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Particulate organic matter (POM) (fecal pellets) from zooplankton has been demonstrated to be an important nutrient source for the pelagic prokaryotic community. Significantly less is known about the chemical composition of the dissolved organic matter (DOM) produced by these eukaryotes and its influence on pelagic ecosystem structure. Zooplankton migrators, which daily transport surface-derived compounds to depth, may act as important vectors of limiting nutrients for mesopelagic microbial communities. In this role, zooplankton may increase the DOM remineralization rate by heterotrophic prokaryotes through the creation of nutrient rich “hot spots” that could potentially increase niche diversity. To explore these interactions, we collected the migratory copepod Pleuromamma xiphias from the northwestern Sargasso Sea and sampled its excreta after 12–16 h of incubation. We measured bulk dissolved organic carbon (DOC), dissolved free amino acids (DFAA) via high performance liquid chromatography and dissolved targeted metabolites via quantitative mass spectrometry (UPLC-ESI-MSMS) to quantify organic zooplankton excreta production and characterize its composition. We observed production of labile DOM, including amino acids, vitamins, and nucleosides. Additionally, we harvested a portion of the excreta and subsequently used it as the growth medium for mesopelagic (200 m) bacterioplankton dilution cultures. In zooplankton excreta treatments we observed a four-fold increase in bacterioplankton cell densities that reached stationary growth phase after five days of dark incubation. Analyses of 16S rRNA gene amplicons suggested a shift from oligotrophs typical of open ocean and mesopelagic prokaryotic communities to more copiotrophic bacterial lineages in the presence of zooplankton excreta. These results support the hypothesis that zooplankton and prokaryotes are engaged in complex and indirect ecological interactions, broadening our understanding of the microbial loop.
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INTRODUCTION

The daily migration of zooplankton from their night-time habitat in the euphotic zone to the mesopelagic during the day is a well-documented phenomenon referred to as diel vertical migration (DVM; Lampert, 1989). After consumption of phytoplankton during the night, these organisms release surface-derived carbon and nitrogen in the daytime at depth as respiratory carbon dioxide (CO2), dissolved organic and inorganic excreta, and fecal pellets (particulate organic matter; POM). These components comprise the “active flux” portion of the “biological pump,” a process by which organic matter from the ocean surface is exported to depth (Steinberg et al., 2000; Steinberg and Landry, 2017). Typical zooplankton metabolic experiments characterize respiratory activity (oxygen consumption or CO2 production), as well as the excretion of inorganic nitrogen and phosphorous compounds (Ikeda et al., 2001; Steinberg et al., 2002; Alcaraz et al., 2010; Ikeda, 2014), while direct measurements of the composition and quantity of total dissolved organic matter (DOM) excreta of individual zooplankton are rare. By simultaneously quantifying respiratory CO2 and dissolved organic carbon (DOC) production, Steinberg et al. (2000) reported that excreted DOC is on average ∼31% (range 5–72%) of the respiratory carbon of various zooplankton groups at the Bermuda Atlantic Time-series Study (BATS) site. Similar proportions have been estimated for zooplankton in the North Pacific by simultaneously measuring oxygen consumption and DOC excretion (Maas et al., in review), and pteropods in the Southern Ocean (Thibodeau et al., 2020). Applying this conversion factor to global estimates of zooplankton respiratory flux (Steinberg and Landry, 2017), migratory zooplankton DOM excretion is responsible for a flux of 0.26–10.08 mg C m–2 d–1, representing 0.5–18.5% of the particulate organic carbon (POC) flux from surface waters. This process appears to be particularly important to total carbon flux during periods of high thermal stratification in oligotrophic systems, where POC flux and DOC delivery via mixing are typically low or negligible (Steinberg et al., 2000).

Transport of carbon to depth is likely an important factor in controlling mesopelagic ecosystem structure and productivity. It has been previously demonstrated that the ocean twilight zone’s microbial food web is fueled primarily by delivery of dissolved or suspended organic matter. Pathways that have been well investigated include annual deep convective mixing of DOM, commonly referred to as the mixed layer pump (Carlson et al., 1994; Dall’Olmo et al., 2016), and the sinking and subsequent solubilization of POM (Ducklow et al., 2001). By the time ambient organic matter produced in the surface reaches the mesopelagic, the most labile fractions have been consumed, leaving behind compounds that have resisted or escaped rapid degradation by the epipelagic microbial community (the recalcitrant fraction; Carlson, 2002; Hansell, 2013). Thus, many mesopelagic prokaryotes are specialized to use this degraded organic matter (Giovannoni and Stingl, 2005; Morris et al., 2005; Landry et al., 2017; Saw et al., 2020).

We know, however, that zooplankton produce dissolved free amino acids (DFAA) and amino acid-like compounds such as taurine (Webb and Johannes, 1967; Clifford et al., 2017) that are highly labile, and as such are difficult to measure in hydrographic profiles due to their rapid uptake and use (Fuhrman, 1987). The excretion of these compounds in patchy dense pockets around zooplankton may serve to increase the niche diversity of the meso- and bathypelagic ocean, providing “hot spots” of more energetically rich and easy to metabolize carbon for prokaryotic communities (Azam, 1998; Stocker, 2012). In the Red Sea, a linkage between mesopelagic prokaryotic communities and the backscattering layer on a diel cycle suggests that the vertical migrating community is an energy and nutrient source to the mesopelagic microbial food web (Calleja et al., 2018; García et al., 2018). Additional studies demonstrate both bacterial growth and production based on the addition of compounds excreted by zooplankton (Arístegui et al., 2014; Valdés et al., 2017), although these studies focused on the response of epipelagic prokaryotic assemblages. The effects of zooplankton excreta on mesopelagic prokaryotes have not been deeply studied to date. It has been demonstrated that microbial communities grow better on zooplankton exudate than on inorganic nutrient additions (NH4+) alone (Arístegui et al., 2014); however, specific organic metabolite profiles produced by zooplankton have not been well characterized.

To explore the DOM composition of zooplankton excreta and interrogate the impact of excreta associated DOM on mesopelagic prokaryotic communities, we investigated the excreta of the copepod species Pleuromamma xiphias, a dominant member of the migratory zooplankton community in the Sargasso Sea (Steinberg et al., 2000). Readily identifiable and abundant in surface night tows (∼100–150 m), this species migrates down to depth (400–600 m) during the day (Buskey et al., 1989; Wiebe et al., 1992). Characterization of the excreta collected from P. xiphias and the response of prokaryotes to this zooplankton exudate thus provide insights into the influence of DOM active flux on the mesopelagic microbial community in the Sargasso Sea.



MATERIALS AND METHODS


Hydrographic and Copepod Sampling

Copepod excreta and microbial remineralization experiments were conducted aboard the RV Atlantic Explorer on September 7–10th 2016 and July 9–10th 2017 in the vicinity of the BATS site (31° 40′N, 64° 10′W). Water for the copepod excreta production experiments was collected from the mesopelagic zone (200 m) using Niskin bottles and a CTD/rosette package (Table 1). A portion of this water was gravity-filtered through a 142-mm 0.2-μm Omnipore filter (Millipore) and the filtrate was stored in 8-L polycarbonate carboys (Nalgene) that were pre-cleaned with 10% HCl and rinsed with Milli-Q and 0.2 μm-filtered seawater. These carboys were stored at ambient mesopelagic temperature (∼19.5°C) in an onboard incubator until the excreta experiment.


TABLE 1. Date and location of zooplankton sampling.

[image: Table 1]Copepods were captured with a custom 1 m Reeve net with 20-L cod end that was deployed after 22:00 (local time) through the deep chlorophyll max (visualized from prior CTD casts on station, ∼100–150 m). Two tows were conducted per experiment to ensure capture of a high number of individuals. After each net was retrieved, Pleuromamma copepods were picked from the sample using plastic pipettes, visually identified to species under a Leica stereomicroscope, and placed in the previously collected 0.2 μm-filtered seawater. After sorting, the copepods were each subjected to three consecutive rinses. During each rinse, ten individuals were placed into pre-cleaned glass dishes containing 60 mL of fresh, 0.2 μm-filtered seawater.



Zooplankton Excreta Production Experiment

After cleaning, copepods were split among two (September 2016) or three (July 2017) replicates and placed into 2-L polycarbonate BiotainersTM (Nalgene), containing 0.2 μm-filtered water (Figure 1). For dissolved metabolite release experiments (Figure 1B) the initial volume in bottles of zooplankton excreta incubation (Figure 1A) was 1,200 mL, while for the microbial remineralization experiments (Figure 1C) the initial volume of zooplankton excreta incubation (Figure 1A) was 1,800 mL to support the necessarily larger water budget of this experiment. The number of copepods in the zooplankton treatments ranged between 42 and 58 individuals per replicate (Table 1). After the copepods were added, an initial time point in all treatments was sampled for DOC and DFAA concentrations (see below); excess water was then removed such that the final incubation volume was 1,000 mL for the dissolved metabolite release experiments and 1,500 mL for the remineralization experiments. This collection and picking process took >3 h, during which the organisms were held in 0.2 μm-filtered seawater. Control treatments comprised exclusively of 0.2 μm-filtered seawater were incubated and processed at the same time as treatments that included zooplankton. In the September 2016 experiment an additional control-type treatment was created, whereby the filtered seawater was inoculated with ∼5 mL of the water used to do the final rinse of the copepods. The objective of this treatment was to determine whether there was any “carryover” bacteria or DOM due to the unavoidable addition of a small volume of this rinsing seawater.
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FIGURE 1. Experimental protocol for the zooplankton excreta production experiments (A), the water of which was used to either measure metabolites (B), or perform the microbial remineralization experiments (C). Copepods were serially rinsed and then incubated in filtered seawater for 12–16 h to generate excreta for analysis. For the microbial remineralization experiment 1,150 mL zooplankton excreta water was re-filtered through a 0.2 μm Omnipore filter and inoculated with 500 mL of whole seawater communities from 200 m and allowed to incubate for up to 14 days. At regular intervals the samples were collected for bacterioplankton cell abundance, 16S rRNA gene amplicon sequencing, DOC concentration, and dissolved free amino acids (DFAA) concentration.


In order to collect excreta, copepods were incubated for 12.5–16 h in the dark at in situ temperatures (Table 1). At the conclusion of the excreta incubation period samples were collected for various chemical and biological variables (see below). To minimize sample handling and reduce the possibility of DOC contamination, this was carried out using a custom positive-pressure system that enabled subsampling without removing caps from the Biotainers. An aquarium pump pumped air through a hydrocarbon trap, which pressurized the Biotainers and displaced sample water through submerged Teflon tubing as described in Liu et al. (2020). To separate copepods from the sample water, a piece of 80-μm Nytex screen was affixed to the intake end of the Teflon tube with a 1 cm piece of silicone tubing over the Nytex and Teflon tube as a collar.

Individual copepods were then recovered and counted under a stereomicroscope, and then frozen for return to shore. In the lab zooplankton were weighed wet on a Cahn microbalance then placed in a drying oven for >5 days at 65°C and reweighed for dry mass. Remaining water from the excreta experiments was then either used for metabolite analysis (1620-1 and 1712) or a remineralization experiment (1620-2; see below).


DOC, DFAA

The change in the quantity of DOC in the incubation water was interrogated in all experiments by comparing the initial concentration (drawn from the BiotainersTM directly after the experiments had been set up) with final concentrations determined after the zooplankton excreted for 12.5–16 h. DOC samples (duplicate 30 mL aliquots) were filtered through double stacked GF-75 filters (Advantec, pore size 0.3 μm, pre-combusted at 450°C), packed in 25 mm Swinex filter holders attached directly to the sample line with a Luer-lock adaptor. DOC samples were acidified with 60 μL 4N HCl to a pH < 3 and stored at ∼14°C until analysis. DOC samples were analyzed using the high-temperature combustion method on a modified TOC-V or TOC-L analyzer (Shimadzu) at the University of California, Santa Barbara as described in Carlson et al. (2010). The precision for DOC analysis is ∼1 μmol L–1 or a CV of ∼2%. Daily reference waters were calibrated with DOC consensus reference material provided by D. Hansell (University of Miami1).

Concentrations of dissolved free amino acids and taurine (an amino-acid like compound) were measured for all samples (referred to as DFAA herein). DFAA samples were filtered through the same GF-75 filters used to collect DOC samples into 60 mL acid-washed high-density polyethylene bottles and stored at −20°C. These were analyzed by high performance liquid chromatography (HPLC, Dionex ICS 5000+) with a fluorescence detector (RF2000) after pre-column o-phthaldialdehyde (OPA) derivatization (Lindroth and Mopper, 1979; Lee et al., 2000; Clifford et al., 2017) following the modified protocol according to Liu et al. (2020). The DFAA that were resolved include aspartic acid, glutamic acid, histidine, serine, arginine, threonine, glycine, taurine, β-Alanine, tyrosine, alanine, γ-aminobutyric acid (GABA), methionine, valine, phenylalanine, isoleucine, leucine, and lysine. Statistical analysis of DFAA production rate was run as a paired t-test in SPSS.



Dissolved Metabolite Analyses

The excreta product for a subset of the experiments was dedicated to dissolved metabolite analysis. Background concentrations were determined from water taken from the same cast and depth as the filtrate used for the excreta experiments. DOM sample collection was designed to minimize both contamination of the compounds measured as well as contact with plasticizers, which interfere with the analysis as described in Kido Soule et al. (2015). To that end, all chemicals were Fisher Scientific Optima grade, and sampling materials were glass or Teflon, when possible. At the termination of the zooplankton excreta experiments, an 800 mL aliquot from each bottle was filtered through a 0.2-μm Teflon filter (Omnipore, Millipore Sigma) placed in an acid-cleaned (10% HCl) Teflon filter holder. The filtrate was then acidified to pH ∼3 using HCl and loaded onto a methanol-rinsed solid phase extraction cartridge (1 g, 6 mL, Agilent Bond Elut PPL) using a vacuum pump as described in Longnecker (2015). The PPL cartridges were rinsed with acidified (pH ∼3, 0.01 M HCl) MilliQ water, and metabolites were eluted in 6 mL of methanol. Extracts were evaporated to near dryness using a Vacufuge (Eppendorf) and reconstituted in 250 μL of 95:5 (v/v) water/acetonitrile with deuterated biotin (0.05 mg mL–1).

Samples were analyzed using ultrahigh performance liquid chromatography (UPLC; Accela Open Autosampler and Accela 1250 Pump, Thermo Scientific) coupled to a heated electrospray ionization source (h-ESI) and a triple quadrupole mass spectrometer (TSQ Vantage, Thermo Scientific) operated under the selected reaction monitoring (SRM) mode (Kido Soule et al., 2015). Separation was performed at 40oC on a reverse phase column (Waters Aquity HSS T3, 2.1 × 100 mm, 1.8 μm) equipped with a Vanguard pre-column. Mobile phase A was 0.1% formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile. The flow rate was maintained at 0.5 mL min–1. The gradient began at 1% B for 1 min, increased to 15% from 1 to 3 min, then increased to 50% B from 3 to 6 min, and then increased to 95% B from 6 to 9 min. The mobile phase was maintained at 95% B until 10 min and then decreased to 1% B from 10 to 10.2 min and held at 1% B for the remainder (12 min total run time). Samples were run in both positive and negative ion modes using a 5 μL injection for each.

Raw data files were converted to mzML format using msConvert (Chambers et al., 2012), and MAVEN (Melamud et al., 2010; Clasquin et al., 2012) was used to identify and integrate peaks for all samples and standards. Peaks were identified by their unique retention time, parent m/z, and product m/z. Two SRM transitions were monitored for quantification and confirmation. Metabolite concentrations were calculated using a standard curve of at least five points, and concentrations were corrected for the efficiency of the solid phase extraction step using data in Johnson et al. (2017).



Microbial Remineralization Experiment


Experimental Design

Microbial remineralization experiments followed the basic design of inoculating a whole water aliquot into 0.2 μm filtrates of various treatments (i.e., control and zooplankton excreta) to reduce grazing pressure, followed by monitoring changes of biological and chemical variables throughout the dark incubation (see Carlson et al., 2002; Liu et al., 2020). Following the collection of DOC and DFAA samples at the termination time point during the 2016 (1620-2) zooplankton excreta production experiment, the remaining volume was filtered through a 0.2-μm Omnipore filter. This 1,150 mL of seawater, enriched with zooplankton dissolved excreta, was inoculated with 500 mL upper mesopelagic water (200 m) and then subsampled at multiple time points for DOC and DFAA concentrations as well as prokaryotic cell abundance for up to 14 days. The change in prokaryotic community composition was tested by comparing the 16S rRNA gene amplicon sequence of the community right after inoculation (T0) to that of the resulting communities at the beginning and middle of the stationary growth phase (days 5 and 14, respectively). Control blank (seawater only) and carryover control (seawater combined with “carryover” water from zooplankton washes) bottles were incubated and sampled using the same procedures. Each treatment included duplicate incubations.



DOC, DFAA

The quantity of DOC consumed by the prokaryotic community was monitored throughout the 14-day incubation. The concentration, composition, and transformation of the DFAA pool was also monitored from lag phase through stationary phase to the final time point of the incubation. The DFAA composition (molar percent of each individual DFAA) was compared by constructing a Bray–Curtis similarity matrix in PRIMER version 7 (Clarke and Warwick, 2001; Clarke and Gorley, 2006). Principal coordinates analysis was run on this matrix to compare proportional composition of DFAA among samples, then SIMPROF cluster analysis was run to determine which factors contributed to the patterns in abundance. Pearson correlations were additionally run to determine which DFAA contributed to observed patterns in clustering.



Prokaryotic Cell Abundance

Ten mL of sample were collected at each time point for prokaryotic cell abundance, fixed with 0.2 μm filtered formalin to a final concentration of 1%, and stored at −80°C. Samples were thawed and 10 mL were filtered onto Irgalan Black stained 25 mm, 0.2 μm polycarbonate filters (Nucleopore, Whatman) under a gentle vacuum (100 mm Hg) and stained with 0.5 mL of 4′, 6-diamidino-2-phenyl dihydrochloride (5 μg mL–1, DAPI, SIGMA-Aldrich, St. Louis, MO, United States) (Porter and Feig, 1980). The filters were mounted onto slides with Resolve immersion oil (high viscosity; Resolve, Richard-Allan Scientific, Kalamazoo, MI, United States) and stored at −20°C. We then enumerated slides using an AX70 epifluorescent microscope (Olympus, Tokyo, Japan) under ultraviolet excitation at 1,000× magnification. We counted at least 400 cells (10 fields) per sample for prokaryote abundance.



Bacterioplankton Community Composition

At three time points (Day 0, 5, and 14), 250 ml samples were drawn from each incubation vessel via positive pressure displacement through an in line 0.2-μm Sterivex filter and stored frozen until DNA extraction. DNA was extracted using the phenol, isoamylalcohol and chloroform method described by Giovannoni et al. (1990). Amplicon sequencing was conducted targeting the V1–V2 region of the 16S rRNA gene. The forward primer consisted of the “general” Illumina overhang adapter and the 27F forward primer (5′-AGAGTTTGATCNTGGCTCAG-3) (Lane, 1991). The reverse primer consisted of the “general” Illumina overhang adapter and the reverse primer 338 RPL (5′- GCWGCCWCCCGTAGGWGT-3′) (Daims et al., 1999; Vergin et al., 2013a). 25 μL polymerase chain reactions (PCR) using 4 μL (∼2.5 ng/μL) of genomic DNA as template were performed with the following concentrations: amplicon PCR forward and reverse primers 0.2 nM each, 0.2 mM dNTPs, 5 U of Taq DNA Polymerase (Invitrogen, Carlsbad, CA, United States), 1X Taq polymerase buffer and 1.5 mM MgCl2. Thermocycling conditions used for amplification reactions consisted of: denaturation of 94°C for 230 s; 30 cycles of 95°C for 60 s, 55°C for 45 s, 72°C for 60 s; and a final elongation step of 72°C for 480 s. Correct V1–V2 size was confirmed in a Bioanalyzer DNA 1000 chip. PCR purification was performed using AMPure XP beads following manufacturer’s protocol. Libraries for each amplicon were constructed by attaching dual indices and Illumina sequencing adaptors with the Nextera XT Index Kit and a second PCR amplification. 50 μL indexed PCR were performed with the following volumes: DNA 5 μL, Nextera XT Index Primer 1 (N7xx) 5 μL, Nextera XT Index Primer 2 (S5xx) 5 μL, 2x KAPA HiFi HotStart ReadyMix 25 μL, PCR Grade water 10 μL. Thermocycling conditions used for amplification reactions consisted of: denaturation of 95°C for 180 s; 8 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 30 s; and a final elongation step of 72°C for 300 s. Library purification and size validation were done following the 16S rRNA gene amplicon library preparation protocol of the illumina MiSeq Sequencer. Purified libraries were pooled in equimolar concentrations. The pool of libraries was sequenced using one 2 × 250 Paired-End lane with a MiSeq Reagent Kit v2 at the Center for Genome Research and Biocomputing (Oregon State University), Corvallis, Oregon. Files containing the raw reads of the sequenced samples are available under BioSample accession numbers: SAMN14605589, SAMN14605590, and SAMN14605591.

Primer sequences from de-multiplexed raw paired-end fastq files were cropped using the CutAdapt software (Martin, 2011). A fixed number of bases was removed, 20 bases from forward files and 18 from reverse files matching the length of the 27F and 338 RPL primers, respectively. Trimmed fastq files were quality-filtered using the fastqPairedFilter command within the DADA2 R package, version 1.2 (Callahan et al., 2016) with following parameters: truncLen = c(220,190), maxN = 0, maxEE = c(2,2), truncQ = 2, rm.phix = TRUE, compress = TRUE, and verbose = TRUE. Quality-filtered reads were dereplicated using derepFastq command. Paired dereplicated fastq files were joined using the mergePairs function with the default parameters. An amplicon sequence variant (ASV) table was constructed with the makeSequenceTable command. Potential chimeras were removed de novo using removeBimeraDenovo. Taxonomic assignment was done by aligning the sequences to the silva_nr_v123 dataset of ribosomal genes with the assignTaxonomy command in DADA2 package. The phylogenetic taxonomic placement program Phyloassigner (Vergin et al., 2013a) was used to place SAR11 and SAR202 (Landry et al., 2017) sequences in the nodes of highly resolved reference phylogenetic trees. The abundances from the final version were standardized by total number of reads per sample and a Bray–Curtis similarity matrix was constructed in PRIMER version 7 (Clarke and Warwick, 2001; Clarke and Gorley, 2006). Time points were compared using Principal coordinates analysis. SIMPROF cluster analysis and Pearson correlations were run to determine which ASVs and factors contributed to observed patterns in abundance.



RESULTS


Zooplankton Excreta Production Experiments


DOC/DFAA

Net DOC production (ΔDOC) in the three zooplankton excreta-enriched experiments was calculated as the change in DOC concentration in each zooplankton enriched treatment relative to that of the average of the control treatments at the final time point (Figure 2A and Supplementary Material 1). When normalized to the number of copepods in the incubation, a net DOC production rate per individual (ΔDOCind) ranging between 10 and 27 nmol C h–1 ind–1 was observed (Table 2). The ΔDOC in the zooplankton excreta treatments did not correlate with duration of the experiment, number of individuals, nor the overall dry mass of the individuals. When net DOC production was converted to DOC produced per unit mass (normalized by dry mass per individual) an average of 0.55 ± 0.06 SE μg C h–1 mg–1 was obtained.


[image: image]

FIGURE 2. Representative plots of DOC (A) and DFAA (B) concentration, as well as changes in diagenetic state (as indicated by DFAA yield) over the period of zooplankton excreta production (from 2016; experiment 1620-2) in duplicate bottles demonstrating a less altered diagenetic state of the copepod excreta (C). Light bars represent T0 and dark bars represent TF.



TABLE 2. Zooplankton excreta production experiment: production of dissolved organic carbon (ΔDOC) by copepods during the incubations.

[image: Table 2]
DFAA-C production (nM C) was significantly higher [Paired t-test, t(6) = 4.080, p = 0.007] in the zooplankton excreta treatment compared to the minimal change in control or carryover treatments and made up on average 18% (range 11–25%) of the ΔDOC by copepods (Figure 2B). The Mol% of individual amino acids to total DFAA in zooplankton excreta treatments revealed enrichment with glycine (∼40%), arginine, lysine, and taurine (∼10% each). The concentrations of specific amino acids and total DFAA at the end of the zooplankton incubation were typically highly positively correlated (R2 > 0.8), indicating a similar proportional excreta makeup for DFAA among the three zooplankton excreta experiments (Supplementary Material 1). DFAA yield (sum of all individual DFAA concentrations in carbon units divided by DOC concentration) is used as a metric to describe the diagenetic state of organic matter, with a relative increasing DFAA yield being indicative of less diagenetically altered organic matter (Cowie and Hedges, 1994; Davis et al., 2009; Kaiser and Benner, 2009). Here we showed that after the incubation the DFAA yield in the zooplankton excreta was significantly higher than that observed in the unamended control or carryover treatments, suggesting the production of less diagenetically altered and potentially more labile compounds by zooplankton (Figure 2C).



Dissolved Metabolite Release

Dissolved metabolite analysis identified a total of fourteen quantifiable compounds in the zooplankton excreta (Supplementary Material 2). In addition to three of the amino acids that were quantified with the DFAA measurement, metabolites were characterized as highly labile compounds including vitamins (B10, B9, and B5) and nucleosides. In the 2016 experiment the copepod excreta contained five known metabolites, two of which were significantly enriched relative to the control [folic acid (vitamin B9) and thymidine; Table 3]. In 2017, thirteen targeted metabolites were detected, of which five were statistically enriched in copepod excreta relative to the control (4-aminobenzoic acid, pantothenic acid, guanosine, inosine, and thymidine). The mass spectrometry data and its associated metadata are available at MetaboLights under accession number MTBLS18222.


TABLE 3. Dissolved metabolites that were enriched in copepod excreta relative to the control treatment in at least one year.

[image: Table 3]


Microbial Remineralization Experiment

Excreta generated from the 2016 zooplankton production experiment (1620-2) that had been filtered through a 0.2-μm filter and inoculated with a mesopelagic prokaryotic assemblage showed a clear prokaryotic growth response over the 14-day incubation. The initial incubation conditions of the zooplankton excreta treatment demonstrated a DOC enrichment of 7 μmol C L–1 and 4 μmol C L–1 greater than the unamended control and the “carryover” treatments, respectively. Prokaryotic growth was enhanced in this zooplankton excreta enriched treatment, with cell densities reaching a carrying capacity that was fourfold and twofold greater than that of the unamended control treatment and “carryover” treatments, respectively, by the fifth day of incubation (Figure 3A). By day 14 the cell abundance in the copepod treatment returned back to baseline. This pronounced death phase observed in the zooplankton treatment is typical during late stage in seawater culture experiments due to mortality by grazers and viruses introduced from the whole water inoculum. Over the course of the 14-day incubation net DOC consumption (at the μmol l–1 resolution) was not detected in the unamended control or “carryover” treatments. However, by day 5 a measured 43% of the ΔDOC in the excreta treatments relative to the control treatments had been removed while 100% of the amended DOC in the excreta treatments relative to the “carryover” treatments had been removed (Figure 3B). The concentrations of DFAA + taurine in the zooplankton excreta enriched treatment were also drawn down to background levels by day 5 of the remineralization incubation (Figure 3C). In addition to the removal of total DFAA, there was a change in the Mol% composition of the DFAA pool in the zooplankton excreta enriched incubation. Principal coordinate analysis of the DFAA composition indicated that the initial composition of the DFAA in the zooplankton excreta-enriched treatment was distinctly different from that of the unamended control and carryover treatments. Incubation time correlated with axis 1, which explained 43% of the variation among samples, while the source of the water (i.e., experimental versus control) correlated with axis 2, which explained 23% of the variance in proportional DFAA composition. By day 5 the proportional composition was similar to that of the carryover (Figure 4). The initial zooplankton excreta treatment was enriched in arginine and taurine, while the initial unamended control and carryover treatments were enriched with serine. Although the concentrations of all DFAA decreased rapidly, glycine, valine, arginine, and taurine were preferentially consumed over the course of the remineralization experiment, while phenylalanine comprised a higher proportion of the remaining DFAA composition (Figure 5 and Supplementary Material 3).


[image: image]

FIGURE 3. Change in DAPI cell counts ± SD (A), DOC ± SD (B), and DFAA + Tau C (C) over the time course of the remineralization experiment (1620-2). DNA for metabarcoding of the prokaryotic community was collected at three time points [orange stars; (A)].
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FIGURE 4. Principal coordinates analysis assessing the change in Mol% of DFAA + Tau in the remineralization experiments over the duration of experiment (numbers represent days of incubation). SIMPROF analysis suggests five clusters (p < 0.05; black circles). A Pearson correlation indicates which DFAAs [phenylalanine (Phe), serine (Ser), glycine (Gly), arginine (Arg), and taurine (Tau)] contributed to observed patterns in clustering (denoted as vectors; R > 0.95).
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FIGURE 5. Total DFAA + Taurine concentration (nM; right axis) and %Mol contribution (left axis) of each of the amino acids over the course of the remineralization experiment. Note the different scale bars for total concentration.


Bacterioplankton community composition changed substantially over the course of the remineralization experiment, responding to both experimental handling and the presence of zooplankton excreta (Figure 6). The initial inoculation community was clearly dominated by known representatives of mesopelagic bacterioplankton lineages with ASVs representing members of the SAR202, SAR11deep, SAR324, and SAR406 clades and making up >64% of the amplicons (Supplementary Material 4). By day 5, the bacterioplankton community structure in control and carryover treatments shifted from communities dominated by oligotrophs, described above, to communities where the relative contribution appears to be dominated by putative copiotrophs i.e., Alteromonas and Thiotrichales (Figure 6). The response by these representative Gammaproteobacteria is a bottle effect that has been observed previously in various incubation studies when trace amounts of labile organic matter is available (Eilers et al., 2000; McCarren et al., 2010; Stewart et al., 2012; James et al., 2019). While we did observe an increase in Alteromonas in all treatments, the main point is that the responding bacterioplankton community in the zooplankton excreta enriched treatment was significantly different from the responding community observed in the control and carryover treatments. ASVs associated with the Flavobacteriales and Rhodobacterales clades became enriched in the zooplankton excreta treatment compared to the other treatments. We also note that, in addition to change in bacterial community structure, the total cell abundance change in the control and carryover is four and two times less than that in the copepod treatment respectively.
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FIGURE 6. 16S rRNA gene amplicons were used to determine community composition at the Order level at the initiation of the experiment (T0), and after Day 5 and Day 14 of the incubation for all treatments in the microbial remineralization experiment. The proportion of reads in a sample is grouped by ASV order, with “other” being all groups contributing to less than <0.5% of the total reads.


SIMPROF clustering grouped communities significantly (p < 0.05) based on treatment type, with another cluster containing the initial time points, irrespective of treatment. Principal coordinates analysis indicated that the difference between initial time points and later experimental time points accounted for 48% of the variation in the communities (PCO#1; Figure 7). The Pearson correlations suggested that the difference among these groups was driven by significant (p < 0.05) enrichment of SAR202, SAR11, SAR324, Acidimicrobiales, and Salinisphaerales ASVs at the initial time point, while later time points were characterized by an increasing relative abundance of Alteromonadales (statistics in Supplementary Material 4). Treatment type (source of the inoculation water) was associated with PCO#2, which accounted for 26% of the variance. Pearson correlations indicated that the ASV types that were statistically significant (p < 0.05) in driving the observed differences among the treatments were an enrichment in Flavobacteriales, Rhodobacterales, and Pseudoalteromonadaceae in the zooplankton excreta enriched treatment (Figure 7 and statistics in Supplementary Material 4).
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FIGURE 7. Principal coordinates analysis assessing the change in bacterioplankton community over the 14-day incubation (numbers represent days of the incubation) in the microbial remineralization experiment. The comparison is constructed using a Bray–Curtis similarity matrix of the ASVs relative contribution per sample. A SIMPROF cluster analysis show statistically similar communities (p < 0.05; black circles), while a Pearson correlation indicates which ASVs contributed to observed patterns in abundance (denoted as vectors; R > 0.95).




DISCUSSION

Our data indicate that the DOM produced by migrating zooplankton is composed of labile compounds, including DFAA, nucleosides, and vitamins, and is sufficient to result in a significant increase in the abundance of prokaryotic plankton. Previous studies of the DOC production of P. xiphias in the Sargasso Sea estimated 0.75 μg C h–1 mg dry mass(DM) –1 in experiments conducted at 26°C (Steinberg et al., 2000), which when converted to a comparable temperature as our experiments (using a Q10 of 2; Hochachka and Somero, 2002), is similar to our measurement of 0.55 ± 0.06 μg C h–1 mg DM–1 at 20°C. DFAA composition in the zooplankton excreta was relatively consistent between experiments. It was dominated by glycine, arginine, lysine, and taurine and was rapidly taken up by the prokaryotic community. This is similar to observations in prior work (Webb and Johannes, 1967; Fuhrman, 1987; Suttle et al., 1991; Clifford et al., 2017).

The dissolved metabolites measured here (nucleosides and vitamins) are not commonly resolved in open ocean mesopelagic samples. This is partially due to tight coupling between production and consumption processes whereby these labile compounds are readily and rapidly scavenged by the free-living prokaryotic community. This makes assessment of their contributions to carbon cycling and mesopelagic bacterial production difficult to trace without manipulation experiments. These results draw attention to the difficulty of balancing carbon budgets between the surface and the mesopelagic waters (Burd et al., 2010), because zooplankton excreta is presumed to be released and immediately “lost” both to dilution and to a rapacious mesopelagic prokaryotic heterotrophic community. Field evidence for this tight coupling is limited largely due to methodological challenges. Prior work in coastal communities, however, demonstrated diel and seasonal changes in the Mol% composition of DFAA in the water column (Lu et al., 2014). They observed evidence of zooplankton contributions (high glycine and taurine production) in the mesopelagic in the middle of the day and in the surface in the early morning, right before zooplankton would make their diel migration to depth.

Excreta-derived DOM appeared to meet a portion of the energy and nutritional demands of the prokaryotic community in this study (Figure 3A), indicating that the components of this DOM have an important ecological role. Vitamins have been proposed to be a currency for ecological interactions in prokaryotic marine communities to dictate biogeographic ranges (Giovannoni, 2012; Sañudo-Wilhelmy et al., 2014; Morris, 2015). Folic acid (folate; vitamin B9), which was detected in our exudate as well as its precursor molecule, 4-aminobenzoic acid (vitamin B10), is needed to make, repair, and methylate DNA. Christine et al. (1998) measured folate at nM concentrations along a transect in the Northeast Atlantic, with a peak in concentration corresponding to the depth of the chlorophyll maximum layer, and a second concentration peak in the mesopelagic zone. That study made no measurements of zooplankton, but the mesopelagic folate peak, located between 500 and 800 m, is consistent with depths typical for the deep scattering layer of vertical migrators. These migrating zooplankton may contribute to mesopelagic imbalances between production and uptake of this compound. Christine et al. (1998) estimated a folic acid removal rate of 10% per hour by subsurface (50–60 m) prokaryotic communities, resulting in the removal of 92% of the folic acid within a sample after 10 h (temperature not reported). Similar data concerning pantothenic acid (vitamin B5) is lacking, but it has been demonstrated that members of the SAR11 and SAR86 clades lack biosynthesis pathways for this compound (Giovannoni et al., 2005), suggesting that these organisms meet their nutritional demand for pantothenic acid from external sources such as vertical migrating zooplankton. Generally not much is known about the distribution and fate of nucleosides in the environment; however, some nucleosides and nucleotides have been studied in seawater and are known to be used by marine bacteria (Berg and Jørgensen, 2006; Li et al., 2020). These results suggest that as our ability to characterize the dissolved compounds in the water column improves and routine sampling of mesopelagic biological signatures becomes more common, it will be important to conduct both day- and night-time sampling to observe contributions of migratory metazoans to the available substrates for mesopelagic prokaryotic communities.

Although there were some consistent patterns in the production of various compounds (particularly the relative contribution by specific amino acids), the proportion of DOC made up of DFAA and the quantified metabolites (measured by LC MS/MS) differed among the zooplankton excreta production experiments. In particular, some of the metabolites measured in the September 2016 experiments were not present in the July 2017 experiments and vice versa. While we cannot rule out experimental or handling artifacts, it is quite possible that the observed variability is due to seasonal changes in the composition of the prey field or in the metabolism of the copepods whose life history may have changed between the two seasons. Furthermore, recent work suggests that zooplankton metabolism changes over the diel cycle due to intrinsic circadian rhythms (Teschke et al., 2011; De Pitta et al., 2013; Maas et al., 2018). Our experiments were conducted over a 12–16 h period, generally starting in the middle of the night (0200–0300) and ending in the afternoon or early evening (1300–1900). Thus, the compounds we measured reflect daytime excretion that occurs when these organisms occupy the mesopelagic zone, while having a substantial contribution of compounds that would have been excreted exclusively in the photic zone (during the 0300–0800 period). Isolating and quantifying the compounds that are excreted during the day when the organisms are in the mesopelagic will be important in determining the relevance of zooplankton excreta to deeper prokaryotic communities.

Our remineralization experiments demonstrate that prokaryotic cell densities increased by approximately four-fold over 5 days when a natural prokaryotic community from 200 m was mixed with filtrate enriched with zooplankton excreta (Figure 3A). Over this same period the bacterioplankton community structure in all treatments shifted significantly (SIMPROF and Pearson Correlation; p < 0.05) from mesopelagic lineages such as SAR11deep and SAR202 clades, members of which specialize in the metabolism of more recalcitrant DOM (Carlson et al., 2009; Liu et al., 2020; Saw et al., 2020), to larger copiotrophic groups including Alteromonadales, Pseudoalteromonadaceae, Rhodobacterales, and Flavobacteriales. The increase in the relative contribution of Alteromonadales lineages (specifically Marinobacter and Alteromonas) to total 16S rRNA amplicons was ubiquitous across the control, carryover, and copepod treatments. This shift has been observed in incubation studies before (e.g., Eilers et al., 2000; McCarren et al., 2010; Stewart et al., 2012; James et al., 2019) and appears to be a common bottle effect. The disconnect between only a slight increase in total cell counts and a substantial increase in relative contribution of Alteromonadales to total amplicons additionally likely reflect bias associated with multiple copies of the 16S rRNA gene (Klappenbach et al., 2000; Math et al., 2012; Větrovský and Baldrian, 2013). This has been observed previously in similar manipulation experiments (Valdés et al., 2017; Lund Paulsen et al., 2018). Specifically, Gammaproteobacteria (which includes Alteromonas and Thiotrichales) typically have a 16S rRNA/genome ratio of ∼6 ± 3, while Alphaproteobacteria (e.g., SAR11 and Rhodospirillales) are ∼2 ± 1 (Větrovský and Baldrian, 2013). Thus, a modest increase in the number of Gammaproteobacterial cells could result in a substantial over-representation of their ASV in the community composition analysis. Bottle incubations cannot completely simulate in situ conditions and microbes may thus be affected by confinement to some extent. Despite potential containment artefacts, bottle incubation experiments that simulate environmental conditions are still historically an effective approach to investigate roles of specific groups in the ocean and link potential factors contributing to the change of what we observe in the real ambient environment.

Unlike Alteromonadales, members of the Pseudoalteromonadaceae, Rhodobacterales, and Flavobacteriales clades increased in relative abundance exclusively and significantly (SIMPROF and Pearson Correlation; p < 0.05) in the zooplankton excreta enriched treatment. Members of these clades have been shown to increase in other studies that inoculated microbial communities with zooplankton (Valdés et al., 2017). Additionally, Calleja et al. (2018), who incubated water from three depths in the Red Sea, found substantial increases in the proportion of Rhodobacter from all depths of their incubations, and increases in Gammaproteobacteria (which include Alteromonadales and Pseudoalteromonadaceae) from their mesopelagic treatments at depths where migrators were known to congregate (based on acoustic backscattering). Therefore, although these groups are often considered opportunistic lineages that are typically of low relative abundance in subtropical field samples, point sources of DOM such as those provided by migratory zooplankton excreta may be important to sustain their presence in mesopelagic ocean communities. Thus, although the ability of prokaryotes to sense and take advantage of transient gradients in nutrients has been hypothesized and described mechanistically (Stocker et al., 2008; Lauro et al., 2009; Stocker, 2012), our study experimentally demonstrates that DOM by vertical migratory zooplankton can support growth of seed populations of specific copiotrophic responders that are found in the mesopelagic. The overwhelming response of bacterioplankton production in the copepod treatment relative to the carryover and control treatments highlights the unique role of copepod excretory release of DOM (and associated inorganic nutrients) in controlling bacterioplankton growth and shaping the prokaryotic communities.

Moving forward from this work, it is important to recognize that, although we have no measurements of the frequency, duration, or physical size of excretion pulses of P. xiphias, it is likely that in nature the excreta in a micro-“hot spot” (Azam, 1998; Stocker, 2012) is much more concentrated than in our zooplankton excreta and remineralization experiments. In reality, zooplankton-generated “hot spots” of organic and inorganic nutrients would likely be smaller, farther apart, and more concentrated. This likely creates even greater heterogeneity on the submicron scale and more pronounced succession patterns of bacterioplankton communities than was measured in our experiments. A primary consideration of the experimental design was to minimize the incubation period but obtain a large enough DOC, TDAA, and metabolite signal that could be resolved given the current analytical methods. We cannot rule out the possibility that the high densities of organisms during the excreta production period may have influence the amount of excreta produced by copepods in our study. However, our protocol is consistent and comparable with prior studies (Steinberg et al., 2000; Thibodeau et al., 2020; Maas et al., in review) used to both generate sufficient exudate for the remineralization and dissolved metabolite analysis. Until there are substantial increases in the sensitivity of DOC and metabolite analyses this provides our best estimate of production rates.

An additional consideration is that the excreta measured here from diel vertical migrators is also likely produced by resident mesopelagic zooplankton that ingest particles delivered from passive flux or consume each other and then release waste in ambient seawater. Although the focus is typically on the activity and biomass of migratory species, as in this study, the resident mesopelagic mesozooplankton and fish community are likely to make a similarly substantial contribution to point sources of inorganic and organic nutrients and merit further investigation.

This study, along with a suite of others (Clifford et al., 2017; Valdés et al., 2017; Calleja et al., 2018; De Corte et al., 2018), suggests that there are free living midwater prokaryotic communities that are specialized in the use of labile compounds produced by metazoans. Although the exact mechanisms of prokaryotic use of this excreta are not yet well understood, our results provide a novel dataset on the particular DOM compounds, such as amino acids and metabolites produced by zooplankton. By showing which bacterial groups respond to those excreta, we have an insight into what lineages are influenced, providing targets for more directed investigations. Characterization of these organisms and their biogeochemical significance is complicated by the differences in sampling strategies typically used to assess the prokaryotic and zooplankton communities. As we begin to map ocean nutrients and metabolic cycling via molecular methods, including proteomics, metatranscriptomics, and metagenomics (Venter et al., 2004; Sowell et al., 2009; Vergin et al., 2013b; Guidi et al., 2016; Saito et al., 2019; Santoro, 2019), it will be important to recognize that the complex network of ecological interactions includes chemical transactions between prokaryotes and metazoans. Our results demonstrate that process studies and targeted searches for suites of metabolomics biomarkers associated with zooplankton products are promising tools by which we can begin to quantify these pathways.
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Name

2016

2017

LOD (pM) Mean =+ SD (pM) p-value Mean =+ SD (pM) p-value Metabolic function
4-Aminobenzoic acid 1.53 n n/a 43.3 £2.40 0.001 Intermediate in folate synthesis, Vitamin B10
Folic acid 0.90 12.6 £1.40 0.051 n n/a Folate, Vitamin B9
Pantothenic acid 1.16 81.0+21.5 0.115 63.8 +10.0 0.008 Vitamin B5
Guanosine .87 n n/a 194 £32.0 0.009 Nucleoside, nucleic acid synthesis
Inosine 6.95 n n/a 750 £ 273 0.042 Nucleoside in tRNA, wobble base pair
Thymidine 3.78 89.4 £0.7 0.004 193 £63.0 0.034 Nucleoside, nucleic acid synthesis

The reported values are mean metabolite concentration + standard deviation (oM; n = 2 for 2016 and n = 3 for 2017), and “n” indicates compounds that were below the
limit of detection. Because metabolite concentrations in the control treatment (t final) were below the limit of detection for all of these compounds, concentrations in the
copepod excreta (t final) were considered significantly enriched relative to the control when the metabolite concentration was significantly different from one half the LOD
using a 1 sample t-test (alpha = 0.05). Where statistical tests were not performed the value is reported as not-applicable (n/a). This table shows only those metabolites
that were significantly different in the copepod and control treatments. See Supplementary Table 2 for all metabolites detected.
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Experiment ID ADOC (umol L-1) DM (mg) n DM/ind (mg/ind) Time (h) Volume (L) ADOC;,q (g C h-1 mg~1)

1620-1¢ 1.3 19.000 42 0.452 16.0 1.0 0.448
1620-1d 11.8 17.320 43 0.403 16.0 1.0 0.509
1620-2e 8.5 19.590 58 0.338 12.8 1.5 0.615
1620-2f 74 20.750 56 0.371 12.8 1.5 0.488
1712-1d 9.4 14.650 42 0.349 12.5 1.0 0.616
1712-1e 5.4 14.640 43 0.341 12.5 1.0 0.353
1712-1f 14.5 16.590 43 0.386 12.5 1.0 0.838

AVG 0.55

SE 0.06

The total dry mass (DM) of the copepods, the total number of copepods per incubation (n), the average dry mass per individual copepod (DM/ind), incubation time and
incubation volume are reported. The final column represents the rate of DOC production normalized to the total copepod DM (ADOC;ng).
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Date Experiment ID Latitude Longitude Replicates Duration (h) #ind Temperature (°C)

September 7-8, 2016 1620-1 32.168 64.504 2 16 42 19.5
September 9-10, 2016 1620-2 32.168 64.506 2 13 571 19.5
July 9-10, 2017 1712 31.667 64.165 3 12.5 43 +1 19.1

The experiment ID, and the number of replicates are reported, as well as the duration of the excreta incubation, and the number of copepods per replicate. Experiments
were conducted at the in situ temperature associated with the depth from which the incubation and inoculation water was collected (200 m). Excreta was collected from
Experiment 1620-2 for the follow-up microbial remineralization experiment. Water for the remineralization experiment was then inoculated and maintained for up to 14 days.





