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The effect and fate of dry atmospheric deposition on nutrient-starved plankton in the

Eastern Mediterranean Sea (EMS; Crete, 2012) was tested by spiking oligotrophic

surface seawater mesocosms (3 m3) with Saharan dust (SD; 1.6 g L−1; 23 nmol

NOxmg−1; 2.4 nmol PO4mg−1) or mixed aerosols (A; 1.0 g L−1; 54 nmol NOxmg−1;

3.0 nmol PO4mg−1) collected from natural and anthropogenic sources. Using high

resolution liquid chromatography-mass spectrometry, the concentrations of over 350

individual lipids were measured in suspended particles to track variations in the

lipidome associated with dust fertilization. Bacterial and eukaryotic intact polar lipid

(IPL) biomarkers were categorized into 15 lipid classes based on headgroup identity,

including four novel IPL headgroups. Bulk IPL concentrations and archaeal tetraether

lipids were uncoupled with the doubling of chlorophyll concentrations that defined

the stimulation response of oligotrophic plankton to SD or A amendment. However,

molecular level analysis revealed the dynamics of the IPL pool, with significant additions

or losses of specific IPLs following dust spikes that were consistent among treatment

mesocosms. Multivariate redundancy analysis further demonstrated that the distribution

of IPL headgroups and molecular modifications within their alkyl chains were strongly

correlated with the temporal evolution of the plankton community and cycling of

phosphate. IPLs with phosphatidylcholine, betaine, and an alkylamine-like headgroup

increased in the post-stimulated period, when phosphate turnover time had decreased

by an order of magnitude and phosphorus uptake was dominated by plankton >2µm.

For most IPL classes, spiking with SD or A yielded significant increases in the length and

unsaturation of alkyl chains. A lack of corresponding shifts in the plankton community

suggests that the biosynthesis of nitrogenous and phosphatidyl lipids may respond to

physiological controls during episodic additions of dust to the EMS. Furthermore, alkyl

chain distributions of IPLs containing N, P, and S invoked a bacterial source, suggesting

that bacterioplankton are able to modulate these lipids in response to nutrient stress.
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INTRODUCTION

In the ultra-oligotrophic Eastern Mediterranean Sea (EMS),
biological production is (co)limited by both nitrogen (N) and
phosphorus (P) (e.g., Krom et al., 1991; Thingstad et al., 2005a)
and is primarily driven by picoplankton and recycling within the
microbial loop. Atmospheric deposition of dust and aerosols has
been acknowledged as a predominant source of nutrients and
trace metals to the ultraoligotrophic surface waters of the EMS
(e.g., Guerzoni et al., 1999; Herut et al., 1999; Guieu et al., 2002)
that has basin-wide implications for the stoichiometric balance
of N and P (Krom et al., 2004). The significant contribution of
this nutrient source to biological production in the region has
been invoked by both geochemical estimates of new production
(Kouvarakis et al., 2001; Herut et al., 2002; Markaki et al.,
2003) and biogeochemical responses to dust addition, including
increases in primary and bacterial production and chlorophyll a
(Chl-a) concentration (Herut et al., 2005; Laghdass et al., 2011;
Guieu et al., 2014). The annual dust flux toMediterranean surface
waters can be controlled by just a few events that deliver up to
30% of the total flux (e.g., Guerzoni et al., 1999; Kubilay et al.,
2000), and the number of these events are projected to increase
with increasing temperatures and decreasing relative humidity
associated with climate change (Klingmüller et al., 2016). As such,
responses of the planktonic community to episodic dust pulses
should play an increasing role in determining food web structure
and the carbon budget of the oligotrophic ocean.

To further investigate this phenomenon, the MESOAQUA
experiment (May 2012; Heraklion, Crete) simulated intense
dry atmospheric deposition in the ultraoligotrophic EMS by
spiking surface seawater mesocosms (Cretan Sea) with two
different natural aerosols collected in the Levantine Basin:
Saharan dust (SD) or mixed aerosols (A; Herut et al.,
2016). Biogeochemical responses to the addition of SD or A,
including plankton community composition and production,
pigment concentration, and cycling of macro-nutrients and trace
elements, were compared in triplicate to unamended control
mesocosms over a period of 8 days (Guo et al., 2016; Herut
et al., 2016; Rahav et al., 2016; Tsiola et al., 2016; Tsagaraki
et al., under revision, this SI). In addition to these bulk
biogeochemical measures of food web dynamics, the diversity
of algal and bacterial cell membrane lipids provides a moderate
level of taxonomic and physiological information (e.g., Sato,
1992; Guschina and Harwood, 2006; Sohlenkamp and Geiger,
2015) that can be applied to assess organic matter reactivity
(Harvey and Macko, 1997; Wakeham et al., 1997), plankton
communities in the ocean (e.g., Van Mooy and Fredricks,
2010), and carbon and nutrient fluxes in marine food webs
(Dalsgaard et al., 2003; Sebastián et al., 2016). For example,
phytoplankton populations are able to reduce their cellular P
quota by substituting phospholipids with sulfolipids or betaine
lipids when P is limiting (Van Mooy et al., 2009) and nutrient
gradients across the Mediterranean appear to drive the lipid
distribution of plankton communities (Popendorf et al., 2011b).
Recent advances in lipid analysis via tandem ultra high pressure
liquid chromatography mass spectrometry (UHPLC-MS) now
allow rapid and enhanced detection of intact polar lipids (IPLs)

as well as structural elucidation of their polar headgroups and
alkyl chains (e.g., Wörmer et al., 2013). Sophisticated molecular
networks have also been employed to facilitate the interpretation
of the large data sets obtained by such analyses (Kharbush et al.,
2016).

The goal of the current study was to track changes in lipid
distributions associated with atmospheric deposition simulated
during the MESOAQUA experiment. Parallel measurements of
bulk biogeochemical parameters allowed for further assessment
of lipid biomarkers as indicators of the taxonomic and
physiological responses of marine plankton to dust fertilization
in the oligotrophic ocean. Bacterial and eukaryotic IPLs were
the most abundant and responsive biomarkers, and this study
assesses the sources, cycling, and physiological adaptations of
previously described and novel lipid classes.

MATERIALS AND METHODS

Mesocosm Experiment and Biomarker
Sampling
Surface seawater was collected from 10m depth on the 8th and
9th May 2012 aboard the R/V Philia from a site at 5 nautical
miles off the north coast of Crete (35◦ 24.957′ N, 25◦ 14.441′

E) and pumped into nine mesocosm bags (3 m3) located in
the facilities of Hellenic Centre for Marine Research (HCMR,
Crete, Greece). After filling, three mesocosms were inoculated
with SD (1.6 g L−1) collected during dust storms in Crete
(Heraklion and Sambas) and Israel (Beit Yannay) or with a
mixture of desert/mineral dust and polluted aerosols (A; 1.0 g
L−1) of European and desert origin; the final three mesocosms
served as unamended control treatments (Herut et al., 2016). SD
amendments corresponded to spikes of 37 nM NOx (nitrate +

nitrite), 3.9 nM PO4 and increases in Mn and Fe by ∼6 and
∼4 nM, respectively (Herut et al., 2016). Amendments to A
mesocosms corresponded to spikes of 54 nM NOx and 2.0 nM
P and an increase in Mn by ∼1 nM and no increase in Fe (Herut
et al., 2016). Samples for biomarker analysis (20 L) were collected
from each mesocosm before the dust addition (May 10th; day
−1) and subsequently on days 3 and 6 following dust addition
(May 13th and 16th; day 3 and day 6). Acid-washed silicon tubing
was lowered to the middle of the mesocosm and seawater was
pumped into 20 L acid-washed Nalgene carboys. Within 1 h, the
samples were filtered via a vacuum manifold system onto glass
fiber filters (GF/F, nominal pore size = 0.7µm; Whatman) and
stored at −20◦C until extraction in the laboratory in Bremen,
Germany.

Lipid Extraction and Analysis
GF/F samples were placed into 40 mL Teflon tubes containing
2–2.5 g combusted sand and a recovery standard (2µg
phosphatidylcholine C21 or C19 fatty acid; Avanti Polar Lipids
Inc.). The samples were extracted twice with a solventmixture (25
mL) containing methanol, methylene chloride, phosphate buffer
(2/1/0.8 v/v) using a sonication probe (Bandelin Sonoplus Model
HD2200; 5 min, 0.6 s pulses, 200 W). Following sonication,
Teflon extraction tubes were centrifuged at 2,500 rpm for 10 min
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and the supernatant was decanted into a combusted separation
funnel. The extraction was repeated twice using a solvent mixture
containing methanol, methylene chloride, and a trichloroacetic
acid buffer (2/1/0.8 v/v; Sturt et al., 2004), and finally twice more
using a solvent mixture containing methanol/methylene chloride
(1/5, v/v). The supernatants were combined and partitioned into
aqueous and apolar phases following the addition of methylene
chloride and water to the separation funnel (30 mL each).
The apolar phase was collected into an Erlenmeyer flask and the
aqueous phase was re-extracted thrice with methylene chloride
(30 mL). The aqueous phase was then discarded and the
combined apolar phase was returned to the separation funnel and
washed thrice with water.

The final total lipid extract (TLE) was dried under N2 gas and
biomarker analysis was performed using a Dionex Ultimate 3,000
ultra-high pressure liquid chromatography (UHPLC) system
coupled to a Bruker maXis ultra-high resolution quadrupole
time-of-flight (QTOF) mass spectrometer via electrospray
ionization source. For IPL analysis, an aliquot containing 10%
of the TLE was injected onto an Acquity BEH HILIC amide
column (2.1 × 150mm, 1.7µm, Waters, Germany) following
the protocol described by Wörmer et al. (2013). Lipids were
identified according to their expected retention times, exact
masses, and mass fragmentation patterns (Table 1; Figures
S1–S6). IPL ions were quantified based on the recovery of the
internal PC standard and their response relative to an injection
standard (PAF, Avanti Polar Lipids Inc.). Response factors for
the identified lipid classes were determined for representative
diacylglycerol lipid standards (Table S1); the response factor data
were acquired during the same week as IPL data. Only duplicate
time point measurements are available for some experiments (i.e.,
day 3 for all treatments and day −1 for the A treatment) due to
lack of an internal standard or available response factors.

Archaeal tetraether lipids were quantified following injection
of 10% TLE onto an Agilent Eclipse XDB-C18 column (5µm,
9.4 × 250mm; after Zhu et al., 2013; Table S2). A C46 tetraether
was used as the injection standard (Huguet et al., 2006) for
quantification of archaeal tetraethers; no response factor was
applied.

Ancillary Analyses of Environmental
Parameters
Protocols for the determination of chlorophyll concentration,
bacterio-and picoplankton cell abundances, primary and
bacterial production, and phosphate concentration, uptake
and turnover time in the mesocosms were reported by Herut
et al. (2016) as well as Guo et al. (2016) and Tsiola et al.
(2016). Tsagaraki et al. (under revision, this SI) additionally
describe measurements of nutrient concentration, abundances
of autotrophic picoplankton and zooplankton, and alkaline
phosphatase activity.

Statistical Assessments
Hierarchical Clustering Analysis
The average relative abundance distribution of carbons and
unsaturations in the alkyl chains attached to IPLs was compared
via hierarchical clustering analysis. The similarity matrix was

assembled using the unweighted average distance algorithm
(UPGMA) and dissimilarity was measured as 1 min the Pearson
correlation. The headgroups of some IPLs were attached to a
limited number of diglyceride moieties (≤4; Table 1) and were
not included in the hierarchical analysis, as their alkyl chain
composition were relatively easily compared to that of other IPLs
but skewed the dissimilarity matrix.

Redundancy Analysis (RDA)
Statistical modeling was conducted using R-3.0.2 and available
package “vegan” (Oksanen et al., 2015). For the application of
statistical methods, the dataset was reduced to an acceptable
ratio of samples to variables of ≥1. To achieve this reduction,
data were grouped based on structural similarities, such as
headgroup commonalities, and investigated patterns within the
chain distribution for each IPL class separately. An ordination
method was used to explore the parametric relationships between
abundance of lipid groups as well as distribution of core
lipid composition and environmental parameters. Ordination
creates linear combinations of variables represented by vectors
that are called principal components, gradients, or axes. The
multiplication factors are called loadings. The method applied
here is based on constrained ordination, namely RDA, and it
takes explanatory variables into account, which allows a direct
modeling of the cause-effect relationship between species data
(i.e., lipid groups) and environmental parameters (ad-hoc). RDA
was performed to infer the influence of the different treatments
on the distribution of IPL headgroups and on the alkyl chain
distributions of the individual IPL groups (RDA1). Thereafter,
RDA was used to explore the impact of treatments compared
to the day of sampling on variability of IPL headgroups and
their alkyl chain composition (RDA2). The significance of the
individual models was evaluated by comparison of p-values
(Tables S2, S3).

Because the time of sampling showed a high collinearity with
several environmental parameters, the explanatory potential
of these parameters was investigated in a separate analysis
(Table S4). The control of environmental parameters on the
IPL headgroup distribution was first tested for each parameter
individually (RDA3.1–3.31). Significant parameters were then
chosen based on p-values, narrowing the environmental
parameters to 13, which could then be included in a combined
RDA analysis. Multi-collinearity between environmental
variables was avoided by using variance inflation factors as
a measure for insignificant results in ordination due to co-
linearity. Monte Carlo permutation tests provide information on
the general model performance and the significance of individual
explanatory variables within the model, and were performed
to test the significance of the combined RDA-derived model.
Thereafter, variables were selected based on forward selection
of explanatory variables using the function ordiR2step, available
within “vegan,” which uses R2 adjusted and p-value as criteria
for model reduction. A parsimonious RDA was calculated with
the reduced set of selected explanatory variables and Monte
Carlo permutation was again applied to gain information on the
significance of the full reduced model and the individual terms
within the reduced model.
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TABLE 1 | IPLs detected in mesocosm incubations of surface seawater collected in the Eastern Mediterranean Sea.

Group DAG Lipid n Relative

Abundance

(%)

Retention Time (m/z) Headgroup

elemental formulaa
MS2 Characteristic

Min Max Min Max

1 MGDG.1 38 29.4 ± 4.2 3.7 4.4 664.4994 802.6403 C11H20NO10
b Neutral loss of 197

2 MGDG.2 30 6.4 ± 1.8 4.5 5.1 664.4994 856.6872 ibid. ibid.

3 MGDG.3 12 1.1 ± 0.4 5.1 5.4 692.5307 794.5777 ibid. ibid.

4 MGDG-OH 4 0.7 ± 0.4 4.5 5.9 732.5256 760.5569 ibid. Neutral loss of 197, hydroxy fatty acid

5 MGDG+H2O 4 0.6 ± 0.5 4.1 5.7 762.5726 790.6039 C11H22NO11
b Neutral loss of 215

6 AA-L.1 3 2.1 ± 1.2 6.6 6.7 640.5875 696.6501 C11H20NO5 Neutral loss of 199

7 AA-L.2 4 2.8 ± 0.8 7.3 7.5 642.5667 722.6293 C12H22NO6 Neutral loss of 264, 238, or 210

8 DGTS 62 3.7 ± 0.4 7.3 7.7 626.4990 796.7025 C12H20NO7 Neutral loss of 236

9 DGTA 53 3.2 ± 1.0 9.4 10.0 628.5147 796.7025 ibid. Neutral loss of 236

10 GSL-OH 33 1.2 ± 0.7 8.6 9.1 710.5202 836.6610 C10H18NO8 Neutral loss of 162

11 GA-L 24 5.0 ± 0.8 5.9 6.5 614.4626 742.6191 C8H16NO8
b ibid.

12 SQ 7 4.4 ± 2.2 10.6 10.9 756.4926 868.6178 C11H17O12S 285 fragment; loss of 261

13 MGA 22 8.3 ± 2.2 10.8 11.8 678.4787 844.6508 C11H20NO11
b Neutral loss of 211

14 PC 40 2.0 ± 0.8 10.2 11.2 622.4440 840.6470 C10H19NO8P 184 fragment

15 DGDG 20 3.0 ± 1.7 11.9 12.3 852.5679 938.6775 C17H30NO15
b Neutral loss of 359

a Ionized derivatives of IPL headgroups, including the glycerol moiety and carboxy terminus (as radical) of the alkyl chains (cf. Figure 2; Text S1).
bAmmonia adduct ion [M+NH4 ]

+.

Bold indicates IPLs that contain covalently linked N or P. Italics indicates the seven IPLs identified in the current study have been resolved and/or reported for the first time in surface

seawater. See Figure 2 for abbreviations.

Significance Tests
In support of the significant alterations of IPL distributions
identified by RDA, the differences among specific IPLs between
mesocosm treatments or time points were assessed via a two-
tailed homoschedastic Student’s t-test. Significant differences
were denoted by p < 0.05.

RESULTS

Biological Responses to Dust Addition
Changes in the structure of the plankton community in response
to SD or A addition were thoroughly assessed by companion
studies (Guo et al., 2016; Herut et al., 2016; Tsiola et al.,
2016; Tsagaraki et al., under revision, this SI) and can be
summarized as follows. Chlorophyll a (Chl-a) concentrations
had doubled in mesocosms on days 2 and 3 following the
addition of SD or A, which were significantly higher compared
to the control; this increase coincided with significant increases
in Synechococcus and autotrophic picoeukaryotes (Guo et al.,
2016). Concentrations of bacteria were also significantly higher
in treatment mesocosms compared to the control (Guo et al.,
2016). In contrast to significant increases in Chl-a on days 2
and 3, microzooplankton increased throughout the mesocosm
experiment, with the major groups, including ciliates and
tintinids, combining for up to ca. 2700 cells L−1 on average
on the final sampling at day 8 (Tsagaraki et al., under revision,
this SI). Collectively, the significant increases in both Chl-a and
cell counts were indicative that dust and aerosol additions had
positive effects on the plankton community, hereafter referred

to as “stimulated plankton,” even though Chl-a concentrations
remained relatively low in these oligotrophic mesocosms in
comparison to nutrient replete oceanographic regions (e.g.,
upwelling regimes).

In terms of the Chl-a response, biomarker sampling
coincided with the pre-addition (day-1), stimulated (day 3),
and post-stimulated (day 6) periods. By converting from Chl-a,
bacteria, and zooplankton concentrations, IPLs associated with
the stimulated plankton were predicted to reach maximum
concentrations (ca. 1.5µg IPL L−1) within 1–3 days following
amendment with SD or A (Figure 1).

Concentrations of Archaeal Lipids
Concentrations of archaeal glycerol dibiphytanyl glycerol
tetraether (GDGT) ranged from 0.2 to 2.0 ng L−1 (Figure 1D).
GDGTs decreased in concentration over the duration of each
experimental treatment with the greatest losses observed in the
SD treatment, which fell to roughly half of the initial values
by day 6 (Figure 1D). The distribution of cyclopentane rings
in the GDGT molecule did not vary significantly between
treatments or time points, with caldarchaeol and crenarchaeol
consistently dominating the lipid profile (28 ± 2.6% and 47 ±

2.5%, respectively; data not shown).

Intact Polar Lipids (IPLs)
IPL Headgroup Diversity
A total of 355 individual bacterial and eukaryotic IPL biomarkers
were categorized into 15 lipid classes according to their
headgroup composition (Table 1; Figure 2; Text S1). The
mass spectral properties of four of these IPL classes (35
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FIGURE 1 | Predicted (colored areas) and measured (black circles)

IPL concentrations in (A) control, (B) Saharan dust, and (C) mixed aerosol

mesocosms. Error bars represent the standard deviation of replicate

(Continued)

FIGURE 1 | Continued

mesocosms. The predicted concentrations of lipids belonging to bacteria

(Bac), Synechococcus (Syn), and autotrophic picoeukaryotes (Pico) were

estimated by converting from measurements of cell density and assuming cell

diameter of 0.5µm for bacteria (Simon and Azam, 1989), 1µm for

Synechococcus (Waterbury et al., 1979) and autotrophic picoeukaryotes

(Palenik et al., 2007) and thus factors of 1.7, 6.8, and 6.8 fg lipid cell−1,

respectively (Lipp et al., 2008). Lipid concentrations of eukaryotic

phytoplankton were converted from Chl-a concentrations of the large size

class (>2µm) via a Chl:C conversion factor of 0.03 (Geider et al., 1997) and

assuming that C represents 50% of cell dry weight and lipids were 15% of the

cell dry weight (e.g., Thompson, 1996). Lipids derived from ciliates were based

on counts (cf. Section Biological Responses to Dust Addition) and assuming a

conversion of 17.1 pg fatty acid ciliate−1 (Harvey and Macko, 1997). (D)

Concentrations of archaeal tetraether lipids in control (circles), Saharan dust

(SD; squares), and mixed aerosol mesocosms (A; triangles). Samples collected

on the same day are offset on the x-axis to illustrate the association of each

averaged value with its standard deviation, indicated by the error bars.

compounds) only allowed for tentative identification of
headgroup and backbone linkages to alkyl chains. Multiple
series of isobaric ions, i.e., with identical masses (±0.001
Da) eluting at different retention times, were identified for
monoglycosides (MGDG; Figure S1) and the betaine lipids
diacylglyceryl N,N,N-trimethylhomoserine (DGTS) and
diacylglyceryl-hydroxymethyl-N,N,N-trimethyl-β-alanine
(DGTA). Other IPLs comprised only single headgroup series,
including sulfoquinovosyldiacylglycerol (SQ), diglycosides
(DGDG), uronic acids (MGA; Figure S2), phosphatidyl choline
(PC), and hydroxylated forms of MGDG (MGDG-OH; Figure
S2) and glycosphingolipids (GSL-OH; Figure S3). Four novel
lipid classes are described; they exhibited polarity, elemental
formulae, and/or fragment ions consistent with IPLs, but their
headgroups remain uncertain, including a hydrated MGDG
(MGDG+H2O; Figure S2), two alkylamine-like lipids (AA-L.1,
AA-L.2; Figures S4, S5), and a glyceric acid-like lipid (GA-L;
Figure S7). The most relatively abundant lipids were MGDG.1
(41± 6%), followed by MGA (12± 3%), MGDG.2 (9± 3%), and
SQ (6 ± 3%; Figure 3). The average relative abundances of the
remaining IPL classes were each <5%, but accounted for roughly
32± 4% of IPLs on average.

IPL Alkyl Chain Distributions
Lipid classes contained up to 62 individual IPLs that differed in
the number of carbons and/or unsaturations in their alkyl chains
(Table 1). In most cases, fatty acid chains are characterized by
their summed number of carbons and unsaturations; therefore,
odd vs. even-numbered fatty acids are not differentiated and odd
sums refer to the attachment of both one even and one odd
chain to the glycerol backbone. Based on the weighted average
(wt. avg.) alkyl chain distributions, GSL-OH lipids exhibited
the longest carbon chains and among the highest number of
unsaturations (36.8 ± 1.0 and 2.3 ± 1.3, respectively; Table 1;
Figure 4A), while the wt. avg. unsaturations of all other lipid
classes were ≤1.6, with MGDG.3 and SQ classes containing
the fewest unsaturations (wt. avg. unsaturations < 0.2; Table 1;
Figure 4B). It is important to note that the backbone moiety
of GSL-OH is a ceramide and not glycerol, and its alkyl chain
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FIGURE 2 | IPL headgroups in oligotrophic ocean mesocosms. Depicted are the adducts of the headgroup and glycerol moieties with radical ions in place of

alkyl chains, corresponding to their elemental formulae used for high resolution MS identification (i.e., CxHxNxOx; cf. Table 1). Putative structures of novel headgroups

identified during this study are shown in blue. MS2 spectra for novel headgroups are provided in Figures S2–S6 and described in Text S1.

length described here refers to sum of the fatty acid and
sphingoid base. Thus, the length of GSL-OH chains are three
C atoms longer than other IPLs, as only the carbons in the
headgroup have been excluded from this measure, whereas,
for all other IPLs, both headgroup and glycerol carbons have
been excluded. PCs spanned the largest range in molecular
weight (m/z 622–840; Table 1), representing a difference of
roughly 15 methylene groups, with a distribution that was
weighted toward shorter alkyl chains (wt. avg. = 30.4 ± 0.7;
Figure 4A). Other lipid classes exhibiting relatively short alkyl
chains include MGDG.3 and SQ (wt. avg. < 30; Table 1;
Figure 4A).

DGTS and DGTA, both betaine lipids, exhibited the highest
diversity (i.e., Simpson diversity index) in terms of their
alkyl chain composition (Figure 4C). Although the alkyl chain
distributions of GA-L were highly diverse (Figure 4C), the

number of C atoms and unsaturations in the diglyceride
moiety cannot be further interpreted due to uncertainty in the
headgroup composition (Figure S6). The IPL classes MGDG-
OH, MGDG+H2O, AA-L.1, and AA-L.2 each comprised ≤4
compounds, making them the least diverse among the IPLs
detected in the mesocosms. The diversity in chain distribution
for each lipid class was typically lowest in the control treatments
(Figure 4C) but highly variable between replicate samples. A
hierarchical clustering analysis of the diversity of IPL diglyceride
moieties indicated that the alkyl chains of GSL-OH were
the most unique, grouping independently of all other IPLs
(Figure 5; Figure S7). This analysis further revealed two IPL
subgroups according to the similarity/dissimilarity of their alkyl
chain distributions (Figure 5), including a “glycosidic” group
(i.e., MGDG.1, MGDG.2, MGA) and a “nutrient-availability”
group (i.e., DGTA, DGTS, DGDG, PC, SQ, and MGDG.3;
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FIGURE 3 | Relative distribution of IPLs in replicate mesocosms of the control (C), Saharan dust (SD), and mixed aerosol (A) experiments on each

sampling day. Data for each replicate mesocosm are shown as one barplot in each panel in consistent order.

cf. Section Hierarchical Clustering Analysis of IPL Alkyl
Chains).

IPL Concentrations
While chlorophyll concentrations returned to pre-addition
values by day 6 (Tsagaraki et al., under revision, this SI; Tsiola
et al., 2016), total IPL concentration in all treatment mesocosms
exhibited a net increase of 4–24% (40–220 ng L−1). This is in
contrast to control mesocosms, in which the chlorophyll response
was lower than in treatment mesocosms and IPL concentrations
fell by 12–35% by day 6 (140–530 ng L−1; p < 0.01; Figure 6).
Changes in IPL concentration between replicate mesocosms were
more variable on day 3 (Figure 6).

IPL classes responded differently during the progression of
the experiments. Increases in the concentration of the most
abundant IPL (40–130 ng MGDG.1 L−1) accounted for the
majority of the gross increase in total IPL concentration on day
6 in treatment mesocosms (25–51%). Replicate mesocosms also
exhibited consistent additions of some minor lipids, including
DGTA (30–40 ng L−1), PC (10–40 ng L−1), and AA-L.2 (20–
40 ng L−1), together accounting for 38–51% of the gross increase
in IPLs. In contrast, both control and treatment mesocosms
exhibited consistent losses of MGDG.2 (10–90 ng L−1) and AA-
L.1 (20–80 ng L−1) by day 6. The only IPL that paralleled changes
in Chl-a concentration in both treatment mesocosms was GSL-
OH, which increased by 10–30 ng L−1 (ca. 2–3 fold) on day 3

and returned to pre-addition values by day 6 (Figure 6). IPL
classes among SD and A mesocosms exhibited the same general
trends during the evolution of the plankton community, with few
exceptions: (i) the increases in PC and DGDG on day 6 were
significantly greater in response to SD additions (p < 0.03); (ii)
day 3 losses of AA-L.1 were greater in the SD treatment (44
± 6 vs. 15 ± 6 ng L−1; p < 0.05); and (iii) SQ concentrations
decreased in SD mesocosms on day 3 (32 ± 16 ng L−1) but
increased in Amesocosms (23± 12 ng L−1; Figure 6). In terms of
nutrient allocation, the net increases of AA-L.2, DGTA, GSL-OH,
and PC in the treatment mesocosms represented, on average, 0.3
and 3.5% of the N and P added via SD, and 0.2 and 1.2% of the N
and P added via A.

Redundancy Analysis (RDA) of IPL
Distributions
The constrained ordination model based on RDA (Tables S2, S3)
identified significant changes in IPL headgroup and alkyl chain
relative abundance distributions in treatment vs. control samples
(RDA1). The significance of the model for explaining IPL
headgroup and chain distributions increased with the addition of
a temporal component that accounted for sampling day (RDA2).

IPLs in SD or A Treatments vs. Control (RDA1)
RDA revealed only slight differences in the SD or A treatments
compared to the control (Table S2). For the SD treatment, the
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FIGURE 4 | Weighted average (±1 standard deviation) number of

carbons (A) and unsaturations (B) in the alkyl chain of IPLs. The Simpson

diversity index of each IPL class (C) was determined as:

1−
N∑

i=1
(fractional abundance)2, where f is the fractional abundance of lipid i,

and N is the total number of lipids in each IPL class. The average Simpson

index values for IPL classes in control (n = 8; gray squares) and treatment

samples collected on days 3 and 6 (n = 10; black circles) are plotted against

the total number of compounds identified for each IPL class. Error bars

indicate one standard deviation.

average relative abundance (± standard deviation) of DGTA (4.4
± 0.3%) and GSL-OH (2.9± 0.2%) were significantly higher than
the control (3.0± 0.2% and 1.2± 0.1%, respectively; p< 0.05) on
day 3 (Figure 7). PC relative abundance was significantly higher
in the SD treatment at day 6 (4.8 ± 0.4%), compared to both the
control (1.9 ± 0.4%; p < 0.005) and A treatments (3.0 ± 0.5%;
p < 0.01). The A treatment exhibited significant enrichments in
DGTA relative to the control on both day 3 (4.2± 0.1% vs. 3.0±
0.2%) and day 6 (6.2± 0.6% vs. 4.1± 0.7%; p < 0.03; Figure 7).

The RDA models comparing the alkyl chain distributions
of individual headgroup classes between control and treatment
mesocosms (RDA1.1–1.13) identified significant differences for
several lipid classes, including MGDG.1, MGDG.3, DGTS, and
DGTA (Table S2). The relative abundance of longer alkyl chains
(>C34) and unsaturations generally increased in response to SD
or A additions (Table 2). In particular, alkyl chains summing
to C38 were relatively enriched for all of these IPLs, excluding

MGDG.3, and consistent decreases in C30 alkyl chains were
observed in A mesocosms (Table 2).

IPL Composition of Pre-addition, Stimulated, and

Post-stimulated Samples (RDA2)
To infer the influence of the day of sampling on the abundance
of lipid classes and core lipid composition, a temporal term was
added to the RDA model (RDA2). By accounting for day of
sampling, the model had a much higher potential for explaining
the variability in IPL distributions (p = 0.003) and the core lipid
composition of all but two lipid classes (RDA2.1–2.11; p < 0.05;
Table S3). The increased significance of the model containing a
temporal component (RDA2) is consistent with the stimulation
of plankton on day 3 in all mesocosms and subsequent post-
stimulated sampling on day 6. The significance of RDA2 was
further confirmed via Student’s t-test comparisons of individual
samples. In comparison to the headgroup distributions observed
in SD or A mesocosms on day-1, the relative abundances of
MGDG.2 and AA-L.1 significantly decreased, whereas DGTA,
AA-L.1, and PC increased during the progression from pre-
to post-stimulated conditions in the SD and A treatments
(Figure 7). Control mesocosms also exhibited a significant
decrease in AA-L.2 on day 6 (Figure 7). Only the SD treatment
induced significant enrichments of GA-L (p < 0.01; Figure 7).

Similar patterns of alkyl chain distributions were observed
in both treatments as well as the control mesocosms, including
significant enrichments in MGDG.1 and DGTS lipids with
alkyl chains comprising 28 and 31 carbons, respectively, and
significant depletions of DGTS lipids comprising 28 carbons
in the alkyl chain (Table 2). The relative increase in DGTA
lipids observed for both the SD and A treatments (cf. Figure 7)
was accompanied by more unsaturations as well as diglyceride
moieties comprising 40 carbon atoms (Tables 2, 3). In general,
for IPLs that were found to be significantly explained by the
RDA2 model (Table S3), the stimulation of plankton induced
by either dust treatment resulted in elongation and increased
unsaturation of the diglyceride moiety (Tables 2, 3).

Comparing IPL Distributions with Environmental

Parameters (RDA3)
Based on the evidence that alterations in IPL composition were
synchronized with the evolution of the plankton community
(RDA2), another model was designed to further explore which
environmental parameters were characteristic of the stimulation
of plankton and may thus explain IPL variability (n= 31; RDA3).
Significant correlations between individual environmental
parameters and IPL composition were assessed by the respective
RDA models (RDA3.1–31; cutoff value of p < 0.1; Table S4),
thereby reducing the data set to 13 environmental parameters
that potentially explained headgroup distribution. These 13
parameters were subjected to a forward selection procedure
to reduce variance inflation, ultimately reducing the dataset
to a single environmental parameter that best explained IPL
distributions: phosphate turnover time (τPO4; p < 0.001). It is
important to note that environmental variables that may have
co-varied with τPO4 (e.g., nutrient concentrations; cf. Table S4)
were also significant for explaining IPL distributions. However,
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FIGURE 5 | Hierarchical clustering of IPL classes based on alkyl chain distributions in their diacylglycerol moiety. Agglomeration was determined via the

unweighted average distance algorithm (UPGMA) and dissimilarity was measured as one minus the Pearson correlation. IPLs shown in bold are thought to be

modulated by plankton in response to P-limitation (cf. Van Mooy et al., 2009). The color code refers to the number of unsaturations in the alkyl chains. The blue area

shows the relative abundance of saturated alkyl chains summing to ≤34 carbons.
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FIGURE 6 | Changes in IPL concentration relative to day −1 in each replicate mesocosm of control (gray), Saharan dust (red), and mixed aerosol (blue)

treatments. Significant differences to the control mesocosms are indicated by a red or blue star. Black stars indicate significant differences between Saharan dust

and mixed aerosol mesocosms. Each bar represents one replicate mesocosm of each treatment, shown in consistent order.

these additional environmental parameters were excluded from
the parsimonious RDA because (i) the p-values derived from
the Monte-Carlo simulation were not as significant as for τPO4,
and (ii) as determined by the forward selection algorithm, their
inclusion did not improve the significance of the parsimonious
RDA model. Therefore, only τPO4 was incorporated into a
parsimonious RDA (Figure 8). Samples collected from control
mesocosms and those collected prior to SD or A addition (i.e.,
on day −1) generally exhibited more negative values on the first
RDA axis, whereas treatment samples collected on day 3 or 6

grouped with positive values. The negative loadings for τPO4
along the first RDA axis correspond to increased τPO4 in the
control mesocosms and prior to day 3 sampling in the treatment
mesocosms.

τPO4 decreased from >60min. at day −1 to <6min. at day
6 in the treatment mesocosms (Herut et al., 2016; Tsagaraki
et al., under revision, this SI) and was positively correlated
to relative abundances of MGDG.2 and AA-L.1 (p < 0.05;
Figure 9). DGTA, and PC, and AA-L.2 peaked at day 6 and
were negatively correlated with τPO4 (p < 0.05; Figure 9). The
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FIGURE 7 | Average relative abundance of selected IPLs in control, Saharan dust, and mixed aerosol mesocosms. Significant differences relative to the

control or between Saharan dust and mixed aerosol treatments are indicated by black stars or plus symbols, respectively. Significant changes relative to the day −1

sample for each treatment are indicated by white stars. Error bars indicate one standard deviation.

size-fractionated distribution of P uptake (i.e., 0.2–0.6, 0.6–2,
and >2µm) also shifted during the evolution of the plankton
community (Tsagaraki et al., under revision, this SI). P uptake by
plankton > 2µm increased to account for over one-third of total
P uptake in the treatment mesocosms at day 6, coinciding with
the significant increases in DGTA, PC, and AA-L.2 (p < 0.01).
In contrast, the relative abundance of MGDG.2 and AA-L.1 were
positively associated with percent uptake of P by the smallest size
fraction of plankton (0.2–0.6µm; p < 0.01), which was highest at
day−1 in each mesocosm (>20%).

DISCUSSION

The additions of SD or A to oligotrophic surface seawater
mesocosms were designed to mimic natural deposition events

and triggered increases in Chl-a up to 0.15µg L−1, which is
roughly 3- to 100-fold lower than the maximum concentrations
encountered during previous IPL surveys (Table 4). The low
range in Chl-a concentration underscores the oligotrophic
setting of the EMS and thus the scope of this study, such
that the stimulation of plankton and their associated lipid
biomarkers recorded here were not as pronounced as in regions
that span larger gradients in nutrient or Chl-a concentrations,
thus complicating the assignment of IPLs to their source
organisms. Archaeal GDGT lipid biomarkers were relatively low
in abundance (corresponding to roughly 103 archaeal cells mL−1;
assuming 1.4 fg lipid cell−1; Lipp et al., 2008) and the cycloalkyl
distribution was similar between samples and consistent with
previous reports in this region (Kim et al., 2015). Changes in
GDGT concentration were similar in control and treatment
mesocosms and are not further discussed.
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TABLE 2 | Significant increases (+) or decreases (−) in the relative abundance distribution of C atoms in the alkyl chains of IPLs.

IPL Treatment 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

TREATMENT vs. CONTROL MESOCOSMS

MGDG.1 SD −

A − +

MGDG.3 SD +

A − +

DGTS SD + + −

A − +

DGTA SD +

A − − − + +

DAY −1 vs. DAY 3 | DAY 6

MGDG.1 C |+

SD |+ |− |− −|+ |+

A |+

MGDG.2 C |− |+ |− |−

SD |−

A −|− |− |+ |− |−

MGDG.3 C +|+

SD −|−

A −|− +|+

DGTS C |− |+ +|+

SD |− |+ +|+ |+

A |− +|+ |+ +|+

DGTA C

SD +|

A |− −| |+

GSL−OH C

SD +|+ +| +|

A |+ |− |+ |+ |+ |−

GA−L C |+

SD |+ |− |− |+

A |− |+ +|+

MGA C +|+ −| +|

SD |− +| +|

A |− |− |+

PC C |+ |−

SD |+ |− |− |− +|

A −| |− |+ |−

DGDG C

SD −|− |− |+ +|

A

Comparisons refer to the average chain distributions in Saharan dust (SD) or mixed aerosol (A) vs. control (C) mesocosms or between days −1 and day 3 or 6 in the same treatment.

The absence of an IPL class in the table is indicative of no significant change.
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High resolution MS together with fragmentation patterns
promoted identification and quantification of over 350 different
IPLs and 15 IPL classes that were defined based on headgroup
composition (Table 1; Text S1). The roster of IPLs identified
in seawater was expanded to include chromatographically-
resolved stereoisomers of previously known lipids (i.e.,
MGDG.1-3), molecular alterations of MGDG (i.e., MGDG-
OH, MGDG+H2O), lipids that have not previously been
detected in the surface ocean (GSL-OH, GA-L), and additional
novel, nutrient-bearing lipid headgroups (AA-L.1-2; Table 1;
Text S1). 15 IPL headgroups (Figure 2; Text S1). Tentative
assignment of shared vs. distinct sources of some IPL classes
was gleaned from the composition of their alkyl chains (Section
IPL Taxonomic Source Indications). IPLs delivered by dust has
been acknowledged dust as a potentially important source of
IPLs to the surface ocean (e.g., up to 0.43mg g−1; De Deckker
et al., 2008) and, although the IPL concentration of SD or A
material used to spike the mesocosms was not measured, this
input is considered to explain differences and temporal evolution
of the lipidome among SD, A, and control mesocosms. Based
on the assumption that IPL concentrations scale linearly with
the abundance of their source organisms, changes in lipid
concentration were attributed to either allochthonous input,
growth or removal processes (Section Turnover of the IPL Pool).
RDA further identified the coupling of IPL relative abundance
distributions with phosphate turnover time, which dropped to
below 6 min in the post-stimulated period (Section Constrained
Ordination Modeling of IPL Responses).

IPL Taxonomic Source Indications
Deciphering meaningful trends encoded by IPL composition
is complicated by the multiple and often overlapping factors
that determine the arrangement of polar headgroups and their
linkage to fatty acids. Culture studies and oceanographic surveys
of natural populations over broad physical and geochemical
gradients have achieved some consensus on the association
of lipid headgroups with plankton phylogeny (Table 4), with
the caveat that several phylogenetic groups may produce the
same IPL. The parallel changes in plankton abundance among
treatment mesocosms (Guo et al., 2016; Tsagaraki et al.,
under revision, this SI; Figure 1) thus prohibit assignment of
IPLs to their source organisms based solely on these data.
However, from a taxonomic point of view, longer (C18–
C22), even-numbered, and polyunsaturated fatty acids (PUFAs)
are generally attributable to higher-level, eukaryotic plankton,
whereas shorter (C10–C20), odd-numbered, and saturated or
mono-unsaturated forms are characteristic features of bacterial
fatty acids (e.g., Kaneda, 1991; Thompson, 1996; Bergé and
Barnathan, 2005).

Most of the IPLs that have been described in other
surface ocean environments (Table 4) were also detected in the
mesocosms sampled during the current study, with the notable
exception of phosphatidyl glycerol (PG) and phosphatidyl
ethanolamine (PE). These IPLs are thought to derive from
heterotrophic bacteria (Table 4), which may have passed through
the GF/F filter (nominal pore size = 0.7µm), but both PG and
PE were detected by previous studies that have employed these

TABLE 3 | Significant increases (+) or decreases (−) in the relative

abundance distribution of unsaturations in the alkyl chains of IPLs.

IPL Treatment 0 1 2 3 4 5 6

TREATMENT vs. CONTROL MESOCOSMS

MGDG.1 SD

A − + + + +

MGDG.3 SD −

A − +

DGTS SD

A + + + +

DGTA SD

A − + + + +

GSL−L SD − + + +

A + − + +

DAY −1 vs. DAY 3 | DAY 6

MGDG.1 C

SD +|

A +|

MGDG.2 C

SD

A

MGDG.3 C

SD |+

A −|− +|+ +|+

DGTS C

SD |+ +| +| +|

A |+ |+ |+

DGTA C

SD

A |+ |+ |+

GSL−OH C

SD |+

A +|+ +| |+

GA−L C

SD |−

A

MGA C |−

SD |− |+ +|

A |− |− |+ +|+

PC C

SD |+ −|−

A |+

DGDG C

SD |− |+

A −| |+ +| +|

Comparisons refer to the average chain distributions in Saharan dust (SD) or mixed aerosol

(A) vs. control (C) mesocosms or between days −1 and day 3 or 6 in the same treatment.

The absence of an IPL class in the table is indicative of no significant change.
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FIGURE 8 | Parsimonious RDA (p = 0.001) showing groupings of samples collected from control (circles), Saharan dust (squares), and mixed aerosol

(triangles) mesocosms on days -1 (light gray symbols), day 3 (dark gray symbols), or day 6 (black symbols) with IPL relative abundance (blue text) and

the weighting of the environmental parameter that best explained lipid headgroup distributions (P turnover time, τPO4, green).

same filters (Brandsma et al., 2012; Kharbush et al., 2016). The
oligotrophic conditions and relatively lower amounts of biomass
in the mesocosms investigated during the current study may thus
explain why PG and PE were below the limit of detection. In
contrast to PG and PE, PC lipids in the surface ocean are thought
to be produced by eukaryotic phytoplankton (e.g., Kato et al.,
1996) and are one of the few IPLs that cannot be attributed to a
cyanobacterial source (Table 4). The alkyl chains of PC detected
in the current study were relatively short (wt. avg. = 30.4 ±

0.7; Figures 4A, 5) and saturated compared to those described
in the surface equatorial N. Pacific (Van Mooy and Fredricks,
2010) or produced in algal cultures (Kato et al., 1996), including
picoeukaryotes (Kharbush et al., 2016). The absence of the long
chain C22:6 fatty acid further discounts a eukaryotic source of PC
(cf. Van Mooy and Fredricks, 2010). Dust additions could also
represent a major source of PC, as observed in airborne particles
in Australia, which were loaded with roughly 0.43mg PC g−1

(De Deckker et al., 2008); however, the delayed increases in PC
concentration on day 6 in treatment mesocosms (Figures 6, 7)
are not consistent with this interpretation. The most abundant
alkyl chains of PC in the experimental mesocosms (i.e., C28:0,
C29:1, and C31:1) were composed of a mix of C14, C15, C16

fatty acids, and thus suggestive of a bacterial source, consistent
with the assignment of PC to heterotrophic bacteria in the
oligotrophic Sargasso Sea (Popendorf et al., 2011a; Table 4).

Hierarchical Clustering Analysis of IPL Alkyl Chains
Hierarchical clustering identified groups and outgroups of
IPL classes based on their average alkyl chain distributions
(Figure 5), which may be indicative of shared vs. unique source
organisms, respectively. No clusters were exclusively defined
according to IPL isomers (i.e., MGDG.1-3 or DGTS/DGTA;
Figure 7), suggesting that the taxonomic or physiological

factors that control headgroup stereochemistry may also yield
larger dissimilarities in alkyl chain distributions. Therefore,
chromatographic resolution may be of increasing importance
for the investigation of samples with high biomass in order to
distinguish the signals and thus contributions IPL stereoisomers
from multiple phylogenetic groups.

GSL-OH lipids were distinguished from all other IPLs, which
may be in part attributed to the nomenclature for assigning chain
length (cf. Section IPL Alkyl Chain Distributions). However,
the GSL-OH alkyl chain pattern also exhibited a distinctive
bimodal distribution, with chains summing to C30–C33 or C36–
C40 each accounting for roughly 45%, and a unique trend
of increasing unsaturations in lipids with shorter alkyl chains
(Table 3; Figure 5). GSLs are found in a variety of marine algae
and phytoplankton (e.g., Muralidhar et al., 2003) as well as
ciliates (15% of total lipids; Sul and Erwin, 1997), which were
significantly enriched in the treatment mesocosms at the end
of the incubation period (Tsagaraki et al., under revision, this
SI). Sphingolipids could also derive from Sphingobacterium and
some species of Flavobacterium (e.g., Yabuuchi and Moss, 1982;
Yano et al., 1982; Yabuuchi et al., 1983; Dees et al., 1985). This
notion is supported by (i) the relatively high abundance of their
operational taxonomical units among 16S rRNA gene sequences
identified during the Global Ocean Sampling survey of marine
bacterioplanktonmetagenome (Yooseph et al., 2010), and (ii) 16S
rDNA clone library analysis of dust rains in the Mediterranean,
which can contribute roughly 20µg DNA m−2 and may thus
inoculate EMS surface waters with sphingobacteria and/or their
characteristic lipids (Itani and Smith, 2016; Rahav et al., 2016).

While no GSL has been reported by previous IPL surveys
of surface seawater (Van Mooy and Fredricks, 2010; Popendorf
et al., 2011b; Brandsma et al., 2012; Kharbush et al., 2016), GSLs
have been associated with anaerobic production in subsurface
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FIGURE 9 | Correlated changes in IPL relative abundance with τPO4

and fractional phosphate uptake by plankton >2µm in control

mesocosms (circles) and those amended with Saharan dust (squares)

or mixed aerosol (triangles) and collected on day −1 (light gray), day 3

(dark gray), or day 6 (black).

layers of the Black Sea (Schubotz et al., 2009). Also, multiple
hydroxylated GSLs are known to be expressed during the
infection of coccolithophores by marine viruses (Vardi et al.,
2009). Constraining GSL sources based on the composition
of GSL fatty acid and long-chain sphingoid base moieties is
difficult because molecular modifications (e.g., unsaturations,

hydroxylation, branching) are common across marine taxa (e.g.,
Muralidhar et al., 2003). The bimodal distribution of alkyl
chains (Figure 5) may thus have resulted from the contribution
of GSL-OH from multiple sources (e.g., shorter chains from
heterotrophic bacteria and longer chains from eukarya); lipid
assimilation and modification by secondary consumers (e.g.,
Ederington et al., 1995) could also explain these trends. The
increases of GSL-OH following addition of SD or A (Figures 6, 7)
argue for further investigation of planktonic sources of GSLs
in marine settings as potential biomarkers of both dust inputs
and, as an N-containing lipid, portals for nutrient “tunneling” to
ciliates and other mesozooplankton (cf. Thingstad et al., 2005a).

Most of the remaining IPLs considered in the clustering
analysis have been attributed to a wide range of planktonic taxa
(Table 4) and were categorized into two subgroups based on
similarities and dissimilarities in their alkyl chain distributions
(Figure 5). One subgroup comprised only glycolipids and
the other comprised PC, DGTA, DGTS, and SQ, which are
modulated by eukaryotes and cyanobacteria (Van Mooy et al.,
2009) as well as heterotrophic bacteria (Sebastián et al., 2016) in
response to nutrient availability.

In terms of alkyl chain distributions, SQ and MGDG.3 were
the most similar, each with >95% of alkyl chains summing to
C28, C30, or C32 (Figure 5).While this resemblancemay be biased
by the relatively few compounds and thus low diversity of each
class (Table 1; Figure 4C), the similar alkyl chain distributions
of MGDG.3 and SQ could be a signature of a shared source
organism and/or biosynthetic pathway. These IPLs were nestled
among a larger subgroup that is branded by PC, DGTS, and
DGTA, the ratios of which vary via the replacement of PC
with betaine lipids by P-limited eukaryotes (Van Mooy et al.,
2009). Similarly, cyanobacteria were also proposed to substitute
phospholipids with SQ when P is scarce, whereas heterotrophic
bacteria maintained similar phospholipid cell quotas under P-
replete and -deplete conditions (VanMooy et al., 2009). However,
in this study, IPLs that have been associated with nutrient-
availability (i.e., PC, SQ, and betaine lipids; Van Mooy et al.,
2009; Table 4) were relatively enriched in short (i.e., sum ≤ C34)
and saturated alkyl chains (Figure 5), which is a feature that
appears to distinguish this cluster from the major glycolipids and
is generally attributed to heterotrophic bacteria (e.g., Kaneda,
1991; Thompson, 1996; Bergé and Barnathan, 2005). This finding
is consistent with Sebastián et al. (2016), who suggested that
heterotrophic bacteria remodel their cell membrane in response
to nutrient availability, increasing levels of DGTS during P-
deficiency and increasing levels of PC when P becomes available.

DGDG also sorted into this “nutrient availability” cluster,
indicating that its alkyl chain distribution was distinct from
that of the major glycolipids (i.e., MGDG.1, MGDG.2, and
MGA), again, likely owing to the relatively high abundance
of saturated alkyl chains summing up to C30. This finding is
in contrast to that of Van Mooy and Fredricks (2010), who
noted similar diacylglyceride composition among glycolipids
(i.e., MGDG, SQ, and DGDG) in the euphotic zone of the
south Pacific, although the concentration profiles of DGDG were
similar to phospholipids and betaine lipids. While heterotrophic
bacteria are not known to produce DGDG or SQ (Table 4),
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the shared feature of short and saturated alkyl chains is
consistent with the production of PC, DGTS, DGTA, DGDG,
SQ, and MGDG.3 by heterotrophic bacteria in the oligotrophic
EMS, who may thus adjust these IPLs in response to nutrient
availability via mechanisms previously described for eukaryotes
and cyanobacteria (Van Mooy et al., 2009) and hetertrophic
bacteria (Sebastián et al., 2016).

MGDG-OH, MGDG+H2O, AA-L.1, and AA-L.2 lipids
comprised ≤4 compounds and therefore were not included in
the clustering analysis. Both MGDG-OH and the ambiguous
MGDG-like lipid (MGDG+H2O) were characterized by a
combination of even-chain fatty acids (C14, C16, C18) with
zero or two unsaturations (Section IPL Taxonomic Source
Indications), with the former also containing a hydroxyl group
in the alkyl chain. This narrow distribution of alkyl chain
length and unsaturation suggest that, rather than being products
of diagenesis or non-selective transformation of a MGDG
precursor, these modified MGDG lipids may be biomarkers of
selective biosynthetic pathways. The MS2 fragments of AA-L.1
corresponded to odd-numbered, short-chain fatty acids (C17

and C15; Section IPL Taxonomic Source Indications; Figure S4)
and therefore likely derived from a bacterial source. As the
fatty acids of AA-L.2 were also short (≤C18), these putative
alkylamine lipids may therefore represent a novel IPL biomarker
to assess nutrient-stressed populations of heterotrophic bacteria.
Although relatively high in diversity (Table 1; Figure 4C), the
alkyl chain distribution of GA-L lipids (Figure S7) was not further
interpreted via hierarchical cluster analysis as the headgroup and
glycerol backbone linkages and thus the length of alkyl chains
remains uncertain. However, based on the putative structure
(Figure 2), the relatively high abundance of short and saturated
alkyl chains featured by this lipid class is similar to that of IPLs in
the “nutrient-availability” cluster (Figure 5).

Turnover of the IPL Pool
During the MESOAQUA experiment in 2012 (Heraklion,
Greece), concentrations of bacteria, Synechococcus, and
chlorophyll increased significantly in response to the addition
of SD and A to oligotrophic seawater mesocosms (Herut et al.,
2016; Tsiola et al., 2016; Tsagaraki et al., under revision, this
SI). In parallel with the stimulation of picoplankton, Chl-a
concentrations representative of larger phytoplankton (Chl>2µ

m) had increased by >50% by day 3. However, the concentration
of total suspended IPLs was surprisingly stable throughout the
pre-addition, stimulated, and post-stimulated periods relative
to the significant increases of both phytoplankton and bacteria
(e.g., Guo et al., 2016; Herut et al., 2016). That is, based on the
hypothesis that IPLs track plankton growth, one would have
expected their summed concentrations to increase by >20%
of the pre-addition concentrations on day 3 (Figures 1B–C);
this value would rise to >60% if one assumes no heterotrophic
bacteria were retained by the GF/F filter. The lack of a significant
increase in total IPL concentration on day 3 (Figures 1, 6) may
be explained by the presence of a relatively refractory pool
of IPLs that turnover more slowly (∼weeks; e.g., Logemann
et al., 2011) than the biogenic lipid signal associated with the
growth response of plankton that occurred 3 days after dust
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addition. This interpretation is supported by the consistently
higher measured concentrations of IPLs vs. that predicted based
on increases in Chl-a (Figure 1A). Alternatively, the increases
in cell abundance following dust amendments may have been
accompanied by a reduction in IPL cell quota, thus resulting
in a static IPL signal. This hypothesis is supported by the
enhanced lipid content of chlorophytes under nutrient limited
conditions (Griffiths and Harrison, 2009). For each treatment
mesocosm, significant net increases in IPL concentration were
not observed until day 6 (p< 0.01; Figure 6; cf. Section IPL Alkyl
Chain Distributions), and could not be explained by growth
of microzooplankton alone (cf. Section Biological Responses
to Dust Addition). In summary, the net increases in total IPL
concentration were uncoupled with pigment concentration
and plankton biomass, representing a delayed response to the
additions of SD and A that may be a hallmark of the episodic
blooms occurring in this ultra-oligotrophic setting.

The experimental mesocosms were void of advective input
or export fluxes; therefore, net changes in total suspended lipid
concentration were presumably determined by the balance of
plankton growth (i.e., IPL additions) vs. sinking and diagenesis
(i.e., IPL removal). In terms of concentration, the only lipid
class that appeared to track the stimulated plankton in SD or A
mesocosms was GSL-OH, which increased from 11 ± 2 to 5 ±

2 ng L−1 on day-1, respectively, to maximum values of 30 ± 5
or 34 ± 13 ng L−1 on day 3, accounting for only a fraction of
the expected IPL increase (cf. Figure 1). The consistent losses of
MGDG.2 and AA-L.1 on days 3 and 6 in control and treatment
mesocosms (Figure 6) suggest that these lipids, which accounted
for 13–21% of IPLs at the onset of the experiment, were
representative of the detrital pool that was removed from the
system. In contrast, the additions of MGDG.1, AA-L.2, DGTA,
GA-L, PC, and DGDG measured on day 6 among the treatment
mesocosms (Figure 6) suggest that these biomarkers integrated
biological production or otherwise may have accumulated during
the post-stimulated phase in the mesocosm via nutrient stress
responses by phytoplankton (e.g., Griffiths and Harrison, 2009)
or lipid incorporation by secondary consumers (e.g., Ederington
et al., 1995).

Constrained Ordination Modeling of IPL
Responses
While changes in lipid concentration can be attributed to
growth or removal processes in the context (i.e., time course)
of this mesocosm experiment, fluxes of biomarkers in natural
environments, such as lateral transport and dilution, are
more difficult to constrain. Furthermore, concentrations of
particles and thus biomarkers suspended in seawater often
exhibit unidirectional trends over seasonal scales (e.g., increasing
with production during bloom events; Christodoulou et al.,
2009), spatial gradients (e.g., decreases with depth; Wakeham
et al., 1997) or along estuarine transects (e.g., Canuel,
2001). These previous studies have therefore rather examined
characteristic changes in biomarker relative abundance (as
opposed to concentration), which, for our purposes, may
better depict shifts in plankton community composition and

physiological adaptations. In other words, because the variability
overprinted by unilateral concentration change is removed,
relative abundance comparisons may offer a more sensitive
interpretation of biomarker reactivity.

The significant trends in IPL relative abundance distributions
during the MESOAQUA experiment were gleaned via an
RDA modeling approach that reduced the dimensionality of
the data, which included measurements of 15 IPL classes
and 31 environmental parameters for 23 different samples
collected from control or treatment mesocosms during the
progression of the plankton community (Tables S3, S4). The
IPL composition that developed in SD or A mesocosms was
distinct from that of the control (i.e., Figure 7; RDA1) and
that these differences were amplified during the post-stimulated
period, such that adding a temporal component increased
the explanatory value of the RDA [i.e., RDA2, p = 0.001;
Table S3; cf. Section IPLs in SD or A treatments vs. Control
(RDA1) and IPL Composition of Pre-Addition, Stimulated, and
Post-Stimulated Samples (RDA2)]. Although neither treatment
nor day of sampling were included as discrete terms in the
parsimonious RDA model, the combined effects of treatment
and temporal development of the plankton community on
IPL composition are evident by the grouping of control
and day −1 samples (Quadrants III and IV) vs. treatment
samples collected on day 3 or day 6 (Quadrants I and II;
Figure 8).

Based on the sampling resolution, the largest change in
environmental parameters was recorded by τPO4 [cf. Section
Comparing IPL Distributions with Environmental Parameters
(RDA3], which consequently best explained the changes
among IPL lipids (Figure 8). Nevertheless, when considering
the impact of the environmental parameters individually
(RDA3.1–31), other parameters could also significantly explain
IPL distribution (Table S4), including alkaline phosphatase
activity, concentrations of ammonia, phosphate, Chl-a
and the pigment 19- butanoyloxyfucoxanthin, as well as
and the fraction of Chl-a in particles >0.6µm and the
fraction of primary productivity in particles >2µm. The
explanatory potential for these parameters is much less
than for τPO4, which resulted in the elimination of these
parameters in the combined parsimonious RDA. This RDA
modeling approach that employs a forward selection algorithm
could be useful for assessing the potential controls of larger
gradients in nutrient concentration and productivity on IPL
composition.

IPL Signatures of Nutrient Turnover
Leaching of N and P from the SD treatment yielded a lower N:P
ratio (ca. 10.1) compared to the A treatment (ca. 19.1; Herut
et al., 2016). The relatively enhanced availability of phosphorus
in SD mesocosms could thus explain the significantly higher
additions of PC in on day 6 (p < 0.04; Figures 6, 7). The delayed
and significant increases in PC concentration in treatment
mesocosms (Figure 6) is suggestive of autochthonous production
rather than leaching from the amended dust (e.g., De Deckker
et al., 2008). Given the capacity for SQ to substitute phospholipids
(VanMooy et al., 2009), the net removal of SQ on day 3 in the SD
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treatments vs. net production in the A treatments (cf. Section IPL
Concentrations; Figure 6) may be similarly explained. Further
indication of surplus P in the SD treatment stems from the ratio
of BL to PC, for which increased values have been interpreted
as a signal of P-limitation (Van Mooy et al., 2009; Popendorf
et al., 2011b). Conversely, the significantly lower BL:PC value
in SD mesocosms on day 6 (2.0 ± 0.3) suggest that P was
in excess, relative to control (5.2 ± 1.7) and A (3.7 ± 0.7)
mesocosms as well as day −1 of the SD treatment (3.8 ± 0.6; p
< 0.04).

Because there were only slight differences in the structure
of plankton communities that developed in the treatment
mesocosms (Guo et al., 2016; Herut et al., 2016; Tsagaraki et al.,
under revision, this SI), the significant additions of PC in SD
mesocosms may be a signal of changes in plankton physiology
rather than taxonomy. This conclusion is consistent with the
interpretation of increased BL:PC ratios following N addition
to oligotrophic seawater microcosms (Popendorf et al., 2011b),
where nutrient additions were higher than the current study
by one to two orders of magnitude and yielded in only small
changes in community structure. In all treatment mesocosms (n
= 6), phosphate concentrations dropped to below 8 nM,τPO4
decreased to <6 min., and the balance of P uptake shifted
toward larger organisms by day 6 (Figure 9); however, no
significant increases in PC were observed in the A treatment.
Additions of SD may have therefore initiated a mechanism
by which larger plankton shuttled inorganic P into PC as a
result of luxury N and P uptake (relative to A and control
mesocosms), or a means of N and P storage, or both. In
addition to PC, the significant correlations of DGTA and AA-L.2
relative abundances with τPO4 and P uptake by plankton >2µm
(Figure 9) implicate these IPLs as biomarkers of a physiological
response to the conditions induced by SD and A deposition in
surface oligotrophic seawater.

CONCLUSIONS

The enhanced UHPLC-MS protocols employed during this study
allowed for identification of novel IPLs in seawater (Table 1)
and resolution of their alternative fatty acid distributions
(Figure 5, Figure S7), thereby serving to further constrain IPL
sources, organic matter reactivity, and food web dynamics
in the ocean. The total abundance of IPLs was uncoupled
to the induced increases in Chl-a; however, their alkyl
chains were typically elongated and more unsaturated in
response to SD or A additions (Tables 2, 3). Elongation
of fatty acid chains could be a mechanism associated with
increases in cellular C storage and size, and accompanying
increases in unsaturation would maintain membrane fluidity
and thus solute transport (e.g., Chapman, 1975; Williams,
1998). These combined modifications may therefore represent
a phenotypic feature of microbial “Winnie-the-Pooh strategists”
in the oligotrophic ocean (Thingstad et al., 2005b). Increased
desaturation of the fatty acid chain may also save reducing

power via use of a polyketide synthase pathway (Ratledge,
2004).

While the stimulation of plankton was relatively low in
biomass in comparison to other ocean regions, redundancy
analysis indicated that significant changes in IPL headgroup and
chain distributions were associated with sampling day and best
explained by the large decreases in τPO4 during the temporal
evolution of the plankton community (Figure 8). IPLs containing
N or N and P, including DGTA, PC, and AA-L.2 were (i) relatively
enriched in alkyl chains thought to derive from heterotrophic
bacteria, (ii) significantly enriched during the post-stimulated
phase in treatment mesocosms (Figure 7), (iii) significantly
correlated with decreases in τPO4, and (iv) significantly increased
with fractional uptake of P by larger plankton (Figure 9). These
IPLs may thus modulate with changes in plankton physiology
and/or serve as a portal for nutrient shuttling in the oligotrophic
food web.
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