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Cell membrane intact polar lipids (IPLs) are chemotaxonomic biomarkers whose abundances and distributions in water column environments reflect the living biomass of in situ microbial communities, and can be used to determine the relative contribution of distinct functional and phylogenetic groups to water column carbon stocks. The diversity of IPLs in marine environments is, however, vast, while our knowledge of their biological origins remains limited. Here, we study the distribution of IPLs in size-fractionated suspended organic matter from the oxygen minimum zone (OMZ) of the eastern tropical South Pacific (ETSP) off northern Chile. Canonical correspondence analyses of total IPL abundances and water column physiochemistry demonstrate distinct distributions of microbial sources associated with different geochemical regions in the water column (chlorophyll maximum, upper chemocline, lower chemocline, upper OMZ, core OMZ, and mesopelagic region). Furthermore, the distribution of IPLs in free-living (0.3–2.7 μm) and particle-attached (2.7–53 μm) suspended organic matter differs, suggesting distinct biological sources in each size fraction. While some parallels exist, the diversity and distribution of IPLs in the OMZ system of the ETSP off northern Chile exhibited some unique features compared to other OMZ systems; for instance, we observed a significantly lower contribution of betaine lipids from phytoplanktonic sources, possibly reflecting a physiological response to severe N-limitation in this area. The overall IPL abundance in the two size fractions also indicates a dominance of free-living biomass in the OMZ and mesopelagic regions, suggesting that these areas of the water column could provide additional sources of submicrometer-sized organic carbon to deeper waters. This study improves the utility of IPLs as chemotaxonomic biomarkers by providing insight into the contrasting distributions of microbial biomass from different life modes (free-living and particle-attached). Our results suggest that microbial production in low oxygen environments may be more important to total water column carbon stocks than previously thought.
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INTRODUCTION

Lipids are a class of organic molecules ubiquitous to all forms of known life. The great chemical diversity of cell membrane intact polar lipids (IPLs) provides some phylogenetic specificity, which has been exploited in the mapping of planktonic and microbial communities in marine environments (Wakeham et al., 2007; Popendorf et al., 2011; Brandsma et al., 2012; Rush et al., 2012; Sollai et al., 2015). Given the susceptibility of their polar head groups to hydrolysis after cell death (White et al., 1979; Harvey et al., 1986; Petersen et al., 1991), the abundance of environmental IPLs is commonly interpreted to represent the occurrence of living cells, and is thus used to determine the in situ abundances of different metabolic and biosynthetic pathways (e.g., Schubotz et al., 2009; Van Mooy and Fredricks, 2010; Wakeham et al., 2012; Schubotz et al., 2018). While the stability of polar head groups has been questioned in sediments (Schouten et al., 2010; Logemann et al., 2011), the short residence time of particles in water column samples (Moran and Buesseler, 1992) allows the use of IPLs to study microbial abundances and contribution to carbon stocks in suspended particles.

Marine planktonic IPLs are mostly comprised of several distinct classes of amino/betaine, glycol, and phospholipids that are predominantly produced by algae, a combination of cyanobacteria/algae, and bacteria, respectively (Goldfine, 1984; Dembitsky, 1996; Harwood, 1998; Wada and Murata, 1998; Suzumura, 2005). Additionally, the predominance of polyunsaturated fatty acids in eukaryotic cells (Volkman et al., 1989), the preferential synthesis of odd-chain fatty acids in bacterial membranes (Schubotz et al., 2009; Van Mooy and Fredricks, 2010), the presence of isoprenoidal lipids in archaea (Pearson and Ingalls, 2013), as well as the differing stereochemistry of ether and ester linkages between bacterial and archaeal lipids (Weijers et al., 2006; Valentine, 2007), are used to assess distinct biological sources in the environment. Furthermore, empirical relationships between water column chemistry, cell sorting techniques, and IPL concentrations have served useful to determine potential biological sources (Van Mooy and Fredricks, 2010; Wakeham et al., 2012; Schubotz et al., 2018). Other specific IPLs in marine environments include archaeal glyco- and phospho- glycerol dialkyl glycerol tetraethers (GDGTs; Pitcher et al., 2011; Elling et al., 2014; Sollai et al., 2015) as well as anammox bacteria ladderane phospholipids (Sinninghe Damsté et al., 2005; Boumann et al., 2006; Rush et al., 2012).

Microbial activity has significant global effects on the biogeochemical structure of the water column (Arrigo, 2005; Falkowski et al., 2008), particularly via the extensive remineralization of organic matter and the transfer of carbon between the surface and subsurface ocean (termed the “microbial loop” by Pomeroy, 1974; Azam et al., 1983; Azam, 1998). The microbial loop also controls the cycling of nitrogen (Herbert, 1999; Jetten, 2008; Lam and Kuypers, 2011; Thamdrup, 2012), phosphorus (Dyhrman et al., 2007), and sulfur (Sievert et al., 2007; Canfield et al., 2010). Oxygen minimum zones (OMZs) are hot spots of marine microbial diversity (Ulloa et al., 2012; Wright et al., 2012) containing chemoautotrophic processes that can have a significant contribution to carbon fluxes (see Taylor et al., 2001; Lengger et al., 2020). The adsorption of fine organic particles onto ballasted minerals, or the formation of aggregates (marine snow) greatly increases their sinking rates through the water column (Passow and De La Rocha, 2006; De La Rocha et al., 2008; Wilson et al., 2012) thus providing a mechanism for the export of submicron organics to the deep sea. Indeed, previous biomarker work suggests that a significant proportion of exported particulate organic matter (POM) to the mesopelagic region in oligotrophic waters may be from a submicron component (Close et al., 2013). However, POM has historically been collected using 0.7 μm filters, which may not capture all average-sized bacterial cells (0.2–0.6 μm; Pomeroy et al., 2007), and thus underestimate the contribution of microbial organic matter. Lipidomic and metagenomic studies in these systems indicate that the composition and abundance of microbial biomass differs between micron-scale (typically > 1–3 μm) and submicron-scale (ranging from 0.2 to 0.7 μm) POM fractions (Close et al., 2014; Ganesh et al., 2014, 2015; Duret et al., 2015; Matys et al., 2017). Thus, the interpretation of individual IPL sources, and their use to reconstruct microbial distributions in the environment, may be complicated either by the occurrence of distinct metabolic niches in large vs. submicron POM, by multiple biological sources for common compounds, or by the potentially rapid export of particles via ballasting.

The eastern tropical South Pacific (ETSP) harbors one of the largest volumes of hypoxic waters in the world (Helly and Levin, 2004; Paulmier and Ruiz-Pino, 2009). The subsurface waters along the Humboldt Current off northern Chile and Perú are characterized by reduced circulation and ventilation (Czeschel et al., 2011; Thamdrup et al., 2012; Karstensen and Ulloa, 2019) as well as intense aerobic decomposition of detrital organic matter (Pantoja et al., 2004; Canfield et al., 2010) fueled by the upwelling of nutrient-rich water masses and high productivity in surface waters (Daneri et al., 2000). These processes lead to the occurrence of a marked OMZ (<20 μM) between ∼50–100 and 300–400 m (De Pol-Holz et al., 2009; Fuenzalida et al., 2009; Ulloa and Pantoja, 2009) that is functionally anoxic (Thamdrup et al., 2012; Ulloa et al., 2012). The exact depth and structure of the oxycline is determined by a combination of O2 production via photosynthesis, stratification and depth of the wind mixed layer, and aerobic respiration rates, in addition to mesoscale physical processes such as eddies that can also replenish the subsurface with O2 (Ulloa et al., 2012).

Here, we study the differences in distribution and abundance of IPLs in size-fractionated suspended organic matter, a “particle-attached” fraction (2.7–53 μm) and a “free-living” fraction (0.3–2.7 μm), through waters of the OMZ in the ETSP off the coast of northern Chile. While these size fractions may include some overlap between bacterial cells (typically < 1 μm; see Ducklow, 2001; Pomeroy et al., 2007) attached to larger organic substrates, or eukaryotic picoplankton cells contributing to the free-living fraction (∼2 μm; see Finkel et al., 2010), this investigation is meant to broadly define differences in the IPL composition between both planktonic life modes. We aim to demonstrate the utility of size-fractionated IPLs distributions in POM to improve the characterization of in situ microbial planktonic community composition across strong geochemical gradients, in addition to better quantify their potential contribution to water column carbon stocks. Additionally, we present an exhaustive catalog of predominantly bacterial and eukaryotic IPLs that expands the ever growing database of microbial signatures in marine OMZs.



MATERIALS AND METHODS


Sampling and Physicochemical Water Analyses

Samples of suspended organic matter were collected from two stations off the coast of Iquique, northern Chile (∼20°S; Figure 1) during the LowpHOX-2 Cruise (February 4–6, 2018) aboard the AGS-61 Cabo de Hornos. Samples were collected from a depth profile along a more nearshore station (T3, ∼30 km from the coast) where the OMZ exhibited a shallow oxycline (∼15–55 m), denoted henceforth as “nearshore station,” in addition to a second station further offshore (T5, ∼80 km from the coast) with a slightly deeper oxycline (∼25–60 m), denoted henceforth as “offshore station.” Physicochemical profiles were measured using a Seabird SBE-911 CTD system, equipped with an SBE 43 oxygen sensor and fluorometer, in addition to 24 10-L General Oceanics Niskin Bottles. Chlorophyll a concentration was estimated fluorometrically as described by Parsons et al. (1984) and dissolved inorganic N (nitrite, NO2– and nitrate, NO3–) and phosphate (PO43–) were analyzed using protocols established by Grasshoff et al. (2009). Temperature, salinity, oxygen, and fluorescence sensors were calibrated before the cruise by Seabird Scientific®, WA, United States (2nd half of 2017). Onboard, all sensors were carefully maintained after each cast to avoid salt accumulation. Oxygen and fluorescence data were checked and corrected with in situ values analyzed through Winkler titration method (Carpenter, 1965) and fluorometric analyses, respectively at standard depths (2, 10, 25, 50, 100, and 250 m). We collected an entire rosette cast (200 L) for IPL analysis at six discrete depths: chlorophyll maximum (∼10 m), upper chemocline (∼25 m), lower chemocline (∼45 m), upper OMZ (∼60 m), core OMZ (∼250 m), and mesopelagic zone (∼750 m). Sea water was transferred to a large, high-density polyethylene drum and then filtered through pre-combusted, 142 mm Sterlitech (D1420) and Advantec glass fiber filters (GF75142MM) of 2.7 and 0.3 μm pore sizes, respectively. Water samples were prefiltered through a 53 μm mesh to remove large organisms. Here, we refer to the 2.7–53 μm size fraction as “particle-attached,” and to the 0.3–2.7 μm size fraction as “free-living” microbes, although we recognize that some overlap between both fractions is likely. All samples were wrapped in combusted aluminum foil and shipped frozen to the Organic Geochemistry Laboratory at the University of Colorado, Boulder for IPL extraction and analysis. Additional water column filtrates (1–2 L) were collected for particulate organic carbon (POC) and particulate organic nitrogen (PON) using pre-combusted 25 mm diameter glass fiber filters with a 0.7 μm pore size. The same water was subsequently filtered through 25 mm diameter glass fiber filters with a 0.2 μm pore size for dissolved organic carbon (DOC).
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FIGURE 1. Study area marking the location of Stations T3 (nearshore) and T5 (offshore) along the Humboldt Current in the ETSP off northern Chile.




Lipid Extraction and Analysis

Intact polar lipids were extracted from glass fiber filters via a modified version (Wörmer et al., 2013) of the original Bligh and Dyer Extraction method (Bligh and Dyer, 1959). Samples were extracted by ultrasonication a total of five times with three different extraction mixtures. Two extractions were performed using Dichloromethane/Methanol/Phosphate buffer(aq) [1:2:0.8, v:v:v], with the Phosphate buffer adjusted to a pH of ∼7.4. Two extractions were subsequently prepared with Dichloromethane/Methanol/Trichloroacetic acid buffer(aq) [1:2:0.8, v:v:v] with the 5% Trichloroacetic acid buffer at a final pH of ∼2. A final extraction was prepared with Dichloromethane/Methanol [1:5, v:v]. We added 2 μg of C16PAF (see Supplementary Table 1) to each extraction as internal standard. Following extraction, samples were concentrated under a gentle flow of N2 using a Turbovap, re-dissolved in 9:1 Dichloromethane:Methanol, (v/v), sonicated, vortexed, and then filtered using a 0.45 μm polytetrafluoroethylene (PTFE) syringe filter. Before analysis, an aliquot representative of ∼1% of the total lipid extract (TLE) was transferred into a 2 mL vial with an insert, and re-dissolved in 100 μl of 9:1 Dichloromethane:Methanol, (v/v). The coupled identification and quantification of IPLs was achieved using a Thermo Scientific Ultimate 3000 High Performance Liquid Chromatography interphase to a Q Exactive Focus Orbitrap-Quadrupole High Resolution Mass Spectrometer (HPLC-HRMS) via electrospray ionization (ESI) in positive mode. We used the chromatographic conditions described by Wörmer et al. (2013); i.e., an Acquity BEH Amide 1.7 μm, 2.1 by 150 mm column, flow rate of 0.4 mL/min with two mobile phases. Mobile phase A consisted of Acetonitrile:Dichloromethane [75:25, v:v] with 0.01% formic acid and 0.01% NH4OH; Mobile phase B consisted of Methanol:H2O [50:50, v:v] with 0.4% formic acid and 0.4% NH4OH. Mobile phases were proportioned under the following gradients: 0 min: 1% B, 2.5 min: 1% B, 4 min: 5%, 22.5 min: 25% B, 26.5 min: 40% B, 27.5 min: 40% B. Column temperature was kept at 40°C and samples were injected in Dichloromethane:Methanol [9:1, v:v]. Electrospray ionization settings were optimized for maximum intensity across all measured IPL classes under the following conditions: auxiliary gas heater temperature 425°C, capillary temperature 265°C, spray voltage 3.50 kV, sheath gas flow 35 arbitrary units (AU), aux gas flow 13 AU, S-lens RF level 55.0 AU. The instrument was constantly calibrated for mass resolution and accuracy using the PierceTM LTQ Velos ESI Positive Ion Calibration Solution (88323). Samples were analyzed in full scan mode to obtain an untargeted screening (or lipidomic profile) of each sample, in addition to targeted MS/MS mode for compound identification via diagnostic fragmentation patterns (Sturt et al., 2004; Schubotz et al., 2009; Wakeham et al., 2012). IPLs were identified by their exact masses, polar head groups, the number of carbon atoms and unsaturation in the core structure, and their retention times. While other studies have analyzed IPLs under both positive and negative ionization modes to determine the fatty acid composition in the core lipid structures, we took advantage of the high resolution of our mass spectrometer to focus on the diversity of head group combinations with total carbon atoms and unsaturation only.

Quantification of IPLs was achieved with a combination of an internal standard (C16PAF, Avanti Lipids) and external calibration standards consisting of 17 different IPL classes (16 IPL-Mix, Avanti Lipids, and Matreya LLC main phospholipid of Thermoplasma acidophilum; see Supplementary Table 1). The intensity of each individual IPL identified in the HPLC-ESI-HRMS analysis was calibrated to a linear regression between peak areas and known concentrations of the same lipid class (or the most similar molecular structure) across a 5-point dilution series (0.001–2.5 ng/μl). Samples were also spiked with known concentrations of deuterated IPL standards (Avanti Lipids: d7-PC, d7-PE, d7-PG, and d9-DGTS) to correct for possible sample matrix effects on ionization efficiency, and to check for consistency in retention times.



POC, DOC, and PON Analyses

Filters were dried overnight at 60°C and split for duplicate analyses and packed into tin boats. Total particulate organic carbon and nitrogen was measured using a Thermo Scientific Elemental Analyzer – Isotope Ratio Mass Spectrometer at the CU Boulder Earth Systems Stable Isotope Lab. Purified acetanilide standards were measured for external calibration and drift corrections with a carbon and nitrogen analytical precision between 1.1–2.2% and 0.6–2.2%, respectively, across all analysis runs. Dissolved organic carbon was performed using a modified OI Analytical model 1030 wet TOC analyzer (analytical precision of 1.8%), with a model 1088 autosampler at the Ján Veizer Stable Isotope Laboratory at the University of Ottawa.



DIC, pHT, and pCO2

Samples for total alkalinity (AT) were poisoned with 50 μL of saturated HgCl2 solution and AT was determined using the open-cell titration method (Dickson et al., 2003) with an automatic Alkalinity Tritrator (Model AS-ALK2 Apollo SciTech). All samples were analyzed at 25°C (±0.1°C) with temperature regulation using a water-bath. DIC samples were collected in 250 mL Wheaton® glass bottles and preserved with 50 μL saturated HgCl2 solution. Samples were acidified with 10% phosphoric acid and the evolved CO2 measured with a LICOR 6262 non-dispersive infrared gas analyzer. Analytical accuracy was controlled against a certified reference material (CRM, supplied by Andrew Dickson, Scripps Institution of Oceanography, San Diego, CA, United States; Batch #166) and the AT repeatability averaged 2–3 μmol kg–1. Temperature, salinity, AT and DIC data were used to calculate pHT (total scale), aqueous carbon dioxide (CO2-aq), and partial pressure (pCO2). Analyses were performed using CO2SYS software for MS Excel (Pierrot et al., 2006) set with Mehrbach solubility constants (Mehrbach et al., 1973) refitted by Dickson and Millero (1987), the KHSO4 equilibrium constant determined by Dickson (1990) was used for all calculations.



Lipid Diversity and Canonical Correspondence Analysis

Lipid richness through the water column was estimated using the Shannon index based on equal completeness, as described in Chao et al. (2012) using the iNEXT package v2.0.19 in R environment. A canonical correspondence analysis (CCA) was carried out to elucidate the relationships between IPLs distribution and physicochemical conditions (O2, DOC, DIC, pCO2, pH, NO3–, NO2–, PO43–, Chl-a). Triplots include sites, response variables (IPL concentrations) and explanatory variables (environmental data). The site scores are weighted sums of IPLs. The distribution of individual compounds within a given IPL class was also explored via CCAs combining intra-class abundances and water column physiochemistry.



RESULTS


Physicochemical Characterization of the Water Column and IPL Concentrations

Oxygen levels varied from 6 ml/L at the surface to below detection limit (∼0.012 mL/L) in the OMZ (Figure 2A). A shallow oxycline (15–50 m) was evident in the nearshore station, while a slightly deeper oxycline (25–60 m) was observed in the offshore station. The functionally anoxic OMZ impinged the euphotic zone and reached a depth of at least 250 m in both stations. Below this depth, waters remained < 0.3 mL/L O2 until at least 500 m. Chlorophyll concentration varied between 3.12 and 3.85 mg/m3 in the chlorophyll maximum at ∼10 and 25 m in the nearshore and offshore stations, respectively, and quickly dropped to <0.5 mg/m3 by a depth of 50 m (Figure 2A).
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FIGURE 2. Physicochemical characterization of the water column during the LowpHOX-2 cruise at stations T3 and T5. (A) chlorophyll (mg/m3) and O2 (mL/L) concentrations; (B) nitrate (x10μmol/L), nitrite (μmol/L), and phosphorous (μmol/L)concentrations; (C) particulate organic carbon and nitrogen concentrations (μg/L); (D) carbon/nitrogen ratios; (E) total IPL concentrations; (F) POC-normalized IPL concentration (μg/μg); (G) relative abundance of free-living IPLs, expressed as [free-living IPLs]/[total IPLs].


The vertical distribution of nutrient species showed minimum concentrations of NO3– (0–0.65 μmol/L), NO2– (∼0 μmol/L), and PO43– (∼1.0 μmol/L) in the surface and along the chlorophyll maximum (Figure 2B). The concentration of these nutrients increased significantly through the oxycline, with PO43– maintaining elevated concentrations through the anoxic core and into the mesopelagic region (∼3 μmol/L). NO3– increased to 15–20 μmol/L in the oxycline, with a secondary local minimum in the anoxic core (10–15 μmol/L), and maximum concentrations of >35 μmol/L in the mesopelagic region. NO2– remained depleted until OMZ waters, reaching maximum concentrations of (5–6 μmol/L) in the anoxic core, and then returning to nearly absent levels in the mesopelagic region. A summary of the water column chemistry data incorporated into statistical analyses is shown in Supplementary Table 2.

POC and PON showed maximum concentrations (340–500 μg/L and 68–80 μg/L, respectively) around the chlorophyll maximum (∼10–25 m; Figure 2C). The concentrations decreased rapidly through the chemocline and reached minimum values of ∼30 μg/L POC and 2.5-4 μg/L PON in the mesopelagic region. The C/N ratio varied from ∼5 to 7 in the upper 50 m of the water column and increased with depth to maximum values ∼7.5 to 12 between 100 and 750 m (Figure 2D).

Total IPL concentrations (normalized by liter of filtered seawater) showed an exponential decay with depth, with maximum values in surface waters (∼4,800–7,100 ng/L) and minimum values in the mesopelagic region (∼140–180 ng/L; Figure 2E). The concentration of IPLs normalized by POC (μg IPL/μg POC) showed maximum values in the chemocline (>0.02 μg IPL/μg POC), while the upper and core OMZ exhibited values that are comparable and even larger than those in the chlorophyll maximum (Figure 2F). The mesopelagic region, on the other hand, showed the lowest contribution of IPLs to the POC pool (<0.01 μg IPL/μg POC). The relative abundance of IPLs in the free-living fraction relative to the particle-attached fraction ([free-living IPLs]/[total IPLs]) showed generally lower values in the surface ocean (10–25% of total IPLs), and it broadly increased with depth through the OMZ and showed greatest values in the mesopelagic region (∼90% of total IPLs; Figure 2G). We also observed spatial variability in free-living fractional abundances among the two stations (Figure 2G), with the most contrasting trends observed in the chlorophyll maximum and along the chemocline. Finally, the lipid richness as calculated by the Shannon index indicated greatest IPLs diversity in the surface and secondary maxima in the OMZ (see Supplementary Table 3).



CCAs of IPL Class Distribution

The distribution of total IPLs as categorized by polar head group classes remained largely consistent between both stations within individual size fractions aside from some variability within the relative abundances of glycolipid classes in the photic zone (Figure 3). The triplot for the CCA showed a spatial structuring in the diversity and distribution of IPLs in response to the environmental constraints (Figure 4), with well-defined IPL groupings by geochemical regions (Figures 4, 5). This includes (a) a prevalence of glycolipids and betaine lipids with high chlorophyll, pCO2, and oxygen in surface waters, (b) a predominance of phospholipids associated with high DOC, NO3– and PO43– in subsurface waters below the chlorophyll maximum, and (c) a predominance of archaeal lipids clustered closely to high NO2– concentrations in the lower oxycline and oxygen minimum zone.
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FIGURE 3. Relative abundance of individual IPL classes in each size fraction and sampling station.
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FIGURE 4. Canonical correspondence analysis (CCA) of total IPL abundances and water column chemistry in both size fractions and sampling stations.
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FIGURE 5. Canonical correspondence analysis (CCA) of total IPL abundances (summed by class) and water column chemistry in both size fractions and sampling stations.




Glycolipid Distribution

Particle-associated IPLs in both sites showed significant abundances of glycolipids SQDG (Sulfoquinovosyldiacylglycerol) and MGDG (Monogalactosyldiacylglycerol) at all depths (∼25–75%; Figure 3), with generally higher glycolipid contributions (MG, DG; Diglycosyldiacylglycerol, SQ) in the surface and oxycline than at depth. Free-living IPLs showed an even more pronounced dominance of glycolipids (MG, SQ, DG) in the chlorophyll maximum and oxycline (∼70%) and were drastically reduced in the core OMZ and mesopelagic regions (<5%; Figure 3).

A total of 20 unique MGDG molecules were detected in the ETSP, which showed greatest relative abundance in the chlorophyll maximum (up to 60% of the total IPL yield) and oxycline in both size fractions. While the particle-attached fraction was comprised of up to 15% MGDGs in the mesopelagic, MGDGs were nearly absent in the free-living fraction from both the core OMZ and mesopelagic regions. One of the most abundant MGDGs (30:1; up to 40% of the total IPL yield, see Figures 6A,B) in the particle-attached fraction clusters closely with chlorophyll concentrations, as do most MGDGs (Figure 7B). However, in the free-living fraction the clustering of this same molecule (as well as the majority of MGDGs) occurred along high NO2– and pCO2 (Figure 7A).
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FIGURE 6. Heatmap and cluster analysis of IPLs contributing > 5% of the total IPL pool in at least one depth, separated by free-living fraction (A) particle-attached fraction (B).
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FIGURE 7. Canonical correspondence analysis (CCA) of all molecular abundances within individual glycolipid classes and water column physiochemistry. Black dots indicate individual compounds, blue lines indicate physiochemical variables included in CCA. (A) MG Free Living fraction; (B) MG Particle Attached fraction; (C) DG Free Living fraction; (D) DG Particle Attached fraction; (E) SQ Free Living fraction; (F) SQ Particle Attached fraction.


A total of 20 DGDGs in the ETSP contribute up to 25% of the IPL yield, largely confined to the photic zone in both size fractions, and with the greatest contribution found in the free-living fraction of the offshore station (Figure 3). The most abundant molecule amongst in the photic zone (DGDG-30:0; Figures 6A,B) is closely correlated to chlorophyll and O2 concentrations amongst free-living IPLs (Figure 7C), but in the particle-attached fraction it is associated with high pCO2 and moderate PO43– and NO2– concentrations (Figure 7D). The core OMZ and mesopelagic region exhibited a low contribution of DGDGs (<2% of total IPLs).

A total of 17 SQDGs were detected in the ETSP, and their relative abundance to the total IPL pool was highly variable (Figure 3). The free-living fraction is consistent between stations, with maximum contributions (15–30%) found in the chlorophyll maximum and the upper oxycline. The particle-attached fraction shows more variability between stations. SQDGs make up 55% of the total IPL pool in the offshore station chlorophyll maximum and 40% of the total IPL pool in the nearshore station core OMZ. The 2 most abundant SQDGs in the free-living fraction (28:0 and 30:0; Figures 6A,B) are associated with both high chlorophyll and NO2– concentrations, but have a negative correlation to chlorophyll in the particle-attached fraction (Figures 7E,F). The distribution of SQDGs in both fractions showed an increase in the contribution of SQDG-29:0 at depth (see Supplementary Figure 1C) and a strong correlation with NO2– (Figures 7E,F).



Phospholipid Distribution

Phospholipids (PG; Phosphatidylglycerol, PE; Phosphatidylethanolamine, PC; Phosphatidylcholine, PME/PDME; Phosphatidyl(di)methylethanolamine) were prevalent throughout the water column and increased from <10% in surface waters to 75 and 95% of the total IPL pool in the core OMZ and mesopelagic region, respectively.

PGs were amongst the least diverse IPL class in the ETSP (13 compounds) molecules detected. Their contribution to the total free-living IPL pool ranged from <5% in the chlorophyll maximum to 60–70% in core OMZ waters and <5% in the mesopelagic region (Figure 3). Similarly, the particle-attached fraction demonstrated a significant relative contribution of PGs in the OMZ (∼15–25%) and mesopelagic (5–10%) waters. In addition, of the most abundant PGs in either fraction (i.e., 32:0, 33:1, and 34:3; Figures 6A,B) only 32:0 in the free-living fraction showed a strong association with chlorophyll in the surface (Figures 8A,B).
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FIGURE 8. Canonical correspondence analysis (CCA) of all molecular abundances within individual phospholipid class and water column physiochemistry. Black dots indicate individual compounds, blue lines indicate physiochemical variables included in CCA. (A) PG Free Living fraction; (B) PG Particle Attached fraction; (C) PE Free Living fraction; (D) PE Particle Attached fraction; (E) PC Free Living fraction; (F) PC Particle Attached fraction.


A high diversity of PEs were detected in the ETSP (24 compounds; see Supplementary Figure 2). PEs made up a small proportion of the total IPL pool in both fractions in the chlorophyll maximum and upper oxycline (5–10%; Figure 3), however their relative abundance increased in the oxycline and below, reaching maximum values in OMZ waters (15–25%; Figure 3). Notably, the most abundant PEs (31:0 and 33:0; Figures 6A,B) in the photic zone were nearly absent in the free-living fraction in the core OMZ (see Supplementary Figure 2C) but remained a major contributor in the particle-attached fraction.

The distribution of PCs in the ETSP was highly variable with a <5% contribution to total IPL yields in the chlorophyll maximum, yet ∼40 and 15% in the free-living and particle-attached fractions (respectively) within the mesopelagic region (Figure 3). However, the diversity of this lipid class (38 compounds) was high across all depths (Supplementary Figure 2A). In the chlorophyll maximum and upper oxycline, the relative abundance of PCs were dominated by PC-30:0, which clustered between O2 and NO3– in a CCA of the free-living fraction (Figure 8E), yet it correlated closely with O2 and chlorophyll in the particle-attached fraction (Figure 8F). Most particle-attached PCs correlated to high chlorophyll, or moderate concentrations of both NO2– and chlorophyll, while the free-living PCs were largely associated with high NO2– concentrations.

PMEs/PDMEs in the ETSP typically contributed less than 10% of the total IPL pool from the photic zone through the core OMZ, with maximum contributions in the free-living fraction of the mesopelagic region (∼20%). The distribution of the 17 molecules detected was largely the same in the particle-attached fraction, but showed variability with depth in the free-living fraction (Supplementary Figure 3A). The fractional abundances of PME/PDME indicated a dominance of particle-attached molecules for the entire water column, except in the mesopelagic region (Supplementary Figures 4, 5).



Betaine Lipid Distribution

Betaine lipids (BLs) DGTA, DGTS, and DGCC remained minor contributors to the total IPL pool at all depths and fraction sizes (<10%; Figure 3), but were amongst the most diverse IPL classes in the ETSP, with 23, 42, and 20 unique compounds, respectively (Supplementary Figures 6A–C). Generally, BLs were associated with relatively high chlorophyll and O2 concentrations (Figure 5) and were more abundant in the particle-attached fraction, except in the upper and core OMZ (see Supplementary Figures 4, 5).



Archaeal and Other Lipids

Archaeal lipids (AR) contributed less than 5–15% of the total IPL yield in the free-living fraction of the lower oxycline and upper OMZ (Figure 3). The most abundant intact gly-GDGTs (glycerol dialkyl glycerol tetraethers) were detected in nearly all depths amongst the free-living fraction (gly-GDGT-0 and gly-GDGT-5 – also known as gly-crenarchaeol), but only between the lower oxycline and upper OMZ in the particle-attached fraction (see Supplementary Figure 3B). Ornithine lipids and sphingosine lipids (grouped as “Other”), remained minor contributors to the total IPL pool at all depths (<5%; Figure 3).



DISCUSSION


Water Column Environment and IPL Abundances

The upper 25 m of the water column in both stations is characterized by high chlorophyll, POC and PON, but low nutrient concentrations (Figure 2), as commonly seen in the highly productive surface waters of the ETSP (Molina et al., 2007; Galán et al., 2009; Molina and Farías, 2009; Ulloa et al., 2012). At these depths, total IPL yields are also at their highest, indicative of high phytoplanktonic biomass supplying the oxycline with organic substrates. Through the oxycline, PO43– concentrations dramatically increase, reflecting high organic matter remineralization that quickly depletes the oxygen supply within 50–60 m from the surface. NO3– concentration increases in the oxycline as well, due to a high supply of remineralized NH4+ that fuels nitrification in the lower oxycline, particularly by archaea (Molina et al., 2010; Stewart et al., 2012), also coinciding with maximal archaeal IPL yields (Figure 3). The OMZ is characterized by a secondary minimum of NO3– as a result of denitrification; a sharp increase in NO2– is characteristic for the region resulting from nitrate reduction and as an intermediate of denitrification (Ulloa et al., 2012). Active expression of sulfur oxidizing/reducing bacteria have also been observed in the core OMZ (Walsh et al., 2009; Canfield et al., 2010; Ulloa et al., 2012). Anammox bacteria are also active in this region (Galán et al., 2009; Dalsgaard et al., 2012; Stewart et al., 2012) and may contribute significantly to total nitrogen loss (Kuypers et al., 2006; Thamdrup et al., 2006; Lam and Kuypers, 2011) in the form of N2. Thus, we expect IPLs along the chemocline to be reflective of a mixture of photoautotrophs, aerobic heterotrophs, and nitrifying microbes, while IPLs in the oxygen minimum zone are likely produced by nitrate reducers, denitrifiers, anaerobic ammonia oxidizers (anammox), and potentially sulfur oxidizing/reducing bacteria, among others.



Potential Sources of IPLs


MGDG (Monoglycosyldiacylglycerol)

MGDGs are the dominant constituents of chloroplast thylakoid membranes in both eukaryotic and bacterial photoautotrophs (Harwood, 1998; Wada and Murata, 1998). Indeed, in surface waters of other oxygen-depleted systems these lipids have been attributed to prochlorophytes as well as to algal sources (Van Mooy and Fredricks, 2010; Schubotz et al., 2018). Surface production in the ETSP is thought to be dominated principally by diatoms, although with a significant contribution of chlorophytes, and an increasing contribution of the cyanobacteria with depth (Franz et al., 2012).

High abundances of diatoms in this region (Franz et al., 2012) suggest that particle-attached MGDGs associated with high chlorophyll concentration (Figure 7B) are derived from predominantly algal sources. An especially high ratio of particle-attached to the free-living MGDGs (see Supplementary Figures 4C, 5C) in the near-surface samples also supports their predominantly algal origins. Their molecular structure differs, however, from the typical polyunsaturated fatty acids observed in the IPLs of eukaryotic phytoplankton (Van Mooy and Fredricks, 2010; Schubotz et al., 2018). Instead, many are comprised of monounsaturated and saturated fatty acids (the most abundant being MGDG-30:1), which are typically more common in cyanobacteria (Harwood, 1998; Wada and Murata, 1998). The same highly abundant molecule (MGDG-30:1) in the free-living fraction clusters toward moderate pCO2 and NO2– and provides evidence for a distinct bacterial source for the same molecule in the photic zone, possibly attributable to high cell counts of Prochlorococcus in subsurface waters (Lavin et al., 2010; Garcia-Robledo et al., 2017; Aldunate et al., 2020).

Contrary to the typical designation of MGDGs to photoautotrophic sources, Popendorf et al. (2011) demonstrated a substantial component of heterotrophic bacteria in the synthesis of MGDG membranes in regrowth incubations. Glycolipids are also known to be synthesized by aerobic/anaerobic gram-positive bacteria (Hölzl and Dörmann, 2007). In the ETSP, CCA clustering demonstrates that most MGDGs in the free-living fraction are associated with high NO2– and pCO2 (Figure 7A), likely representing suboxic heterotrophic sources, as MGDGs are nearly absent in the core OMZ. Molecules that are weakly loaded on either CCA axis (e.g., MGDG-28:0), yet with increasing relative abundance at depth, may be indicative of more ubiquitous bacterial sources found across the oxycline.



DGDG (Diglycosyldiacylglycerol)

DGDGs are a significant IPL class amongst both eukaryotic and bacterial photoautotrophs (Wada and Murata, 1998; Kalisch et al., 2016). Molecules closely correlated to high chlorophyll and O2 concentrations amongst free-living DGDGs (Figures 7C,D) suggest predominantly cyanobacterial origins. Most particle-attached DGDGs also demonstrate a similar correlation and are likely reflective of algal biomass. However, the most abundant DGDG (30:0) lacks correlation to chlorophyll and O2, possibly as a result of vertical export from surface to subsurface waters, or due to a heterotrophic source relying on particle-attached organic substrates persisting through suboxic to anoxic (upper OMZ) waters.

Other DGDGs are unique to OMZ (i.e., 35:3 and 32:0) and mesopelagic (i.e., 32:4 and 31:1) waters (Supplementary Figure 1B), and potentially indicate previously unrecognized bacterial sources. A number of bacteria have demonstrated capability of producing DGDGs, such as lactic acid bacteria (Calvano et al., 2011), Bacillus and Staphylococcus gram positive bacteria (Shaw, 1974; Hölzl and Dörmann, 2007), and heterotrophic actinobacteria/proteobacteria (Yao et al., 2016). Relative abundances of 16s rRNA gene clone sequences indicate a prevalence of proteobacteria and the appearance of actinobacteria in the core OMZ of the ESTP (Stevens and Ulloa, 2008). Notably, the fractional abundance of free-living DGDGs is considerably higher at almost all depths (Supplementary Figures 4C, 5C) further supporting their potential synthesis from non-algal sources.

As observed in other glycolipids, the canonical photoautotrophic membrane IPLs detected in the ETSP are dominated by fatty acids most common to cyanobacteria (Volkman et al., 1989; Siegenthaler, 1998; Wada and Murata, 1998). Other water column environments have shown a greater proportion of polyunsaturated lipids in the photic zone such as in the eastern subtropical Pacific (Van Mooy and Fredricks, 2010), the eastern tropical north Pacific (Schubotz et al., 2018), the Black Sea (Schubotz et al., 2009), and the Cariaco Basin (Wakeham et al., 2012). However, Breteler et al. (2005) observed significant shifts toward saturated fatty acids in diatoms as the result of nutrient limitation (both N and P). The N:P ratios are low in the chlorophyll maximum and upper oxycline (<16; Supplementary Table 2), potentially indicating an impact of N-limitation/stress on the synthesis of glycolipid fatty acids (including both MGDGs and DGDGs).



SQDG (Sulfoquinovosyldiacylglycerol)

SQDGs, a common glycolipid class in the surface ocean, are found in thylakoid/chloroplast membranes (Siegenthaler, 1998; Wada and Murata, 1998) and are generally thought to reflect the presence of photoautotrophs in the water column (Van Mooy et al., 2006; Popendorf et al., 2011). These lipids constitute a significant proportion of cyanobacterial, diatom, brown and green algal chloroplast membranes (Harwood, 1998). However, in the ETSP, the relative contribution of SQDGs in the photic zone is larger in the free-living fraction than the particle-attached fraction (see Supplementary Figures 4C, 5C), suggesting a likely higher contribution of cyanobacteria than algae to this pool of IPLs.

CCA analyses in the free-living fraction are consistent with abundant SQDG molecules attributed to cyanobacteria (Figure 7E); however, many of these same molecules have a negative correlation to chlorophyll in the particle-attached fraction (Figure 7F). Furthermore, SQDG molecules in the core OMZ and mesopelagic region are largely dominated by the same molecules as the surface. Export of surface-derived photoautotrophic membranes may explain this distribution and a negative correlation to chlorophyll concentration. The negative correlation to chlorophyll may also be explained by the contribution of low-light adapted Prochlorococcus in the chemocline and upper OMZ of the ETSP where chlorophyll concentrations drop rapidly (Garcia-Robledo et al., 2017; Aldunate et al., 2020).

SQDGs associated with high NO2– or NO3– concentrations potentially suggest previously undescribed non-photoautotrophic sources in marine settings. Indeed, the genes involved in lipid biosynthesis discovered in Rhodobacter (Rba.) sphaeroides and other proteobacteria include the sqd gene for the synthesis of SQDGs (Tamot and Benning, 2009). The strong correlation of SQDG-29:0 for instance, with NO2– in both size fractions (Figures 7E,F) suggests no strong preference for a free-living or particle-associated life modes. In addition, some SQDGs are unique to the mesopelagic region, which indicates that their distribution is related to the distinct geochemical environment and not simply a result of particle export from waters above.



PG (Phosphatidylglycerol)

PGs are phospholipids with highly diverse biological origins, including nitrifying (Goldfine and Hagen, 1968), green sulfur (Barridge and Shively, 1968; Imhoff, 1995), Pelagibacter ubique type Proteobacteria (Van Mooy et al., 2009), sulfate reducing bacteria (Rütters et al., 2001), and methanotrophic bacteria (Makula, 1978; Fang et al., 2000). PGs are also an essential component of thylakoid membranes in both algal and bacterial photoautotrophs (Gombos et al., 2002; Sato et al., 2000). The CCA clustering in both size fractions suggest that few PGs are likely derived from photoautotrophs in the ETSP. These are limited to PG-30:1, 32:0, and 35:2 in the free-living fraction and PG-30:1, 34:2, and potentially 36:1 in the particle-attached. A predominantly non-algal source is also supported by a higher fractional abundance of PGs in the free-living fraction (see Supplementary Figures 4C, 5C).

PG relative abundances broadly increase with depth and have been mostly attributed to bacterial sources in similar environments influenced by the presence of an OMZ (Van Mooy and Fredricks, 2010; Schubotz et al., 2018). Most PGs are associated with higher NO2– and pCO2 concentrations in the free-living fraction (Figure 8A), suggesting a core OMZ origin. However, the distribution of PG-34:2, 36:1, and 36:5 in the particle-attached fraction all cluster along distinct geochemical environments than in the free-living fraction (Figures 8A,B). This size partitioning may be related to a tendency for anaerobic heterotrophs to rely on organic substrates supplied via particle export (Karl et al., 1984; Arístegui et al., 2009), while autotrophic bacteria capable of fixing inorganic carbon may be more common in a free-living life mode. The 16S transcript abundances encoding enzymes for key denitrification steps have been measured to be 28-fold higher in particle-associated fractions, while anammox transcript abundances indicate a 15-fold enrichment in free-living fractions (Ganesh et al., 2015). While bacteriohopanepolyols (BHPs) associated with anammox bacteria in this OMZ system have been shown to be slightly more abundant in the particle-associated fraction, they are thought to be produced in the free-living fraction and accumulated in the larger fraction via the process of particle aggregation (Matys et al., 2017). Thus, non-ladderane phospholipids produced by anammox bacteria (Rattray et al., 2009) are a possible origin of free-living PGs in the OMZ. Indeed, the relative contribution of PGs are highest in the core OMZ (Figure 3), where expression of anammox transcripts are highest (Galán et al., 2009; Ulloa et al., 2012). PG-34:1 is also present at most depths and both size fractions (see Supplementary Figure 2B), and shows little correlation to any highly distinct geochemical environment (Figures 8A,B). This result suggests broadly ubiquitous origins, such as the ubiquitous heterotrophic Pelagibacter ubique (part of the SAR11 clade), shown to exclusively synthesize PG and PE membrane lipids (Van Mooy et al., 2009).



PE (Phosphatidylethanolamine)

PEs are commonly found in bacterial membranes from organisms with diverse metabolisms that include: nitrifying/denitrifying bacteria (Goldfine and Hagen, 1968), methanotrophic (Makula, 1978; Fang et al., 2000), sulfur oxidizing (Barridge and Shively, 1968; Imhoff, 1995), and SO4 reducing bacteria (Rütters et al., 2001; Sturt et al., 2004). They have been largely attributed to heterotrophic bacteria in similar environments (Van Mooy and Fredricks, 2010; Schubotz et al., 2018). They can be a minor component of algal membranes as well (Dembitsky, 1996).

The most abundant PEs in both size fractions (e.g., PE-31:0, 33:0) lack strong correlations to chlorophyll and O2 (Figures 8C,D), indicating minimal photoautotrophic sources in the photic zone. We interpret the occurrence of PEs in the chlorophyll maximum and oxycline as largely derived from ubiquitous aerobic heterotrophs. This is supported by their predominantly monounsaturated and saturated core structures more commonly found in bacterial fatty acids (Harwood, 1998; Wada and Murata, 1998), a lack of strong correlation to physiochemical environment, and their high abundance in Pelagibacter ubique (Van Mooy et al., 2009).

PE-32:2, PE-35:1, and PE-44:12 are associated with high NO3– concentrations in the free-living fraction (Figure 8C), while constrained to the lower oxycline and mesopelagic (Supplementary Figure 2C), suggesting nitrifying bacterial sources. This observation is supported by a prevalence of nitrifiers in free-living life modes in this area (Ganesh et al., 2014, 2015).

PEs that are positively correlated with NO2– concentrations (33:1, 33:2, 34:1, 35:4, 35:2, and 36:2; Figure 8C) have many potential sources in the highly diverse core OMZ including denitrifying, nitrate reducing, or sulfur cycling bacteria (Canfield et al., 2010; Ulloa et al., 2012). Non-ladderane PEs are also produced by anammox bacteria (Rattray et al., 2009), and may be contributing to these free-living IPLs unique to the core OMZ. These multiple biological sources are also reflected in the considerably diverse distribution of PEs found in the core OMZ (Supplementary Figure 2C).

Some clarity in the potential sources of these core OMZ PEs may be illuminated by differences in their physicochemical correlations in the two size fractions. For instance, several of the free-living PEs (33:1, 33:2, and 35:2) in high NO2– environments are negatively correlated to NO2– in the particle-attached fraction (Figure 8D). These differences could be an indication of largely heterotrophic bacteria relying on organic substrates in the particle-attached fraction, and a prevalence of autotrophic bacteria in the free-living fraction capable of fixing dissolved inorganic carbon. These observations demonstrate the importance of size-fractionated analyses to differentiate between microbial sources of different life modes.



PC (Phosphatidylcholine)

In marine settings, PCs are predominantly attributed to eukaryotic sources (Van Mooy et al., 2006; Van Mooy and Fredricks, 2010), or heterotrophic bacteria (Popendorf et al., 2011). Photoheterotrophic bacteria have also been shown to produce PCs (Van Mooy et al., 2006); however, since ornithine lipids, a common membrane lipid of photoheterotrophs (Benning, 1998), were hardly detected in our samples, such a source is rather unlikely.

The correlations of PC-30:0, the most abundant PC in the photic zone (Supplementary Figure 2A), with water column conditions (Figures 8E,F) likely indicate aerobic heterotrophic sources in the free-living fraction, and algal sources in the particle-attached. Clusters of PC molecules in the particle-attached fraction correlated to high chlorophyll vs. moderate concentrations of both chlorophyll and NO2–, may differentiate between photoautotrophs in near surface and intermediate waters.

PCs in the free-living fraction show a large diversity that correlates to core OMZ water column chemistry (Figure 8E), suggesting predominantly anaerobic sources of these molecules. Considering the increased diversity and unique distribution of these PC molecules in core OMZ waters, it is unlikely that they represent exported material from photoautotrophs in the surface. Rather, there seems to be a considerable contribution of in situ production in the core OMZ. For instance, the genes relevant to synthesis of PC have also been found in homologs of numerous chemoheterotrophic and chemoautotrophic bacteria (Sohlenkamp et al., 2003). Furthermore, in the mesopelagic region, a notable contribution of PC-31:0 correlating with NO3–, and to a lesser extent O2 (Figure 8E), suggests possible deep-water nitrification.

While the observation of non-photoautotrophic sources of PCs in OMZ systems is novel, we can only speculate at this time as to which of the many organisms present in the core OMZ could be responsible for these lipids. A size-fractionated analysis that combines transcriptomic and lipidomic measurements may be necessary to determine more specific biological sources.



PME/PDME [Phosphatidyl(di)methylethanolamine]

PME/PDME have been loosely attributed to bacteria along chemoclines in marine environments (Schubotz et al., 2009; Wakeham et al., 2012), as their synthesis is predominantly found amongst Proteobacteria (Oliver and Colwell, 1973; Goldfine, 1984). The particle-attached fraction shows the majority of molecules (PME-32:0, PME-33:1, PDME-31:1, PDME-33:2, PDME-35:1, and PDME-36:2) clustering between PO43– and pCO2, and negatively correlated to O2, which suggests predominantly heterotrophic sources (Supplementary Figure 6B). Several compounds (PME-30:0, PME-31:0, and PDME-29:4) also cluster between O2 and pH, possibly indicating differentiation between aerobic and anaerobic heterotrophs. The free-living fraction shows a clustering of these molecules along pCO2 and chlorophyll concentrations, possibly suggesting a cyanobacterial source (Supplementary Figure 6A). Furthermore, the greater diversity seen in core OMZ waters, in addition of their positive correlation with NO2–, are again suggestive of denitrifying or nitrate reducing bacteria. Possible candidates of nitrifying bacterial lipids include PME-35:4 and PDME-33:1.



Betaine Lipids

Most common forms of betaine lipids in surface marine environments (DGTS; diacylglyceryl trimethylhomoserine, DGTA; diacylglyceryl hydroxymethyl-trimethyl-b-alanine, and DGCC; diacylglyceryl carboxyhydroxymethylcholine; Schubotz et al., 2009, 2018; Van Mooy and Fredricks, 2010; Wakeham et al., 2012) were found in low relative abundance compared to glyco- and phospholipids (Figure 3). While betaine lipids are most common to eukaryotic phytoplankton (Kato et al., 1996), it has also been suggested that their origins may be considerably more diverse than previously assumed (Schubotz et al., 2018). In the photic zone, it remains likely that they are synthesized by photosynthetic eukaryotes, but their diversity and unique distributions (Supplementary Figures 7A–C), and increased presence in the free-living fraction in the upper and core OMZ (Supplementary Figures 4C, 5C) suggest additional, previously non-recognized microbial sources.

While lipid remodeling in response to phosphorus limitation (Benning et al., 1995) in oligotrophic regions has been well described (Van Mooy et al., 2009; Carini et al., 2015; Sebastián et al., 2016), only the restructuring of fatty acids in glycolipids has been observed under N-limitation (Breteler et al., 2005). The strikingly low abundance of betaine lipids in the photic zone of the ETSP suggests that further investigation in the potential lipid substitution of glyco- or phospolipids under N-depleted conditions is warranted.



Archaeal Lipids

Archaeal lipids have been shown to be abundant along the oxycline of similar marine environments (Schouten et al., 2012; Xie et al., 2014; Schubotz et al., 2018) where ammonia oxidizing crenarchaeota supply the water column with oxidized nitrogen species (Francis et al., 2007). Indeed, in the ETSP, ammonia oxidizing archaea are considerably more abundant than nitrifying bacteria (Bouskill et al., 2012). We succeeded in measuring 3 of the suspected intact glycosidic-GDGTs in greatest abundance along the oxycline and upper OMZ, demonstrating a present albeit underrepresented archaeal contribution to the total IPL pool (Figure 3). While the most common glycosidic-GDGTs (GDGT-0 and GDGT-5 or crenarchaeol; Pitcher et al., 2011) were detected (Supplementary Figure 3B), our analyses likely show limited representation of archaeal lipids, possibly a result of vastly different ionization efficiencies of this IPL class and relatively poor detection limits with the available volumes of seawater.



Utility of IPLs as Biomarkers for in situ Planktonic/Microbial Communities

The interpretation of IPL distributions in the environment is limited by factors that complicate the determination of the exact biological source(s) of a given molecule. The varying lability of individual lipids, in addition to varying residence times of IPLs driven by particle fluxes, influence the relative contribution of IPLs potentially exported to underlying depths. While IPLs are often considered to hydrolyze quickly after cell death (White et al., 1979; Petersen et al., 1991), it has been demonstrated that certain compounds can remain intact for weeks to months (Harvey et al., 1986; Brandsma, 2011; Logemann et al., 2011). Slower degradation rates were found to be most pronounced in SQDGs (Brandsma, 2011) suggesting a higher potential of this lipid class to survive export to the deep ocean. While a large percentage of SQDGs from the core OMZ and mesopelagic do not appear in the photic zone, molecules that are abundant throughout the water column (such as SQDG-30:0 and 28:0) may contribute 10–20% of the particle-attached total IPL yield in the OMZ core and ∼10% in the mesopelagic, suggesting the potential for a significant contribution of exported material.

Statistical analyses such as CCAs that include IPLs concentrations and physiochemical conditions allow us to refine interpretations of biogeochemical trends beyond the relative abundances of IPL classes. A CCA of all detected IPL abundances under a range of geochemical conditions (Figure 4) indicates that each geochemical environment through the water column exhibits a statistically distinct total IPL distribution. There are several characteristic clusters of IPLs in surface waters, along the oxycline, and OMZ waters that correlate with the distribution of key nutrient species (i.e., NO3–, PO43–, and NO2–), in addition to chlorophyll and O2. This indicates that despite the overlap in some IPLs detected between geochemical environments, their overall distributions suggest that IPL export is limited and does not significantly hinder their utility as biomarkers of in situ planktonic/microbial biomass in the OMZ of the ETSP.

Our results indicate that the specificity of determining IPL sources can be improved upon by incorporating size-fractionated analyses. Despite some similarities between the free-living and particle-attached size fractions of POM, there is significant variability within size-fractionated IPL distributions as well, illuminating potential differences between microbial life modes. Our CCA analyses indicate that many phospholipids abundant in both size fractions correlate strongly with different physicochemical conditions, supporting the observation of distinct transcriptomic abundances between particle-attached and free-living life modes (Wright et al., 2012; Ganesh et al., 2014, 2015). Free-living microbes are exposed directly to biogeochemical variations, whereas particle-attached organisms may reflect redox-driven niche partitioning (Wright et al., 2012). Furthermore, particles sinking to the core OMZ taxonomically reflect those of particles in the oxic zone, potentially serving as a mechanism for the transport of bacteria to OMZ depths (Ganesh et al., 2014). Size-fractionated IPL analyses thus provide additional information in determining the biological origins of molecules common to multiple biological sources.

Total IPL assays are also constrained by limits in our knowledge of the full extent of IPL diversity in the marine environment and the exact biological origins of individual compounds. While we have shown that there are differences in IPL distributions due to differing life modes at a given depth, there are IPLs consistently dominant in specific geochemical environments (see Figure 6). To identify molecules that are particularly diagnostic of the geochemical environment we selected the most abundant molecules present in each environment and calculated clusters of highly correlated molecules (R2 > 0.65 and p < 0.001; Figure 9). These clusters summarize much of the unique IPL distributions between water column conditions found in the ETSP. The oxygenated chlorophyll maximum is dominated by a number of glycolipids and a high diversity albeit lower concentration of betaine lipids, indicative of IPLs largely associated with photoautotrophs. The oxycline sees a shift to distinct glycolipid assemblages potentially due to an increased contribution in cyanobacterial and heterotrophic bacterial sources. In addition, the oxycline sees increased contribution of ammonia oxidizing archaeal GDGTs. The core OMZ is dominated by phospholipids reflecting both heterotrophic and chemoautotrophic bacteria. Finally, the oxygenated mesopelagic denotes a unique distribution of predominantly phospholipids associated with aerobic heterotrophs.
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FIGURE 9. Schematic of IPL clusters most diagnostic of the geochemical environment in either size fraction along idealized profiles of water column chemistry in this area of the ETSP. Molecules in bold are the most abundant compounds at a given depth, while other molecules under brackets indicate those with a strong correlation (R2 > 0.65 and p < 0.001) to molecules in bold.




Contribution of Microbial Biomass to Suspended Organic Matter

Total IPL concentrations in the ETSP dramatically decrease with depth (Figure 3), as also seen in similar systems around the world (Van Mooy and Fredricks, 2010; Schubotz et al., 2018). However, the contribution of IPLs to total organic carbon stocks is larger in the chemocline than in the chlorophyll maximum, suggesting a potentially significant contribution of predominantly microbial biomass that characterizes these subsurface environments. Also, the fractional abundance of IPLs from the free-living fraction tends to increase with depth, indicating a greater contribution of free-living organisms and a reduced contribution of exported or particle-associated biomass.

The fractional abundances of IPL classes with depth indicates which classes are dominant amongst free-living or particle-attached communities. At most depths, DGs, PGs, and ARs are more abundant in the free-living fraction. Conversely, DGCCs, PEs, and PME/PDMEs are at most depths higher in the particle-attached fraction. The biological sources of these IPLs present at multiple depths in the water column may be disentangled by their associated life modes. Namely, the prevalence of denitrifying/nitrate reducing bacteria and the SAR324 cluster (with genomic potential for chemolithoautotrophy via sulfur or methane oxidation; Swan et al., 2011) in particle-attached niches, and nitrifying archaea/anammox bacteria in free-living niches (Wright et al., 2012; Ganesh et al., 2015).

If we assume that the total IPL concentrations at each respective depth are proportional to the concentration of living biomass, we can roughly compare the microbial carbon standing stocks of the OMZ to the photic zone. This simple exercise includes a depth-averaged IPL concentration for the photic zone (defined as the upper 55 and 60 m in the nearshore and offshore stations, respectively), and a depth averaged IPL concentration for the OMZ using the values from the upper and core OMZ (i.e., 55–500 m and 60–500 m in the nearshore and offshore stations, respectively). To account for the contribution of potentially more refractory IPLs exported in the particle-attached fraction, we assume that only 75% of the IPL pool is produced in situ (a conservative estimate based on the IPL distributions discussed above). We can then calculate the microbial biomass in any given water parcel of the photic zone and the OMZ. This exercise shows that the total IPLs stock (and thus microbial carbon standing stock) in OMZ waters is 10–20% greater than that in the photic zone, with a greater relative contribution of OMZ carbon stocks in the nearshore station. These first order calculations are subject to large uncertainties (e.g., vertical variability of biomass, relative lability of compounds, seasonality) and are meant to be semi-quantitative at most. However, they suggest a potential for microbially derived biomass to account for a significant fraction of the total organic carbon in this OMZ system. This microbial contribution to organic carbon production may indicate a greater contribution of microbes to organic carbon export, as recently observed in Arabian Sea sediments (Lengger et al., 2020).



CONCLUSION

Size-fractionated IPL distributions in suspended organic matter from the ETSP off northern Chile indicate that particle-attached and free-living microbial biomass can differ significantly within the same geochemical environment, suggesting that size-fractionated IPL analysis provides improved utility in exploring the diversity of IPLs in the environment and determining their biological origins. Phospholipid distributions and CCA with physiochemical conditions across the oxycline and core OMZ provide evidence that autotrophic microbes may be more abundant in free-living modes, and heterotrophic biomass in particle-attached modes. In addition, these size-specific analyses may aid in identifying IPLs that may not reflect living biomass, but potentially export efficiency based on their relative lability, significant abundance at all depths and both size fractions, and the lack of significant correlation to a distinct geochemical environment. We expect potentially exported IPLs to be largely limited to few glycolipids in the particle-attached fraction and to not significantly convolute biomass interpretations in the OMZ of the ETSP.

The relative contribution of IPLs in the free-living fraction is larger than in the particle-associated fraction in OMZ and mesopelagic waters, suggesting a greater relative contribution of submicron organics to standing carbon stocks in the deep ocean. Furthermore, a first-order approximation on the total IPL standing stocks between the oxic part of the photic zone and OMZ waters indicates that microbial biomass in the latter may rival that of the former. This warrants further investigation into the common assumption that biomass production in the photic zone is the main source of organic carbon export to the deep ocean. Our results suggest that dark carbon fixation in OMZ waters could contribute to carbon export to the deep ocean.

The distribution of IPLs in the ETSP system of northern Chile exhibits some unique features compared to the eastern subtropical south Pacific and tropical North Pacific. Namely, the low abundance of betaine/aminolipids, a common IPL found in eukaryotic photoautotrophs, possibly suggests a physiological response to nitrogen limitation. Furthermore, the low abundance of polyunsaturated fatty acids in the photic zone, which are most abundant in algal IPLs, suggest that the commonly evoked dichotomy between bacterial and eukaryotic fatty acids may vary in distinct environments. Finally, the appearance of glycolipids and betaine lipids unique to the OMZ or mesopelagic suggest previously undescribed microbial sources contributing significantly to the total IPL pool.
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