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Abstract

Mesoscale eddies, prominent physical processes in the stratified ocean gyres, affect community composition and
metabolic rates of both phytoplankton and heterotrophic bacterioplankton (free-living bacterial and archaeal) com-
munities. We hypothesized that in situ differences in organic matter production would predispose bacterioplankton
communities from cyclonic vs. anticyclonic eddies toward metabolic capabilities better suited to utilizing dissolved
organic matter (DOM) from the phytoplankton groups commonly associated with each eddy polarity. To test this,
we established dilution batch-culture bioassay incubations along a cyclone to anticyclone spatial transect in the
North Pacific Subtropical Gyre. Unamended incubations, to assess spatial variability in ambient DOM bioavailability,
and incubations amended with lysates of phytoplankton cultures were established and community growth and met-
abolic responses were assessed. Over timescales of days, lysate type was more influential than incubation origin:
Prochlorococcus lysate was rapidly remineralized, while Emiliania huxleyi lysate was efficiently incorporated into bio-
mass and developed a unique community of copiotrophic bacteria. Over timescales of 1 week to 1 month, eddy
effects were indirectly apparent in their potential to promote metabolic processes related to DOM production and
consumption. Surface lysate incubations showed priming of ambient DOM, that is, the remineralization of DOM,
which was otherwise not bioavailable, in the presence of labile substrates. Some incubations originating from the
deep chlorophyll maximum demonstrated signatures of chemoautotrophy fueled by nitrification, coincident with
eddy-driven isopycnal uplift. We conclude that eddy polarity itself does not determine community-level bacter-
ioplankton metabolic capabilities; however, mesoscale processes may indirectly affect slower, semi-labile organic

matter processing in the oligotrophic ocean.

Mesoscale eddies, ocean vortices at size scales of around
100-200 km, are major drivers of biogeochemical processes in
the surfaces of the oligotrophic gyres. Eddy-driven nutrient flux
into the euphotic zone may account for as much as half of new
primary production in the North Atlantic (McGillicuddy et al.
1998) and may be more influential in persistently stratified sys-
tems such as the North Pacific Subtropical Gyre (NPSG) that lack
seasonality in deep mixing (Letelier et al. 2000). Ascani et al.
(2013) argued that nitrate concentrations, and related oxygen
concentrations, in the lower euphotic zone near Station ALOHA
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(the sampling site of the Hawaii Ocean Time-series [HOT] in the
NPSG) are best explained by isopycnal depths as controlled by
eddy variability. Near-monthly, substantial nitrate entrainment
events have been observed by profiling floats in conjunction
with eddy-driven isopycnal shoaling near Station ALOHA
(Johnson et al. 2010).

Eddy effects on communities of primary producers are well
characterized. Cyclones in the northern hemisphere canonically
prompt centralized phytoplankton blooms by inducing
isopycnal uplift of nutrient-rich waters into the sunlit layers of
the upper ocean while anticyclones may promote phytoplankton
blooms around their perimeters (McGillicuddy 2016).
Cyclonic eddies are more often observed to enrich larger eukary-
otic phytoplankton such as diatoms and haptophytes including
coccolithophores (Letelier et al. 2000; Vaillancourt et al. 2003;
Rii et al. 2008). Relative to conditions outside of the eddies,
cyclones tend to select against the cyanobacteria Prochlorococcus
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(Vaillancourt et al. 2003), while both relative enhancements
(Sweeney et al. 2003) and decreases (Vaillancourt et al. 2003) in
Synechococcus have been observed in cyclones. In contrast, anti-
cyclonic eddies have been observed to favor Prochlorococcus
(Cotti-Rausch et al. 2016) and nitrogen-fixing cyanobacteria
(Fong et al. 2008; Church et al. 2009). However, the nuances of
which specific phytoplankton are enriched, and to what degree,
within a particular eddy at a given time are complex and likely
influenced by factors such as eddy age, the relative strength of
isopycnal displacement, and upwelling or downwelling rates
(Sweeney et al. 2003; Benitez-Nelson and McGillicuddy 2008).
In addition to intra-eddy horizontal variability in phytoplankton
communities between the edges and center, effects on phyto-
plankton also vary vertically from the nutrient-depleted, well-lit
surface waters to the base of the euphotic zone and deep chloro-
phyll maximum (DCM), where nutrient influx is more pro-
nounced (Rii et al. 2008; Cotti-Rausch et al. 2016).

Given their physical and biogeochemical effects, it follows
that mesoscale eddies have also been shown to affect hetero-
trophic bacterioplankton (here, the free-living bacteria and
archaea). Most directly, the physical displacement of iso-
pycnals has been shown to move bacterioplankton upward or
downward in the water column (Nelson et al. 2014; Yan et al.
2018). Eddies may also indirectly affect the bacterioplankton
by perturbing the phytoplankton community that supplies
organic matter to the heterotrophic microbes. Bacter-
ioplankton abundance (Lochte and Pfannkuche 1987; Ewart
et al. 2008) and production (Ewart et al. 2008) may or may
not be enhanced within eddies, but these properties have
repeatedly been observed to be related to the spatial distribu-
tion of phytoplankton biomass within eddies. Likewise,
bacterioplankton community composition (BCC) sampled
during eddy-induced diatom blooms has been seen to shift
toward phyla known to be copiotrophs (here, defined as
r-strategists capable of responding rapidly to the input of a
limiting organic nutrient) or phyla commonly associated with
phytoplankton (Benitez-Nelson et al. 2007; Nelson et al.
2014). Thus, shifts in both phytoplankton abundance and
community composition are likely mechanisms through
which eddies could indirectly impact the metabolism and
composition of the bacterioplankton. These effects may be
particularly important in the stratified ocean gyres where the
ambient dissolved organic matter (DOM) pool is of limited
bioavailability and labile compounds are rapidly consumed
(Carlson et al. 2002; Hansell 2013). For example, increased net
community production has been inferred to accumulate as
dissolved organic carbon in the euphotic zone of cyclonic
eddies rather than solely fueling rapid particulate export
(Benitez-Nelson et al. 2007; Chen et al. 2008).

We hypothesized that these known effects of mesoscale
eddies, both on phytoplankton productivity and on bacter-
ioplankton community metabolism and BCC, would trans-
late to differential heterotrophic responses to DOM in
cyclonic vs. anticyclonic eddies. That is, community-level
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preconditioning by in situ organic matter of variable compo-
sition or quality could lead to different realized heterotrophic
metabolisms and presence of phylogenetic groups capable of
variable responses to input of organic matter. To test this, we
established a series of dilution batch-culture bioassays along a
spatial transect across a cyclone-anticyclone eddy dipole in
the NPSG. Unamended bioassay incubations, to assess spatial
variability in ambient DOM bioavailability, and incubations
amended with lysates of marine phytoplankton cultures were
established and community growth and metabolic responses
were assessed.

Methods

Experimental design

Incubations were established 02-06 April 2018, on a Simons
Collaboration on Ocean Processes and Ecology (SCOPE) cruise on
the R/V Falkor (FK180310). The cruise occupied the center of a
cyclonic eddy then transited to the center of an anticyclonic eddy
north of the Hawaiian Islands (Fig. 1A; Supporting Information
Table S1). The five stations sampled targeted the center and edge
of each eddy, as well as the neutral sea state between the eddies,
which were identified and tracked by minima and maxima of sea
surface height anomaly from the Copernicus Marine Environmen-
tal Monitoring Service (CMEMS: http://marine.copernicus.eu;
anomalies reported herein are from the Global Ocean Gridded
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Fig. 1. (A) Contour plot of satellite-derived sea surface height anomalies
on 04 April 2018, the temporal midpoint of the transect. Black dots indi-
cate sampling locations and arrow denotes direction of travel. Note that
sea surface height anomalies at sampling locations differ slightly from
those in Supporting Information Table S1, due to the time-dynamic
nature of the sampled eddies. Map modified from CMEMS (see Methods).
(B) Schematic of incubation initiations across the eddy dipole (not to
scale).
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L4 Sea Surface Heights and Derived Variables NRT composite prod-
uct SEALEVEL_GLO_PHY_L4 NRT_OBSERVATIONS_008_046).
At the time of sampling, the cyclonic eddy was approximately
7 months old and weakening, while the anticyclone had persisted
for approximately 3 months and was maintaining a stable inten-
sity (B. Barone pers. comm.). Sampling was conducted with a
rosette equipped with twenty-four 12 L Niskin bottles and an SBE
9 Plus conductivity-temperature-depth (CTD) sensor. A Wet Labs
ECO-FLNTU fluorometer on the CTD was calibrated with discrete
samples for chlorophyll pigments (termed chloropigments), inclu-
sive of chlorophylls a and b (Karl et al. 2001). Upper-ocean profiles
from 5 to 175 m were collected at each station from the same
rosette cast as the experimental media to document in situ condi-
tions in organic matter concentrations, bacterial abundance,
and BCC.

Sterile seawater media was prepared by gravity-filtering
directly from Niskin bottles using a 0.2 ym pore size, 142 mm
mixed cellulose ester filter (Millipore GSMP, flushed with at
least 1 L of ultrapure water followed by seawater) in a polycar-
bonate filter holder, into a media-rinsed high-density polyeth-
ylene carboy. Incubation bottles (1 L polycarbonate bottles
washed with 10% hydrochloric acid) were rinsed three times
with media and then filled with 700 mL of media and 300 mL
of whole water (i.e., the bacterioplankton inoculum) from the
same depth. Duplicate incubations were prepared from both
25 m and the DCM at each station to measure the bioavail-
ability of ambient DOM (hereafter, ambient controls).

At the two eddy centers and the neutral sea-state station,
four additional incubation bottles per depth were prepared as
above and duplicates were spiked with one of two lysates pre-
pared from phytoplankton cultures (Fig. 1B). We selected two
representative phytoplankton based on time-series observa-
tions from Station ALOHA, where Prochlorococcus abundance
near the DCM is positively correlated with sea surface height
anomaly and eukaryotic phytoplankton abundance is nega-
tively correlated with sea surface height anomaly (Barone
et al. 2019). A Prochlorococcus lysate (hereafter, Pro) was pre-
pared from axenic MIT1314, a High Light II culture originally
collected from Station ALOHA north of Hawaii, that was
grown in Pro99 medium (Moore et al. 2007). An Emiliania
huxleyi lysate (hereafter, Ehux) was prepared using a
nonaxenic environmental isolate (T. Ladd pers. comm.) from
the Santa Barbara Channel, CA, grown in artificial seawater
with modified “f” medium nutrients (Ladd et al. 2018).
E. huxleyi is ubiquitous in this region, with higher abundances
in the mid-photic zone and in the early spring, where it
appears to exploit a low-nitrate niche (Cortés et al. 2001).
Both cell types were pelleted by centrifugation, washed in
unamended seawater or nutrient-free artificial seawater to
remove nutrient carryover from the growth medium, lysed by
freeze-thawing in ultrapure water, and filtered to remove par-
ticulates (see Supplemental Methods). Lysates were stored fro-
zen until immediately before use. The Pro lysate targeted an
~3.5 uM TOC enrichment (2.5 uL of a 1.48 mM TOC stock per
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1 L experiment; see SI Table 6) and the Ehux lysate targeted
an ~ 10 uM TOC enrichment (4 L of a 2.5 mM TOC stock),
with each lysate enrichment determined by the respective
phytoplankton culture yield.

Experiments were conducted in the dark using upright, ship-
board incubators. While conducting these experiments in
the dark was necessary to prevent carbon fixation by photo-
autotrophy, lack of light would have also inhibited photohetero-
trophy, thereby potentially underestimating total heterotrophic
activity. Incubators were kept at ambient temperatures for the
cyclone (23°C for 25 m and 21.5°C for the DCM,; across the tran-
sect, these were within 0.4°C of in situ temperatures at 25 m and
within 1.1°C at the DCM, Supporting Information Table S2).
At the end of the cruise, incubators were transferred to an
onshore laboratory for further sampling. Incubations were
subsampled by gently swirling then decanting daily for 1 week
and then again at 34d, a nominal one-month timepoint
(Supporting Information Table S3).

Organic matter quantification

Samples for measurement of organic matter concentrations
were collected in combusted (500°C for 4 or more hours) boro-
silicate vials with Teflon-lined silicone septa, acidified with
4 N hydrochloric acid to a pH of 2-3, and stored at room tem-
perature in the dark. To minimize the risk of contamination
during handling, samples were not filtered and thus represent
the total organic pool, including bacterioplankton biomass.
Total organic carbon (TOC) and total nitrogen (TN) were mea-
sured by high temperature combustion using modified
Shimadzu TOC-Vs and TOC-Ls with a Shimadzu Total N mod-
ule. Based on a realized analytical precision of 1-2% and the
performance of reference materials throughout the runs, we
can resolve differences in TOC of 1.5 yM and in TN of 1 uM. All
samples were referenced against surface and deep seawater
every six to eight samples during analysis, and reference sea-
water was calibrated with consensus reference material pro-
vided by D. Hansell (University of Miami; Hansell 2005).

Samples for subsequent analysis of dissolved inorganic
nitrogen (DIN) from the incubations were collected in acid-
washed high-density polyethylene bottles and stored frozen at
—20°C before flow injection analysis using a QuikChem 8500
Series 2 (Lachat Instruments; detection limits: NO,™ + NO3™,
0.2 uM; NO,~, NH,*, and PO437, 0.1 uM) at the University of
California, Santa Barbara Marine Science Institute Analytical
Lab. Measurements that were below detection limit were set to
the detection limit to be conservative. Total organic nitrogen
(TON) was estimated by subtracting DIN from TN. DIN con-
centrations were only available for a subset of field samples;
where measured, NO,~ + NO3~ was at nanomolar concentra-
tions at 25 m to a maximum of 0.1 yM at the DCM (D. Karl
pers. comm; http://scope.soest.hawaii.edu). We therefore esti-
mated in situ TON concentrations using the initial DIN con-
centrations in our ambient controls; this is a likely
underestimate of TON, but we note that anticipated DIN
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concentrations were less than the error of our TN measure-
ments. Total hydrolyzable amino acids (THAA) in lysates were
quantified via high performance liquid chromatography (see
Supplemental Methods).

Bacterial abundance

Samples for bacterial abundance were preserved with a final
concentration of 0.8% paraformaldehyde (Electron Microscopy
Sciences) and stored frozen at —80°C. Bacterial abundance was
determined using an Attune acoustic focusing cytometer
(Applied Biosystems model), with SYBR Green II staining for
total cell counts (Supporting Information Fig. S1). As experi-
ments were conducted in the dark, changes in cell abundance
were attributed to heterotrophic and chemoautotrophic organ-
isms, and thus photoautotrophic cells were not independently
enumerated.

Bacterial community composition and amoA gene
abundance

DNA samples for subsequent assessment of bacterioplankton
community composition (BCC) from field samples (1 L) were
collected under gentle peristaltic pressure onto 0.2 ym pore size,
25 mm polyethersulfone filters (Supor, Pall), which were stored
dry at —80°C. Due to volume constraints, DNA sampled from
incubations at day 3 was combined between duplicates (300 mL
per replicate) and filtered as were the field samples. Samples
were lysed by freeze-thawing and bead-beating in a Biospec
Mini-Beadbeater-16, and genomic DNA was extracted using the
MasterPure Complete DNA and RNA Purification Kit (Lucigen).
16S rRNA genes were amplified using multiplexed primers
targeting the V4-5 hypervariable region: 515F-Y (5-GTGYCA
GCMGCCGCGGTAA-3) and 926R (5-CCGYCAATTYMTTT
RAGTTT-3'), as recommended by Parada et al. (2016), with an
index on the forward primer following the design of the Earth
Microbiome Project (Caporaso et al. 2012). Amplicons were
sequenced on an Illumina MiSeq using PE250 v2 chemistry.
Operational taxonomic units (OTUs, 99% similarity level) were
generated using mothur v1.39.5 (Schloss et al. 2009) and classi-
fied using SILVA v132 (Quast et al. 2013). Weighted UniFrac dis-
tance (Lozupone and Knight 2005), which accounts for
phylogenetic relatedness of OTUs as well as for relative abun-
dance, was used to calculate distances between samples. For full
sequencing methods, including amplification conditions and
bioinformatics details, see Supplemental Methods.

Droplet digital PCR (ddPCR; Bio-Rad QX200 system) was
used to quantify archaeal ammonia monooxygenase subunit
A (amoA) genes from field samples (see Supplemental
Methods). We used the two sets of primers designed by Beman
et al. (2008), which target amoA genes specific to shallow
(Group A) and deep (Group B) clades of ammonia-oxidizing
archaea.
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Calculations and statistics

Bacterioplankton specific growth rates (u) were calculated
as the rate of change of the natural log of cell abundance dur-
ing either the exponential growth phase or the first week of
the experiment if cell abundance did not reach stationary
phase of growth during that time (as was the case in some
ambient controls).

Bacterial growth efficiency (BGE) was calculated as:

BGE= [(BBstaﬁonmy -BBag ) *(days to stationary phase) ‘1]

1
* [((TOCTO —BB19)—(TOCr3 - BBTg))*(days to T3) 71] *100

where TO and T3 are the initial and three-day sampling
timepoints, respectively. Bacterioplankton biomass at TO (BBr)
and during the lag phase (BB,,g) was estimated from cell abun-
dance using conversion factors of 10 fg C cell™* (Christian and
Karl 1994; Fukuda et al. 1998) and at stationary phase
(BBstationary) and T3 (BBr3) using 17 fg C cell™! (adjusted from TO
using cell biovolumes determined by microscopy; see Supple-
mental Methods). Because the Pro lysate contained cellular debris
that interfered with cell enumeration at TO, the mean TO cell
abundance from the corresponding Ehux incubations was used
for Pro incubations.

Statistics were conducted in SPSS Statistics v25 (IBM) and
Primer v6 (Clarke and Gorley 2006). Contour plots were pro-
duced with Ocean Data View v5.1.5 (Schlitzer 2018).

Results

In situ conditions

When samples for incubations were collected, the satellite-
based sea surface height anomaly near the center of the
cyclone was —10 cm, while the anticyclone had stronger
isopycnal displacement with a sea surface height anomaly of
+23 cm (Supporting Information Table S1). Physicochemical
conditions at 25 m were generally constant across the tran-
sect, while at the DCM, the decrease in isopycnal uplift from
the center of the cyclone toward the center of the anticyclone
was reflected in physicochemical gradients across the transect
(Fig. 2; Supporting Information Table S2). As expected for an
oligotrophic gyre, chloropigment concentrations were lower
at 25 m than at the DCM, while TOC concentrations were
3-10 uM higher at 25 m. Bacterioplankton abundances were
higher and moderately more variable at 25 m (5.2 x 10° to
6.3 x 10° cells mL™!) than at the DCM (3.7 x 10° to 4.5 x 10°
cells mL™1Y).

Eddy-related spatial changes in the vertical position of
isopycnal surfaces strongly influenced physicochemical condi-
tions in the waters from which the DCM incubations were
established (Fig. 2; Supporting Information Table S2). The depth
of the DCM varied between 100 and 130 m and crossed iso-
pycnals along the transect; within this feature, chloropigment
concentrations were elevated in the cyclone (1.0 and 1.2 yg L™!
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Fig. 2. Contour plots of in situ conditions during the eddy dipole sam-
pling transect as shown in Fig. TA. Note that longitude on the X-axis is
reversed to match subsequent figs. (A) Concentration of chloropigment.
(B) Bacterioplankton abundance. (€) TOC concentration. White contours
are isopycnal surfaces (kg m~3), with all density contours as labeled in
panel A; black dots indicate where field samples were collected and black
stars denote the depths from which incubations were established.

in the center and edge, vs. 0.7 ug L™" at the neutral and anticy-
clone sites; Fig. 2). TOC concentrations were higher in the DCM
of the anticyclone (70 uM at both the eddy edge and center,
vs. 63-66 uM in the cyclone and neutral stations). TON was rela-
tively constant across the transect (4.2-4.9 uM at the DCM),
with the end result that TOC:TON was likewise elevated in the
DCM of the anticyclone eddy center (16.6, vs. 12.9 at the
cyclone center and 14.8-15.1 at the neutral and eddy edge
stations).

Experiment starting conditions

We established 22 duplicated incubations across the tran-
sect: 10 pairs measuring bioavailability of naturally occurring
DOM in unamended seawater, called ambient controls, and
six pairs each measuring responses to added Pro or Ehux
lysates. Starting concentrations of TOC and TN varied with
location and depth, following the in situ patterns, as well as
with lysate treatment (Fig. 3A; Supporting Information Fig. $2).
The median differences between in situ concentrations and
the starting (TO) concentrations in the corresponding ambient
controls after experimental setup were 1 M for TOC (range of
-1.3 to 2.3 yM) and -0.2 uM for TN (range —0.6 to 0.3),
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indicating that handling effects were minimal. Ambient con-
trol incubations started with PO,3~ concentrations consis-
tently below detection limits and DIN concentrations ranging
from below detection limits to 0.5 pM. NO,™ + NO3~ was only
detected in the DCM of the cyclone and neutral sea-state incu-
bations, while the distribution of NH,* was not depth- or
eddy-dependent (Supporting Information Table S5).

The addition of Prochlorococcus lysate (Pro treatment) resulted
in a median enrichment of 3.4 uM TOC and 0.5 uM TN relative to
the corresponding ambient DOM incubations, while incubations
amended with lysate from E. huxleyi (Ehux treatment) had a
median enrichment of 8.2 yM TOC and 3.6 uM TN (Supporting
Information Table S5 and Table S6). The nitrogen added with the
Ehux lysate was primarily organic, with a median addition of
0.3 uM NH,* and no detectable NO,~ + NO3™~ addition, while the
Pro lysate had no detectable DIN. The Ehux lysate had a notably
low TOC:TON ratio for phytoplankton lysate (a median of 2.5 as
measured in the incubations, vs. 6.4 for the Pro lysate). Both
lysates contained a high percentage of TN as amino acids (~60%
in Ehux and ~75% in Pro, based on molarity of N), although the
overall concentration added with the Ehux lysate was much
higher (2.6 kM N as amino acids, vs. 0.3 uM with the Pro lysate;
Supporting Information Table S6) and the relative contribution
of specific amino acids varied between lysates (Supporting
Information Table S7).

TOC remineralization

Ambient control incubations in general did not show
resolvable TOC remineralization over the duration of the
experiment (Fig. 3C,E,G; Supporting Information Table SS5).
Only three individual replicates had resolvable TOC draw-
down of 1.5 uM or greater after 1 month, and in no case was
this duplicated.

In contrast, all of the lysate addition incubations showed
resolvable TOC remineralization of 1.7 to 5.4 uM by the 3-day
timepoint (Fig. 3C). Because in situ TOC concentrations varied
spatially and TOC amendments varied between lysate types,
remineralization in the lysate treatments was normalized to
the amount of TOC added in each particular incubation (the
difference between starting [TOC] in an incubation minus the
median starting [TOC] in the corresponding ambient DOM
incubations) to calculate percent lysate remineralized (%ys).
At day 3, 43% to 133%,y, was remineralized (Fig. 3D), with the
greatest %;ys remineralization in the cyclone Pro experiments
at both depths. By the end of 1 week, 50% to 107%,; was
remineralized (Fig. 3F). Effects of lysate type were no longer
apparent after 1 week, but there was an overall trend toward
higher percent remineralization, when compared within
lysate-depth combinations, in the anticyclone incubations
and lower remineralization in the neutral sea-state incuba-
tions, particularly in those established from 25 m (Fig. 3F).

After 1 month of incubation, 17% to 232%;y,, or TOC concen-
trations between no measurable change and 11.0 uM, had been
remineralized (Fig. 3G,H). Anticyclone incubations within
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Fig. 3. TOC concentrations and remineralization in incubations. (A) Starting TOC concentrations in incubations. (B) TOC concentrations at final,
1-month timepoint. (C, E, and G) Change in TOC concentration from starting concentration to 3-day, 1-week, and 1-month timepoints. (D, F, and H)
TOC remineralization in lysate addition incubations, expressed as %y, or the percent of TOC added as lysate remineralized by the 3-day, 1-week, and
1-month timepoints. Columns indicate median of duplicate incubations and error bars indicate range.

lysate-depth groupings had consistently higher %y re- in the lysate incubations were on the whole similar to those in
mineralization than corresponding cyclone incubations, while the corresponding ambient controls, indicating a total re-
neutral sea-state incubations were variable. TOC concentrations mineralization of added TOC after 1 month; however, individual
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replicates had as much as 4 yM more or 5.5 yM less TOC than the
ambient DOM incubations (Fig. 3B). In some Pro incubations
from the DCM, TOC increased from the 3-day or 1-week time-
point to the 1-month timepoint, decreasing the apparent
remineralization; we discuss possible interpretations below.

Short-term growth responses and BCC shifts

For short-term growth responses, treatment type out-
weighed any site-specific factors. Specific growth rates (u;
Fig. 4A) were significantly different between all treatments
(Kruskal-Wallis H = 18.369, df = 2, p = 0.0001; followed by
pairwise Mann-Whitney U-tests, all p < 0.004), with no consis-
tent pattern between depths. Growth rates in ambient con-
trols were between 0.10 and 0.13 d~! (mean 0.11 d™%); on Pro
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lysate, 0.14 to 0.31 d™* (mean 0.20 d™'); and on Ehux lysate,
0.77 to 1.35 d! (mean 1.11 d!). Maximum bacterioplankton
abundances observed at stationary phase or over 1 week
(Fig. 4B) likewise were significantly different between treat-
ments (Kruskal-Wallis test H = 15.600, df = 2, p = 0.0004;
followed by pairwise Mann-Whitney U-tests, all p <0.017),
with maximum abundances in the Ehux incubations three to
five times greater than those in the other treatments. Maxi-
mum abundance was generally but not significantly higher in
25 m incubations than in DCM incubations from the same
station and treatment (Wilcoxon Signed Rank Test Z = —1.956,
p =0.050).

BGEs were also closely related to lysate addition type, with
no consistent effect of source location. BGEs were significantly
higher (Mann-Whitney U = 0, p = 0.004) in the Ehux treat-
ments (mean 31%) than in the Pro treatments (mean 10%).
BGEs could not be calculated for ambient controls as
remineralized TOC was below detection limits.

Bacterial community composition at day 3 of the experiments
reflected the tendency for treatment effects to overwhelm poten-
tial experiment source water effects (Fig. 5; Supporting Informa-
tion Fig. S3A). We focus here on BCC with cyanobacterial
sequences removed bioinformatically, as changes in photoauto-
troph abundance in the experiments would likely reflect lack of
light rather than lysate treatment (although we note that BCC
shifts in experiments were qualitatively similar with cyano-
bacteria included; Supporting Information Fig. S3B). At the 3-day
timepoint in our experiments, the 25 m ambient controls were
most similar to in situ communities, followed by the DCM
ambient controls (Fig. 5; Supporting Information Fig. S3A).
Proincubation communities changed a moderate amount and
retained some depth differentiation, while Ehux lysate produced
communities that were the most different from in situ commu-
nities but most similar to one another within the treatment,
regardless of starting location or depth (Fig. 5; Supporting
Information Fig. S3A).

BCC shifts were driven by increases in putative copiotrophic
OTUs, and concomitant relative declines in SAR11 OTUs, in
the experimental incubations (Fig. 5; Supporting Information
Table S8). The 25 m ambient controls remained SAR11-domi-
nated, similar to their in situ counterparts, but showed a slight
increase in presumed copiotrophic Gammaproteobacteria. The
DCM ambient controls showed a decrease in a Euryarchaeota OTU
and a more pronounced increase in Gammaproteobacteria. Both
lysate addition types stimulated increases in Rhodobacteraceae; a
Shimia sp. OTU was present in all experiments, and other genera
were sporadically detected. The Pro lysate stimulated higher rela-
tive abundance of an Alteromonas sp. OTU, while the Ehux incu-
bations were heavily dominated by a Vibrio sp. OTU.

Nitrogen dynamics

TN concentrations remained within 1.1 yM of starting con-
centrations over the course of the incubations (median change
of -0.2 uM; Supporting Information Fig. S2C). DIN and,
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correspondingly, TON concentrations were more variable
between treatments. At 1 month, the ambient controls dem-
onstrated no net change in NH;* and NO,~ + NO3;~ concen-
trations and a slight median decrease in TON (-0.2 uM,
within detection limits of TN). The Pro lysate incubations
accumulated a median of 0.1 yM NH," (range of -0.1 to
0.32 uM) and overall had no net change in NO,~ + NO3™ con-
centrations (range of 0 to 0.2 yM) after 1 month, with median
changes of 0.2 uM DIN and -0.1 4M TON. The Ehux incuba-
tions consistently converted substantial TON (median change
of —2.6 uM, range —4.6 to —1.0 uM) into DIN (median gain of
2.4 uM, range 1.3 to 3.6 uM), mostly in the form of NH,*
(median 2.0 uM, range —0.5 to 2.7 uM) but with notable
increases in NO,™ + NO3~ concentrations in a few experiments
(median 0.1 M, range O to 4.2 uM).

The abundance of archaeal amoA genes was estimated from in
situ DNA samples as an indicator of nitrification potential in
starting communities (Fig. 6; Supporting Information Tables S2
and S4). Genes from both the shallow (Group A) and deep
(Group B; Beman et al. 2008) clades were minimally present at
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Fig. 6. Contour plots of in situ amoA gene abundances. (A) Shallow clade
(Group A). (B) Deep clade (Group B); clade designations as in Beman et al.
(2008). White lines are isopycnal surfaces (kg m~) as in Fig. 2A and black
stars indicate locations from which experiments were established.
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25 m (<15 copies mL™). At the DCM, the shallow clade amoA
genes were two to three orders of magnitude higher than at 25 m
(546 to 3009 copies mL™") while the deep clade amoA genes were
at most present at 90 copies mL™'. Both gene types increased in
abundance below the DCM (Fig. 6).

Discussion

We observed large differences in how bacterioplankton
responded to allochthonous phytoplankton lysates in a series
of dilution batch-culture bioassays transecting an eddy-eddy
dipole. The resulting short-term responses were more clearly
related to the type of lysate addition and to the depth from
which incubations were established than to the locations
across the eddy dipole from which experimental seawater was
collected. The low bioavailability of ambient TOC was consis-
tent with our expectations for a stratified oligotrophic gyre,
while the varying responses to lysates generated from
Prochlorococcus and E. huxleyi cultures suggest different meta-
bolic strategies in response to these substrate types. Our results
further suggest that, after 1 month, both chemoautotrophy,
likely fueled by nitrification, and priming of semi-labile DOM
utilization had occurred in subsets of the lysate amendment
incubations. While these processes complicate our interpreta-
tion of heterotrophic responses, extrapolating these amend-
ment results to field conditions and potential responses to
bursts of organic matter production associated with mesoscale
features suggests unexpected ways that mesoscale processes
could impact the oligotrophic ocean.

Short-term bacterial growth and remineralization
responses

Short-term remineralization responses were strongly related
to substrate type, with no clear effects of starting location other
than between depth horizons. At the 3-day timepoint, the experi-
ments showed comparable absolute TOC remineralization of
both lysate types within starting depths, but the %y
remineralized was much higher for the Pro incubations because
of the smaller initial TOC addition. The responses between lysate
types were qualitatively different in how the organic matter was
directed into cellular growth and remineralization—the Pro
lysate was rapidly remineralized, while bacterioplankton in the
Ehux incubations showed significantly higher growth rates and
BGEs, suggesting a physiologically distinct response to the two
lysates. Differing bacterioplankton metabolic responses to lysates
or exudates from different clades of phytoplankton, presumably
due to differing quality as a substrate for growth, have been
observed in a number of studies (e.g., Sarmento and Gasol 2012;
Wear et al. 2015; James et al. 2017).

The differences in BGEs likely reflect differences in quality
as well as quantity of the lysate additions. The lower C:N ratio
of the Ehux lysate suggests higher quality as a growth sub-
strate (del Giorgio and Cole 1998); in particular, the high con-
centrations of amino acids in the Ehux lysate (Supporting
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Information Table S6) could be readily partitioned to anabo-
lism and facilitate increased cell division and biomass produc-
tion (reviewed in Kirchman 1990; del Giorgio and Cole 1998).
The distinct molar percentages of the amino acids between
the lysates further indicates that there were compositional
differences at the molecular level (Supporting Informa-
tion Table S7), as would be expected for two such phylogeneti-
cally distinct phytoplankton sources (e.g., Becker et al. 2014).
We speculate that the Pro lysate was more representative of a
substrate typically encountered by resident bacterioplankton
within a highly stratified oligotrophic water column and
therefore did not drive a strong physiological shift from main-
tenance to biomass production. In contrast, the Ehux lysate
appears to have prompted a more stereotypical bloom
response, both metabolically and in BCC. It is also possible
that the Vibrio-dominated community that developed in the
Ehux lysate incubations (Fig. 5) was particularly influential in
increasing BGEs; Vibrio in culture have been seen to maintain
BGEs of 30-50% during aerobic growth, likely furthered by
the clade’s ability to engage in intracellular carbon storage
(reviewed in Thompson and Polz 2006). Our choice of phyto-
plankton lysate rather than exudate was driven by methodo-
logical concerns. For example, to remove inorganic nutrients
remaining in the phytoplankton growth media and to achieve
the necessary amendment volume and concentration for our
bioassay experiments, we would need to concentrate large vol-
umes of exudates with solid phase extraction resin (Dittmar
et al. 2008), a technique that could alter the molecular compo-
sition and thus bioavailability of the DOM. However, lysate is
more representative of DOM that may be produced via bloom-
associated and food web-mediated processes such as viral lysis
and sloppy feeding (Carlson and Hansell 2015) and thus may
also influence the nature of the responding community.

Short-term response in BCC

After 3 days of incubation, BCC responses reflected the dif-
fering bioavailability of the DOM treatments, with no obvious
effect of the eddy state from which the starting communities
were sampled. The Ehux incubations yielded higher specific
growth rates and BGEs and correspondingly the highest pro-
duction of new cells, and the resulting communities were the
most different from in situ conditions. The Pro incubations
showed an increase in the Rhodobacteraceae (commonly seen
in association with phytoplankton: e.g., Amin et al. 2012) and
a putative copiotrophic Alteromonas sp. OTU (frequent early
responders in batch-culture-style experiments: McCarren et al.
2010; Nelson and Carlson 2012; Pedler et al. 2014), which
were also present in the Ehux communities. The Fhux incuba-
tions also showed pronounced increases in the relative abun-
dances of a Vibrio sp. OTU. Vibrio have been observed
blooming in diverse coastal systems in response to phyto-
plankton blooms (Asplund et al. 2011; Gilbert et al. 2012;
Main et al. 2015), particularly in association with diatoms,
and in organic matter amendment experiments established
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from subtropical gyres (Nelson and Carlson 2012; Zhang et al.
2019). We cannot distinguish the importance of lysate quality
and composition vs. quantity in shaping BCC in these experi-
ments, but the Ehux lysate in particular resulted in a clear and
distinct bottom-up selective effect.

The ambient controls, despite a low specific growth rate and
generally unmeasurable TOC remineralization, also showed a
slight increase in putative copiotrophic OTUs, in particular the
same Alteromonas OTU seen in the lysate addition communities
and, in the DCM incubations, a member of the Oceanospirillales.
These increases could derive from the initial release from graz-
ing pressure in the incubations (e.g., Nelson and Wear 2014;
Pedler et al. 2014).

Short-term remineralization: Spatial effects

At 1 week, the %y, remineralized was generally higher in the
cyclone and anticyclone incubations than in the corresponding
neutral sea-state incubations. This is consistent with evidence
that eddies in general, regardless of polarity, can in some cases
enhance bacterioplankton activity relative to outside, neutral
sites (Baltar et al. 2010). At the 1-week and 1-month timepoints,
the anticyclone incubations trended toward higher total and
%ys remineralization than the corresponding cyclone incuba-
tions, regardless of lysate type. In the DCM incubations, this
pattern likely reflects greater evidence for chemoautotrophy in
the cyclone incubations, as discussed below; our observations
do not suggest a clear explanation for why this pattern was also
seen in the 25 m incubations.

Spatial patterns in bacterioplankton growth and reminerali-
zation across the eddy dipole were muted compared with the
effects of lysate type and depth, suggesting that during our
study eddy polarity was not a major factor shaping bacter-
ioplankton community metabolic potential. We note that we
did not sample a dipole with a pronounced gradient in
chloropigment concentration (Fig. 2A) and that, at the time of
sampling, satellite altimetry indicated that the anticyclone was
stronger than the cyclone, which was coherent but beginning
to weaken (B. Barone pers. comm.). We therefore cannot rule
out the possibility that we would have seen an effect were we
to conduct such an experiment across a dipole of two similarly
aged, strong eddies; however, our experiment provides no evi-
dence that bacterioplankton communities maintain substantial
differences in metabolic potential over the life of an eddy.

Long-term remineralization: Potential chemoautotrophy

A small number of DCM lysate incubations showed an
increase in TOC concentrations from the 3-day and 1-week to
1-month timepoints (Fig. 7B; Supporting Information Figs. S4
and S5). We emphasize that these were not net increases relative
to starting TOC concentrations but rather increases relative
to intermediate timepoints (Fig. 3G, Supporting Informa-
tion Fig. S5A). Nonetheless, such observations are inconsistent
with the declining or stable TOC concentrations we would
expect if heterotrophic processes were dominating in these
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Fig. 7. Evidence of nitrification and priming at 1 month. (A) DIN specia-
tion after 1 month in the lysate addition incubations (ambient control
incubations are omitted for clarity). Note that individual replicates are
reported here, as some treatments replicated poorly, and the legend dif-
fers from panels B and C. (B) Change in TOC concentration from 1 week
to 1 month, in lysate addition incubations only. Dots indicate the median
of duplicate incubations and error bars indicate the range. (€) TOC prim-
ing (such that primed remineralization is positive), in 25 m samples only.
Both replicate incubations are shown; error bars are the range of duplicate
analytical draws from each incubation. Dashed lines indicate the resolv-
able difference of 1.5 M. Legend as in B.

incubations. While contamination due to sample handling can-
not be ruled out, we explore here the possibility of increased
TOC between timepoints as a result of chemoautotrophic car-
bon fixation driven by nitrification. While these experiments
were not designed to directly measure nitrification, there are
several lines of evidence that lend support to this explanation.
The most compelling evidence for nitrification is the DIN speci-
ation in the lysate addition incubations after 1 month (Fig. 7A).
A high proportion of accumulated DIN as NO,~ + NO3;~ would
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suggest a history of ammonia oxidation in a given incubation;
we observed this pattern in the DCM Pro lysate incubations
from the cyclone and neutral sea-state and in the DCM Ehux
incubations from the cyclone and one anticyclone replicate.
This is in contrast to the lysate incubations from 25 m, where
the DIN was primarily NH,*. Not all incubations with this signa-
ture of past ammonia oxidation showed accumulated TOC, but
all experiments that demonstrated a relative TOC accumulation
had a high proportion of DIN as NO,~ + NO3™. Additional sup-
port is provided by analyses of amoA gene abundances from the
field samples collected across the eddy dipole (Fig. 6). In these
samples, amoA gene abundances were minimal at 25 m but con-
siderably higher in the DCM, particularly in the cyclonic eddy.
While the process of nitrification cannot be directly inferred
from amoA genes (reviewed in Tolar et al. 2016), the presence of
the gene indicates the DCM incubation starting communities
possessed the genetic potential to conduct the first step of the
pathway, and that DCM incubations started with more abun-
dant ammonia oxidizers. Finally, it is improbable that this
increase is merely TOC contamination from airborne volatile
organics, as all DCM incubations were stored in the same incu-
bator yet the majority of them do not show such an increase in
TOC, nor do the 25 m incubations that were stored in the neigh-
boring incubator. In addition, duplicate TOC samples from the
incubations were tightly replicated (Supporting Information
Table S5).

This potential nitrification response has implications for
both nitrogen and organic matter cycling. First, the observed
DIN signature of past ammonia oxidation suggests a potential
feedback between eddy-induced phytoplankton blooms and
uplift of mesopelagic nitrifiers that could lead to a shortened
nitrogen remineralization length scale within eddies. As a
caveat, we conducted this experiment in the dark, which
could facilitate a higher nitrification rate than would be
expected in the field, as ammonia-oxidizing archaea appear
light-sensitive (Merbt et al. 2012). On the three rosette casts
conducted during daylight hours, the DCM was located
between the 0.8% and 1.5% light level, suggesting in situ light
conditions could have impacted the ammonia-oxidizing
archaea. More importantly, by isolating the community in the
dark for an extended period of time, we effectively removed
competition from phytoplankton for ammonia and allowed
the slow-growing nitrifiers to monopolize the DIN pool
(Zakem et al. 2018).

The relative accumulation of TOC in these incubations sug-
gests that organic matter was produced over the time course
of the experiment, and that this newly created organic matter
was not readily bioavailable, in contrast to the rapid
remineralization of the added phytoplankton lysates. The
apparent persistence of this TOC suggests that autotrophy by
ammonia-oxidizing archaea and nitrite-oxidizing bacteria
might produce organic matter that is not readily labile to
catabolism by other bacterioplankton on short timescales,
whether because it is contained in still-living biomass or
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because it is not metabolically accessible if released in dissolved
form. The latter scenario is consistent with the findings of Bayer
et al. (2019) that the exometabolomes of ammonia-oxidizing
archaea contain a high proportion of presumably recalcitrant
carboxyl-rich alicyclic molecules (i.e., CRAM). Conversely, the
TOC accumulation could reflect catabolic byproducts of organic
matter that had been produced by chemoautotrophy and subse-
quently subjected to heterotrophic processing by the 1-month
sampling point. The bioavailability and composition of organic
matter produced by nitrification-driven chemoautotrophy
clearly deserve further study.

While the global importance of nitrification-based chemo-
autotrophy is well established on a broad scale for the eupho-
tic and upper mesopelagic zones (Middelburg 2011; Santoro
et al. 2019), little is known about the fate of this organic mat-
ter beyond the argument that it likely fuels heterotrophy to
help satisfy mass-balance constraints below the photic zone
(Reinthaler et al. 2010). Evidence supporting a pathway to het-
erotrophy is growing: cultured ammonia-oxidizing archaea
have been shown to release DOM that can drive growth by
heterotrophic bacterioplankton (Bayer et al. 2019), and, based
on in situ associations, Reji et al. (2019) inferred a potential
metabolic relationship between Thaumarchaeota and certain
heterotrophic bacteria in a coastal upwelling system. Our
results suggest that chemoautotrophy via nitrification could
contribute semi-labile DOM in the upper mesopelagic that is
indirectly derived from surface processes—consistent with, but
mechanistically distinct from, the standard paradigm of
increasingly reduced DOM bioavailability with depth due to
heterotrophic processing (Hansell 2013). This would not con-
stitute a net production of TOC (e.g., Supporting Informa-
tion Fig. S5A), as the energy fueling nitrification originates
from remineralized organic matter; rather, this process would
represent internal cycling and transformation of organic mat-
ter, at a net loss of fixed C.

Finally, from a strictly methodological standpoint, these
results suggest that bulk TOC remineralization measured in
batch-culture bioassays, even those conducted in the dark, can
be confounded by opposing biological processes to a measur-
able extent. We posit that tracking DIN speciation over multi-
ple timepoints is the simplest way to distinguish potential
nitrification-driven chemoautotrophy from contamination in
long-term experiments from environments where this path-
way is a possibility, though it does not provide a quantitative
assessment of rates.

Long-term remineralization: Priming of ambient DOM

The low bioavailability of organic matter in the ambient con-
trols is consistent with our expectations for the euphotic zone
of an oligotrophic gyre under stratified conditions (Carlson
et al. 2002; Carlson et al. 2004; Hansell 2013). However, our
lysate addition incubations suggest that a portion of the ambi-
ent DOM can be utilized when conditions change. We saw evi-
dence for priming (that is, the remineralization of presumably
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semi-labile DOM facilitated by growth and enzymatic produc-
tion upon a more labile substrate; Guenet et al. 2010) in at least
one replicate from most 25 m incubations (Fig. 7C). While inor-
ganic nutrients added with the lysate could likewise stimulate
uptake of ambient DOM, the putative priming effect was
observed in incubations of both lysate types, and the Pro lysate
amendments did not add measurable inorganic nutrients. It
would also be stoichiometrically improbable to stimulate the
observed excess TOC remineralization (>3 uM in several incuba-
tions) based on concentrations of inorganic nitrogen and phos-
phate present below the method detection limits (<0.1 or
0.2 uM). We note that priming could be occurring in incuba-
tions from the DCM as well; however, as priming and chemoau-
totrophy would have opposing effects on TOC concentrations,
we might not be able to detect it consistently at this depth.

TOC priming (defined here as remineralization exceeding
the sum of TOC added as lysate and remineralization mea-
sured in the corresponding ambient DOM incubations;
Supporting Information Fig. S6) was detected in six (of 12)
25 m, lysate addition replicates (Fig. 7C), where TOC removal
was between 2.0 and 5.5 uM greater than the amount of lysate
TOC added. This is similar in magnitude to the 1 to 5 uM
priming of upper water column TOC utilization observed over
1-2 months in bioassays from the Sargasso Sea, which in that
case was triggered by model compounds (Carlson et al. 2002).
As this approach to calculating priming considers only TOC
that was remineralized and not ambient DOM that may have
been incorporated into biomass, it represents a minimum esti-
mate of a priming effect. We observed no clear relationship
between TOC priming and eddy location, consistent with the
lack of observed physicochemical eddy effects in the surface
waters (Fig. 2). The poor replication between duplicate incuba-
tions suggests that priming involves a biological response in
the community that requires specific physiological processes
or phylogenetic changes to occur, rather than being a fore-
gone conclusion of added energy or limiting nutrients such as
nitrogen. The observed TOC priming suggests that phyto-
plankton blooms stimulated by eddy upwelling could impact
heterotrophic carbon cycling in the gyres beyond simply the
short-term input of labile energy sources; indirectly, they
might provide an impetus for biological turnover of accumu-
lated semi-labile DOM.

Conclusions

Bacterioplankton community metabolic potential across
the eddy dipole did not show the hypothesized spatial special-
ization toward lysates generated from different phytoplankton
types. Rather, communities across the eddy dipole maintained
the metabolic potential to respond similarly to each respective
lysate type. However, we cannot eliminate the possibility that
such an effect exists in an eddy dipole with a more extreme
biogeochemical gradient. We further observed evidence that
eddies, and the associated transient increases in labile sub-
strates they produce, could impact the production and
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consumption of semi-labile DOM in the stratified gyre. Lysate
additions primed remineralization of semi-labile ambient
DOM in the 25m experiments, while chemoautotrophy
fueled by nitrification appeared to underlie an accumulation
of TOC in some DCM experiments. Together, such results sug-
gest that mesoscale-linked physical dynamics can have
complex direct and indirect impacts on bacterioplankton
metabolism and ecology.

Data availability

Amplicon sequences are available through the National Center
for Biotechnology Information Sequence Read Archive (https://
www.ncbi.nlm.nih.gov/sra; accession number PRJNA528517).
All biogeochemical field and experimental results unique to this
study are included in Supporting Information Tables S4 and SS.
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