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Microbial activity in the deep sea is cumulatively important for global elemental cycling yet is difficult to quantify and characterize
due to low cell density and slow growth. Here, we investigated microbial activity off the California coast, 50–4000m water depth,
using sensitive single-cell measurements of stable-isotope uptake and nucleic acid sequencing. We observed the highest yet
reported proportion of active cells in the bathypelagic (up to 78%) and calculated that deep-sea cells (200–4000m) are responsible
for up to 34% of total microbial biomass synthesis in the water column. More cells assimilated nitrogen derived from amino acids
than ammonium, and at higher rates. Nitrogen was assimilated preferentially to carbon from amino acids in surface waters, while
the reverse was true at depth. We introduce and apply the Gini coefficient, an established equality metric in economics, to quantify
intracommunity heterogeneity in microbial anabolic activity. We found that heterogeneity increased with water depth, suggesting
a minority of cells contribute disproportionately to total activity in the deep sea. This observation was supported by higher RNA/
DNA ratios for low abundance taxa at depth. Intracommunity activity heterogeneity is a fundamental and rarely measured
ecosystem parameter and may have implications for community function and resilience.
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INTRODUCTION
The majority of the marine habitat—~70% of its volume [1]—is
permanently dark. Microbial cell density in the water column
decreases with water depth, but the dark ocean nonetheless
contains about 55% of total microbial cells in the pelagic ocean
[2, 3]. Respiration rates of these cells determine the extent to
which sinking organic matter exported from the photic zone is
degraded and remineralized [4–7], with implications for carbon
burial and the sequestration of carbon dioxide. Microbial activity
in the deep sea also has implications for surface water nutrient
availability, as deep water-masses will eventually up-well in coastal
sites [8]. However, while there is growing appreciation for the
phylogenetic and functional diversity of cells in the deep sea
[9, 10], efforts to investigate microbial activity in the deep sea are
rare, especially at the single-cell level, fueling a debate about the
percent of cells that are actually active and leaving the variability
in activity levels between cells unknown. Investigations with
microautoradiography (using radiolabelled amino acids) and
cytometric analysis with CTC+ dye (5-cyano-2,3-ditolyl tetrazolium
chloride) reported that 3–20% of prokaryotic cells were active in
meso- and bathypelagic waters [11–13]. However, these numbers
are likely underestimates of total active cells. For instance, not all
microorganisms incorporate intact amino acids, including the
majority of active Marine Group I Thaumarchaeota (recently
reclassified as members of the Nitrososphaeria, a class within the
Crenarchaeota), which are abundant in the meso- and bath-
ypelagic [14]. Furthermore, these techniques either cannot or are
difficult to obtain quantitative cell-specific activity, and therefore

have not been employed to resolve the variation in activity levels
between cells.
Nanoscale secondary ion mass spectrometry (nanoSIMS) has

made it possible to accurately quantify anabolic activity within
uncultured individual microbial cells using a wide range of stable-
isotope-labeled substrates [15–18]. Furthermore, nanoSIMS has
allowed the single-cell analysis of large microbial communities
[14, 19, 20], making it possible to determine the intracommunity
variability in activity. The distribution of activity within a
community is a fundamental parameter of an ecosystem and
may have implications for the resilience of ecosystem function, yet
this is still an emerging concept for complex natural communities.
Heterogeneity in activity has been estimated in pure cultures
using the standard deviation [21, 22] and within specific, sorted
environmental populations by calculating the coefficient of
variation of the mean of all cells [23]. These approaches are
suitable for normal distributions, however, are not optimal for
environmental microbial communities with non-normal, multi-
modal distributions. To overcome this limitation, Calabrese et al.
[24] proposed a new calculation based on rank-activity distribu-
tion analysis, defined as differentiation tendency index (DTI), and
have used it to demonstrate differentially active subpopulations of
non-normally distributed pure cultures [25]. However, since the
DTI focuses on differences between the active cells, it is not
optimized for characterizing or comparing natural communities
with a high abundance of non-active cells, for instance under
those under low or variable nutrient conditions. Therefore, there is
a need to further develop additional microbial heterogeneity
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metrics that would allow the heterogeneity comparison under a
variety of natural settings.
In the current work we use nanoSIMS and 16S rRNA amplicon

analysis to study microbial activity in the deep sea. We aim to
achieve a more nuanced perspective of deep-sea microbiology by
characterizing the distribution and single-cell anabolic activity of
microorganisms from surface to seafloor. We use the uptake of
15N-13C-labeled amino acids and 15N-labeled ammonium as a proxy
for total anabolic activity in thousands of individual microbial cells
living from 50 to 4000m water depth at two sites offshore San
Francisco in the northeast Pacific Ocean, 67 and 281 km from the
coast. We assess the proportion of active cells, single-cell uptake
rates, preference for nitrogen uptake from ammonium versus amino
acids, and the relative-use efficiency of carbon and nitrogen from
amino acids. Additionally, we introduce a comparison of different
metrics to quantify the intracommunity heterogeneity of anabolic
activity and investigate trends in the distribution of activity. First, we
propose using the Gini coefficient to quantify microbial anabolic
heterogeneity (inequality), which provides robust and comparable
values while incorporating all members of the community
(including positive and zero values). The Gini coefficient was
developed over a 100 years ago to quantify income inequality in
human populations [26], and it is still used routinely in economics
today. It has also recently been applied as an indicator of ecological
population distribution [27, 28], including bacterial diversity and
species distribution [29, 30]. Additionally, we calculate the percent
of cells responsible for 90% of total activity for comparison. We
compare and contrast these methods together with previous
approaches for characterizing the intracommunity distribution of
microbial activity in environmental samples.

MATERIAL AND METHODS
Sample collection
Seawater collection in the northeast Pacific Ocean was carried onboard the R/V
Oceanus in March 2017. Seawater was sampled with Niskin bottles at 6 sites
along a 300 km transect (Fig. 1). Samples were collected in the epipelagic at 50
and 150m, in the mesopelagic at 500 and 1000m, and in the bathypelagic at
2000, 3000, and 4000m, as the total water depth allowed. Different
physicochemical water properties (including temperature, conductivity,
pressure, and fluorescence) were determined with a CTD (SeaBird, USA).

16S rRNA gene DNA/cDNA samples collection and processing
Samples for 16S rRNA gene and 16S rRNA sequencing were collected for all
depths at all sites. Seawater (5–25 l, depending on the depth) was filtered
through 0.2 µm Sterivex filter units (Millipore, Germany) immediately after
collection. Filters were flash frozen in liquid N2 and stored at −80 °C. DNA
and RNA extraction were performed on shore by an All Prep DNA/RNA mini
kit (Qiagen, CA, USA). Samples were prepared for sequencing using the
515F-Y/926R primers [31] and sequencing was performed using the MiSeq
(Illumina) platform at the UC Davis DNA Technologies Core Facility.
See Supplementary Information for further details. All sequences have
been submitted to the European Nucleotide Archive under the accession
number PRJEB54878.

Seawater incubations with stable isotopes
Bottle incubations amended with stable isotope-labeled substrates were
conducted at two sites: a site 281 km from shore (OC6, hereon called Open
Ocean site) and a site located immediately beyond the continental slope
(OC3, 67 km from shore; hereon called Slope site). Two sets of incubations
were carried out, one using 50 nM of 15N-labeled ammonium chloride (99%
15N, Cambridge Isotope Laboratories, USA), and the other using 50 nM of
15N13C-labeled algal amino acid mixture (AA, 97–99% 13C and 97–99% 15N,
Cambridge Isotope Laboratories, USA; amino acid mixture composition

Open
ocean site

300 200 100 0

4000

3000

2000

1000

0

Distance from coast (km)

D
ep

th
 (m

)

Epipelagic

Mesopelagic

Bathypelagic

B OC6*
OC5

OC4
OC3*

OC2
OC1

Bray-Curtis dissimilarity
DNA samplesC

Slope 
site

Open ocean 
site

OC1
OC2

OC3*
OC4

OC5

OC6*

37° N

36° N

122° W123° W124° W125° W

A
0.0 0.2 0.4 0.6 0.8

OC6-50m
OC5-50m
OC4-50m
OC3-50m
OC1-50m

OC2-50m
OC6-150m
OC5-150m
OC3-150m
OC4-150m
OC2-150m
OC2-500m
OC3-500m
OC5-500m
OC6-500m
OC4-500m

OC3-1000m
OC4-1000m
OC5-1000m
OC6-1000m
OC3-2000m
OC4-2000m
OC6-2000m
OC5-2000m
OC3-3000m
OC4-3000m
OC6-3000m
OC5-3000m
OC6-4000m

Fig. 1 Sampling location and dissimilarities in the microbial community composition between samples. Maps of the northeastern Pacific
Ocean showing (A) sampling locations and (B) sampling water depths. Asterisks indicate the two sites where stable isotope labeling
experiments were conducted. Maps were generated with GeoMapApp version 3.6.12. C Neighbor-joining tree generated from the Bray–Curtis
dissimilarity matrix for DNA samples for the different study sites and depths. Water depth at which the sample was collected is indicated by
different colors.
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included in SI Table 1). Incubations were conducted using 2 or 4 l
polycarbonate bottles, in the dark. Water from 50m and 150m depth were
incubated at 10.5 °C and from 500 to 4000m at 4 °C, as close as possible to
the average in situ temperatures (see Fig. S1). At 0 and 72 h, 100ml of
seawater of each incubation was fixed using 3% formaldehyde and filtered
onto polycarbonate filters (25mm diameter, 0.2 µm pore size; GTTP type,
Millipore). Incubation time was selected with the goal of being long enough
to achieve low detection limits but short enough to avoid major community
shifts, based on previous results [14]. Filtered, fixed cells were washed with
PBS, 1:1 PBS:EtOH and EtOH before storage at −80 °C for nanoSIMS analysis.
At the same timepoints, 1.875 l (50 and 150m depth) and 3.875 l (500 to
4000m depth) unfixed seawater were filtered through anodisc filters (47mm
diameter, 0.2 µm pore size; Whatman, Maidstone, UK) and stored at −80 °C
for analysis by isotope ratio mass spectrometry (IRMS).

Bulk isotope uptake by IRMS analysis. Anodisc filters were packed in small
tin cups and dried overnight at 55 °C. Bulk isotope analysis was performed
at the UC Davis stable isotope facility using an Elementar Vario EL Cube
and Micro Cube elemental analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany).

Single-cell isotope uptake by nanoSIMS. Single-cell uptake rates for 13C and
15N were analyzed by nanoSIMS. Details of sample preparation and
nanoSIMS analysis are described as Supplementary Information. The
resulting isotope images were analyzed using LANS software [32] allowing
for the accumulation of the scans with lateral drift correction and
quantitative analysis of isotopic ratios (13C−12C−/12C2

− and
12C15N−/12C14N−). To determine cell-specific isotope ratios, regions of
interest were drawn manually inside the cells, avoiding the cell-
surrounding areas, using the 12C14N− channel. Cells were considered
active if their isotope ratio was greater than 2 standard deviations above
the mean isotope ratio of the 0 h cells from each site [14] (Supplementary
Information). Cell-specific growth rates and the amount of N and C
assimilated by each cell in fg cell−1 h−1 was calculated according to
Stryhanyuk et al. [33], and as also described in Arandia-Gorostidi et al. [34].
Integrated rates for each oceanic region were calculated by multiplying
cell abundance (see Supplementary Information) at each depth with the
single-cell assimilation rate and by extrapolating it to the total volume of
each region considering an area of 1 m2. The epipelagic was considered to
be 0–200m, the mesopelagic 201–1000m, and the bathypelagic
1001–3000 or −4000m (depending on site). Single-cell C/N relative use
efficiency (RUE) from amino acids was calculated according to Mayali et al.
[35], only considering cells that were enriched in both 13C and 15N.
Intracommunity activity heterogeneity was calculated using the Gini

coefficient and visualized with Lorenz curves [26] using the DescTools

package in R (version 3.6.2). The cell-specific assimilation of nitrogen (in fg)
over the course of the incubation was used as the input value for each cell,
and therefore as a proxy for cellular activity. Additionally, heterogeneity in
activity levels was calculated as the percent of cells responsible for 90% of
total anabolic activity by determining the number of cells (starting from the
most active ones) whose 15N uptake summed to 90% of the total 15N uptake
from each substrate, amino acids and ammonium, at each depth.
Calculations for the DTI value were carried out following Calabrese et al. [24].
Additional methodological details can be found in the Supplementary

Information.

RESULTS
Environmental analysis
Analysis of temperature, salinity, and fluorescence at each site
showed standard trends (Fig. S1). As expected, an oxygen
minimum zone was detected, with a minimum of 4.3% oxygen
saturation at 1000m water depth (surface values were near 100%).
Ammonium concentrations were lowest at the Open Ocean site
where it was below the detection limit (<10 nM) throughout the
water column and were below 100 nM at most sites (Fig. S2).
Nitrate concentrations increased throughout the epi- and
mesopelagic and then decreased slightly in the bathypelagic.

Cell abundance and microbial community composition
We observed the maximum cell abundance at 150m in the Slope
site and at 50 m in the Open Ocean site (13.1 × 105 and 4.7 × 105

cell ml−1, respectively). Cell-abundances decreased until 1000 and
2000m for the Slope and Open Ocean site respectively and
remained constant below these depths (Table 1).
Microbial community composition analyzed by 16S rRNA gene

(DNA) amplicon sequencing showed that the microbial commu-
nities separated taxonomically by water depth rather than
distance from shore (Fig. 1C). Alphaproteobacteria and Cyano-
bacteria dominated the communities at 50 m depth, while
Crenarchaeota, Deltaproteobacteria, and Marinimicrobia were
relatively more abundant at 150m depth and below. The
Crenarchaeota detected were members of the Nitrososphaeria,
previously known as Marine Group I Thaumarchaeota. Other
groups such as Gammaproteobacteria showed consistent relative
abundance throughout the water column. The greatest dissim-
ilarities separated the 50m samples from the others, but

Table 1. Summary of cell abundance and activity values for each depth and site.

Region
(-pelagic)

Depth (m) Cell
abundance
(x105 cell
ml−1 ± SD)

Average cell-specific assimilation
rates (fg cell−1 h−1)

Proportion
active cells (%)

Heterogeneity
in single-cell
activity (P90)

Heterogeneity
in single-cell
activity (Gini
coefficient)

Contribution
to total
active
cells (%)

Contribution
to total
anabolic
activity (%)

C-AA N-AA N-Amm N-AA Amm N-AA Amm N-AA Amm

Open Ocean site

Epi 50 4.7 ± 0.0 1.03E−02 2.5E−02 4.50E−04 90 89 23.4 29.3 0.56 0.74 49 86.4

150 2.2 ± 0.2 2.76E−03 1.50E−03 1.70E−04 85 81 30.8 21.2 0.58 0.87

Meso 500 2 ± 0.1 1.51E−03 2.40E−04 2.20E−05 56 42 34.4 33.0 0.75 0.77 37 9.5

1000 0.6 5.32E−06 3.40E−05 2.00E−06 32 24 25.0 33.8 0.78 0.59

Bathy 2000 0.2 nd 4.70E−06 1.60E−05 0 19 nc 34.0 0.96 0.86 14 4.1

3000 0.2 nd 3.30E−05 1.20E−05 14 19 29.2 46.7 0.79 0.65

4000 0.1 9.39E−04 1.00E−04 3.00E−06 35 11 37.5 23.9 0.54 0.49

Slope site

Epi 50 11.8 ± 0.5 1.62E−02 2.50E−02 2.20E−03 92 89 25.5 39.4 0.50 0.49 38 65.8

150 13.1 ± 0.5 4.29E−03 6.70E−02 1.70E−03 99 88 42.5 23.8 0.48 0.81

Meso 500 2.5 ± 0.2 1.12E−03 9.70E−04 1.50E−04 71 68 33.3 44.6 0.69 0.59 16 7.3

1000 1.3 ± 0.1 5.84E−04 4.00E−04 1.60E−04 66 55 32.6 28.9 0.73 0.74

Bathy 2000 1.3 ± 0.0 1.57E−04 9.90E−04 1.50E−04 78 56 22.9 28.2 0.78 0.77 46 26.9

3000 1.5 ± 0.2 6.29E−04 1.20E−03 2.60E−04 72 65 16.1 28.2 0.84 0.76

The percent contribution of each pelagic region to the total active cells and the total anabolic activity are based on uptake of amino acid-derived nitrogen,
except for the 2000m depth of the Open Ocean site where uptake of ammonium-derived nitrogen was used, as described in the methods.
SD standard deviation, P90 proportion cells responsible for 90% of community activity, nd not detected, nc not calculated (since no active cells were detected).
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consistent vertical structuring was observed even within the
meso- and bathypelagic regions (Fig. 1C).

Bulk uptake of ammonium and amino acids with depth
Bulk community-level activity measured with IRMS showed
maximum incorporation of 15N-ammonium and 15N-amino acids
at 50 m, except for ammonium uptake at the Slope site, where it
peaked at 150m depth (Fig. S4). Uptake of 15N from both
substrates was low at 500m depth and was undetected at 1000 m
and in most samples within the bathypelagic. 13C-amino acid
uptake also peaked at either 50 m (Open Ocean site) or 150m
(Slope Site). Consistent with the pattern of 15N-uptake, uptake of
13C-amino acid was undetected in the bathypelagic except at
2000m at the slope site.

Single-cell uptake of ammonium and amino acids with depth
Unlike with the bulk IRMS approach, using nanoSIMS we detected
cell-specific activity throughout the water column at both sites.
Proportions of active cells were maximum in the epipelagic (50 or
150m) at both sites, with around 90% of the cells incorporating
15N from each substrate (max of 98.7% from amino acids at the
Slope Site), and then generally decreased with increasing water
depth (Fig. 2). The extent of the decline varied between sites. The
proportion of active cells decreased to <25% just below 1000 m at
the Open Ocean site, but around 75% of cells assimilated
15N-derived from amino acids throughout the meso- and bath-
ypelagic at the Slope site. At both sites, the proportion of
15N-enriched cells remained relatively constant below 1000m
water depth, although amino acid uptake hit a minimum at
2000m at the Open Ocean site.
Cell-specific N-based growth and assimilation rates were higher

at the Slope site than at the Open Ocean site and decreased with
water depth at both sites (Fig. 3 and Table 1). Similar to the

proportion of active cells, this decline with depth was more
extensive at the Open Ocean site. In contrast, while the proportion
of 15N-enriched cells was similar for amino acids and ammonium,
the N-based growth and assimilation rates were different for the
two substrates. Mean single-cell N-based growth and assimilation
rates for amino acids were considerably higher than that for
ammonium; greater than one order of magnitude in the
epipelagic and in the bathypelagic region (Fig. 3 and Table 1).
Cell-specific assimilation rates and proportion of active cells were

also determined for 13C derived from amino acids (Table 1 and
Fig. S5). Similar to the trend for 15N-based growth, the highest
assimilation rates for 13C-amino acids were both found at 50m for
both sites (0.0103 and 0.0162 fg cell−1 h−1 and 74.8% and 48.3% for
Slope and Open Ocean sites, respectively). The percent of cells
enriched in 13C from amino acids was lower than that from 15N
throughout the water column, decreasing to 4% (or less) around
1000m at both sites, and then creeping up again at both sites to
25% and 5% at the bottom of the water column at the Slope and
Open Ocean site, respectively. The low single-cell 13C enrichment
could be due to inclusion of carbon from the polycarbonate filters in
the analysis, which would dilute the 13C enrichment in the cells and
underestimate uptake [36]. However, it could also be due to
selective usage of nitrogen from amino acids, and/or inflated rates
of 15N assimilation from amino acids due to some cells assimilating
the 15N-products of amino acid degradation (e.g., 15N-ammonium)
via cross-feeding rather than 15N directly from amino acids.
C:N RUE were calculated for those cells incorporating both C

and N from amino acids. A value of one indicates stoichiometric
assimilation of the two elements and therefore likely assimilation
of intact amino acids [35]. The C:N RUE varied significantly with
depth (ANOVA, p value <0.001 for both sites). The maximum RUE
values (i.e., high preference for carbon over nitrogen) were found
at the deepest depth at both sites (with a ratio of 0.77 and 2.55 at
3000m for the Slope site and at 4000m at Open Ocean site,
respectively, Fig. 4), indicating an increasing preferential assimila-
tion of carbon with depth. The RUE values were also significantly
higher in the Ocean Site (1.25 on average) than in the Slope site
(0.36), indicating a higher demand for carbon relative to nitrogen
in the open ocean (t-test, p value <0.001).

Intracommunity heterogeneity of microbial activity
The distribution of activity (cell-specific uptake rates) between cells
generally did not follow a normal distribution (as tested using the
Shapiro–Wilk’s method) and was often multimodal with an overall
positive skew (Fig. 3, note the log scale on the x-axis). At the Slope
site, the Gini coefficient varied from 0.48 to 0.83, and generally
increased with increasing water depth, indicating increasing
heterogeneity in activity with depth (Fig. 5). The Gini coefficient
for ammonium assimilation at 150mwas a notable exception to this
trend. In the Open Ocean site, the Gini coefficient varied from 0.29
to 0.96, with trends differing by substrate but generally showing a
peak in heterogeneity within the bathypelagic (2000m) as well. For
reference, a coefficient value of 0 indicates that anabolic activity is
equally distributed between all the cells of the community
(indicating that all cells have the same isotope enrichment per unit
of biovolume), while a value of 1 indicates a single-cell is responsible
for all activity (complete inequality).
As an alternative way to quantify the distribution of activity, the

proportion of cells that were responsible for 90% of total
15N-uptake from amino acids and ammonium were calculated
(hereon called P90), with low proportions indicating that few cells
were responsible for most activity (and therefore higher activity
heterogeneity). The observed trends with this metric were very
similar to the ones determined using the Gini coefficient, and the
values ranged from 16 to 47% (Table 1). The two metrics showed a
significant correlation between them (t-test, p value= 0.03).
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RNA/DNA ratios of individual amplicon sequence variants
(ASVs)
In addition to assessing microbial community composition with
16S rRNA genes (DNA), potential translational activity was
calculated by analyzing 16S rRNA amplicons (RNA) (Fig. 3B).
Gammaproteobacteria and Marinimicrobia groups represented
most of the RNA reads in the meso- and bathypelagic zones
(21.5% and 16.4% of the total reads in the meso- and bathypelagic
zones combined, respectively). Nitrososphaeria RNA reads were
relatively low at all depths (3.7%, 5.3% and 5.5% of all reads in the
epi-, meso- and bathypelagic regions respectively), despite being
the most abundant taxa in the DNA reads at water depths of
150m and below (Fig. S3B).
The potential activity for each amplicon sequence variant (ASV)

was estimated using their relative 16S rRNA RNA/DNA ratio, as
proposed by Kemp et al. [37] for marine microbes. The least-
abundant microbial ASVs (<25% of DNA reads) had higher RNA/
DNA ratios on average than the rest of the community in the epi-,
meso-, and bathypelagic regions (Fig. 6). These cells belonged
almost exclusively to the Proteobacteria phylum, and mostly to
the Deltaproteobacteria Class (30% of all cells with an RNA/DNA
ratio >25%). Furthermore, the average RNA/DNA ratio of this
group—the least abundant ASVs—increased with water depth
(ANOVA, p value <0.01).

DISCUSSION
Quantification of microbial anabolic activity in the deep sea
Quantitative measurements of microbial activity in the deep-sea
are relatively rare, especially at the single-cell level. Bulk analysis of
uptake of stable isotope tracers via IRMS is problematic due to the
low density of cells (and therefore large volumes of water required
for incubations), the low rates of activity (relative to the detection

limits of the assay), and the need to use non-carbon-based filters
due to the total combustion during analysis. Here, we used
aluminum oxide anodisc filters with a pore size of 0.2 μm to
overcome the potential loss of small deep-sea cells through
traditional glass-fiber filters (GF/F, nominal pore size 0.7 μm) for
our IRMS analysis. However, we were still only able to detect
isotope uptake via IRMS in the epipelagic region, with uptake
levels mostly below the limit of detection below 500m water
depth. As a result of such difficulties, bulk anabolic activity in the
deep sea has been mostly performed with radioisotopes to date
[3, 38, 39]. Although a sensitive bulk assay, relying on radio-
isotopes constrains the range of tracer substrates significantly, and
limits the potential for cell-specific metabolic rate measurements.
Previous studies examining microbial activity at the community

level using 3H-leucine have detected significant rates of uptake
throughout the deep-water column [12, 40], in some cases rivaling
that in the epipelagic when integrated with depth [3]. However,
studies using microautoradiography to visually detect 3H- or
14C-uptake in individual cells have consistently detected activity in
only 3–20% of cells in the bathypelagic, leaving open the
possibility that most deep-sea cells are dead or anabolically
dormant [11–13, 41]. Here, using 15N-ammonium and 15N-amino
acids and quantitative single-cell analysis by nanoSIMS, we not
only detect activity throughout the water column but exceed
previous estimates for the proportion of active cells in the deep
sea by several fold in some samples (up to 78% in the
bathypelagic). Our values for the epipelagic, where 90–98% of
the cells were detected as active, were also greater than previous
estimates in the epipelagic with microautoradiography, and
consistent with our recent nanoSIMS observations made closer
to shore (<20 km) [14]. A difference between ours and previous
studies is the higher concentration of substrates added to the
incubations (50 nM versus 10 nM), lowering the detection limit but
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also increasing the chance that activity was inadvertently
stimulated. Although we cannot eliminate that possibility, the
lower proportions of active cells found at the Ocean Site, where
the percent of added substrate over the in situ concentration was
highest, in comparison to the Slope Site, indicates that any
stimulation was likely minor and could not explain the high values
at the Slope Site alone. At a minimum, the high proportions of
active cells in our incubations demonstrate the high proportion of
viable cells in the deep sea. Additionally, it suggests that the
highly reproducible vertical structuring in microbial community
composition throughout the water column (Fig. S3 and [42]) is due
to environmental selection of specific physiologies and metabolic
capabilities as conditions change with depth rather than
stochastic processes distributing dormant cells.
Both the proportion of active cells and the 15N-enrichment level

of the active cells decreased with water depth (Figs. 2 and 3).
Previous work noted that bulk levels of activity decreased faster
than the decrease in cell numbers indicated, suggesting that the
rate of activity in individual cells as well as the number of cells was
decreasing with depth [38–40]. Our single-cell rate results provide
direct evidence that this is indeed the case. However, we found
that when integrated by water column volume, the microbes in
the meso- and bathypelagic zones were still responsible for 14

and 34% of the total anabolic activity of the water column at the
Open Ocean and Slope sites, respectively, measured by uptake of
15N-amino acids. The integrated values are lower than the 48.2%
estimated by Aristegui et al. [3] using bulk 3H-leucine uptake in
the North Atlantic Ocean. Such difference, however, can be due to
the low cell-specific production rates estimated in Aristegui et al.
[3] for the epipelagic region, which is typical for oligotrophic
surface waters such as the North Atlantic. Contrary to Aristegui
et al. [3], our study was performed in an upwelling zone, which
explains the higher surface microbial activity and likely the greater
difference in activity between the epipelagic and deeper waters.
Additionally, a recent study has reported that marine prokaryotic
production can be overestimated by several fold due to
inaccuracy of leucine-carbon conversion factors, with overestima-
tion more likely and severe in deeper waters [43]. Studies using
these conversion factors therefore might calculate artificially high
relative proportions of activity in the deep sea. Still, the difference
between the two sites within our study also indicates that the
contribution of the dark ocean to the total pelagic activity can be
variable even within a single region, potentially dependent on a
combination of biological, chemical, and physical processes.
While bulk activity levels and the percent of active cells were

similar between the Open Ocean and Slope sites at 50m depth, in
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the meso- and bathypelagic the Slope site had 42% more active
cells, ~15 times higher cell-specific uptake rates, and nearly twice
the integrated contribution to water column activity as the Open
Ocean site. The observed difference in activity may be related to
(1) differences in microbial community composition, and/or (2)
differences in environmental parameters between sites. The highly
similar community composition of the two sites at both the class
(Fig. S3A) and ASV level (see Fig. S6) indicates that the impact of
taxonomic composition was likely minor. The difference in
chemical properties was, most likely, the major cause of the
difference in activity observed between both sites. The higher
ammonium in situ concentration found in the slope site, probably
supporting both heterotrophic and (chemo-) autotrophic meta-
bolisms, and the potentially higher availability of organic carbon in
this site due to its proximity to coast [44] likely explains the larger
activity rates found in the meso- and bathypelagic regions of the
Slope Site. This suggests that the community present at the Open
Ocean site could be capable of higher activity rates if additional
organic matter became available and is not inherently limited by
enzymatic availability or physical limitation (e.g., temperature or
pressure). This may have implications for the rate at which natural
or anthropogenic bursts of organic matter to the deep sea in the
open ocean would be respired.
We observed higher proportions of active cells with 15N-amino

acids than 15N-ammonium, apparently contrary to our initial
hypothesis that amino acid uptake underestimates active cells
due to lack of uptake of intact amino acids by some abundant deep-
sea taxa. However, enrichment in 15N does not require assimilation
of intact 15N-amino acids, as some organisms might consume 15N
via the 15N-labeled products of amino acid degradation performed
by other cells, i.e., cross-feeding, or even preferentially assimilate
nitrogen over carbon from amino acids [35]. The latter could be
achieved if after cleaving the amine group the cells either excreted
the C-skeleton or respired it, releasing the 13C as 13C-CO2. The lower
levels of 13C-assimilation from 13C-amino acids in this study
supports these alternative explanations (lack of assimilation of
intact amino acids), as has been observed previously for members

of the Nitrososphaeria [14]. The combined observations suggest
15N-amino acids are a taxonomically inclusive tracer of viability,
more so than 13C-amino acids, with the caveat that 15N-enrichment
may reflect assimilation of a variety of 15N-molecules. The higher
proportions and rates compared to ammonium uptake could reflect
a stimulation due to alleviation of carbon limitation for some cells,
particularly heterotrophs. In this respect, ammonium uptake may be
more representative of in situ activity than amino acid uptake,
however, ammonium may stimulate activity in other cells,
particularly ammonia-oxidizing microorganisms (e.g., members of
the Nitrososphaeria). Another potential explanation for greater
uptake of amino acids over ammonium is simply a preference for
organic versus inorganic nitrogen; amino acid-specific transporters
have been shown to be more abundant relative to those for
ammonium (Amt transporters) in the meso and bathypelagic
regions of the Atlantic Ocean [9].
We observed an increasing C/N RUE from amino acids with

depth, and overall higher values at the Open Ocean Site. This is
likely due to increasing C limitation with depth and with distance
from coast. Microbes in coastal upper waters likely have more
access to alternative organic C sources (non 13C labeled, thus
decreasing the C/N use efficiency), due to photosynthetic
production, with C limitation increasing with depth [45] and
distance from shore [44]. This, combined with increasingly
abundant alternative N sources in the deep sea (e.g., nitrate),
may result in a higher C- than N-affinity from amino acids in the
meso- and bathypelagic regions of the Open Ocean site.
Recovering the samples with standard niskin bottles and

incubating in non-pressurized vessels resulted in a decompression
of the cells, which normally experience 5 to 400x sea-level pressure
in situ (assuming a hydrostatic pressure of 1 atm/10m water depth).
A previous survey revealed that 76% of total deep-sea samples
investigated (n= 252 comparisons; water and sediment) and 90%
of the unmixed water column samples (n= 120 comparisons)
demonstrated decreased microbial activity when measured at sea-
level relative to in situ pressure [46]. This suggests that most assays
of deep-sea activity conducted at sea level underestimate activity,
and that the values for proportion of active cells and the average
cell-specific growth rates measured here are likely lower than if
pressure had been maintained. Furthermore, since the difference
between in situ and sea-level pressure increases with sampling
depth, it is possible that activity in deeper sites is systematically
underestimated. Therefore, the attenuation of activity with depth
may be less steep in reality than observed here. It will be
illuminating to perform the type of single-cell measurements
conducted here while maintaining in situ pressures, to confirm and/
or refine the values and trends observed here.

Distribution of anabolic heterogeneity with depth
To assess heterogeneity in cell-specific growth rates within marine
communities, we used a previously proposed approach for non-
normal multimodal cell-specific distribution (DTI [24]) and two
alternative approaches proposed in the current work: (1) Gini
coefficient and (2) proportion of cells responsible for 90% of total
anabolic activity (P90). We compared all three approaches at the
Slope site, and observe similar trends (Table 1 and Fig. S7), yet
only the Gini coefficient and the P90 metric showed a significant
correlation with each other. The DTI values also showed lower
reproducibility than the other two approaches as it is sensitive to
somewhat subjective manual identification of activity subpopula-
tions. As DTI heterogeneity calculations focus on differences
between active cells, we did not test it in the Open Ocean site,
where we observed up to 89% inactive cells. Although the DTI still
represents a very useful approach for highly active communities,
or for microbial cultures, we consider that the Gini coefficient
better addresses the activity distribution in communities with very
variable activity rates, including many at or below detection levels.
While the P90 is perhaps the most intuitive of all, we recommend
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it only as a first pass to understand activity heterogeneity in a
sample because its simplicity fails to capture more subtle
differences in activity distribution.
The lowest Gini coefficient values (lowest heterogeneity,

highest evenness), were usually found at 50 m (particularly in
the Slope Site), coinciding with the maximum proportion of active
cells and highest mean N-based growth rates. Below the
epipelagic zone, we observed an increasing Gini coefficient in
the Slope site (indicating higher activity heterogeneity with
depth), and a decrease in the P90, both indicating that an
increasingly small subset of cells is responsible for the majority of
total anabolic activity in water samples from this oceanic realm
(Table 1). Such increasing heterogeneity with depth might be
related to slower growth due to nutrient limitation. Phenotypic
heterogeneity has been shown to increase in a pure culture due to
nutrient limitation, including specifically in Staphylococcus aureus
when growth was slowed by carbon limitation [21, 22]. A similar
effect might therefore happen in the deep sea, where waters are
typically more oligotrophic than at the surface [47].
In contrast to the Slope site, however, the Open Ocean site

showed decreasing heterogeneity values below 2000m depth.
Since carbon availability is generally thought to decrease
unidirectionally with depth, the decreasing variability below
2000m depth indicates that if nutrient availability is a driving
factor in the intracommunity distribution of activity, carbon
limitation is not the only, or even primary driver in the
bathypelagic at the Open Ocean site. In a complex community,
there are likely many factors affecting intracommunity hetero-
geneity in activity, including both genotypic and phenotypic
diversity, and the non-linearity or even lack of unidirectionality at
the Open Ocean site likely reflects their complicated interplay.
Additionally, some deep-sea cells might be less active after
decompression (or not active at all), as described above, while
others, for instance those transported to depth via particles
recently, might be more active at decreased pressure [46], adding
another layer of complexity to these trends. However, effects of
decompression likely did not dominate our observations because
while pressure changes consistently and linearly with depth, the
trends we observe in heterogeneity in activity are more variable.
Difference in heterogeneity was also observed between the

15N-ammonium and amino acid uptake. While the Gini coefficient
was overall higher (reflecting greater heterogeneity in uptake) for
ammonium than amino acids in the epipelagic zone (average Gini
coefficient values of 0.73 and 0.53, respectively) in the meso- and
bathypelagic regions the reverse was true (average values of 0.68
and 0.76, respectively). Although previous studies have shown
distinct amino acid uptake rates for different microbial taxa in the
surface waters [34, 48], our results suggest that heterogeneity in
the incorporation of ammonium may exceed the one of amino
acid in the epipelagic zone, which agrees with previous single-cell
studies showing a high variability in the uptake of ammonium
[23, 49]. The larger amino acid uptake heterogeneity in the meso-
and bathypelagic regions on the other hand, might be due to the
lack of amino acid incorporation in some deep-sea taxa, such as
members of the Nitrososphaeria [14] which would increase the
overall heterogeneity of the community as these community
members become more abundant.

ASV-specific activity in the dark ocean
RNA/DNA ratios have previously been used to estimate relative
microbial activity, as the relationship between 16S rRNA copies
(RNA) and 16S rRNA genes (DNA) may reflect the growth rate for
environmental microbial taxa [36, 50, 51]. However, there are
significant limitations to this approach [52], as factors other than
growth rate can affect this relationship, including physiological
changes and different life strategies [53, 54]. Direct measurements
of activity, including observations of stable isotope uptake, are
therefore more definitive than RNA-based assessments of activity.

However, direct measurements can be subject to their own biases,
including bottle effects and limited sample sizes, making a
combination of independent techniques to assess potential
activity beneficial [55]. Here, we explored RNA/DNA ratios not to
quantify the relative activity of specific taxa, but rather to compare
overall trends with depth with our direct activity measurements
performed by nanoSIMS analysis.
The observation that the RNA/DNA ratio of low abundance ASVs

(<25% of DNA reads) increases more rapidly with depth than other
ASVs (Fig. 6) is consistent with our isotope data in suggesting that a
minority of the community is responsible for an increasingly
disproportionate share of total activity at depth. Higher potential
activity of the low-abundant microbes has been previously reported
in the surface of coastal Atlantic Ocean [50] as well as in the meso-
and bathypelagic regions of the Pacific Ocean [56]. Although
increasing RNA/DNA ratio can be a result of higher stochasticity
during the PCR and/or amplicon sequencing of the low abundant
taxa, the increasing average RNA/DNA ratios of the low-abundance
taxa relative to that of the other taxa with increasing water depth
cannot be explained by known artifacts. The few, highly active
deep-sea cells in the isotope analysis may or may not be these low
abundance ASVs; heterogeneity in activity within ASVs can also
explain the highly anabolically active rare cells, as explained above,
or a combination of thesemechanisms. Still, both themolecular and
isotope-uptake datasets suggest that a small fraction of the
community is responsible for an increasingly large part of the total
activity with increasing depth in the ocean.

CONCLUSIONS
Our work provides a first look at cell-specific microbial activity and
its intracommunity heterogeneity throughout the marine water
column. Despite levels of anabolic activity below the detection limit
of a traditional bulk stable isotope incorporation assay, we detect
activity throughout the water column on the single-cell level and
report the highest yet observed proportions of active cells in the
bathypelagic. The high activity observed at the Slope Site relative to
the Open Ocean Site suggests the importance of greater nutrient
availability within near-shore deep waters, and furthermore that
nutrient limitation might therefore outweigh physical stressors in
limiting activity at depth. This highlights the fact that intermittent
events such as the degradation of sinking particles by attached
microbial communities and natural or artificial events that
temporarily increase carbon export to the deep sea may result in
a substantial activity boost to deep-sea communities.
We propose the Gini coefficient as an intracommunity activity

distribution metric. It can be easily applied across ecosystems in
future studies and provide an additional parameter with which we
can compare the basic functional structure of a community,
analogous to diversity indices. Here, the Gini coefficient indicates
that an increasingly small fraction of the community is responsible
for a disproportionate share of activity with depth. The increasing
heterogeneity with depth could reflect the higher resistance of
some rare taxa to nutrient limitation and/or other environmental
stress related to increasing depth, or a cumulative effect of each
individual taxa demonstrating greater phenotypic heterogeneity.
The effects of depressurization during the isotope incubations
may also influence these trends, however the ASV RNA/DNA ratios
support our overall conclusion. The effect of increasing activity
heterogeneity in natural microbial communities is not yet known.
While phenotypic heterogeneity can increase the chance of
survival in a subset of a genetically identical population (i.e., “bet
hedging” [22, 57]), the overall community may be less resilient due
to the vulnerability inherent when a few individuals dominate
total community function. Investigating the identity of the few,
highly anabolically active cells as well as the causes and
implications of this trend with water depth and other environ-
mental gradients will be fruitful directions for future work.
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