 20°E

D. Betaine lipids : PC (nM : nM)

In contrast to the phospholipids, the glycolipids did not dis-
play a strong longitudinal gradient, nor was their distribution
as similar across the three classes of IP-DAGs (Fig. 3d, e, f).
By far the most abundant glycolipid was SQDG (Fig. 3d). Its
vertical distribution showed a distinct minimum in concen-
tration near the surface, an increase at 50—100 m, and a sharp
decrease at 100 m in the Algero-Provencal basin in the west,
a slightly deeper decline at 150 m to the east. The distribu-
tions of MGDG and DGDG were more similar to each other
than to SQDG, being less abundant overalRQ0 pM near

30 the surface), and having less pronounced minimums near
the surface. DGDG was a little less abundant than MGDG,
20 though MGDG and DGDG both had maxima at 75 m at sta-
tion A, roughly 600 and 400 pM, respectively.

30°E

Depth (m)
N w £ (3,

-

Ocean Data View

i il
5°E 10°E 15°E 20°E
E. SQDG : Total chl a (nM : pg/L)

o

25°E 30°E

Depth (m)

3.3.3 Betaine lipids

300 il
5°E 10°E 15°E 20°E
Longitude

25°E 30°E

The three betaine lipids had similar patterns of distribution
(Fig. 3g, h, i), but their absolute concentrations were quite
Fig. 4. Distribution of the ratios of lipids each shown in the upper different with DGTA having the highest conceniration by a

300 m from west to east across the Mediterranean Sea. Total phoé‘-”‘ctor of 2 at most locations, a maximum of aimost 900 pM
pholipids (the sum of the concentrations of PG, PE and PC) aréompared to roughly 300 pM for DGTS and DGCC. For all
shown as a percent of total IP-DAGA&), and as a percent of total  three betaine lipids the highest concentration was in the Sicil-
particulate phosphoru®). The ratios of the concentration of non- ian channel (stations 19 and 17), with a second maximum in
phosphorus lipids to phospholipids are shown as the ratio of the sulthe eastern Mediterranean at the boundary of the lonian and
folipid SQDG to the phospholipid PET), and the ratio of the sum  Levantine basins (stations 3, 5 and 7). Depth profiles of the
of the betaine lipids (DGTA, DGTS and DGCC) to the phospho- petaine lipids were different from the phospholipids and gly-
lipid PC (D). Also shown is the ratio of SQDG to total chlorophyll- colipids in several ways: they did not exhibit a pronounced
(E). Numbers across the top panel indicate station labels; black dOt?ninimum near the surface; the maximum was slightly shal-
indicate individual samples, colored contours indicate mterpolatedlower’ 50—75m as opposed to 50-100 m: and their concentra-
gradients; * indicates outlier values not plotted. . L . .
tion decreased more steeply with increasing depth than either
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glycolipids or phospholipids, by 100 m depth their concen- 08 , , , , ,
tration was near undetectable. o N
06f FCs

3.4 Ratio of IP-DAGs S oa

: SChla
From west to east across the Mediterranean, the strong gra- § 02 oNH: o Pro.
dient of the phospholipids from high to low led to a gradi- .8 ol Nanoeuk. Picoeuk.
ent in the ratio of non-phosphorus lipids to phospholipids £ . P‘C oPE
(Fig. 4). As a percent of total IP-DAGs, phospholipids av- ~ -0.2 ¢ QDG
eraged 44.3% £ 10.7 %; Fig. 4a) in the upper 100m of g . mepG ®
the Algero-Provencal through the lonian basins, and 30.0% & ®e
(£ 7.4%) in the upper 100 m of the Levantine basin. Across & -os} o> oope e
the Mediterranean, phospholipids were 76.0226.7 %) of o °
total IP-DAGs below 100 m down to 250 m. As a fraction 081 6T s
of particulate phosphorus, phospholipids represented 7.1 % _ °.e . . . .
(£ 2.5%) of the phosphorus pool (Fig. 4b), with higher val- 02 0 02 04 06 08 !
ues in the west and typically lower values in the surface wa- PCA factor 1 (variance 36.2%)

ters in the east. The fraction of particulate nitrogen repre- o _ _
sented by N-containing lipids (the sum of PE, PC, DGTA, Fig. 5. Principal component analysis was applied to 18 parameters:
DGTS and DGCC) was also calculated and found to be 0.4 ggoncentration of three phospholipids (PG, PE, PC; red circles); con-

(0.2 %, data not shown) though there was no notable wesgentration of three glycolipids (SQDG, MGDG, DGDG,; blue cir-
to east tr(,end cles); concentration of three betaine lipids (DGTA, DGTS, DGCC;

) o __orange circles); abundance of five plankton populations (purple cir-
The ratio of the sulfolipid SQDG to the phospholipid cles): SynechococcuSyn), ProchlorococcugPro.), nanoeukary-

PG (SQDG:PG,; Fig. 4a) was low in the western Algero- otic phytoplankton (nanoeuk.), picoeukaryotic phytoplankton (pi-
Provencal basin (14 0.3 in the upper 100 m), began to coeuk.), heterotrophic bacteria (het. bac.); concentration of three
increase across the Sicilian channel (£.0.7 in the upper nutrients (grey circles); and concentration of total chlorophyll-
100 m) into the lonian basin (2551.3 in the upper 150m), (Chl-a; green circle). Each parameter is plotted as its loading on the
and was highest in the eastern Levantine basin43L% in two principql component factors that captured the greatest amount
the upper 150 m). The maximum deepened from west to easf variance in the data.
from 75 m in the Algero-Provencal basin to 125 m in the Lev-

antine ba§|n. o o _ strait (station 15) and across the boundary of the lonian and
The ratio of the betaine lipids to PC also exhibited a longi- | evantine basins (stations 3 and 5).

tudinal gradient (betaine lipids:PC; Fig. 4b), being lowest in
the west (1.6t 0.5 in the upper 50 m in the Algero-Provencal 35 Relationship between IP-DAGs and other
basin) and highest in the east (0.9 in the upper 75m in biogeochemical parameters
the Levantine basin). The ratio approached zero at a much
shallower depth than SQDG:PG, due to the shallower depthgrincipal component analysis (PCA) showed that almost all
of the betaine lipids relative to SQDG (Fig. 3). The max- of the phospholipids and glycolipids had similar loadings on
imum also deepened from west to east, more steeply thathe principal component factor which captured the greatest
SQDG:PG, from near 5m in the Sicilian channel to 50 m in gmount of variance in the data (factor 1, Fig. 5), except for
the Levantine basin. DGDG which loaded heavily on factor 2. Additionally most
Across the Mediterranean there was a strong positive coref the microbial populations loaded closely to the glycolipids
relation between SQDG and total chlorophyl(®? = 0.50, and phospholipids on factor 1, including heterotrophic bac-
n =135, p <0.01). The maxima of both SQDG and chl- teria, Prochlorococcus nanoeukaryotic phytoplankton and
a occurred at depth (Figs. 2 and 3), between 50 and 100 npicoeukaryotic phytoplanktonSynechococcudid not load
(shallower in the western basin, deeper in the eastern basins}|osely to the other microbial populations on factor 1, though
however the ratio of SQDG to cll-was highest near the its loadings on both factors 1 and 2 were similar to DGDG.
surface (Fig. 4c). The deep chlorophyll maximum paral- Total chlorophylle had similar loading td’rochlorococcus.
leled the abundance &rochlorococcugsee Mella-Flores et  The nutrients NH, NOz, and PQ did not have loadings sim-
al. (2011) for cyanobacteria abundance), and while the max#ar to any of the cells, chd, glycolipids or phospholipids
imum of SQDG also followed thé&rochlorococcusabun-  in this analysis. However, Nand PQ had heavy posi-
dance, SQDG was also relatively abundant near the surtive loadings on factor 2, while the three betaine lipids had
face (Fig. 3d). There was not a longitudinal gradient in a heavy negative loading on factor 2, and both nutrients and
SQDG:chle, with the maxima of the ratio in the Sicilian betaine lipids had similarly little loading on factor 1.
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Fig. 6. Total IP-DAG concentratiofA—C), SQDG:PG ratiqD-F), betaine lipid:PC ratigG-I), and SQDG:chlorophyl ratio (J-L) on

the final day of incubations from three locations, stations A, B, and C (organized by column) with nutrient amendments: C is control (no
amendment), N is addition of ammonium, P is addition of phosphate, NP is addition of ammonium and phosphate. Error bars are the standarc
deviation of triplicate carboys. In each plot, lowercase letters (a, b, c) indicate statistical post-hoc comparisons: bars labeled with different
letters are significantly differenp(< 0.05); NS indicates no significant difference.

3.6 Response of IP-DAGs to nutrient amendments in Total IP-DAG concentration increased dramatically in the
microcosm incubations NP condition in all three experiments (stations A, B and C)
relative to the control. With the addition of only ammo-
Microcosm incubations were conducted at three locationshium or only phosphate there was a small increase in total
(stations A, B, and C) in the Mediterranean to determine the|p-DAGs relative to the control at station A in the N con-
response of the biological community to changes in nutrientgition, and a small decrease at station C in the P condition
availability, specifically an increase in available ammonium (Fig. 6a—c). In contrast to the change in total IP-DAG con-
(N condition), phosphate (P condition), or an increase in bothcentration, the ratio of SQDG to PG increased in the N con-
ammonium and phosphate (NP condition). Over three or fourdition at all three stations. At station B there was also a large
days an array of biogeochemical parameters were measurgficrease in SQDG:PG in the NP condition. At station C there
to assess community response (see Tanaka 2011 for a full dgyas a small decrease in SQDG:PG in the P condition as well
scription of results). Comparison of IP-DAGs in the differ- as the NP condition. Shifts in betaine lipid:PC ratio in the
ent nutrient amendments on the final day of the incubationN conditions were similar to those observed in SQDG:PG,
showed that within the space of a few days the membranguith an increase relative to the control at stations B and C
lipid composition had changed dramatically. (changes were not significant at station A). In contrast to
SQDG:PG there also appeared to be an increase in betaine
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lipids:PC in the NP condition at all stations, however the vari- abundant low-phospholipid containing organisms (for exam-
ability across the three triplicates was slightly larger for the ple Synechococcyu®opendorf et al., 2011; Van Mooy et al.,
betaine:PC ratios than for SQDG:PG and thus the increas2006) when phosphorus is scarce. By combining measure-
in the NP condition was only significant at station C. In the ments of IP-DAGs across the Mediterranean with measure-
P condition there were no significant differences in betainements in microcosm incubations we were able to deconvolve
lipids:PC relative to the control. the relative contribution of these two mechanisms.
The ratio of SQDG to chlorophyl-also changed with nu-
trient additions, with a decrease in the ratio in both the N and4.1  Factors influencing IP-DAG ratios
NP conditions relative to the control at all stations. At sta-
tion C there was also a decrease in the P condition, and ndhe relative influence of community composition and physi-
significant change in the P condition at the other two stationsological response to nutrients was assessed by principal com-
ponent analysis (Fig. 5), comparing the variability in IP-DAG
concentrations to the variability in nutrients and variability
4 Discussion in the abundances of different planktonic groups. All of the
microbial groups, except foBynechococcudoaded heav-
Membrane lipids have a rich history of being applied as aily on factor 1 and only minimally on factor 2, thus fac-
proxy for microbial biomass in the environment (Balkwill et tor 1 loads heavily on parameters representing community
al., 1988, White et al., 1979), and recent work has shown thastructure. Additionally, all of the phospholipids and glycol-
they may also be applied as indicators of community struc-ipids, except DGDG, load heavily on factor 1 and not heavily
ture and physiology (Popendorf et al., 2011; Van Mooy et al.,on factor 2, indicating that much of the variability in phos-
2006, 2009). In this study, across the Mediterranean total celpholipids and glycolipids across the transect might be as-
abundance was highest in the west (Fig. 2) as expected froraociated with the variability in the planktonic community.
previous studies (Siokou-Frangou et al., 2010 and referenceSynechococcuand DGDG did not load heavily on factor
therein), and total IP-DAG concentration was significantly 1, but they loaded closely to each other on factor 2. Pre-
positively correlated with total cell abundance. Though thevious studies have shown that DGDG is a significant com-
distribution of cell size has also been observed to vary acrosponent of Synechococcumembranes and is not as abun-
the Mediterranean (Christaki et al., 2011; Siokou-Frangou edant in other cyanobacterial or heterotrophic bacterial mem-
al., 2010), and could contribute to the variation in IP-DAG branes (Popendorfetal., 2011). Furthermore, the distribution
content per cell, apparently the variation in cell size has aacross the transect showed that maxima of both DGDG and
smaller influence on IP-DAG concentration than cell abun-MGDG corresponded with high abundancesSghechococ-
dance. Among the different IP-DAGs the strongest west tocus and Prochlorococcusrespectively (see Mella-Flores et
east gradient was seen in the phospholipids. When normalal. (2011) for the distribution of cyanobacteria). The similar
ized to total IP-DAGS, the gradient of phospholipids was pos-loading ofProchlorococcusind chle in the PCA also corre-
itively correlated with phosphate concentration, with phos-sponded with the observed co-occurrence of the deep chloro-
pholipids making up less of the membrane lipids in the sur-phyll maximum andProchlorococcusmaximum across the
face waters of the ultraoligotrophic east. This aligns with Mediterranean, further affirming the utility of the PCA. Sim-
the hypothesis that microbes will direct less of their cellular ilar associations betwed?Prochlorococcusand chlorophyll-
phosphate towards phospholipid production when the nutriw were previously observed in the South Pacific (Van Mooy
ent is increasingly scarce (Van Mooy et al., 2006, 2009). In-and Fredricks, 2010).
deed, phospholipids were generally a higher percent of par- The other parameters that did not load heavily on fac-
ticulate phosphorus in the west and lower in the east. Withtor 1 were nutrient concentrations and betaine lipid con-
less phospholipids in the membrane, the balance of IP-DAGgentrations, which instead loaded heavily on factor 2. This
is expected to come from glycolipids and betaine lipids. Themay indicate that across the Mediterranean the concentration
particular substitutions that have been observed in culturesf betaine lipids was heavily influenced by the concentra-
are SQDG substituting for PG, and betaine lipids substitut-tion of nutrients, implying a stronger signal of physiologi-
ing for PC (Benning et al., 1993, 1995; Martin et al., 2011; cal response as opposed to variation in community structure.
Van Mooy et al., 2006, 2009). Across the Mediterranean, theThough principal component analysis is a useful tool for in-
ratios of SQDG:PG and betaine lipids:PC were both high-dicating potential connections it cannot determine if commu-
est in the east. This gradient in membrane composition cornity or physiology are causal in the variability of IP-DAGSs.
responded with the change in nutrients across the MediterThe variation of IP-DAGs with different microbial groups
ranean (Pujo-Pay et al., 2011), however there are two pohas been well studied in cultures (Oliver and Colwell, 1973;
tential mechanisms that could contribute to this variation inGuschina and Harwood, 2006; Kato et al., 1996; Van Mooy
IP-DAGs: (1) physiological shifts within organisms, leading et al., 2006), and some work has also been done measuring
to increased non-phosphorus lipids per cell, or (2) changes itthe diversity of IP-DAGs in microbial groups from environ-
the composition of the microbial community leading to more mental samples (Popendorf et al., 2011). The physiological
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response has also been well studied in monocultures (Bemmean was higher). These changes were consistent across
ning et al., 1993, 1995; Martin et al., 2011; Van Mooy et the stations, despite inconsistent changes in the community
al., 2009), however it remains to be shown whether the influ-structure which were generally small relative to changes ob-
ence of changes in physiology can be detected in changes iserved in the NP condition (Tanaka et al., 2011). Thus these
IP-DAGs in a natural, mixed planktonic community. changes in IP-DAG ratios indicate that the increase in phos-
phorus stress led to a dynamic, physiologic cellular response
4.2 Influence of physiology vs. community on IP-DAGS  resulting in IP-DAG substitution in a natural, mixed plank-
assessed in microcosm incubations tonic community. This is the first observation of a change
in membrane composition as a physiological response in the
The microcosm incubations with nutrient amendments con-environment, and it indicates that elevated ratios of these IP-
ducted on the BOUM cruise provided a unique opportunity DAGs observed in other phosphate depleted environments
for assessing the relative contributions of community compo-could be an indicator of phosphorus stress.
sition and physiological response to the changes in IP-DAGs. The increase of the betaine lipid:PC ratio in the N con-
Within the microcosms, we could account for changes indition provided validation of the lipid substitution expected
the community composition, enabling an examination of thefrom observations in culture (Benning et al., 1995; Martin et
changes in IP-DAGs that resulted from solely physiologi- al., 2011). This was particularly notable since betaine lipids
cal adaptation. The addition of nitrogen and phosphorus tdn marine environments are not well understood (Van Mooy
the oligotrophic, phosphate-depleted waters of the Mediterand Fredricks, 2010; Popendorf et al., 2011) and therefore
ranean elicited a diverse array of both community and physmechanistic explanations for the observed trends are more
iologic shifts in the microbial community. limited. In all of the amendment conditions the change in be-
With the addition of phosphate (P condition) in the mi- taine lipids:PC was more variable within the triplicate mea-
crocosms no significant changes were observed in the abursurements than the change in SQDG:PG. The PCA indicated
dance of various microbial groups (Tanaka et al., 2011). Withthat betaine lipids might be more strongly influenced by
the lack of change in community composition, the observedphysiological response than the glycolipids or phospholipids
change of IP-DAGs in this condition would be expected to (Fig. 5), and the longitudinal trend in the betaine:PC ratio
be primarily due to physiological response. However, pri- showed an increase in the ultraoligotrophic eastern Mediter-
mary production, bacterial production, and alkaline phos-ranean Sea (Fig. 4), indicating an increase in response to
phatase activity did not change in response to the P amendew phosphate conditions as expected. However the sharp
ment (Tanaka et al., 2011; Lagaria et al., 2011), which in-decrease in betaine lipid abundance with depth, relative to
dicates that this system was not phosphate limited despitglycolipids and phospholipids, indicates that the abundance
the low ambient phosphate concentration and high N:P at albf these IP-DAGs may be controlled by unique factors, re-
three stations (Pujo-Pay et al., 2011). Relative to the controllated either to physiology or community, which are thus far
phosphate addition elicited a change in the ratio of IP-DAGsunidentified. The microcosm incubations support the conclu-
at only one station: a small decrease in SQDG:PG at statiosion that physiological response contributes to the observed
C, as would be expected of a physiological response to intrends in betaine lipid concentration, but future studies could
creased phosphate. At all other stations there were no signiffurther refine our understanding of betaine lipid sources and
icant changes in the ratio of SQDG:PG or betaine lipids:PC the factors that influence them.
This lack of strong response to phosphorus addition is con- In the NP condition there was a significant change in
sistent with the observations of a previous phosphate additiofvoth the community composition and metabolic activity at
experiment in the Mediterranean (Thingstad et al., 2005),all three stations. These changes included an increase in pri-
which found that increased phosphate did not elicit a changenary production at all three stations, an increase in bacterial
in the phytoplankton community despite the expectation ofproduction at stations B and C, and an increase in the abun-
phosphate limitation. The lack of observed shifts in IP-DAG dance of many microbial groups includirBynechococcus
ratios simply reflects a community that was not P-limited.  (all stations), autotrophic nanoplankton (stations B and C),
The addition of ammonium (N condition), on the other and ciliates (stations A and C; Tanaka et al., 2011; Lagaria
hand, elicited a strong physiological response. In the N conet al., 2011). The total IP-DAG concentration increased sig-
dition alone there was a significant increase in alkaline phosnificantly at all three stations, as would be expected from the
phatase activity at all three stations (Tanaka et al., 2011)large increase in microbial abundance. The significant shifts
demonstrating clear enhancement of phosphorus stress (Lér community structure, however, meant that little insight on
mas et al., 2010). The changes in IP-DAG ratios that werephysiology could be drawn from the observed changes in IP-
observed are what would be expected from a physiologicDAG ratios.
response to increased phosphorus stress: at all three sta-
tions the ratio of SQDG:PG increased, and at two stations
the ratio of betaine lipids:PC increased relative to the con-
trol (changes were not significant at station A, although the
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4.3 Relationship between SQDG and chlorophyl& 5 Conclusions

Previous studies have suggested that SQDG originates sole . . .
in photoautotrophic organisms (Popendorf et al., 2011; Vankx,e observed gradients in IP-DAGs that correlated with the

Mooy et al., 2006, 2009) and is associated with the organelle?hOSphate gradient across the Mediterranean, which is con-

of photosynthesis (Sakurai et al., 2006; Sato, 2004; Wadg.istent with the hypothesis that nutrient availability controls

and Murata 1998). Thus we would predict that across thethe relative abundance of IP-DAGs. Gradients in commu-

Mediterranean there would be a strong correlation betweeﬁ1ity structure undoubtedly contributed to this gradient, but
SQDG and chlorophyli, and indeed this was observed our microcosm incubations showed that physiological shifts

The maxima of both SQDG and chlorophylleccurred at likely also contribute to the observed changes. The phospho-
depth, however the ratio of SQDG to chlorophyliwas high- lipid concentration as a percent of total lipids was positively

est néar the surface. While the maximum of SQDG paral_correlated with phosphate concentration across the Mediter-
leled the maximum irProchlorococcusabundance (Mella- ranean, both phospholipids and phosphate concentration be-

Flores et al., 2011), SQDG is known to also occur in othering highgr in 'th.e We.St and lower in the east. Glycolipids

phytoplankton includingSynechococcuand pico- and na- and betaine lipids dld_not show a strong west to east gra-
noeukaryotic phytoplankton (Popendorf et al., 2011; Sato,d'enf(’ _howev_er the ratio of non-phosphorus I|_p|d5 to phos-
2004; Van Mooy et al., 2006, 2009), which were more abun_phol|p|ds varied across the Mediterranean, with SQDG:PG

dant near the surface than at the deep chlorophyll maxi-and betaine lipids:PC being higher in the ultraoligotrophic

mum (Mella-Flores et al., 2011). The increase in the ratio8Stern Mediterranean. Throughout the Mediterranean, to-
of SQDG to chlorophylk near the surface therefore indi- tal IP-DAGs in the upper 2_50_m were correlat_ed with _ceII

cates that though both molecules correlate with phytoplank?pum_jance' r_eaﬁlrmlng their d|rect_ representatlo_n (.)f micro-
ton abundance, their ratio varies with depth. This may be du ial biomass in the ocean. Comparison of the variation in IP-

to a combination of both photoacclimation, decreasing cellu-thAC;/T tdoitverlrnar?onrfle? mlcroclj)ltal g)zoumﬁi atnhd r:ulmt(ia\?tsin?lc ror?s
lar chlorophyll content with high surface irradiance (Mac- € Viediterranean was used 1o examine the refative infiuence

Intyre et al., 2002), or higher cellular SQDG content in the of microbial community composition changes and cellular

phytoplankton species that are more abundant near the suP—hyS'OIOQy changes on the observed IP'DAG changes. Mi-
face crocosm incubations of whole seawater with nutrient amend-

Though no longitudinal gradient was observed in ments provided further insight on these two mechanisms, and
provided direct evidence from a mixed community under in

SQDG:chle, the change in the ratio in the microcosm in- . . e .
cubations demonstrated a response to changes in nutrient%'.tu conditions that shifts in IP-DAG ratios are part of a phys-
iologic response to changes in nutrients. Additionally, the

In the N and NP conditions at all stations the ratio of SQDG microcosm incubations demonstrated that an increase in am
to chlorophylla decreased significantly relative to the con- . . . o i
Pyt 9 y monium led to a decrease in the ratio of SQDG tochhdi-

trol (at station C the ratio decreased relative to the control_ . . . oo ) o
in all amendment conditions). This change in the N Condi_catmg that this ratio may be an indicator of nitrogen availabil-
o : : ) . ity. With knowledge of the factors influencing the variation
tion is likely representative of a physiological response (as : .

y rep phy g b ( f IP-DAGs in the environment, IP-DAGs can be molecular

previously discussed the changes in the NP condition art Is for the studv of the microbes in th d their rol
likely due to a combination of community changes and phys-_00 s forthe study ot the microbes in the ocean and their role
in biogeochemical cycles.

iological response). Chlorophyll has a high nitrogen content,
and is known to increase proportionally more than phyto-
plankton abundance when nitrogen is added to an N-starve

_System (_Zohary _et al., 2005). The addlt_lon of amm(_)nlumand crew of the R/\L'Atalante, Josephine Ras and HérClaustre

in these mngatlons_led to an increase In Chlorophylli} for the chlorophyll data (HPLC method), Stella Psarra for con-
the N condition relative to the control at stations A and B yjhytions to chlorophyll data (fluorometry method) and helpful
(Tanaka et al., 2011), and, though the ratio of SQDG:PG wagomments on the manuscript, Helen Fredricks for HPLC-MS
seen to increase in these conditions, the ratio of SQDG:chlguidance, Krista Longnecker for assistance cultufihgpseudo-

a decreased, indicating that this ratio is sensitive to nitrogemanafor the DGCC standard, Catherine Carmichael for her aid in
abundance. Thus the ratios of SQDG:ahks an indicator of  quantifying the DGCC standard, Patrick Martin for his work with
nitrogen availability, and SQDG:PG, as an indicator of phos-MS betaine comparisons, James Fulton for helpful discussions,
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