
Limnol. Oceanogr. 66, 2021, 3489–3507
© 2021 The Authors. Limnology and Oceanography published by Wiley Periodicals LLC on

behalf of Association for the Sciences of Limnology and Oceanography.
doi: 10.1002/lno.11894

A sea change in microbial enzymes: Heterogeneous latitudinal and
depth-related gradients in bulk water and particle-associated enzymatic
activities from 30�S to 59�N in the Pacific Ocean

John Paul Balmonte ,1,2,4* Meinhard Simon ,3 Helge-Ansgar Giebel ,3 Carol Arnosti 1

1Department of Marine Sciences, The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina
2Department of Ecology and Genetics – Limnology, Uppsala University, Uppsala, Sweden
3Institute for Chemistry and Biology of the Marine Environment, University of Oldenburg, Oldenburg, Germany
4Present address: HADAL & Nordcee, Department of Biology, University of Southern Denmark, Odense, Denmark

Abstract
Heterotrophic microbes initiate the degradation of high molecular weight organic matter using extracellular

enzymes. Our understanding of differences in microbial enzymatic capabilities, especially among particle-
associated taxa and in the deep ocean, is limited by a paucity of hydrolytic enzyme activity measurements. Here,
we measured the activities of a broad range of hydrolytic enzymes (glucosidases, peptidases, polysaccharide
hydrolases) in epipelagic to bathypelagic bulk water (nonsize-fractionated), and on particles (≥ 3 μm) along a
9800 km latitudinal transect from 30�S in the South Pacific to 59�N in the Bering Sea. Individual enzyme activi-
ties showed heterogeneous latitudinal and depth-related patterns, with varying biotic and abiotic correlates.
With increasing latitude and decreasing temperature, lower laminarinase activities sharply contrasted with
higher leucine aminopeptidase (leu-AMP) and chondroitin sulfate hydrolase activities in bulk water. Endopepti-
dases (chymotrypsins, trypsins) exhibited patchy spatial patterns, and their activities can exceed rates of the
widely measured exopeptidase, leu-AMP. Compared to bulk water, particle-associated enzymatic profiles fea-
tured a greater relative importance of endopeptidases, as well as a broader spectrum of polysaccharide hydrolases
in some locations, and latitudinal and depth-related trends that are likely consequences of varying particle
fluxes. As water depth increased, enzymatic spectra on particles and in bulk water became narrower, and
diverged more from one another. These distinct latitudinal and depth-related gradients of enzymatic activities
underscore the biogeochemical consequences of emerging global patterns of microbial community structure
and function, from surface to deep waters, and among particle-associated taxa.

Heterotrophic microbial communities play a critical role in
the global carbon cycle by transforming and remineralizing
up to 50% of marine primary production (Azam and Mal-
fatti 2007). To initiate these processes, marine heterotrophic
microbes secrete hydrolytic enzymes that cleave high molecu-
lar weight compounds to sizes sufficiently small for bacterial
uptake (Weiss et al. 1991). Microbial enzyme activities there-
fore determine the nature and quantity of compounds avail-
able to heterotrophic microbes for biomass incorporation or

respiration. Particulate or surface-adsorbed high molecular
weight substrates that remain unused in the water column
may eventually fuel benthic heterotrophic organisms, or be
sequestered in sediments over longer timescales
(Arnosti 2011). However, the specific substrates potentially
accessible to microbial communities across vast expanses in
the oceans are not well characterized, due in part to sparse
enzyme activity measurements, particularly in deep waters
and on particles.

Variations in hydrolytic enzyme activities in surface waters
indicate that there are spatially distinct microbial capabilities
to initiate organic matter remineralization. Prominent differ-
ences in enzyme activities emerge especially along latitudinal
gradients (Christian and Karl 1995; Arnosti et al. 2011). Leu-
cine aminopeptidase (leu-AMP) and β-glucosidase exhibit con-
trasting trends with temperature and latitude in disparate
locations (Christian and Karl 1995). The rates and range of
specific polysaccharide hydrolase activities peak in warm
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temperate waters and decrease toward polar regions (Arnosti
et al. 2011). With few exceptions (Ladau et al. 2013), latitudi-
nal trends for enzyme activities mimic those observed for
microbial community composition, diversity, and metabolic
potentials (Pommier et al. 2007; Fuhrman et al. 2008; Ibarbalz
et al. 2019). These findings suggest the importance of varia-
tions in microbial community structure in shaping differences
in microbial enzymatic capabilities (Arnosti et al. 2011;
Balmonte et al. 2019), and overall metabolic potentials
(Sunagawa et al. 2015). However, environmental conditions
can be more proximate drivers of microbial function (Raes
et al. 2011). The extent to which these parameters correlate
with enzyme activities across large spatial scales remains to be
tested.

Differences in microbial community composition and
environmental conditions may lead to changes in enzyme
activities with depth. Based on several studies, the rates
(Davey et al. 2001) and spectra of enzyme activities (Steen
et al. 2012) decrease with depth, whereas cell-specific activi-
ties increase (Baltar et al. 2009). However, detection of a
wider spectrum of polysaccharide-hydrolyzing enzymes at
bottom waters in Guaymas Basin (Ziervogel and Arnosti 2020)
and at 500 m in the central Arctic (Balmonte et al. 2018)
compared to those in surface waters demonstrates some devi-
ations from the commonly observed depth-dependent
decrease in enzymatic spectra. Greater similarity in enzyme
activity depth profiles at a single station—than across
locations—highlights surface-to-deep ocean connectivity and
spatial trends even in the oceanic interior (Hoarfrost et al.
2017). With few enzyme activity measurements in deep
waters, however, understanding of microbial control on
organic matter degradation remains particularly limited in
the mesopelagic and bathypelagic.

Delivery of organic matter from the surface to the deep
ocean occurs in large part through the sinking of particulate
organic matter (POM). During transport, POM can become
fragmented through abiotic (i.e., shear stress) and biotic
(e.g., enzymatic hydrolysis and zooplankton feeding) pro-
cesses (Briggs et al. 2020; Zhao et al. 2020). Intense enzymatic
hydrolysis of POM (Smith et al. 1992)—via either cell-bound
or dissolved free enzymes—underscores the importance of
particle-associated taxa for POM degradation (Vetter
et al. 1998; Zhao et al. 2020). A wider spectrum of enzyme
activities has been detected on particles than either the free-
living fraction (D’Ambrosio et al. 2014) or in bulk waters
(Balmonte et al. 2018, 2020), observations that highlight the
broad range of enzymes required to degrade POM. However,
these investigations have only been carried out in a limited
range of settings. Thus, possible variations in enzymatic capa-
bilities of particle-associated taxa with latitude and depth,
which could be linked to particle export and transfer efficien-
cies (Henson et al. 2012; Weber et al. 2016), remain
underexplored.

Along a transect from 30�S in the South Pacific Gyre to
59�N in the Bering Sea, we investigated latitudinal and
depth-related variations in the rates and substrate spectra of
microbial enzyme activities in bulk seawater and on particles
(≥ 3 μm). Based on previous latitudinal patterns of enzyme
activities in surface waters (Arnosti et al. 2011), we hypothe-
sized that the individual enzymes would exhibit varying pat-
terns along latitudinal and depth gradients, likely due to
varying sources, controls, and temperature optima. We
additionally tested the hypothesis that patterns of particle-
associated enzyme activities exhibit latitudinal and depth-
related patterns that differ from those measured in bulk water
(nonsize-fractionated), such that particle-associated taxa may
be sources of distinct enzymatic activities. Using a suite of
structurally diverse substrates, we measured potential rates
of frequently and infrequently measured peptidases, glucosi-
dases, and polysaccharide hydrolases. We identified differ-
ences in microbial capabilities to initiate organic matter
degradation across water masses, and the extent to which dif-
ferences in enzyme activities parallel emerging latitudinal pat-
terns of microbial community structure and metabolic
potentials.

Materials and methods
Cruise track and sample collection

Samples were collected during the SO248 cruise (30�S to
60�N; Fig. 1A) on board R/V Sonne from 03 May 2016 to 30 May
2016. Bulk (nonsize-fractionated) water samples were collected
from 19 stations at different depths using 20-liter Niskin bot-
tles mounted on a CTD rosette, which included sensors for
standard oceanographic parameters (Supporting Information
Table S1). Additional water was collected to obtain particles
via gravity filtration through 3 μm pore size, 47 mm Millipore
membrane filters; the volumes filtered for particle-associated
analyses varied by depth and station (Supporting Information
Table S2). All enzymatic activity incubations (described below)
and gravity filtration setups were kept either at room tempera-
ture (ca. 20�C), 15�C, or 4�C, depending on the ambient tem-
perature of seawater (Supporting Information Table S1). Due
to the substantial workload involved in the sample program,
nine of the 19 stations were designated as “main stations”—
locations at which peptidase, glucosidase, and polysaccharide
hydrolase activities were measured at five depths. At all of the
nine main stations, four depths were consistently sampled:
surface, deep chlorophyll a (Chl a) maximum (DCM), 300 m,
and 1000 m. For six out of the nine main stations, the fifth
depth was at bottom water (Supporting Information Table S1).
For the three remaining main stations, the fifth depth was
either at 500 m (S1 and S2) or at 75 m (S7) (Supporting Infor-
mation Table S1). Additionally, particle-associated activities
were also measured at all main stations at the DCM, 300 m,
and 1000 m. At the 12 other (nonmain) stations, only
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peptidase and glucosidase activities were measured, and only
in surface and DCM waters.

Particulate organic carbon and nitrogen, and Chl a
Water samples (1.5–6 L, depending on station and depth)

were filtered onto precombusted (2 h, 450�C) and preweighed
GF/F filters (Whatman) for particulate organic carbon (POC)
and particulate organic nitrogen (PON) analysis. Filters were
rinsed with distilled water to remove salt and kept frozen at
�20�C until analysis as previously described (Lunau
et al. 2006). To measure Chl a concentrations, approximately
1–3 L of seawater was filtered through 25 mm GF/F filters
(Whatman, Munich, Germany). After filtration, filters were
wrapped in foil and stored at �80�C prior to analyses. Filters
were crushed and extracted in 90% ice-cold acetone in the
dark for 2 h. Concentrations were measured using a fluorome-
ter (Turner Designs) and calculated according to established
protocols (Tremblay et al. 2002). A standard solution of Chl a
was used for fluorescence calibration (Sigma-Aldrich).

Bacterial abundance, production, growth rates, and
substrate turnover

Bacterial abundances were determined by SybrGreen I
(Invitrogen) DNA staining on board using a BD Accuri C6 flow
cytometer (Biosciences), after the protocol of Giebel

et al. (2019). Bacterial biomass production rates were quanti-
fied using 14C-leucine incorporation (Simon and Azam 1989;
Simon et al. 2004). Briefly, 10 mL of triplicate water samples
and a formaldehyde killed control (1% vol : vol) were incu-
bated at in situ temperature with 14C-leucine (334 Ci mmol�1;
Hartmann Analytics, Braunschweig, Germany) at a final con-
centration of 20 nmol L�1, and stored in the dark. After 2–
10 h, formaldehyde was added to stop bacterial 14C-leucine
incorporation. Samples were then filtered using 0.2 μm nitro-
cellulose filters (25 mm), extracted with ice cold 5% trichlor-
oacetic acid, and analyzed by radioscintillation counting.
Bacterial production rates were calculated using a conversion
factor of 3.05 kg C mol�1 leucine�1 (Simon and Azam 1989).
Bacterial growth rates (μ d�1) were calculated as:

μ¼ ln B1ð Þ� ln B0ð Þ

where B0 and B1 (B0 + BP) are bacterial biomass at t0 and t1,

respectively. Bacterial biomass was calculated from bacterial cell

numbers, assuming a carbon content of 20 � 10�15 g C cell�1

(Simon and Azam 1989), and BP is bacterial biomass produced

over 24 h and measured by leucine incorporation, as mentioned

above.

Turnover rate constants of dissolved free amino acids, ace-
tate, and glucose were measured through the incorporation of

Fig 1. Map of stations from the South Pacific to the Bering Sea (A), temperature (B), and salinity (C) along the transect. Large black circles denote the
stations where only bulk water peptidase and glucosidase were measured at the surface and DCM. White circles denote the stations where the full spec-
trum of enzymatic assays was carried out at all depths.
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a mix of 3H-labeled dissolved free amino acids (mean specific
activity 2.22 TBq mmol�1, Hartmann Analytic), 3H-glucose
(2.22 TBq mmol�1, Hartmann Analytic), and 3H-acetate
(0.925 TBq mmol�1 229, Hartmann Analytic), following previ-
ously established procedures and calculations (Simon and
Rosenstock 2007). Note that these rates yield conservative
values, as the assay captures only substrates incorporated into
biomass and neglects that fractions taken up into the cytosol
and respired.

Bulk seawater enzyme activity assays
Peptide and glucose substrate analogs were used to measure

potential peptidase and glucosidase activities, respectively
(Hoppe, 1993). Exo-acting (terminal cleaving) leu-AMP
activities were measured using the methylcoumarin-labeled
substrate analog leucine. Activities of the endo-acting
(mid-chain cleaving) chymotrypsins and trypsins were assayed
using the following substrates: Alanine-Alanine-Phenylalanine
and Alanine-Alanine-Proline-Phenylalanine, as well as
Phenylalanine-Serine-Arginine and Butyloxycarbonyl-Gluta-
mine-Alanine-Arginine for trypsins. Glucosidase activities
were measured using the following methylumbelliferyl-labeled
compounds: α-glucopyranoside and β-glucopyranoside.
Whereas leucine, α-glucopyranoside, and β-glucopyranoside
have been used in a wide range of environmental settings,
substrate proxies measuring chymotrypsin and trypsin activi-
ties have been used only in a limited number of systems
(Obayashi and Suzuki 2005; Steen and Arnosti 2013; Balmonte
et al. 2020).

Incubations for bulk water peptidase and glucosidase activ-
ity were set up in flat bottom, black 96-well plates. Triplicate
wells were set up for live bulk water, as well as for killed con-
trols prepared using cooled, autoclaved ambient seawater.
Substrates—prepared in dimethyl sulfoxide (DMSO) at a stock
concentration of 5 mmol L�1—were added to the triplicate
live and killed control wells (200 μL) to a final concentration
of 100 μmol L�1, which we assumed was at or near substrate
saturation based on previous studies using some of the same
substrates in the subarctic Pacific (Fukuda et al. 2000). Fluores-
cence was measured using a Tecan Infinite F200 plate reader
(Austria) with excitation and emission wavelengths of 360 nm
and 460 nm, respectively, at several timepoints: immediately
after substrate addition (t0), 12 h (t1), 24 h (t2), and 48 h (t3).
Fluorescence values were converted to concentrations of
hydrolyzed substrate using a standard curve of fluorescence
vs. different concentrations of methylcoumarin or methyl-
umbelliferyl fluorophores. Rates were normalized by the vol-
ume of incubation and averaged across triplicates. Only the
potential rates measured at t1 for bulk waters are reported in
this study. While rates measured within 12 h of incubation
could reflect enzyme induction and changes in bacterial com-
munity composition, we do not have data to identify the
influence of these changes within this timeframe. Beyond
12 h, increases in the activity of some enzymes at some

locations and depths indicate that longer incubations may
reflect changes in microbial communities as well as enzyme
production; this is especially true for rates measured after 24 h
(Supporting Information Fig. S11). In any case, since added
substrates are in competition with substrates naturally present
in the environment, the measured enzymatic activities are
potential hydrolysis.

Fluorescently labeled polysaccharides were used to measure
polysaccharide hydrolase activities (Arnosti 2003). These sub-
strates include pullulan [α(1,6)-linked maltotriose], laminarin
[β(1,3-glucose)], xylan (xylose), fucoidan (sulfated fucose),
arabinogalactan (arabinose and galactose), and chondroitin
sulfate (sulfated N-acetylgalactosamine and glucuronic acid)
(Arnosti 2003; Teske et al. 2011). The monomer constituents
of these polysaccharides are widely detected in the marine
water column (Benner 2002), largely from algal and phyto-
plankton sources (Painter 1983). Genes for enzymes that
hydrolyze these polysaccharides have also been detected
among various bacterial taxa (Alderkamp et al. 2007; Elifantz
et al. 2008; Teeling et al. 2012; Neumann et al. 2015). Incuba-
tions to measure bulk water polysaccharide hydrolase activi-
ties followed an established protocol (Arnosti 2003).

Triplicate incubations and a singleton killed control were
prepared in 15 mL centrifuge tubes. The killed control was
prepared using cooled, autoclaved ambient seawater. Polysac-
charide substrates were added (one per tube) to a final concen-
tration of 3.5 μmol L�1 monomer equivalent, except for
fucoidan, which was added to a final concentration of
5.0 μmol L�1 monomer equivalent due to low labeling density
of the polysaccharide. The incubations were subsampled at
the following timepoints: immediately at substrate addition
(t0), plus 5 d (t1), 10 d (t2), 15 d (t3), and 25 d (t4). To sub-
sample the 15 mL incubations, 2 mL were collected from each
incubation, and filtered through a 0.2 μm surfactant-free cellu-
lose acetate filter. The filtrate was collected in a 2 mL centri-
fuge tube, and frozen at �20�C until further analysis. Changes
in substrate molecular weight over time were measured via gel
permeation chromatography, and hydrolysis rates were calcu-
lated as previously described (Arnosti 2003). Only maximum
potential rates, which occur at different timepoints, are
reported in the main text; data for all timepoints are available
as Supporting Information Fig. S5E,F.

Particle-associated enzyme activity assays
Filters (3 μm pore size) used to collect particles via gravity

filtration (see “Cruise track and sample collection” section)
were cut into evenly sized 1/12th pieces using sterile razor
blades (Balmonte et al. 2018). Particle-associated enzyme
activities (glucosidase, peptidase, polysaccharide hydrolase)
were measured using two different incubation setups. Particle-
associated peptidase and glucosidase activities were measured
in duplicate by submerging two separate particle-containing
filter pieces (each 1/12th of entire filter) in separate 4 mL
cuvettes containing cooled, autoclaved ambient seawater; this
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setup required 14 separate 1/12th filter pieces per depth. A sin-
gle killed control was prepared by submerging a sterile filter
piece (1/12th of unused filter) in 4 mL of cooled, autoclaved
ambient seawater. Substrates were added to a final concentra-
tion of 100 μmol L�1. At four timepoints—upon addition of
substrate (t0), 24 h (t1), 48 (t2), and 72 h (t3)—live duplicates
and killed control singleton were subsampled by pipetting
3� 200 μL (for technical triplicates) per incubation from each
4 mL cuvette into a 96 well plate for fluorescence measure-
ment. Fluorescence values were converted to hydrolysis rates
as described above for bulk water enzymatic assays, but were
normalized to the volume of filtrate that passed through the
3 μm filter (Supporting Information Table S2). Since hydrolysis
was well advanced at t1, only potential rates at 24 h (t1) were
included in this study.

The particle-associated enzymatic activities reflect the capa-
bilities of particle-associated that were initially captured on
3 μm pore size filters. Once captured on filters, particle-
associated taxa may produce enzymes that remain cell-bound,
are released into the particle matrix, or diffuse as dissolved
enzymes in solution. Although we cannot distinguish among
these scenarios, we define these particle-associated enzymatic
activities as those carried out by taxa that initially were
particle-associated. Hence, we calculated the likely contribu-
tion of particle-associated taxa to these measured enzyme
activity rates using the following equation:

%particle�associated¼ Rateparticle=Ratebulk
� ��100%:

A value of 0 indicates that no rate for a specific enzyme was
measured in the particle-associated fraction, indicating the
enzymes were already present as dissolved, cell-free enzymes,
or were produced by the free-living bacteria. In contrast, a
value of 100% indicates that the rate measured for a specific
enzyme was entirely produced by taxa that were initially
particle-associated. A reported value of 100% may be due to
three reasons: (1) enzyme-specific rates for bulk water and the
particle-associated fraction were equivalent, (2) rates for bulk
water were less than those for the particle-associated fraction,
or (3) rates for bulk water were absent, and rates for specific
enzymes were only detectable in the particle-associated frac-
tion. While the resulting % particle-associated would be
greater than 100% for scenario (2), we only report a maximum
of 100% because a higher percentage cannot, biologically, be
the case. For scenario (3), the equation would not be possible
and also should not be biologically possible, in which case we
manually inserted 100%.

Incubations to measure particle-associated polysaccharide
hydrolase activities were set up in 15 mL centrifuge tubes
filled with cooled, autoclaved ambient seawater (Balmonte
et al. 2018). Filter pieces (1/12th) containing particles were
submerged, and polysaccharide substrates were added to a
final concentration of 3.5 μmol L�1 monomer equivalent, with

the exception of fucoidan (5 μmol L�1). Incubations were
subsampled by drawing 2 mL, and filtering through a 0.2 μm
surfactant-free cellulose acetate filter. The filtrate was captured
in a 2 mL centrifuge tube and stored at �20�C until further
processing in lab. As with the bulk rates, only the maximum
potential particle-associated rates, measured at different
timepoints, are discussed in this study; the remaining time-
point data are available in the Supporting Information
Fig. S6F.

Data visualization and statistical analyses
Ocean Data View was used to create a station map, as well

as to plot temperature and salinity. All enzyme activity and
correlation plots were visualized on R using the package
“ggplot2” and “corrplot,” respectively. For bulk peptidase
activities in surface waters and DCM, a curve was fitted, speci-
fying the “loess” model, and a 95% confidence interval was
calculated. Nonmetric multidimensional scaling through the
R package “vegan” was used to ordinate bulk vs. particle-
associated rates using the Bray-Curtis dissimilarity index; the
statistical significance of the difference between these groups
was tested using Permutational multivariate analysis of vari-
ance (PerMANOVA) (999 permutations) through the function
“adonis” in the R package “vegan.” To measure the β-diversity
of peptidase and glucosidase activities per depth, the Bray-
Curtis dissimilarities of sample data points (based on bulk or
particle-associated enzymatic profiles) to the per-depth group
mean centroid was calculated using the function “betadisper”
in the R package “vegan.” Correlation plots were based on the
Pearson correlations between enzyme activities and multiple
biotic and abiotic parameters. Correlation analyses were sepa-
rately run using data from all depths, as well as data from indi-
vidual depth realms (e.g., epipelagic, mesopelagic, and
bathypelagic). Shannon indices were calculated based on an
established equation fitted for enzyme activities (Steen
et al. 2010).

Data availability
Hydrographic data are available in the PANGAEA repository

(Badewien et al. 2016). Enzyme activity data are available in
the BCO-DMO database (Arnosti 2020a,b,c,d). Data for bacte-
rial cell counts, bacterial production rates, growth rates, sub-
strate turnover rates, POC and PON concentrations, and
carbon: nitrogen ratios are available in the PANGAEA reposi-
tory (Giebel et al. 2020). Only a portion of the data set by
Giebel et al. (2020)—from stations and depths where enzy-
matic activity data were measured (Supporting Information
Table S1)—were used for this article.

Results
Environmental context

The transect stations covered a wide range of environmen-
tal gradients (Fig. 1A). Surface-water temperatures varied from
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4.2�C at S18 (57�N) to 30.4�C at S05 (5�S) (Fig. 1B). Surface-
water salinity ranged from 32.90 PSU at S19 (58.9�N), up to
35.92 PSU at S01 (30�S) (Fig. 1C; Supporting Information

Table S1). At 300 m and below, temperature was highest
(16.1�C) at 300 m at S02 (27�S) and lowest (1.0�C) at 4000 m
at S04 (10�S).

 (
µ 

 
−

)

 (
µ 

 
−

)

 
 (

µ 
 

−
)

 (
 

−
)

 (
 

 
−

 
−

)

 
 (

−
)

 
 (

−
)

 
 (

−
)

Fig 2. Abiotic and biotic parameters along the latitudinal transect. Negative latitudes indicate �S. The gray dashed vertical line denotes the equator.
POC concentrations (A), PON concentrations (B), Chl a (C), cells = bacterial cell counts (D), and bacterial production (BP) (E). The following are turnover
rate constants for dissolved free amino acid (DFAA) (F), glucose (Glu) (G), and acetate turnover (Acet) (H). Note differences in units and y-axis scales.
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POC concentrations in surface waters covered a narrow
range of approximately 28–32 μg L�1 from 20�S to 20�N
(Fig. 2A). These values increased gradually in the North Pacific
Subtropical Gyre, peaking at approximately 160 μg L�1 at the
southern edge of the North Pacific Polar Frontal zone (40�N),
comparable to the highest value at 60�N in the Bering Sea.
Concentrations of POC at the DCM paralleled surface water
trends from 20�S to 20�N, but values did not peak with the
same intensity at 40�N (Fig. 2A). Concentrations of POC at
the DCM reached its highest concentration also at 59�N, but
was only approximately 103 μg L�1. In the surface and DCM,
PON trends mirrored surface-water POC trends (Fig. 2B). In
mesopelagic waters (300 m) and below, POC and PON con-
centrations were low. Concentrations of Chl a exhibited
trends similar to those for POC and PON, with the highest
value in surface waters at 40�N (Fig. 2C). At low latitudes,
Chl a concentrations at the DCM were higher than those in
surface waters; this trend was not evident north of the North
Pacific Polar Front (Fig. 2C).

Bacterial counts, production, and substrate turnover
In surface waters, total bacterial cell counts were highest in the

northernmost latitudes, reaching values of 1.81 � 106 cells mL�1

at 40�N, and peaking at 2.17 � 106 cells mL�1 at 54�N in the
Bering Sea (Fig. 2D). At the DCM, bacterial cell counts were com-
parable to those in surface waters from 30�S until 40�N, but
became decoupled further north. Highest bacterial cell counts at
the DCM were measured at 40�N, at approximately
1.04 � 106 cells mL�1. At depths of 300 m and below, cell counts
were generally an order of magnitude lower than values from the
epipelagic (Fig. 2D).

Bacterial production patterns deviated from bacterial cell
count trends. In surface waters, two peaks were observed for
bacterial production: approximately 1170 ng C L�1 h�1 at 5�S
(S05), and approximately 1282 ng C L�1 h�1 at 16�N (S09)
(Fig. 2E). At the South Pacific Subtropical Gyre (30�S to 10�S),
bacterial production remained low, ranging from 0.3 to
15.7 ng C L�1 h�1. Bacterial production rates north of the sec-
ond peak were in the range of 50.3–321 ng C L�1 h�1. Bacte-
rial production rates at the DCM throughout the transect
remained low to moderate, only reaching approximately
248 ng C L�1 h�1 (Fig. 2E).

Turnover rate constants for dissolved free amino acids were
highest in the stations immediately south and north of the
equator, at approximately 0.8 d�1 (Fig. 2F). In contrast, turn-
over rate constants for glucose and acetate peaked in the
Bering Sea, at S18 (Fig. 2G,H).

Latitudinal trends in bulk peptidase and glucosidase
activities

Peptidase and glucosidase activities showed distinct latitu-
dinal trends at the surface and DCM (Fig. 3A). leu-AMP
exhibited strong latitudinal variation, with lowest activities in

the North Pacific subtropical gyre (15�N), and gradually
increasing activities with increasing latitude (Fig. 3A), which
peaked in the Bering Sea (Supporting Information Fig. S1A).
The positive correlation of leu-AMP activities with latitude
was higher at the surface (R2 = 0.77, p < 0.001) than at the
DCM (R2 = 0.46, p < 0.001). An even stronger, but negative
correlation was observed between leu-AMP activities and tem-
perature, both for surface (R2 = 0.83, p < 0.001) and DCM
(R2 = 0.49, p < 0.001). No other peptidase or glucosidase activ-
ities exhibited a significant relationship with latitude. More-
over, leu-AMP (exopeptidase) activities exhibited gradual
transitions with latitude, whereas the chymotrypsin and tryp-
sin (endopeptidase) activities were highly patchy. Substantial
patchiness is evident in the broad 95% confidence interval for
the fitted curve for the endopeptidases (Fig. 3A). All endopep-
tidase activities exhibited distinct latitudinal patterns, even
those within the same enzyme class (e.g., chymotrypsins and
trypsins), and display decoupled trends between surface waters
and the DCM (Fig. 3A).

Endopeptidase patchiness largely drives differences in enzy-
matic spectra (Supporting Information Fig. S1A) and summed
(combined) peptidase and glucosidase activities (Supporting
Information Fig. S1B). For example, in the equatorial surface
water (S06), all endopeptidases showed moderate to high
activities, but this station was adjacent to two stations in
which all endopeptidases either exhibited low or no activities
(Supporting Information Fig. S1A). Hence, patchiness among
summed rates is also observed, with the three highest values
in surface waters observed at the northernmost station in the
Bering Sea (60�N, S19), 40�N (S13), and at the equator
(Supporting Information Fig. S1B).

Depth-related trends in bulk peptidase and glucosidase
activities

Substantial variations in enzymatic profiles were apparent
with increasing depth. Within the epipelagic, surface and
DCM patterns were frequently decoupled (Fig. 3A, Supporting
Information Fig. S1A,B). For instance, low rates at 5�S (S05)
surface water contrasted with the high rates of a wide range of
peptidases and glucosidases at the DCM (Fig. 1A). Moreover,
consistently high summed rates in surface waters and DCM
were only observed at 40�N (S13); the two other peak summed
rates at the DCM were measured at 47.5�N (S15) and 5�S
(Supporting Information Fig. S1B).

The spectrum of enzyme activities became more limited
with increasing depth (Supporting Information Fig. S2A), and
latitudinal patterns observed in the upper water column were
also attenuated at depth (Supporting Information Fig. S2B).
With few exceptions (Supporting Information Fig. S2B), this
trend resulted in generally lower summed rates (Supporting
Information Fig. S2C) and Shannon indices (Supporting Infor-
mation Fig. S2D) in the deepest waters, driven most proxi-
mately by decreasing rates of endopeptidase activities
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Fig 3. Bulk (nonsize-fractionated) glucosidase and peptidase activities in surface waters and at the DCM at all stations (A), and at all depths for the main
stations (B). Negative latitudes are those south of the equator. Note that DCM and bottom water depths vary by station, and x-axis scales differ by sub-
strate. Gray shading (A) represents 95% confidence interval. α-glu, α-glucopyranoside; β-glu, β-glucopyranoside; AAF-chym, alanine-alanine-phenylala-
nine-chymotrypsin; AAPF-chym, alanine-alanine-proline-phenylalanine-chymotrypsin; FSR-tryp, phenylalanine-serine-arginine-trypsin; Leu, leucine;
QAR-tryp, glutamine-alanine-arginine-trypsin.
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(Fig. 3B), often to undetectable levels (Supporting Information
Fig. S2A). In contrast, exo-acting leu-AMP and β-glucosidase
activities at the bottom depths were measured at rates either
comparable to—or higher than—those in the upper water col-
umn (Fig. 3B, Supporting Information Fig. S2A). Hence,
depth-averaged rates of glucosidase and peptidase activities
demonstrate notable enzyme-specific patterns with increasing
depth (Fig. 3B).

Particle-associated vs. bulk water peptidase and
glucosidase trends

Enzyme activities on particles were distinct from those
detected in bulk waters (Fig. 4A) (PerMANOVA, Bray-Curtis,
R2 = 0.37, p < 0.001). Bulk water and particle-associated
enzyme activities also became more dissimilar with increasing
depth, evident in the ordination as overlapping data points at
the DCM, but near-complete separation of points at 1000 m
(Fig. 4A). Particle-associated enzyme activities exhibited more
variability—visible with loose clustering of data points—than
patterns observed in bulk water (Fig. 4A). This activity variabil-
ity on particles increased deeper in the water column, but bulk
water enzyme activities showed the opposite trend (Fig. 4B).
Results were similar when comparing bulk water and particle-
associated results both at 24 h (Fig. 4A,B), or at 12 h and 24 h,
respectively (Supporting Information Fig. S3A,B).

Most particle-associated enzyme activities peaked in warm
tropical and subtropical waters (Fig. 4C) and decreased with
increasing latitude (Supporting Information Fig. S4A). High
rates and a wider spectrum of enzyme activities were observed
at the equator (S06) and at 5�N (S07) (Fig. 4C). Summed
particle-associated activities in the DCM and at 300 m were
highest at the equator and decreased toward the poles
(Supporting Information Fig. S4B). Summed rates also declined
with depth, accompanied by lower Shannon values
(Supporting Information Fig. S4C); however, the steepest
depth-related decreases were observed in equatorial waters. At
1000 m, peptidase and glucosidase activities were patchy, with
no easily discernable spatial trend (Fig. 4C).

Quantifying the percent contribution of particle-associated
hydrolysis rates to bulk hydrolysis rates revealed substantial
differences in relative proportions of most enzyme activities
on particles compared to the bulk water. Whereas leu-AMP, at
most, was approximately 18% particle-associated at the equa-
tor, glucosidase and endopeptidase activities were 100%
particle-associated in some locations and depths (Fig. 4D).
Remarkably, the most frequently detected enzyme activities
on particles at 1000 m were α-glucosidase, Alanine-Alanine-
Proline-Phenylalanine-chymotrypsin, Phenylalanine-Serine-
Arginine-trypsin, albeit at very low rates (Supporting Information
Fig. S5A). The high relative importance of α-glucosidase and
endopeptidases on particles was observed at several sites and
depths throughout the entire latitudinal transect.

Latitudinal variations in bulk polysaccharide hydrolase
activities

Robust differences in polysaccharide hydrolase activities
were observed throughout the transect, with the most promi-
nent shift at 45�N (S14), within the North Pacific Polar Frontal
region (Fig. 5). At this station and those further north, enzy-
matic profiles were marked by higher chondroitin sulfate
hydrolase activities than observed elsewhere (Fig. 5,
Supporting Information Fig. S5A,B). As a consequence, chon-
droitin hydrolysis rates correlated positively with latitude
(R2 = 0.43, p < 0.001). In contrast, laminarinase activities
peaked in equatorial and adjacent waters (S01–S10), decreased
toward the northernmost latitudes, and correlated positively
with temperature at all depths (see “Abiotic and biotic corre-
lates of enzyme activities” section). Xylan was hydrolyzed
most rapidly in the low and mid-latitudes, but exhibited no
significant relationship with latitude. The highest summed
polysaccharide hydrolase rates in surface waters were observed
at the equator (S06), due in large part to high laminarinase
and xylanase rates (Supporting Information Fig. S5B).
Pullulanase activities were measurable at most stations down
to depths of 300 m, but also did not feature a strong latitudi-
nal trend (Supporting Information Fig. S5A). Neither
arabinogalactan nor fucoidan were hydrolyzed in bulk waters.
Thus, polysaccharide hydrolases demonstrate individual latitu-
dinal patterns, similar to findings for peptidases and
glucosidases.

Depth-related differences in bulk polysaccharide hydrolase
activities

Lower rates and more limited spectra of polysaccharide
hydrolases characterized deep vs. surface waters (Fig. 5,
Supporting Information Fig. S5B,C). Summed rates remained
comparable from surface waters to 300 m—at times with the
highest summed rates detected at the DCM or at 300 m
(Supporting Information Fig. S5B). Accordingly, highest Shan-
non values were frequently observed at the DCM or 300 m
(Supporting Information Fig. S5D). Moreover, the depth of
steep attenuation of rates and enzymatic spectra varied by lati-
tude. In the low to mid-latitudes (S01–S10), rates and enzy-
matic spectra decreased markedly from 300 to 1000 m,
whereas those in high latitudes remained comparable over the
same depth range (Fig. 5, Supporting Information Fig. S5B).

Particle-associated polysaccharide hydrolase activities
The relative contributions of polysaccharide hydrolases dif-

fered on particles (Fig. 6) compared to bulk waters
(PerMANOVA, Bray-Curtis, R2 = 0.39, p < 0.001), despite not
being visible in the ordination (Supporting Information
Fig. S6A,B). Wider spectra of polysaccharide hydrolases were
measured on particles at the same station and depth (Fig. 6).
This trend was largely concentrated in low latitudes and espe-
cially pronounced at 300 m at S02, and at the DCM and
300 m at S07—locations in which fucoidan was hydrolyzed
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Fig 4. Nonmetric multidimensional scaling plot of bulk water (blue) and particle-associated (pink) glucosidase and peptidase activities using the
Bray-Curtis dissimilarity index (A). Bray-Curtis based group dispersions of bulk water and particle-associated glucosidase and peptidase activities, mea-
sured as distances of sample rates to group centroid at the DCM, 300 m (mesopelagic), and 1000 m (bathypelagic) (B). Particle-associated peptidase
and glucosidase rates in the DCM, 300 m, and 1000 m (C). Proportion of bulk water glucosidase and peptidase activities attributable to the ≥ 3 μm
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on particles but not in bulk water (Fig. 6). Moreover, at the
DCM at S07, five polysaccharides were hydrolyzed on parti-
cles, whereas only two were hydrolyzed in bulk water (Fig. 5).
Less pronounced examples, which nevertheless demonstrate
wider spectra on particles, were evident throughout the low
latitudes.

Latitudinal and depth-related variations were observed for
particle-associated activities, based on entire spectra (Fig. 6,
Supporting Information Fig. S6C) and for individual enzymes
(Supporting Information Fig. S6D). Summed rates in the DCM

were higher in low latitudes than in high latitudes, with a
peak at 10�S (S04) (Supporting Information Fig. S6C). With
increasing depth, summed rates decreased, although at several
stations these values were higher at 300 m than in the DCM
(Supporting Information Fig. S6C). Enzyme-specific latitudinal
trends were also observed on particles, and featured higher
laminarinase and xylanase activities in low latitudes, but high
chondroitin activities in high latitudes, particularly in the
DCM (Supporting Information Fig. S6D). At 1000 m, only
laminarinase activities were consistently detected; activities of

particle-associated fraction (D). Note that bulk water peptidase and glucosidase rates used here were measured at the 24 h (t2) timepoint, for direct com-
parison to the particle-associated rates at the 24 h (t1) timepoint. This analysis (D) was restricted to data from the DCM and 300 m due to uncertainty in
percent contribution of particle-associated enzymatic activities to bulk water rates associated very low measured rates at 1000 m. α-glu, α-glu-
copyranoside; β-glu, β-glucopyranoside; AAF-chym, alanine-alanine-phenylalanine-chymotrypsin; AAPF-chym, alanine-alanine-proline-phenylalanine-chy-
motrypsin; FSR-tryp, phenylalanine-serine-arginine-trypsin; Leu, leucine; QAR-tryp, glutamine-alanine-arginine-trypsin.

Fig 5. Polysaccharide hydrolase activities in bulk water. Note that data presented are maximum rates, which occurred at different timepoints. Error bars
represent standard deviation between replicates. Ara, arabinogalactan; Chn, chondroitin sulfate; Fuc, fucoidan; Lam, laminarin; N.D., no data;
Pul, pullulan; Xyl, xylan.
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other polysaccharide hydrolases were rarely detected. This
increasingly limited spectrum of particle-associated activities
(Fig. 6) parallels the depth-related trend observed in bulk
water, for polysaccharide hydrolases, as well as peptidases and
glucosidases.

As with patterns observed for particle-associated peptidases
and glucosidases, the depth of steep attenuation of rates and
enzymatic spectra for particle-associated polysaccharide
hydrolases show pronounced latitudinal differences. High
rates and wide spectra of particle-associated polysaccharide
hydrolases in low latitudes—particularly visible from 27�S to
22�N (S02–S10)—were sharply attenuated from 300 to 1000 m
(Fig. 6). In contrast, particle-associated rates in the DCM and at
300 m in the high latitudes were comparable to those at 1000 m,
and with little loss of polysaccharide hydrolase activities, particu-
larly in the two northernmost stations (S16 and S18) (Fig. 6).

Abiotic and biotic correlates of enzyme activities
Correlations between enzyme activities and physicochemi-

cal and bacterial parameters demonstrated varying trends
based on enzyme class (e.g., peptidases, glucosidases, and
polysaccharide hydrolases), activity source (i.e., bulk water
vs. particles), and spatial scale (i.e., all depths vs. individual
depths). Using data from all depths, more statistically signifi-
cant abiotic and biotic correlates were identified for peptidases
and glucosidases (Fig. 7A,B) than for polysaccharide hydro-
lases (Fig. 7C,D). In bulk waters, leu-AMP exhibited more sig-
nificant correlations than other peptidases and glucosidases

(Fig. 7A). Among the polysaccharide hydrolases, chondroitin
sulfate hydrolysis correlated with the most variables (Fig. 7C).
Particle-associated peptidases and glucosidases exhibited posi-
tive relationships with temperature, fluorescence, cell counts,
and bacterial production (Fig. 7B), as well as co-occurrence
patterns, evident by positive relationships with each other;
such a trend was not observed among particle-associated poly-
saccharide hydrolases. Finally, most enzyme activities were
decoupled from turnover of amino acids, glucose, and acetate
(Fig. 7A–D).

As a caveat, many of the correlations identified using data
from all depths (Fig. 7A–D) persisted or differed from those
observed when data were subdivided by different depths
(i.e., epipelagic, mesopelagic, bathypelagic) (Supporting
Information Figs. S7–S10), illustrating the scale dependence
of these relationships. Numerous correlations of leu-AMP
with biotic and abiotic parameters persisted throughout the
water column, the most consistent of which is its negative
relationship with temperature (Supporting Information
Fig. S7A–D). Many of the correlates for particle-associated
peptidases and glucosidases, as well the positive co-
occurrence patterns, identified at all depths were undetected
in the depth-separated analyses (Supporting Information
Fig. S8A–D). Relationships between latitude and rates of sev-
eral particle-associated peptidases and glucosidases were neg-
ative in data sets from all depths (Fig. 7B) and separately
from the epipelagic (Supporting Information Fig. S8B) and
mesopelagic (Supporting Information Fig. S8C), but positive

Fig 6. Polysaccharide hydrolase activities on ≥ 3 μm particles. Note that data presented are maximum rates measured at different timepoints. Rates were
normalized by volume of water filtered to obtain particles. Error bars represent standard deviation between replicates. Ara, arabinogalactan;
Chn, chondroitin sulfate; Fuc, fucoidan; Lam, laminarin; Pul, pullulan; Xyl, xylan.
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in the bathypelagic (Supporting Information Fig. S8D).
Among polysaccharide hydrolases, both in bulk waters
(Supporting Information Fig. S9A–D) and on particles
(Supporting Information Fig. S10A–D), few parameters corre-
lated with enzyme activities; the range and strength of corre-
lates even decreased with increasing depth. However, the
most robust correlation was the consistent positive relation-
ship of laminarinase activities with temperature, observed in
all iterations of the analysis (Supporting Information
Figs. S9A–D, S10A–D).

Discussion
Heterogeneous latitudinal and depth-related trends

Marine microbial communities exhibit substantial latitudi-
nal and depth-related heterogeneity in their enzymatic capa-
bilities to initiate organic matter degradation across a 9800 km
transect between the South Pacific Gyre and the Bering Sea.
This “sea change” in enzymes across latitudes, depth, and the
distinctions in bulk water vs. particle-associated patterns is
summarized in Fig. 8. Latitudinal trends are enzyme-specific
(Figs. 3, 5): With increasing latitude, chondroitinase and leu-
AMP activities increase, but laminarinase activities decrease
(Fig. 8); activities of other peptidases and polysaccharide
hydrolases exhibit significant spatial patchiness (Figs. 2–5).

Enzymatic spectra—that is, the range of measurable activities
at a given location (Figs. 4C, 5, 6 and Supporting Information
Fig. S2A)—become narrower with increasing depth (Fig. 8).
These depth-related (Hoarfrost et al. 2017; Balmonte
et al. 2018) and enzyme-specific latitudinal trends (Arnosti
et al. 2011) previously observed in bulk water are also demon-
strable in the particle-associated fraction. In particular, the
spectrum of active peptidase and glucosidases in the upper
water column is wider in low latitudes than in high latitudes
(Figs. 4C, 8). Notably, differences in enzymatic activities in
bulk water and on particles increase with increasing depth

(Figs. 4B, 8), indicating that particle-associated taxa produce a

set of enzymes that differ in range and proportions from those

of their free-living counterparts. This multidimensional view of

spatial heterogeneity in enzymatic patterns (Fig. 8) suggests dif-

ferent sources, controls, and substrate specificity of microbially

produced enzymes across considerable depths and distances.

Biotic and abiotic correlates for enzyme activities provide
hints of potential controls and sources that differ both within
and across enzyme classes, and on particles vs. in bulk water
(Fig. 7). Peptidase and glucosidase activities more frequently
exhibit significant correlations with measured physicochemi-
cal and bacterial parameters (Fig. 7A,B) than do polysaccharide

Fig 7. Pearson correlations between enzyme activities and measured environmental and bulk bacterial activity parameters at all depths, separated by
enzyme class and sample type: bulk water (A) and particle-associated (B) glucosidases and peptidases, as well as bulk water (C) and particle-associated
(D) polysaccharide hydrolases. Nonsignificant correlations (p < 0.05) are shown as empty boxes. No rate data due to undetectable enzymatic activities
are shown as gray boxes. Rates analyzed for panel (A) include bulk water rates from all stations. Error bars represent standard deviation between repli-
cates. α-glu, α-glucopyranoside; β-glu, β-glucopyranoside; AAF-chym, alanine-alanine-phenylalanine-chymotrypsin; AAPF-chym, alanine-alanine-proline-
phenylalanine-chymotrypsin; Ara, arabinogalactan; Chla, chlorophyll a; Chn, chondroitin sulfate; DFAA, dissolved free amino acids; FSR-tryp,-
phenylalanine-serine-arginine-trypsin; Fuc, fucoidan; Lam, laminarin; Leu, leucine; Pul, pullulan; QAR-tryp, glutamine-alanine-arginine-trypsin; Xyl, xylan.
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hydrolase activities (Fig. 7C,D). When all depths are consid-
ered, several peptidase and glucosidase activities correlate with
factors related to primary production, including POC, PON,
and Chl a concentrations (Fig. 7A,B). Particle-associated pepti-
dase and glucosidase activities across all depths (Fig. 7B) posi-
tively correlate with cell counts and bacterial production.
These findings suggest that particulate matter derived largely
from primary production is broken down to dissolved sub-
strates (Fig. 8) and fuel biomass production of free-living bac-
teria that dominate in particle-poor pelagic environments
(Smith et al. 1992). Moreover, variations in enzyme activities
thus cannot be explained by individual variables, or by a com-
mon set of parameters. This result is consistent with previous
findings from a large latitudinal gradient in surface waters
(Arnosti et al. 2011) and in depth transects along a shorter lat-
itudinal gradient in the Atlantic (Hoarfrost and Arnosti 2017).

Correlates are rarely observed for polysaccharide hydro-
lases, suggesting that other factors likely better account for

differences in these enzyme activities. The ability to degrade
and utilize polysaccharides is a complex trait, requiring more
genes to carry out these functions than simpler traits
(Berlemont and Martiny 2016). As a consequence, distribution
of polysaccharide utilization among microorganisms is phylo-
genetically narrow—or restricted to a limited range of taxa.
Hence, differences in microbial community composition may
correspond to variations in polysaccharide hydrolase activities
measured in low vs. high latitudes (Fig. 8). Latitudinal differ-
ences in marine microbial communities, both in structure and
in function (Ghiglione et al. 2012; Ibarbalz et al. 2019; Salazar
et al. 2019), support this explanation. In particular, robust
changes over short distances in epipelagic microbial commu-
nity metagenomes and metatranscriptomes were detected at
40�N (Salazar et al. 2019) in the transition from thermally
stratified to well-mixed polar waters (Behrenfeld et al. 2006).
Similarly, polysaccharide hydrolase profiles shifted markedly
along the transect between the subtropical/temperate North

Fig 8. A sea change in microbial enzymes—a summary of trends in microbial enzymatic activities in bulk water and on particles in the open ocean,
which differ in spectra and relative importance along latitudinal and depth gradients. Enzyme classes (i.e., peptidases vs. polysaccharide hydrolases) are
represented by different shapes, and colors are consistent with the substrates used to measure their activities (Figs. 3–6).
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Pacific and the sub-Arctic Pacific (S14, 45�N; Supporting Infor-
mation Table S1), characterized by high chondroitin sulfate
hydrolase and low laminarinase activities (Figs. 5, 6). While
the ecological boundary was identified among stations pre-
dominantly in the North Atlantic (Salazar et al. 2019), the
transition from thermally stratified to a well-mixed regime is
also evident in the Pacific Ocean temperature profiles
(Fig. 1B). Thus, a similar ecological boundary for microbial
communities in the Pacific Ocean may have influenced spatial
patterns of polysaccharide hydrolase activities.

Notably, the rates and spectrum of peptidase, glucosidase,
and polysaccharide hydrolase activities (Figs. 3–6, Supporting
Information Fig. S2A) decrease with increasing depth, and
individual enzymes exhibit distinct patterns (Fig. 3B). Lower
rates and limited enzymatic spectra in deeper waters (Fig. 8)
are in accordance with previous enzyme activity depth profiles
measured in the South and Equatorial Atlantic Ocean
(Hoarfrost et al. 2017), Gulf of Mexico (Steen et al. 2012), and
the central Arctic (Balmonte et al. 2018). These depth-related
enzymatic patterns may indicate a widespread microbial strat-
egy: compared to their deep-water counterparts, microbial
communities in surface waters invest greater resources to read-
ily produce a more diverse set of enzymes to access the fre-
quently replenished organic matter supply in the upper water
column (Fig. 8). However, microbial potential to produce
many of these enzymes (Balmonte et al. 2019) and their sub-
strate transporters (Bergauer et al. 2018; Zhao et al. 2020) exist
in deep waters as in surface waters. The extent to which these
enzymes are produced is therefore partially controlled by the
availability of organic matter exported from surface
waters (Fig. 8).

Contrasting enzyme patterns on particles
Distinct proportions and often wider enzymatic spectra are

detected on particles (Figs. 4, 6) than in bulk seawater (Fig. 5,
Supporting Information Fig. S2A), indicating the importance
of particle-associate taxa for enzyme production even down to
the bathypelagic (Fig. 8). Detection of genes encoding secre-
tory CAZymes and peptidases as well as transcripts and pro-
teins for organic matter hydrolysis that likely belong to
particle-associated taxa in the bathypelagic support this inter-
pretation (Zhao et al. 2020). While the contribution of cell-
bound vs. dissolved secreted enzymes cannot be ascertained
from our measurements, a previous study suggests that much
of the particle-associated enzymatic activities are likely due to
enzymes secreted into the particle matrix (Zhao et al. 2020).
Further, endo-acting peptidase activities can at times be attrib-
uted only to the particle-associated fraction (Fig. 4D,
Supporting Information Fig. S3C). In contrast, only a minor
fraction of exo-acting peptidase activities—measured here
using the leucine substrate—is detected on particles (Fig. 4D).
Endo-acting enzymes thus likely play a critical role in degrada-
tion of particles, as previously observed among polysaccharide
hydrolases in the North Atlantic (D’Ambrosio et al. 2014), the

central Arctic (Balmonte et al. 2018), and a northeast Green-
land fjord (Balmonte et al. 2020). Although their activities
vary regionally, endo-acting enzymes produced by particle-
associated microbial communities likely play a widespread role
in efficient degradation of protein and carbohydrate constitu-
ents of particulate matter (Obayashi and Suzuki 2005) from
surface to deep waters (Fig. 8).

Latitudinal differences in particle-associated enzyme activi-
ties (Fig. 8) and the depths at which they sharply decline are
robust, and may reflect the consequences of latitudinal differ-
ences in particle export and transfer efficiencies (Henson
et al. 2012; Marsay et al. 2015; Weber et al. 2016). Low particle
export efficiency at low latitudes (Henson et al. 2012) indi-
cates intense remineralization in the epipelagic, either directly
from large sinking particulate matter, or from slowly sinking
or nonsinking/suspended particulate matter (Boyd et al.
2019). High remineralization rates are consistent with the
high and wide-ranging particle-associated enzymatic activities
in our low latitude stations (Fig. 4A), with the caveat that our
measured rates likely reflect the hydrolysis of predominantly
suspended particulate matter. In any case, intense particulate
matter degradation results in rapid particle flux attenuation
(Marsay et al. 2015) and, thus, low particle transfer efficiencies
(Weber et al. 2016). Low particle concentrations in the deep-
water column at low latitudes are likely responsible for lower
rates of particle-associated enzyme activities measured at
1000 m (Figs. 4A, 6). In contrast, less intense remineralization
in the epipelagic at high latitudes (Henson et al. 2012; Marsay
et al. 2015) results in high particle export and transfer efficien-
cies to deep waters (Weber et al. 2016). High particle fluxes
likely sustain the wide range of particle associated enzymatic
capabilities still detectable in the mesopelagic-bathypelagic
transition at high latitudes (Figs. 4A, 6). That the highest total
organic carbon concentration exported to sediments was mea-
sured in the northernmost station of the transect (Pohlner
et al. 2017) indicates high particle export and transfer in the
Bering Sea. As a caveat, recent findings demonstrate substan-
tial differences in within-region particle export and transfer
efficiencies (Henson et al. 2019). Overall, latitudinal differ-
ences in the enzymatic capabilities of particle-associated taxa
(Fig. 8) likely leads to heterogeneous remineralization rates,
especially of the suspended particulate fraction, and qualita-
tive differences in bioavailable dissolved compounds.

Finally, with increasing depth, peptidase and glucosidase
activities became increasingly divergent between bulk water
and particles (Figs. 4B, 8). This pattern bears a striking resem-
blance to that observed among bulk seawater and particle-
associated bacterial community composition in the central
Arctic (Balmonte et al. 2018). Microbial decision to remain
particle-attached or detached can be predicted by the optimal
foraging theory and patch use dynamics (Yawata et al. 2020).
In particle-poor environments, such as the deep ocean,
microbes increase residence time on particles to maximize fit-
ness and avoid long search times for other particles (Yawata
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et al. 2020). Reduced frequency of detachment would yield
increasingly divergent particle-attached vs. free-living taxa
with increasing depth, with clear consequences in enzymatic
patterns (Figs. 4B, 8). Longer particle residence time and dis-
tinct within-particle microbial community development tra-
jectories (Thiele et al. 2015) could lead to large differences in
particle-attached microbial community composition and
activities in deep waters. Accordingly, variability in particle-
associated enzyme activity patterns increased with increasing
depth, but decreased for bulk water patterns (Figs. 4B, 8).
These patterns are consistent with increased variability among
deep-water particle-associated microbial communities, due to
regional differences in environmental conditions and particle
quality and quantity (Salazar et al. 2016); such patterns are
not evident for free-living taxa. A depth-related decrease in
β-diversity in microbial metabolic potentials (Sunagawa
et al. 2015) is consistent with enzymatic patterns in bulk
water, but not on particles, reflecting the largely free-living
lifestyle of microbes in the deep due to particle patchiness.
Distinct bulk water and particle-associated enzyme patterns
underscore the importance of particles in shaping microbial
biogeochemical roles throughout the water column (Fig. 8).

Conclusion
Latitudinal and depth differences in potential enzyme activi-

ties indicate substantial variations in microbial capabilities to
degrade organic matter (Fig. 8). Enzyme-specific spatial trends
and correlates, and different relative proportions of enzyme
activities in bulk water and on particles, suggest varying
sources, kinetics, and controls. Nevertheless, several features of
enzyme activities can be generalized. Microbial communities
employ narrower enzymatic spectra with increasing depth in
bulk water and on particles, highlighting the importance of
organic matter nature and quantity in structuring these pat-
terns (Fig. 8). Moreover, activities of rarely measured endopepti-
dases can exceed leu-AMP activities, especially on particles.
Collectively, activities of a broad range of enzymes display lati-
tudinal and depth-related trends in organic matter degradation
consistent with emerging patterns of microbial community
structure and function, and particles fluxes on a global scale.
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