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Abstract
Due to the scarcity of organic matter (OM) sources in the bathypelagic (1000–4000 m depth), prokaryotic

metabolism is believed to be concentrated on particles originating from the surface. However, the structure of
active bathypelagic prokaryotic communities and how it changes across environmental gradients remains
unexplored. Using a combination of 16S rRNA gene and transcripts sequencing, metagenomics, and substrate
uptake potential measurements, here we aimed to explore how water masses aging and the quality of OM influ-
ence the structure of the active microbiome, and the potential implications for community function. We found
that the relative contribution of taxa with a free-living lifestyle to the active microbiome increased in older
water masses that were enriched in recalcitrant OM, suggesting that these prokaryotes may also play a substan-
tial role in the bathypelagic metabolism of vast areas of the ocean. In comparison to particle-associated prokary-
otes, free-living prokaryotes exhibited lower potential metabolic rates, and harbored a limited number of two-
component sensory systems, suggesting they have less ability to sense and respond to environmental cues. In
contrast, particle-associated prokaryotes carried genes for particle colonization and carbohydrate utilization that
were absent in prokaryotes with a free-living lifestyle. Consistently, we observed that prokaryotic communities
inhabiting older waters displayed reduced abilities to colonize particles, and higher capabilities to use complex
carbon sources, compared to communities in waters with a higher proportion of labile OM. Our results provide
evidence of regionalization of the bathypelagic active prokaryotic microbiome, unveiling a niche partitioning
based on the quality of OM.

The bathypelagic ocean (1000–4000 m) contains ca. 35% of
the ocean’s prokaryotes (bacteria and archaea) (Arístegui
et al. 2009), but many aspects of their ecology and niche
partitioning remain mostly unexplored. Due to the scarcity and
recalcitrant nature of the dissolved organic carbon in this ecosys-
tem (Hansell et al. 2009), the energy needs of bathypelagic
prokaryotes are mostly met by pulses of labile carbon intro-
duced via surface-derived sinking particles (Smith et al. 2018)
or actively transported by zooplankton and vertebrates
(Hern�andez-Le�on et al. 2020). Considering that most organic
matter (OM) exported from the photic layer is remineralized
within the mesopelagic (Arístegui et al. 2005), and given the
extreme environmental conditions characterized by low tem-
perature and high pressure typical of the bathypelagic, the
activity of deep ocean prokaryotes was traditionally assumed
to be very low. However, this view was challenged by the
observation of relatively high respiration and exoenzyme
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activity rates in deep waters (Baltar et al. 2009b). Suspended
particles of unknown origin (Baltar et al. 2009a) or in situ
chemolithoautotrophy (Reinthaler et al. 2010) may also be
significant carbon sources for bathypelagic metabolism, and
thus, the regulation of the activity of deep ocean prokaryotes
may be more complex than previously believed.

Initial metagenomic studies suggested that most prokaryotes
in bathypelagic waters have a particle-associated lifestyle
(DeLong et al. 2006). This view is supported by recent findings
using combined -omics approaches hinting that most of the
bathypelagic heterotrophic metabolic activity is mediated by
particle-associated prokaryotes (Bergauer et al. 2018; Zhao
et al. 2020). However, particle-associated prokaryotes represent
only a minor fraction (� 10%) of bathypelagic communities
(Mével et al. 2008; Zhang et al. 2020), and there is experimental
evidence that bathypelagic prokaryotic communities are
very resilient to the long-term absence of external sources of
carbon (Sebasti�an et al. 2018, 2019). These findings, together
with observations of potential metabolic versatility in single-
amplified-genomes of deep ocean prokaryotes (Swan et al.
2011; Tang et al. 2016; Landry et al. 2017) and in metagenome-
assembled genomes reconstructed from the global bathypelagic
(Acinas et al. 2021), suggest that in the absence of particles or
in periods of low particle flux, bathypelagic metabolism may be
sustained by free-living communities.

DNA-based surveys have shown that particle-associated and
free-living communities in the bathypelagic differ in many domi-
nant phyla and/or classes (Salazar et al. 2015), suggesting that
these two lifestyles have been strongly conserved through their
evolutionary history. A recent study indeed showed differences in
keymetabolic genes of bathypelagic free-living and particle-associ-
ated communities using size-fractionated metagenomes (Acinas
et al. 2021). However, particle-associated taxamay also be released
in bathypelagic waters upon detachment from particles (Sohrin
et al. 2011), and even thrive in those deep waters receiving ele-
vated particle flux, inwhich theOMquality is higher.

The optical properties of dissolved organicmatter (DOM) can
serve as tracers for both ocean circulation and of biochemical
processes (Nelson and Siegel 2013). For example, protein-like
fluorescence is linked to primary productivity (Jørgensen
et al. 2011; Carr et al. 2019), and its presence in the bathypelagic
likely reflects fresh labile carbon inputs. Conversely, humic-like
fluorescence is indicative of by-products resulting from micro-
bial respiration, which have comparatively longer turnover
times and accumulate following water mass aging (Yamashita
and Tanoue 2008; Jørgensen et al. 2011; Catal�a et al. 2015b).
Using parallel factor analysis (PARAFAC), four fluorescent com-
ponents have been identified to be ubiquitous and common in
the dark global ocean (Yamashita and Tanoue 2008; Jørgensen
et al. 2011; Catal�a et al. 2015b), two humic-like components
and two protein-like components (Catal�a et al. 2015b). The con-
tribution of these components to DOM fluorescence recently
emerged as one of the main drivers of the taxonomic composi-
tion of both free-living and particle-associated bathypelagic

communities from eight ocean stations broadly distributed
(Ruiz-Gonz�alez et al. 2020). In addition, it has been shown that
water masses influence the structure of both free-living and
particle-associated bathypelagic communities (Salazar
et al. 2016). This structuring role may be reflecting changes in
the quality of the organic resources of each water mass, but this
has never been investigated at the global scale.

Here, we explored the role of water masses aging and asso-
ciated changes in the quality of organic resources in driving
the assembly of the active bathypelagic prokaryotic micro-
biome using 16S rRNA transcripts (abbreviated herein as RNA)
from 30 stations sampled in the global tropical and subtropi-
cal ocean. The quality of OM was addressed through the opti-
cal properties of its fluorescent fraction, using the ratio
between the protein-like (i.e., putatively more labile) and
humic-like (i.e., putatively more recalcitrant) components
mentioned above. We assessed the niche partitioning of differ-
ent prokaryotic families, and showed there is a clear segrega-
tion based on the OM quality and water mass aging. The
contribution of different lifestyles (free-living, dual, and
particle-associated) to the total and active prokaryotic free-
living microbiome also varied remarkably following changes
in the OM quality. Using published metagenomes from these
same stations we delineated the functional repertoire of free-
living and particle-associated prokaryotes using a differential
abundance (DA) approach and explored how these functions
vary in waters with contrasting OM lability. The substrate use
capabilities of these communities was further explored using
Biologs GN2 plates. Given that the nature of the OM is likely
a selecting pressure for different prokaryotic lifestyles in the
bathypelagic, we hypothesized that there is a functional
regionalization of the bathypelagic microbiome, with varying
contribution of lifestyles depending on the quality of the OM.

Materials and methods
A total of 101 water samples were collected during the

Malaspina 2010 expedition corresponding to 30 different sam-
pling stations globally distributed across the subtropical and
tropical region of the world’s oceans between 2150 and 4000 m
depth (median depth: 4000 m; Supplementary Table S1;
Fig. S1). Samples were obtained for 16S rRNA genes (hereafter
referred as DNA) and 16S rRNA transcripts (hereafter referred as
RNA) sequencing of communities from the 0.2–0.8 and the
0.8–20 μm size fraction to discern typical free-living communi-
ties from particle-associated ones (see Supplementary methods
for methodological considerations).

The 16S DNA samples were reported before (Salazar
et al. 2015, 2016) and consist of 60 samples from 30 different
stations for which both size fractions are available
(Supplementary Fig. S1). The 16S RNA dataset is new and it
consists of 41 samples (27 from the 0.2–0.8 μm size fraction
and 14 from the 0.8–20 μm size fraction, Fig. S1). In this
study, we only used the 16S DNA samples for the delineation
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of the different lifestyles (see explanation below) and to assess
the RNA : DNA relationships of the different lifestyles. Details
on sample collection, and nucleic acids extraction, sample
and sequencing processing can be found in the Supplemen-
tary Methods. Exact amplicon sequence variants (ASVs) were
obtained with DADA2 v1.8 (Callahan et al. 2016).

Given the large difference in the sequencing effort for the
16S DNA and the RNA pool (Supplementary Table S1), for
downstream analyses the ASV table was sampled down to the
minimum number of reads (17,824 reads/sample) to avoid
artifacts due to the uneven sequencing effort among samples,
using the rrarefy function in the vegan package. This process
was repeated 100 times and the mean number of reads
(rounded to integers) from the 100 rarefactions was used.

Drivers of the active prokaryotic microbiome
Nonmetric multidimensional scaling (NMDS, metaMDS

function, R Vegan package, Oksanen et al., 2015) was used to
visualize spatial differences between samples based on Bray-
Curtis distances of the rarefied ASV abundance table from the
16S RNA pool. A description of downstream analyses to assess
the environmental drivers of the active community structur-
ing can be found in the Supplementary methods.

Categorization of ASVs in the different lifestyle categories
To categorize ASVs into different lifestyles we used a differen-

tial abundance (DA) approach (see Supplementary methods for
further details on why we chose this approach). The analysis was
performed on 16S DNA sequences because the amount of ribo-
somes and transcriptional activity vary strongly among prokary-
otes (Cottrell and Kirchman 2016), and copiotrophic taxa
containing a large number of ribosomes could mask the 16S
RNA sequences of slow growers. The DA analysis was performed
using the Corncob package (v. 0.1.0) (Martin et al. 2020). This
approach differs from the one used in the previous paper with
the same 16S DNA dataset to delineate prokaryotes with a FL
and PA lifestyle (Salazar et al. 2015) because here the analysis
was done with ASVs instead of 97% OTUs, and Corncob was cho-
sen because it takes into account the complexity of composi-
tional data. Wald tests with a false discovery rate threshold of
0.05 were applied. Those ASVs predominantly found in the 0.2–
0.8 μm size fraction were categorized as having a “free-living life-
style” (FL-ls). ASVs that did not have significant differences in
their distributions in both size-fractions were categorized as “dual
lifestyle” (dual-ls), and those ASVs predominantly found in the
0.8–20 μm size fraction were considered as ASVs with a “particle-
associated lifestyle” (PA-ls). The dual-ls category could be due to
methodological biases related to the size-fractionation approach
employed, but also to the existence of a dual-ls group of organ-
isms, that is, prokaryotes that thrive on particles but may with-
stand long periods of time in the free-living realm, between
successful encounters with particles. In addition, there were
627 rare ASVs for which we were not able to fit the beta-

binomial model (representing only from 0.08% to 5% of the
reads, median 0.4%).

All data treatment and statistical analyses were conducted
with the R Statistical Software using version 3.2.4.

Characterization of OM resources
As mentioned above, OM was characterized through the

optical properties of its fluorescent fraction, which provide
information about the origin and lability of organic resources.
Four main fluorescence components (C1–C4) were recovered
from the excitation-emmision matrices using PARAFAC (see
Catal�a et al. 2015b for further details). The percentage contri-
bution of each component (relative to the summed maximum
fluorescence of the four PARAFAC components) was computed
to characterize the fluorescent DOM (FDOM) as in (Ruiz-Gon-
z�alez et al. 2020). The protein-like components C3 and C4
have been attributed to tryptophan and tyrosine, respectively
(Catal�a et al. 2015b). A good correlation between the
tryptophan-like FDOM component and the carbon (carbohy-
drates) and nitrogen (amino acids) content of semi-labile
DOM was recently found (Devresse et al. 2023), supporting
the use of FDOM properties to trace the lability of OM. In
addition, there is a tight covariation of the two labile C3 and
C4 FDOM components between surface and bathypelagic
waters (Ruiz-Gonz�alez et al. 2020), suggesting that sinking par-
ticles arriving to the deep ocean release these components.
Conversely, C1 and C2 are attributed to recalcitrant by-
products of microbial respiration (Yamashita and Tanoue 2008;
Jørgensen et al. 2011; Catal�a et al. 2015b), which includes
both free-living and particle-associated prokaryotes. It has
been reported that the less labile the OM substrates are, the
largest is the amount of recalcitrant FDOM produced relative
to the carbon that is remineralized (Jørgensen et al. 2014).
Thus, the proportion of labile (C3 + C4) to recalcitrant (C1
+ C2) FDOM components was used here as a proxy for the rel-
ative lability (or quality) of the OM landscape (i.e., in both the
dissolved and particulate phases, as more labile material likely
reflects the presence of fresher particles that are releasing these
compounds).

Links between prokaryotic taxa and biotic and abiotic
variables

The association of the representation of different prokary-
otic families in the RNA pool with the quality of OM and
other biotic and abiotic variables were explored using a Sparse
partial least squares (sPLS) regression analysis (see Supplemen-
tary methods for further details).

Links between the assembly of the active prokaryotic
microbiome and OM quality and other environmental
conditions

A K-means algorithm (vegan package) was used to classify
the sampled stations based on the quality of organic resources
using as variables the amount of recalcitrant (C1 + C2) and

Sebasti�an et al. Deep ocean microbiome niche partitioning

3

 19395590, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12505 by U

niversidad D
e G

ranada, W
iley O

nline L
ibrary on [15/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



labile (C3 + C4) fluorescent DOM, and the labile to recalcitrant
ratio (L/R ratio), and forcing the partition into three clusters as
we wanted to compare the most contrasting conditions. The
FDOM characterization of the three clusters of stations can be
found in Supplementary Table S2. The clusters comprised
waters with high L/R ratios (labile cluster), waters with
medium-low L/R ratios (intermediate cluster), and waters with
very low L/R ratios (recalcitrant cluster). Pearson correlations
between the contribution of the lifestyle categories and the dif-
ferent optical properties of FDOM was performed using the
Hmisc package (Harrell and Dupont 2016).

Genetic repertoire of prokaryotes with a FL-ls and PA-ls
The functional potential of the different lifestyles was

assessed from published metagenomes obtained from the same
sampled stations (Acinas et al. 2021, Fig. S1) using the KEGG
orthology table retrieved from its companion website (https://
malaspina-public.gitlab.io/malaspina-deep-ocean-microbiome/
page/data/). All the information on how the metagenomes
were processed can also be found in that companion website.
Functional traits specific to FL-ls and PA-ls prokaryotes were
delineated using Corncob (see the “Categorization of ASVs in
the different lifestyle categories” section for details). The DA
approach allows reducing the interpretation bias introduced
by the potential presence of prokaryotes of different lifestyle in
both size fractions (see “Why differential abundance analyses”
section in the Supplementary methods). The KEGG genes
(KOs) that did not display any significant DA between the 0.2–
0.8 and 0.8–20 μm size fractions were categorized as “shared”
since they comprised both core genes shared by the FL-ls and
PA-ls categories and genes harbored by dual-ls prokaryotes.
Raw functional tables were used for the DA analysis (as Corncob
requires raw data) and the sub-sampled functional tables of the
differentially abundant KOs were used to generate the figures.

We further annotated the metagenomes for carbohydrate-
active enzymes (CAZymes) to assess what are the main

differences in the genetic repertoire for carbohydrates utiliza-
tion of free-living and particle-associated prokaryotes (see Sup-
plementary methods for further information).

Genetic repertoire of prokaryotes inhabiting waters of
contrasting OM lability

A differential analysis on the metagenomic data from the
stations belonging to the labile and recalcitrant cluster (Fig. 3)
was done to assess differences in the metabolic capabilities of
communities inhabiting these waters using Corncob, as
described above. The results of this analysis are compiled in
Supplementary Data S2.

Results
Drivers of the active prokaryotic microbiome

The NMDS ordination of RNA-based prokaryotic communi-
ties in the bathypelagic did not show a clear segregation between
the 0.2–0.8 μm and the 0.8–20 μm size fractions (Fig. 1), and
indeed size-fraction explained very little of the total variance in
community composition (� 8%, PERMANOVA, p < 0.001;
Supplementary Table S3). Communities from the same ocean
basin tended to be more similar than communities from other
ocean basins (Fig. 1a), and the same pattern was observed when
water masses were considered (Fig. 1b). This geographical order-
ing of the samples was evident for both size fractions. When
considering differences of community composition of all sam-
ples (including both size fractions), water masses explained
42% of the variance in community composition, and the ocean
basin the samples belonged to 14% (Supplementary Table S3).
When both size-fractions were considered separately, the pro-
portion of variance explained by water masses increased to
58% in both size-fractions, whereas the ocean basin explained
18%–19% (Supplementary Table S3).

We then evaluated if the quality of OM and other environ-
mental factors had an imprint in the ordination of the commu-
nities (see “Supplementary Methods” section for details on the

Fig. 1. NMDS ordination of 16S RNA-based communities using Bray–Curtis dissimilarities. Dot size represents the different size fractions: small dots cor-
respond to the 0.2–0.8 μm size fraction, whereas large dots to the 0.8–20 μm size fraction, Dots are colored based on (a) ocean basin (NA: North Atlan-
tic, SA: South Atlantic, IO: Indian Ocean, SO Southern Ocean, SP: South Pacific, NP: North Pacific), (b) water mass, (c) apparent oxygen utilization (AOU)
values. The arrows indicate the environmental conditions that explain best the NMDS ordination patterns (envfit analyses, see “Materials and Methods”
section; %C1 and %C2, proportion of the humic like FDOM components; %C3 and %C4, proportion of the protein-like FDOM components; Lat: lati-
tude; ratioLR, labile to recalcitrant FDOM ratio [C3 + C4]/[C1 + C2]; Sal, salinity).
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different variables assessed). We found that latitude, salinity,
apparent oxygen utilization (AOU), the proportion of the
protein-like FDOM components C3 and C4, the proportion of
the humic-like components C1 and C2, and the labile to recalci-
trant FDOM ratiowere significantly related to theNMDS ordina-
tion patterns (Fig. 1c) of both size fractions. AOU represents the
amount of oxygen consumed since the last contact of a given
water parcel with the atmosphere, and thus integrates respira-
tory processes and provides an idea of water mass aging (Catal�a
et al. 2015a). AOU was negatively correlated with the labile to
recalcitrant FDOM ratio (Pearson’s R=�0.58, p<0.05).

sPLS (see “Supplementary Methods” section) regression
analysis identified a subset of prokaryotic families that posi-
tively correlated with younger waters (i.e., low AOU) and high
labile to recalcitrant FDOM ratio (Fig. 2), which included
members of the SAR202, Nitrosopumilaceae, Bdellovibrionota,
and Alteromonadales in the 0.2–0.8 μm size fraction, and
Planctomycetota, Flavobacteriaceae, and Alteromonadales in
the 0.8–20 μm size fraction. These prokaryotic families in
the 0.8–20 μm size fraction were also associated with higher
specific prokaryotic growth rates (SGR d�1, Fig. 2b). In

contrast, the contribution to the active microbiome of distinct
families of Gammaproteobacteria (e.g., Rhodocyclaceae) and
Alphaproteobacteria (e.g., Sphingomonadaceae, Rhizobiaceae),
and Bacteroidota, in both size fractions, and families of
Actinobacteriota in the 0.8–20 μm size fraction, positively cor-
related with aged waters (i.e., characterized by high AOU) and
higher signatures of the humic-like components (lower labile
to recalcitrant ratio) (Fig. 2). These results indicate that there
is a broad niche partitioning of the active bathypelagic micro-
biome in both size fractions based on water mass aging and
OM characteristics and quality.

Variable contribution of lifestyles to the active
bathypelagic prokaryotic microbiome

Next, we explored whether resource availability impacts the
contribution of different lifestyles to the active microbiome,
delineated using a DA approach (see “Materials and Methods” sec-
tion). Most ASVs had a dual-ls (n = 2041), followed by FL-ls
(n = 867) and PA-ls (n = 532). As expected, FL-ls ASVs generally
dominated the 16S DNA sequences of the 0.2–0.8 μm size frac-
tion across stations (range 24%–77%, mean 55%; Supplementary
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Fig. 2. Pair-wise associations between the relative abundance in the RNA pool of different prokaryotic families and the proportion of the FDOM compo-
nents, the labile to recalcitrant FDOM ratio and other abiotic and biotic variables (assessed through sPLS analyses, see “Supplementary Methods” section).
Only those ASVs that reached 100 sequences in the RNA dataset were considered for the analysis. (a) 0.2–0.8 μm size fraction, (b) 0.8–20 μm size frac-
tion. The color key represents the strength of the positive or negative association. Only associations stronger than 0.5 are shown. %C1 and %C2, propor-
tions of the humic like FDOM components; %C3 and %C4, proportions of the protein-like FDOM components; L/R ratio, labile to recalcitrant FDOM
ratio [C3 + C4]/[C1 + C2]; SGR, specific growth rates).
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Fig. S2a) although dual-ls ASVs also presented remarkable contri-
butions (range 13–58, mean 33%). The contribution of FL-ls to
the 16S RNA pool of the 0.2–0.8 μm size fraction, however, was
much lower (range 4–45%, average 19%; Supplementary
Fig. S2a), whereas PA-ls and dual-ls ASVs represented a large frac-
tion of the 16S RNA-based community (up to 85%, on average
33% and 58%, respectively). In the 0.8–20 μm size fraction, PA-ls
ASVs were typically the predominant component, accounting for
an average 54% in the 16S DNA pool and 60% in the 16S RNA
pool, although dual-ls ASVs also accounted for a notable
proportion of the sequences.

The taxonomic affiliation of the ASVs of the three lifestyle
categories was diverse (Supplementary Fig. S2b). However, in
terms of DNA sequences clear differences were observed
between the average taxonomic composition of PA-ls and FL-
ls categories at the order level, whereas PA-ls and dual-ls
assemblages were more similar. FL-ls assemblages in the DNA
were largely represented by Crenarchaeota (formerly
Thaumarcheota), SAR324, Chloroflexi (mostly SAR202), Mar-
inimicrobia and Sphingomonadales (Alphaproteobacteria). In
contrast, the active free-livingmicrobiome was largely dominated
by the Sphingomonadales, which accounted for half of the reads,
followed by Chloroflexi (Supplementary Fig. S2b). Total and
active PA-ls communities were dominated by Actinobacteriota
and different orders of Gammaproteobacteria (Supplementary
Fig. S2b). Total and active dual-ls communities were largely com-
posed by several orders of Gammaproteobacteria (Supplemen-
tary Fig. S2b) and Alphaproteobacteria (Rhodobacterales and
other less abundant orders). Despite the taxonomic composi-
tion of PA and dual-ls ASVs appeared similar at the order level,
notable differences emerged at the genus level (Supplementary
Figs. S3, S4), supporting the idea that the “dual-ls” genuinely
exists, and it is not a consequence of a methodological bias in
size-fractionation (see “Supplementary Methods” section). The
taxonomic composition varied considerably within each
lifestyle category across stations and size fractions particularly
in the active microbiome (Supplementary Figs. S5, S6),
suggesting environmental selection of different taxonomic
groups.

To assess the contributions of the different lifestyles to the
active microbiome in waters with different resource quality we
classified the sampled stations according to their FDOM char-
acteristics using a standard K-means classification algorithm,
forcing the partition into three different clusters that we
labeled as labile, intermediate, and recalcitrant (see “Materials
and Methods” section). Most of the waters sampled were char-
acterized by an intermediate or low L/R ratio (Fig. 3a,b).
Although the representation of labile cluster stations was
unfortunately low, some trends could be clearly seen among
the three clusters. For example, the AOU (Fig. 3b) was signifi-
cantly higher in the cluster of stations that displayed lower
quality of OM (Kruskal–Wallis rank sum test, p < 0.01).

PA-ls taxa dominated the active microbiome of the particle-
associated (0.8–20 μm) size fraction regardless the OM quality,

as expected (Fig. 3c). However, the contribution of PA-ls taxa to
the active microbiome in the 0.2–0.8 μm size fraction remark-
ably increased with the lability of OM (Pearson’s R = 0.66,
p < 0.05), representing � 70% of the RNA-based community in
stations classified within the labile cluster and less than 20% in
the recalcitrant cluster. In contrast, FL-ls ASVs represented up
to 40% of the RNA pool in waters depleted of labile OM, and
together with dual-ls taxa accounted for most of the active
microbiome in these waters (Fig. 3c).

Insights into the potential physiology of the different
lifestyles

Following (Salter et al. 2015; Kirchman 2016; Lankiewicz
et al. 2016) we used RNA–DNA relationships to estimate the
metabolic activity (or growth rates) of the different lifestyle cat-
egories. There was an overall positive correlation between the
amount of RNA and DNA sequences of individual ASVs belong-
ing to each of the lifestyle categories, but the relationship was
weak (Supplementary Fig. S7). The slope of the RNA–DNA rela-
tionship of the ASVs belonging to the FL-ls category (1.1,
R2 = 0.46) was significantly lower than the slopes for the dual-
ls and PA-ls categories (1.86, R2 = 0.41, 1.74, R2 = 0.42, respec-
tively, no overlapping 95% confidence interval of the model II
Major Axis regression slopes, 10,000 permutations; Supplemen-
tary Fig. S7). This suggests comparatively lower metabolic activ-
ity of FL-ls taxa than taxa with a dual-ls or PA-ls.

To further assess differences in the genomic repertoire of
the contrasted lifestyles we used a DA approach on the meta-
genomic data available from the same stations (Fig. S1). This
allowed us to explore untargeted differences in the global
functional repertoire of the different lifestyles, beyond the
analyses done previously (Acinas et al. 2021) that mainly
focused on key biogeochemical markers. Since we could not
differentiate between the core genes and genes harbored by
dual-ls taxa, we focused only in the differences in the func-
tional capabilities of FL-ls and PA-ls prokaryotes (see “Materials
and Methods” section for further details).

The most striking differences in the gene repertoire of FL-ls
and PA-ls taxa were the contrasting number of genes devoted
to environmental and genetic information processing (Fig. 4).
PA-ls genetic content included a high number of genes coding
for two-component systems, substrate binding proteins and
permeases that were not detected in the FL-ls gene repertoire
(Supplementary Fig. S8). FL-ls prokaryotes, in contrast, con-
tained a large number of genes involved in genetic informa-
tion processing that were not detected in the PA-ls
prokaryotes (Fig. 4a,b; Supplementary Data S1), and genes that
code for proteases. FL-ls communities also displayed a rela-
tively higher number of genes involved in energy metabolism
(Fig. 4a,b) such as genes coding for a V-type ATPase and the
nuo genes (Supplementary Fig. S9), which encode a Type I
(energy-conserving) NADH dehydrogenase (Archer and
Elliott 1995). Genes involved in carbon fixation were shared
between both lifestyle categories (Supplementary Fig. S9).
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Furthermore, genes involved in the synthesis of most vita-
mins, particularly of vitamins B5, B7, and B12, were found in
FL-ls communities, but not in PA-ls communities, indicating
that PA-ls prokaryotes are not generally able to synthesize
these vitamins and likely obtain them from the particles or
from the FL-ls communities (Supplementary Fig. S10a). This is
supported by the observation that vitamin B7 (Biotin) and
B12 transporters were significantly enriched in PA-ls commu-
nities (Supplementary Fig. S8). We found that the capability
to synthesize different B vitamins was widely distributed
within FL-ls taxa (Supplementary Fig. S10b). Besides a broad
array of transporters (Supplementary Fig. S8), PA-ls taxa har-
bored Type II secretion systems (T2SS). PA-ls taxa also differed
from FL-ls taxa in the abundance of genes involved in cell
motility, metabolism of lipids and secondary metabolites
(Fig. 4a,b). In relation to carbohydrate metabolism, PA-ls taxa
had a number of genes that were not present in the FL-ls com-
munities (Fig. 4a,b; Supplementary Fig. S11).

The role of resources quality in shaping the function of
bathypelagic communities was further explored by looking at
the genomic repertoire of prokaryotes inhabiting waters of con-
trasting OM quality (Supplementary Fig. S12; Data S2). Genes
devoted to cell motility were more abundant in communities
from the labile cluster and significantly decreased towards
waters enriched in recalcitrant material (Fig. 4c), in both size-
fractions. The most differentially abundant gene for environ-
mental processing in the communities in the labile cluster
was uhpB (K07675) (Supplementary Fig. S12), which controls
the expression of sugar transporters (Wright et al. 2000).
In contrast, in the metagenomes of the recalcitrant cluster
other transport systems were abundant, such as a TRAP-
transporter (K11688) and different intermembrane trans-
porters (e.g., K10016, K05847, K02067).

The carbohydrate metabolism of PA-ls and FL-ls prokary-
otes was additionally examined by looking at their contrasting
genetic repertoire in terms of carbohydrate-active enzymes

Fig. 3. Varying contribution of FL-ls, dual-ls, and PA-ls to the active prokaryotic microbiome in waters with different organic matter quality. K-means
clustering of stations based on the FDOM characteristics and the L/R FDOM ratio. (a) Map showing the distribution of the stations colored by the cluster
they belong to: labile (high values of L/R ratio, see Supplementary Table S2 for details), intermediate and recalcitrant (low values of L/R ratio). The size of
the dots represents the prokaryotic abundance in each of the stations. (b) Boxplots showing the variation of the L/R FDOM ratio and the AOU, which
integrates respiratory processes, in the labile (L), intermediate (inter.) and recalcitrant (R) cluster of stations. Different letters above the boxplots indicate
significant differences among clusters (Kruskal–Wallis and post hoc Dunn test, p < 0.05). (c) Percent contribution of the different lifestyle categories to the
RNA in each of the cluster types, in both size fractions.
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(CAZymes), which are involved in the cleaving of carbohy-
drates. Out of 274 CAZyme families, we found 78 and 32 fami-
lies that were significantly enriched in the particle-attached
(0.8–20 μm) and in the free-living fraction (0.2–0.8 μm),
respectively (Supplementary Data S3). There was a differential
enrichment of CAZymes belonging to different families but
the largest differences were found in the number of glycosyl
transferases, which were overrepresented in the 0.8–20 μm size
fraction (Fig. 5a). These enzymes are involved in the synthesis
of extracellular polysaccharides (Bi et al. 2015) that are crucial
in cellular adhesion, retaining enzymes and other molecules.
There were also notable differences in the number and abun-
dance of different families of glycoside hydrolases (Fig. 5a, see
Supplementary results for further details). Differences in auxil-
iary activity enzymes that have ligninolytic activity or are
involved in redox reactions in conjunction with other
CAZymes, as well as differences in carbon esterases were also
observed (Fig. 5a). The richness of CAZymes was similar in
both size-fractions, but the abundance was comparatively
higher in the 0.8–20 μm size fraction (Fig. 5b). However, we

found that younger waters comparatively enriched in labile
material displayed lower richness of CAZymes than waters
with more recalcitrant FDOM (Fig. 5c). Yet, this observation
should be taken with caution given the low number of
stations categorized as labile (Fig. 3a).

The differences in the metabolic profiles of prokaryotic
communities inhabiting waters with different OM quality were
further confirmed by means of Biolog GN2 plates®. We found
that communities from waters depleted of labile OM displayed
comparatively higher capability to utilize complex carbon
sources than communities from waters with more labile material
(Supplementary Fig. S13, see Table S4 for the list of substrates
within each category).

Discussion
Water mass aging and the quality of OM determine the
structure of active bathypelagic communities

A strong linkage was found between the active bathype-
lagic microbiome structure, water mass aging and resource
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Fig. 4. Functional characterization of differentially abundant genes (based on KO annotations) between metagenomes from the 0.2 to 0.8 μm size frac-
tion and metagenomes from the 0.8 to 20 μm size fraction. (a) number of KOs belonging to each of the functional categories that are differentially found
in both size fractions. (b) Details of the DA tests for each size fraction. Each circle represents a differentially abundant KO. Positive values imply that a KO
was more abundant in the 0.8–20 μm size fraction (i.e., PA-ls KOs), whereas negative values indicate that the KO was more abundant in the 0.2–0.8 μm
size fraction (i.e., FL-ls KOs). Circle size represents the mean relative abundance of each KO in the bathypelagic samples. Color of circles highlight those
functional categories that were clearly enriched in either the FL-ls or the PA-ls prokaryotes (i.e., the number of KOs in a given size fraction were 1.5X the
ones detected in the other size fraction). (c) Abundance of cell motility KOs in the metagenomes from the labile and recalcitrant clusters defined in
Fig. 3. Different letters above the boxplots indicate significant differences among clusters (Kruskal–Wallis and post hoc Dunn test, p < 0.05).
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quality in both size fractions, as shown by the NMDS ordina-
tion of the samples (Fig. 1) and the niche partitioning of the
different prokaryotic families (Fig. 2). The observed imprint
of water mass aging in the 0.8–20 μm size-fraction suggests
that particles from aged waters have gone through different
remineralization and transport histories compared to those
from younger waters, likely resulting in differing biochemical
composition.

The lack of segregation of the 16S RNA-based communities
based on size fraction in the non-metric multidimensional scal-
ing (Fig. 1) contrasts with the clear separation previously
observed in the DNA (Salazar et al. 2016). This indicates that the
composition of the active microbiome in both size-fractions is
more similar thanwhen considering the total microbiome.

Groups like Nitrosopumilaceae appeared associated with
younger waters with a higher proportion of FDOM labile compo-
nents (Fig. 2), which would be somehow counterintuitive given
their potential for chemolithotrophy (Könneke et al. 2005).
However, they rely on the oxidation of ammonia as source of
energy to fix inorganic carbon, and this reduced compound is
also released through particle solubilization. Despite SAR202

bacteria known ability to use recalcitrant organic compounds
(Landry et al. 2017; Liu et al. 2020), they did not appear associ-
ated with the aged water masses enriched in recalcitrant DOM
(Fig. 2). This suggests that other factors like microbial interac-
tions, or extra carbon or energy, play a role in controlling the
activity of this prokaryotic group. Indeed, SAR202 cells have
also been shown to actively participate in amino acid con-
sumption in deep waters using single-cell approaches (Varela
et al. 2008), suggesting they can benefit from both labile and
recalcitrant compounds. The fact that the contribution of
Alteromonadales to the RNA pool was positively associated
with an increasing proportion of labile FDOM components
in both size fractions, along with higher specific growth rates
(SGR d�1) in the 0.8–20 μm size-fraction (Fig. 2), aligns with
previous findings showing that Alteromonadales play a piv-
otal role in processing labile DOM (Pedler et al. 2014), respond
swiftly to organic carbon inputs in the water column (Pelve
et al. 2017) and display fast growth rates in the ocean
(Kirchman 2016). RNA sequences of Actinobacterial families
were associated to aged water masses enriched in recalcitrant
DOM, which agrees with the view that this phylum can
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Fig. 5. Carbohydrate active enzymes (CAZymes) in bathypelagic metagenomes. (a) Log2-transformed ratio of mean per genome abundance of
CAZymes between the 0.8–20 and 0.2–0.8 μm metagenomes (only those with significantly different abundances after Wilcoxon rank sum test, p < 0.05,
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for both size fractions. The p-value of the Kruskal–Wallis test is shown.
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utilize a broad spectrum of refractory compounds (Chen
et al. 2016). Other families associated to these aged water
masses may be able to use various electron acceptors to
degrade aromatic compounds, as reported in the
Gammaproteobacteria Rhodocyclaceae (Oren 2014) that
appeared linked to the recalcitrant FDOM.

The contribution of different lifestyles to the active
microbiome varies along resource availability gradients

Our DA analyses of ASVs abundances showed varying
contribution of the FL-ls, PA-ls, and dual-ls to both size frac-
tions across the global ocean. The dual-ls has been so far
mostly overlooked, but its substantial contribution to both
size fractions suggests that dual-ls prokaryotes are able to
thrive on particles but also in the free-living realm. This cat-
egory was largely composed by genera that were not present
in the PA-ls category, such as Marinobacter and Idiomarina
(Supplementary Fig. S3), which have been detected in sedi-
ment traps material (Preston et al. 2020; Poff et al. 2021) as
well as free-living (Sebasti�an et al. 2019), in agreement with
a dual-ls. The dominance of both PA-ls and dual-ls ASVs in
the RNA-based community of both size fractions (Supple-
mentary Fig. S2) likely accounts for the lack of segregation
between the two fractions observed in Fig. 1. Particle-
associated taxa, along with some genera detected in the
dual-ls taxa (Supplementary Fig. S3), include copiotrophic
taxa (Ivars-Martinez et al. 2008; Lauro et al. 2009). These
bacteria are known for their high ribosomal content
(Lankiewicz et al. 2016), which likely allows them to swiftly
respond to the presence of particles or resource patches. This
may explain why PA-ls and dual-ls dominated the RNA pool
also in the 0.2–0-8 μm size fraction.

The important contribution of PA-ls taxa to the RNA pool
of the 0.2–0.8 μm size fraction (� 70%) in the stations with
better quality of OM (Fig. 3), suggests that detached PA-ls taxa
get stimulated by the plume of labile OM produced during par-
ticle remineralization (Kiørboe and Jackson 2001). In contrast,
despite their presumably lower metabolic rates (Supplementary
Fig. S7), FL-ls ASVs made up to 40% of the RNA-based commu-
nities in waters depleted of labile OM, and together with dual-
ls taxa, they dominated the active microbiome in the free-
living realm (Fig. 3). Given the scarcity of particles in the
bathypelagic, prokaryotes associated with particles are typically
believed to comprise less than 10% of the total (volumetric)
prokaryotic abundance (Mével et al. 2008; Zhang et al. 2020).
If these estimates hold true, taxa with dual-ls and FL-ls would
notably contribute to global bathypelagic metabolism, particu-
larly in aged water masses enriched with recalcitrant organic
material. A major contributor to the RNA pool of the FL-ls
assemblages was the Alphaproteobacteria Sphingomonadales
(Supplementary Figs. S2, S6), which are known for their growth
in oligotrophic marine waters and their ability to use recalci-
trant compounds (Miller et al. 2010; Kertesz et al. 2018). These
bacteria seem to cope well with extended periods without fresh

organic carbon, as in an experiment where bathypelagic com-
munities received no external organic carbon input they repre-
sented up to a third of the RNA-based prokaryotic community
during the initial 5 months (Sebasti�an et al. 2018; Supplemen-
tary Fig. S14). Based on our results, Sphingomonadales could
play a substantial role in carbon processing in vast areas of the
bathypelagic ocean.

Contrasting genetic repertoire of the different lifestyles
and functional biogeography of the bathypelagic
microbiome

The differential genomic content of PA and FL taxa offered
further insight into the metabolic strategies of these lifestyles.
One remarkable feature is the prevalence of two-component
systems in PA-taxa, which has also been recently reported in
sinking-particle-associated bacteria (Leu et al. 2022). These
regulatory systems are regarded as the principal mechanism for
signal transduction in bacteria, enabling cells to sense and
respond to changes in environmental cues (Alm et al. 2006).
Low numbers of two-component systems have been reported in
streamlined genomes (Alm et al. 2006), and in the sunlit ocean
the limited presence of these genes has been considered a dis-
tinctive feature of an oligotrophic lifestyle (Held et al. 2019). The
comparatively lower number of two-component systems in FL-ls
prokaryotes implies they have a limited capability to regulate
gene expression in response to environmental variation,
suggesting FL-ls taxa are bathypelagic oligotrophs with a
relatively uniform metabolism regardless of the external environ-
mental cues, similar to what has been described for dominant
oligotrophs in the surface ocean (e.g., SAR11 bacteria
[Giovannoni 2017]). This aligns with our finding that FL-ls taxa
displayed on average significantly lower RNA:DNA values than
dual-ls and PA-ls taxa (Supplementary Fig. S7), which is another
typical feature of oligotrophs (Lankiewicz et al. 2016). FL-ls taxa,
in contrast, harbored many genetic information processing
genes that were not present in the PA-ls taxa, some genes coding
for proteases, which degrade intracellular proteins and have a
role in stress responses (Hilt and Wolf 1996), some energy con-
serving mechanisms, and vitamin synthesis genes. It is known
that members of Crenarchaeota, which were numerically impor-
tant members of the FL-ls communities (Supplementary
Fig. S2b), encode and express biosynthetic pathways for several
B vitamins (Santoro et al. 2015), and release some of these vita-
mins as a by-product of their metabolism (Bayer et al. 2019). Yet
the ability to synthesize different B vitamins was taxonomically
widespread (Supplementary Fig. S10b), indicating that different
FL-ls prokaryotes may play a crucial role in supplying B vitamins
for bathypelagic metabolism.

Genes for particle colonization (such as T2SS (Nivaskumar
and Francetic 2014), and glycosyltransferases (Bi et al. 2015) for
the biofilm formation on the particles, and cell motility genes)
were enriched in the PA-ls genetic repertoire, as well as many
other genes involved in carbohydrate metabolism (Figs. 4, 5;
Supplementary Fig. S11; Data S2). Some of these genes are
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related to glycogen metabolism (GH77, GH13, and CMB48),
which is known to play a key role in survival and adaptation to
fluctuating carbon supply (Sekar et al. 2020). The decrease in
the abundance of cell-motility genes in the aged waters
(Fig. 4c) was consistent with the drop in the contribution of
PA-ls ASVs to the active microbiome in these waters (Fig. 3c).
Being motile is crucial to swim towards nutrient patches or par-
ticles (Lambert et al. 2019), particularly in the bathypelagic
realm where these hotspots are scarce, although some non-
motile prokaryotes may also colonize particles after encounter-
ing them by chance (Słomka et al. 2020). Prokaryotes from
older waters displayed more energy-conserving mechanisms
than those from younger waters (Supplementary Fig. S12), rein-
forcing the view that these waters received comparatively lower
inputs of fresh organic carbon.

OM quality also influenced the CAZymes repertoire of the
communities. The greater richness of CAZymes found in waters
enriched in recalcitrant OM (Fig. 5c) suggests a certain degree of
diversification in the substrate use capabilities of these commu-
nities, in agreement with the hypothesis that recalcitrant DOM
is composed by a myriad of diverse diluted compounds (Arrieta
et al. 2015). Although more studies are needed to confirm this
given the low number of stations in the labile cluster, the obser-
vation of higher polymer use capabilities in communities from
the aged waters adds some support to this potential diversifica-
tion. The ratio of complex carbon sources to carbohydrate utili-
zation was also higher in the aged water masses enriched in
recalcitrant DOM, in line with the observed increase in the ratio
of polymer to carbohydrate utilization from the surface to the
deep ocean (Sala et al. 2020) following the increase in the recal-
citrant nature of the DOM (Catal�a et al. 2015b).

Our work provides compelling evidence that there is a
regionalization of the prokaryotic microbiome in the deep
waters of the tropical and subtropical ocean. We demonstrate
that there is a fraction of prokaryotic communities thriving as
free-living organisms and well adapted to scarce labile OM
availability. These prokaryotes include both putative slow
growers that have a FL-ls and limited metabolic flexibility to
respond to environmental changes, and dual-ls taxa, which
are potentially capable of fast growth and also able to cope
with low carbon inputs, perhaps by using various terminal
electron acceptors, as reported for other marine opportunistic
taxa (Singer et al. 2011). The contribution of these FL-ls and
dual-ls taxa to the active microbiome increases when the avail-
ability of labile OM decreases, the conditions prevailing in the
global bathypelagic desert. These findings are supported by
our observation that waters depleted of labile OM have func-
tionally distinct communities, with apparently less ability to
colonize particles, and higher ability to use complex-carbon
sources than communities inhabiting waters with compara-
tively higher proportions of labile OM.

Particles in the bathypelagic realm are scarce, except during
episodes of elevated carbon flux (Smith et al. 2018; Poff
et al. 2021), as most sinking particles are remineralized within

the mesopelagic (Herndl and Reinthaler 2013). Thus, obligate
and optional free-living prokaryotes may have a previously
overlooked role in bathypelagic metabolism, which could
have strong implications for its functioning.

Data availability statement
All data generated or analyzed during this study are included

in this article (and its supplementary information files) or it is
publicly available. All 16S raw sequences used in this study are
publicly available at the European Nucleotide Archive (ENA,
https://www.ebi.ac.uk/ena/browser/home) under Study accession
numbers SRP031469 and SRP079340 for the DNA and RNA
datasets, respectively. The metagenomic raw sequences are
publicly available at both DOE’s JGI Integrated Microbial
Genomes and Microbiomes (IMG/MER) and the ENA. Indi-
vidual metagenome assemblies, annotation files, and align-
ment files can be accessed at IMG/MER. All accession
numbers are listed in Acinas et al. 2021 (Supplementary
Data S1). The environmental metadata used in this study are
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