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Gammaproteobacteria of the genus Alteromonas are prominent members of
pelagic marine microbial communities, playing critical roles in the aerobic
degradation of particulate organic matter. Comparative genomic studies of
these microorganisms have mainly focused on the metabolic and genomic
plasticity of strains isolated primarily from oxygenated environments. In this
study, we show that Alteromonas significantly contribute to marine microbial
communities from suboxic waters ([O,] < 5 uM) in both the free-living (FL) and
particle-attached (PA) fractions, but considerably decrease in abundance in the
anoxic waters. The highest proportion of Alteromonas transcripts was found
within the secondary fluorescence maximum (SFM) of Oxygen Minimum Zones
(OMZs). This metatranscriptomic information suggests an in situ coupling of
Alteromonas iron (Fe) and carbon metabolisms, and a relevant role of the
glyoxylate cycle across the different layers of the OMZs. This study
demonstrates that Alteromonas is an abundant and active member of the
OMZ microbial communities, with a potentially significant impact on the
carbon cycling in these ecosystems. These results provide valuable
environmental evidence to support previous culture-based studies assessing
the physiology and ecology of these ubiquitous marine heterotrophs under
low-oxygen conditions.
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Introduction

Bacteria of the gammaproteobacterial genus Alteromonas are
ecologically relevant copiotrophs that inhabit almost every
marine environment, from surface waters to bathypelagic
depths (Mikhailov et al., 2006; Nayfach et al., 2016). Members
of this genus are considered r-strategists that can proliferate
when organic nutrients are available (Math et al., 2012) and are
typically associated with particles or aggregates (Lopez-Pérez
and Rodriguez-Varela, 2016). A study from Lekunberri et al.
(2013) found that the relative abundance of Alteromonas
increased with depth in the tropical Atlantic. Also,
Schattenhofer et al. (2009) showed that Alteromonas was more
abundant in the euphotic layer than in mesopelagic waters in a
latitudinal Atlantic transect. Similar results were reported by
Dobal-Amador et al. (2016) off the Galician coast of Spain. In
terms of activity, Alteromonas has repeatedly accounted for most
of the increase in cell abundance and activity in a variety of
microcosms (Jin et al., 2016; Aguayo et al., 2020).

Alteromonas ecotypes can occupy diverse niches, with such
plasticity linked to the presence of genes associated with
genomic islands or mobile elements (Lopez-Pérez and
Rodriguez-Valera, 2016; Lopez-Pérez et al., 2017; Koch et al,
2020). Surface ecotypes are enriched in genes involved in
degrading simple carbohydrates, amino acids, and regulatory
elements (e.g., two-component systems). Contrastingly, deep
ecotypes seem specialized to microaerophilic conditions and
the degradation of complex organic matter while attached to
sinking particles (Ivars-Martinez et al., 2008a). Regarding
metabolic activity, coastal and oceanic Alteromonas have
shown strain-specific responses to Fe-limitation according to
their different strategies for carbon metabolism and energy
acquisition (Fourquez et al., 2014).

Eastern boundary oceanic ecosystems are among the most
productive on Earth. In these regions, reduced circulation and
high productivity at the surface contribute to enhanced oxygen
consumption and the formation of oxygen minimum zones
(OMZs) at intermediate depths (Messi¢ and Chavez, 2015).
Within the OMZs from the Eastern Tropical North and South
Pacific (ETNP and ETSP, respectively) and the Arabian Sea,
dissolved oxygen concentrations often drop below the detection
limit of the most sensitive modern sensors (< 1-10 nM)
(Revsbech et al., 2009). Thus, these areas have also been called
‘Anoxic Marine Zones (AMZs; Ulloa et al., 2012) and can be
distinguished by a peak in the accumulation of nitrite, which
typically occurs within their anoxic core when O, falls below the
nanomolar detection limit (Thamdrup et al, 2012). These
systems are characterized by a remarked redox gradients that
profoundly impacts the composition and activities of microbial
communities at the base of marine food webs (Medina et al.,
2017). Notably, AMZs may have a secondary fluorescence
maximum (SFM) within the lower euphotic depths that
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overlap with the anoxic layer (Tiano et al,, 2014; Banse et al,
2017; Garcia-Robledo et al., 2017). Studies in the ETNP suggest
two important aspects regarding the presence of the anoxic SFM:
the covariation of oxygen in its spatial distribution, and the
association between the SFM and the 26.0 kg m™ isopycnal
(Cepeda-Morales et al., 2009; Marquez-Artavia et al., 2019). This
phenomenon is also linked to the presence of unique ecotypes of
the cyanobacterium Prochlorococcus (Lavin et al., 2010; Ulloa
et al., 2021), whose oxygenic photosynthesis drives a cryptic
oxygen cycle in these anoxic waters, and provides organic matter
to the microbial community (Garcia-Robledo et al,, 2017,
Fuchsman et al., 2019).

However, the biogeography, genomic potential, and
environmental impact of Alteromonas in these marine regions
has been briefly documented regarding their representatives
inhabiting the oxic layers of the OMZs (Ivars-Martinez 2008a,
Ivars-Martinez 2008b, Lopez-Pérez et al., 2017; Koch et al., 2020).
Moreover, there is an overall lack of information regarding the
abundance, metabolic potential, and in situ transcriptional activity
of Alteromonas representatives across the redox gradients of low-
oxygen environments, such as OMZs. This study addressed these
aspects of the Alteromonas populations inhabiting the Pacific
Ocean AMZs by using various 16S rRNA gene amplicon-based
ecological analysis, as well as metabolic assessments based on
single-cell genome and metatranscriptomic sequencing. Through
these multi-omic approaches we demonstrate that Alteromonas
spp. are an abundant, and active group of the AMZ microbial
communities, especially within the SFM, with potentially major
impacts on carbon cycling in these ecosystems.

Material and methods
16S rRNA gene amplicon processing

Samples from the ETSP-AMZ were collected during the
LowPhOx I and II cruises (November 2015 and February 2018,
respectively). Additional samples corresponding to the SFM of
both the ETNP and ETSP AMZs were collected during four
cruises: NH1410 (May 2014) and RB1603 (April 2016) for the
ETNP, and NBP1305 (June 2013) and AT2626 (January 2015)
for the ETSP (Padilla et al., 2016; Padilla et al., 2017; Aldunate
et al., 2020). Samples were collected based on the fluorescence
and oxygen profiles of each station, sampling water from the
surface, oxycline, the SFM, and the core of the anoxic layer. The
collection of water samples was performed using a pump profiler
system, an instrument that pumps water directly from the
desired depth while profiling the water column with an
attached conductivity-temperature-depth (CTD) system
(Seabird SBE-19 plus for ETNP and Seabird SBE-25 for
ETSP). For the LowpHOx II cruise, seawater samples were
collected using 10L Niskin bottles. Seawater was sequentially
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filtered through 20 pum, 3 um, and 0.2 pm pore size diameter
filters (Millipore, Darmstadt, Germany). Total DNA was
extracted from the 0.2 - 3 um (Free-Living) and 3 - 20 pm
(Particle-Attached) fractions with the Phenol: Chloroform
protocol described by Sambrook and Russell, 2006.
Additional metabarcoding samples from the ETNP-AMZ
and from Golfo Dulce (GD), an anoxic tropical basin with a
0,/H,S interphase, were obtained from the NCBI SRA
repository. These samples corresponded to two size
fractions, from 0.22 to 1.6 um (here also considered as Free-
Living) and from 1.6 to 30 pum (here also considered as
Particle-Attached) for samples from the ETNP (Ganesh
et al,, 2015), and only for 0.22-1.6 for GD samples (Padilla
et al., 2016). Accession numbers are in Table S1. All samples
analyzed here were sequenced using the modified universal
F515 (5-GTGYCAGCMGCCGCGGTAA-3’, Parada et al,
2016) and 806R (5-GGACTACNVGGGTWTCTAAT-3’,
Apprill et al,, 2015) primer pairs (Walters et al., 2016),
which amplify the hyper-variable V4 region of the 16S
rRNA gene, and the Illumina MiSeq platform. All amplicon
sequence data were analyzed together using the DADA2
package (v1.11.3) (Callahan et al, 2016) implemented in R
(v3.4.4). The primers were removed using cutadapt (v1.2.1)
(Martin, 2011), and the sequences from each pair were
trimmed to 210 and 190 bases respectively and quality
filtered (truncLen=c(210, 190), maxEE=1, maxN=0,
truncQ=11, rm.phix=TRUE). Amplicon Sequence Variants
(ASVs) were inferred from de-replicated sequences.
Chimeras were removed using the “consensus” removal
method. Taxonomic assignment was performed using the
Silva v132 16S rRNA gene database (Quast et al., 2013). The
relative abundance of ASVs in each sample and community
analysis (Observed species, alpha-diversity indices) calculated
from subsampled datasets were performed in the R
environment with the phyloseq package (McMurdie and
Holmes, 2013). Inference of microbial interaction networks
was performed through statistical co-occurrence using
FlashWeave with the sensitive option (Tackmann et al., 2019).

Clustering and correlations analysis

The ASVs count table was normalized using the variance
stabilization transformation through the DESeq package
(Bolanos et al., 2020). Hierarchical clustering was performed
using the Euclidean distance of the normalized count table, and
the WardD2 method was applied for the linkage. A principal
component analysis was also performed using the normalized
count table. Inference of microbial interaction networks was
performed through statistical co-occurrence using FlashWeave
(Tackmann et al., 2019) with the sensitive option. We used the
function envfit to fit environmental variables onto ordination.
All these analyses were performed in the R environment.

Frontiers in Marine Science

03

10.3389/fmars.2022.993667

Single Amplified Genomes (SAGs)

Samples were collected on 19th November, 2010, during the
BiGRAPA cruise from the Secondary Fluorescence Maximum
(53 m depth) of the ETSP-AMZ off the coast of Iquique, Chile
(Table S3). Single-cell sorting, whole-genome amplification, 16S
rRNA real-time PCR screening, and PCR product sequencing
were performed at the Bigelow Laboratory for Ocean Sciences,
Single Cell Genomics Center (SCGC, www.bigelow.org/scgc), as
described previously (Stepanauskas et al., 2017). This procedure
identified 19 SAGs affiliated to Alteromonas, based on the 16S
rRNA partial sequences obtained during the SAG screening
(Plominsky et al.,, 2018). Single cells were sequenced utilizing
the HiSeq 2000 platform (Canada’s Michael Smith Genome
Sciences Centre). Artifactual sequences were filtered from the
raw data, and draft SAGs were assembled using SPAdes 3.5 with
default parameters (Bankevich et al., 2013). SAG contigs >1Kbp
in length were decontaminated using ProDeGe (Tennessen et al.,
2016) and uploaded for gene prediction and annotation through
the IMG/MER pipeline (Markowitz et al., 2009). SAG
completeness and contamination were estimated by the
presence of conserved single-copy genes using CheckM v1.0.7
(Parks et al., 2015). Average nucleotide identity (ANI) was
computed using fastANI (Jain et al., 2018).

Pangenome analysis

Based on 16S rRNA and ANI comparisons, contigs from
similar SAGs (>97% similarity) were analyzed as Alteromonas
OMZ “populations”. The operational definition of “population”
is described in Delmont and Eren (2018), as an agglomerate of
naturally occurring microbial cells, genomes of which are similar
enough to align to the same genomic reference with high
sequence identity as defined by the read recruitment
stringency. Reference Alteromonas genomes (76) were
downloaded from the IMG/MER platform and the NCBI SRA
repository (accession numbers available in Table S3).
Pangenome analysis was performed using the Anvi'o software
v5 (Eren et al, 2015) by clustering based on the presence/
absence of genes in each genome with the mcl algorithm
(inflation = 8) through Euclidean distance and the wardD2
linkage method. Annotation of predicted genes was performed
using DIAMOND (Buchfink et al., 2015) with the sensitive
option to find homologs in different databases, including the
Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa
and Goto, 2000), Pfam (Mistry et al, 2021), the Clusters of
Orthologous Groups (COGs) (Tatusov et al., 2000). The
distribution of genes, COG categories, KEGG Orthologs, and
Pfam modules across genomes were analyzed in the R
environment. A phylogenetic tree was generated using 137
single-copy genes obtained with the Anvi'o function anvi-get-
sequences-for-hmme-hits with the -return-best-hit option. The
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phylogenetic tree was inferred from the concatenated alignment
of the single-copy genes using IQ-TREE (Nguyen et al., 2015).

Metatranscriptome read recruitments

Metatranscriptomes from OMZs were downloaded from
the NCBI SRA (reported in Stewart et al., 2012; Padilla et al.,
2016 and Garcia-Robledo et al., 2017; Table S6). Raw
metatranscriptomic sequences were quality filtered using
Trimmomatic (Bolger et al., 2014) and the protein-encoding
genes were functionally predicted using the KEGG database.
The Alteromonas genomes and SAGs were used to recruit reads
from the metatranscriptomic dataset using DIAMOND, with
a cutoff nucleotide identity of 97% over a minimum
alignment length of 100 nucleotides and a bitscore >50. The
relative recruitment over each Alteromonas genome was
calculated based on the number of KOs detected in the
metatranscriptome associated with the Alteromonas genomes
and normalized to the total number of KO predicted in each
Metatranscriptome multiplied by 100. Protein-coding gene
abundances (those with a KO) were normalized by the
fraction of KEGG assigned to Alteromonas from the total
KEGG assigned in each metatranscriptome.

10.3389/fmars.2022.993667

Results

Distribution of Alteromonas along the
OMZ redox gradient and among biomass
size fractions

The diversity of Alteromonas Amplicon Sequence Variants
(ASVs) in the free-living (FL) and the particle-attached (PA)
biomass fractions was assessed in geographically diverse
locations across the ETNP and ETSP AMZs (Figure 1A). The
sections sampled were classified according to their water
chemistry (Oxygen and Nitrite concentrations) and collection
depth as Surface (depths of 0 - 30 m); SFM (within the
Secondary Fluorescence Maximum); Oxycline ([O5] > 5 uM);
Suboxic ([O,] < 5 uM); Anoxic Core ([O,] <5 uM and > 1 uM
Nitrite); and Mesopelagic (depths below 500 m; [O,] > 5 uM)
(Table S1).

A PCA based on all ASV's from all study sites revealed a clear
partitioning of samples (Figure 1B) based on these chemical/
depth classifications (PERMANOVA, Pr(>r) = 0.001). Here, all
communities from low-oxygen waters ([O,] < 5 uM) within the
AMZs (i.e., “Suboxic”, “SFM”, and “Anoxic-Core”) clustered
together regardless of their geographic origin and were distinct
from the low-oxygen communities from the sulfidic, coastal
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Geographic distribution of samples and prokaryotic community structure across OMZs of the Pacific Ocean. Geographic and depth distribution
of samples across OMZs of the Pacific Ocean. (A) Map of the Eastern Pacific Ocean showing the stations utilized in this study (white filled
circles). Colors and the contour lines correspond to the oxygen concentrations in mL Lt at 325 meters depth (mean depth of the OMZ core,
CARS 2009). (B) Principal component analysis of the bacterial community composition according to 16S rRNA gene metabarcoding data. The
ASVs counts table was normalized using the variance-stabilizing transformation performed by DESeq. The two principal components were
plotted. Samples were colored based on the water chemistry and collection depths. Surface: samples from depths of 0 -~30m; SFM Secondary
Fluorescence Maximum; Oxycline: [O5] > 5 uM); Suboxic: [O,] < 5 uM); Anoxic: [O,] < 5 uM, and > 4 uM of Nitrite. ETNP, Eastern Tropical North
Pacific; GD, Golfo Dulce; ETSP, Eastern Tropical South Pacific; FL, Free-Living; PA, Particle-Attached.

Frontiers in Marine Science

04

frontiersin.org


https://doi.org/10.3389/fmars.2022.993667
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Henriquez-Castillo et al.

OMZ of Golfo Dulce, Costa Rica (Hierarchical Cluster,
Figure 2). Samples from the FL fraction corresponding to the
SFM, Suboxic, and Anoxic Core formed distinct sub-clusters,
whereas all PA communities sampled from low-oxygen waters
([O3] < 5 uM) clustered together regardless of their nitrite levels
or depth (Figure 2). The FL fraction from low-oxygen waters was
dominated by bacteria classified as SAR406, SUP05, SAR324,
and SARI11 clades I and II (Figure S1A). In contrast, the PA
fraction was dominated by bacteria classified as Alteromonas,
UBA10353 marine group, NS9 Marine group, SAR406,
Oleibacter, and archaea of Marine group III Euryarchaeota
(Figure S1B).

ASVs assigned to the Alteromonas genus reached up to
~22% of the prokaryotic community in the sites/depths
studied here (Figure 2B). A single ASV (ASV 8) represented
more than the 90% of the Alteromonas-related ASV's, while three
other ASVs (ASV 79, 112, and 210) were consistently detected in
these sampling locations but at lower proportions (Figure 2).
Alteromonas ASVs were less abundant in the FL fraction than in
the PA fraction at all depths, except at the SFM, where
abundances in the FL and PA fractions were similar
(Figure 2B). The overall higher abundance of Alteromonas
within the PA fraction here was statistically significant (p <
0.0001, Mann-Whitney test Figure 2B, inset), with the highest
abundances of Alteromonas detected in mesopelagic (3.2 -

10.3389/fmars.2022.993667

21.87%) and suboxic (2.62 - 13.5%) waters (Figure 2B) in the
PA fraction. Network analysis of samples from low-oxygen
= 49) revealed that while the ASV_8 was widely
distributed across the oxygen gradient and size fractions, the

waters (n

ASV 79 was exclusively represented in the PA fraction, and the
ASV 112 was restricted to hypoxic but not anoxic waters. These
two ASVs co-occurred with carbon degraders as Oleibacter and
Thalassolituus and host-associated bacteria including Sva0996
marine group, Absconditabacteriales_(SR1), and

Margulisbacteria among others (Table S2).

Genomic potential of Alteromonas
Single-cell Amplified Genomes from the
ETSP OMZ.

A total of 19 Alteromonas Single-cell Amplified Genomes
(SAGs) were generated from samples collected at the ETSP SFM
(20.0834° S 70.7997° W, at 53 m depth, and 3.6 uM O,) (Table
S3). These SAGs, with estimated completeness that ranged from
30% to 77%, corresponded to two well-defined populations
based on their average nucleotide identity (ANI > 95%)
(Figure S2). SAGs from AMZ population 1 (n=6) shared 100%
16S rRNA gene sequence identity with the dominant
Alteromonas spp. ASV_8 and were phylogenetically related to
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Alteromonas-related ASV abundances over the redox gradient of OMZ waters of the Pacific Ocean. (A) Alteromonas ASVs per sample as a
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(FL) fraction are marked with squares. Particle-attached (PA) samples are marked with circles. Oxygen concentrations are presented in mL L™,
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number of reads in each sample. ETNP, Eastern Tropical North Pacific; GD, Golfo Dulce; ETSP, Eastern Tropical South Pacific; O2, Oxygen;

NO2, Nitrite; SFM, Secondary Fluorescence Maximum; Meso, Mesopelagic.
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the A. macleodii ecotype. In contrast, SAGs from AMZ
population 2 (n=13) shared 100% 16S rRNA gene sequence
identity with Alteromonas spp. ASV_79 were affiliated with the
A. naphtalenivorans SN2 ecotype (Figure S3; Table S4).
Comparative genomics of representative Alteromonas spp.
genomes (n=76) and the SAGs (two populations) revealed that
the pangenome of this bacterial genus contained a core set of 3787
genes (Figure 3). This also confirmed that the SAGs from AMZ
population 1 are related to the A. macleodii ecotype, with a similar
gene composition to that of Alteromonas HOT1A3, EZ55, and
MED G140, presenting only 34 predicted genes that were unique of
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this population. SAGs from AMZ population 2 were related to the
SN2 ecotype and the Alteromonas stellipolaris strains PQQA42,
PQQ44, LMG21856, among others, and had 224 predicted genes
unique to this population. Functional analysis of the unique genes
present in SAGs from AMZ population 1 revealed that those with
an assigned KO function were a multidrug efflux pump and two-
component systems, among others (Table S5). Instead, the unique
genes with a predicted KO function from AMZ population 2 are
involved in cell wall biosynthesis, processing and transport of
peptides and aminoacids, and genes for stability and defense
mechanisms that are also found in other organisms from the
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Pangenomic analysis of the Alteromonas genomes and percentage recruitment of OMZ metatranscriptome read fragments. Pangenomic
analysis of the Alteromonas genomes and fragment recruitment of OMZ metatranscriptomes. A. The dendrogram at the left shows the
clustering of 76 isolated genomes and the two SAGs populations based on the distribution of 7,385 genes (black bars) recovered from the
pangenomic analysis (Euclidean distance and ward D2 clustering). The barplots corresponds to metatranscriptome reads recruited to each
genome represented as a fraction of the total Alteromonas recruited reads in the metatranscriptome. ETNP, Eastern Tropical North Pacific;
ETSP, Eastern Tropical South Pacific; FL, Free-Living; PA, Particle-Attached. The upper barplot corresponds to the relative recruit over all the
Alteromonas genomes, calculated based on the number of KOs detected in the Metatranscriptome that are present in the Alteromonas
genomes and normalized to the total number of KO predicted in each Metatranscriptome (fraction of KEGG)
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order Altermonadales, such as Colwellia sppp., and Paraglaciecola
spp (Table S5).

Environmental transcriptomic activity of
Alteromonas in OMZs

To further evaluate the in situ activity and the functional role
of Alteromonas lineages across the OMZ redox gradient and
between the FL and PA biomass fractions, we mapped AMZ
metatranscriptomic reads against 76 reference Alteromonas
genomes from public repositories in addition to the SAGs
from the ETSP SEM. Overall, the proportion of Alteromonas
transcripts was highest in ETNP compared to the ETSP (Table
S6). The higher representation of Alteromonas was observed at
100 m depth of the ETNP (SFM) in the PA fraction where they
accounted for 1.8% of the total reads and 13.23% of the reads
assignable to KEGG functions.

A differential reprentation of Alteromonas ecotypes was
detected among the different AMZ sites and depths (Figure 3;
Table S6). Of all the genomes used as references, Alteromonas
strain RKMC-009 recruited the most metatranscriptomic reads
at the ETNP, especially between 85 m and 125 m depth in the FL
fraction (constituting up to 37% of all the Alteromonas-recruited
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reads) (Figure 3), and a homogeneous representation in the PA
fraction with an average recruitment of 18% of all the
Alteromonas-recruited reads). Other genome that recruited a
high percentage of transcripts in the ETNP corresponded to the
Alteromonas strains DE, with a peak in abundance in the surface
chlorophyll maxima (25% of the Alteromonas-recruited reads in
both the FL and PA fraction), Alteromonas KUL17 dominated in
terms of transcript abundances at the ETSP in both the FL and
PA fraction (22% of the Alteromonas-recruited reads).
Alteromonas SAGs from population 1 represented up to 15%
of the Alteromonas-recruited reads in the ETSP, where
Alteromonas sp. 3455023 was the genome that recruited the
most transcripts from the surface waters at the ETSP (Figure 3).

Regarding their functional representation, the most
abundant and prevalent Alteromonas transcripts in the ETNP
and ETSP AMZs encoded the glucose-1-phosphate
thymidylyltransferase (rfbA, rffH; K00973) and a pre-protein
translocase, respectively. The iron complex outer membrane
receptor protein (TC.FEV.OM; K02014) was also highly
represented in both AMZs (Table S7). No differences in
functional representation were detected in Alteromonas
representatives between FL and PA metatranscriptomes (Table
S7). The most abundant functional transcripts encoded iron
complex outer membrane receptor protein, a solute:Na®
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Percentage recruitment of ETNP and ETSP OMZs metatranscriptome read fragments to key Alteromonas functional genes. Alteromonas
genomes and SAGs populations were used to recruit reads from the metatranscriptomic data from both the ETNP and ETSP using a cutoff of
97% nucleotide identity over a minimum alignment length of 100 nucleotides. the top 20 KEGG orthologs (KOs) were selected. FL, Free-living;
PA, Particle-attached. Values for each KO were normalized by the fraction of KEGG assigned to Alteromonas from the total KEGG assigned in

each metatranscriptome.
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symporter, a biopolymer transport protein ExbB threonine
synthase, and the glutamine Synthetase. Iron metabolism-
related transcripts encoding the Fe-II oxidizing enzyme
bacterioferritin (K03594) and a superoxide dismutase from the
Fe-Mn family (K04564) and to a lesser extent, the periplasmic
protein TonB (K03832) were also detected, coinciding with the
high level of transcripts for the iron complex outer membrane
receptor protein (Figure 4; Table S7).

In addition to glucose-1-phosphate thymidylyltransferase,
the most abundant Alteromonas transcripts related to carbon
metabolism encoded isocitrate lyase (K01637), malate synthase
(K01638), aconitate hydratase 2 (K01682), and succinate
dehydrogenase/fumarate reductase (K00239) (Table S7). Levels
of these transcripts were the highest within the AMZ SEM
(Figure 4) from the ETNP.

Other enzymes related to aminoacid metabolism and
catabolism, including glutamine synthetase (K01915), ketol-
acid reductoisomerase (K00053), and acyl-CoA dehydrogenase
(K06445), were also highly transcribed in the SFM in the ETNP.
The most abundant nitrogen metabolism-related transcript
encoded an ammonium transporter (amt, K03320).
Transcripts encoding type I and type III cytochrome ¢
oxidases peaked in abundance in the SFM and at the anoxic
core in the coastal station (Table S7). Accordingly, transcripts
for a major ammonium assimilation pathway for (the glutamine
synthetase/glutamate synthase [GS/GOGAT] pathway) were
also highly abundant at the ETNP (Figure 4, Table S7).

Finally, transcripts encoding alcohol dehydrogenase
(K00114), a cold-shock protein (K03704) and a methyl-
accepting chemotaxis protein (K03406) were also abundant at
anoxic depths (Figure 4).

Discussion

Alteromonas bacteria constitute a
relevant fraction of microbial
communities inhabiting the Pacific
Ocean AMZ

Although Alteromonas is one of the most prevalent bacterial
taxa in the oceans (Nayfach et al., 2016), there is still a lack of
knowledge regarding the distribution, diversity, and ecology of
these bacteria in oxygen-deficient marine environments. A high
representation of Alteromonas have been reported in the Sansha
Yongle Blue Hole, an O, - deficient environment in the South
China (He et al., 2020), and in the Arabian Sea OMZ (Bandekar
et al., 2018). This study reports a field-based analysis of the
diversity and distribution of Alteromonas lineages across various
redox gradients and depths in the Pacific Ocean AMZs. Based on
16S rRNA gene amplicon data from both free-living (FL) and
particle-attached (PA) biomass fractions, we show that
Alteromonas is a quantitatively relevant member of the
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microbial community across all the AMZ waters of the eastern
boundary of the Pacific Ocean, especially within the PA fraction
where it can reach more than 20% of total prokaryotic 16S rRNA
gene sequences (Figure 2).

A single ASV, related to Alteromonas AMZ population 1
SAGs and the A. macleodii ecotype, dominated in all the oxygen-
deficient marine environments included in this study
(Figure 1A). The abundance of Alteromonas in the FL fraction
of the SFM and suboxic waters was significantly higher than in
the anoxic core of the AMZ (Figure 2B). The absence of
detectable concentrations of nitrite in both the SFM and
Suboxic samples suggests the presence of low, though
undetectable, amounts of oxygen. A cryptic oxygen cycle
linked to oxygenic cyanobacterial lineages has been
demonstrated to occur within SFM depths of the Eastern
Pacific AMZs (Lavin et al., 2012; Garcia-Robledo et al., 2017).
Accordingly, the abundance of genes and transcripts of aerobic
respiration and nitrification spike in the Prochlorococcus-
enriched AMZ-SEM (Bertagnolli and Stewart, 2018). Cryptic
oxygen supply by the AMZ Prochlorococcus lineages, can
potentially allow Alteromonas and other heterotrophs to
degrade complex carbohydrates fueled by aerobic respiration
and/or supplemented by facultative anaerobic respiration of
nitrate, nitrite, or sulfur compounds in these scarcely
oxygenated waters.

The Alteromonas populations support
their higher abundance in the Particle-
Attached fraction

The genomic versatility among and within Alteromonas
ecotypes presumably contributes to the success of these
bacteria under diverse environmental conditions (Math et al.,
2012; Lopez-Pérez and Rodriguez-Valera, 2016; Koch et al,
2020). Most Alteromonas ecotypes, including those explored in
our study, contain genes supporting aerobic respiration and the
degradation of organic matter under low-oxygen conditions
(Figure S4). These genes are assembled in a cluster flanked by
a universal stress protein-coding gene and encode an anaerobic
transcriptional regulator, the cbb3-type cytochrome c oxidase, a
bacterioferritin a P-type Cu'® transporting ATPase, and
glutamate synthase (NADPH) large chain subunit (Figure S4).
Most of these genes are transcribed in the oxygen-deficient-
waters studied here (Table S7; Figure 4). The decrease in the
representation of Alteromonas ASVs in the anoxic core,
especially in the FL fraction, coincides with the drop of the
oxygen concentrations below the detection limit of current
sensors (<10 nM oxygen) and where anaerobic processes
largely replace oxygenic respiration, as shown by the
accumulation of nitrite (Figure 2).

The relatively high proportional abundance of Alteromonas
in the PA fraction at the anoxic core is more challenging to

frontiersin.org


https://doi.org/10.3389/fmars.2022.993667
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Henriquez-Castillo et al.

explain. This taxonomic signal may be somewhat refractory,
representing organisms that were active on particles at oxic
depths but are relatively inactive when those particles sink into
the anoxic core of the AMZ. Alternatively, since the Alteromonas
transcripts from low-oxygen waters PA fractions (Figure 4 and
Table S6) included a high-affinity terminal oxidases and a nitrite
reductases, among other transcribed genes, these populations
may be utilizing the undetectable traces of oxygen or conducting
anaerobic metabolism. Finally, the higher abundances of
Alteromonas in both the FL and PA fraction in the
mesopelagic waters below the AMZ indicate an abundance of
usable organic matter at these depths. Previously sediment trap
data indicated reduced degradation of sinking particles in AMZs
(Keil et al., 2016; Cram et al.,, 2022), which would allow these
particles to be a source of energy for aerobic heterotrophs such
as Alteromonas in these deeper waters.

Our results show that in these low oxygen waters,
Alteromonas ecotypes have higher abundances in association
with particles or cell-cell aggregates. Indeed, a high abundance of
traditionally biofilm-associated marine bacteria (i.e., Oleibacter
Marinus and Marinobacter hydrocarbonoclasticus) was found in
the OMZ PA fraction (Table S2). Such microorganisms
specialize in degrading hydrophobic organic compounds that
can represent a significant fraction of organic matter in marine
waters (Mounier et al., 2014). It remains unclear if AMZ
Alteromonas are filling a similar metabolic niche on particles
or are potentially interacting with these or other PA-associated
taxa. In surface waters a single Alferomonas strain is able to
consume as much DOC as diverse free-living microbial
communities (Pedler et al., 2014). Here, the enrichment of
Alteromonas in the SFM is consistent with a potential
association between Alteromonas and picocyanobacteria
(Aharonovich and Sher, 2016; Hennon et al., 2018). In such
associations, Alteromonas has been shown to alleviate oxidative
stress and nutrient limitation during extended periods of
darkness (Coe et al, 2016; Biller et al., 2018). For example,
Alteromonas may secrete asparagine and glutamine, which has
been shown to coincide with the up-regulation of related
importers by the co-cultured Prochlorococcus (Koch et al., 2020).

Alteromonas bacteria are
transcriptionally active members of the
AMZ microbial communities

A differential representation of Alteromonas species was
observed between the ETSP and ETNP AMZ transcripts.
Although both AMZs often present similar oxygen and nitrate
profiles through depth (Tiano et al., 2014), the differences in nitrite
and ammonium between the two AMZs at the sampling time could
have an influence over the representation of the different ecotypes,
and the abundance of the gene transcripts (Table S7). AMZ
Alteromonas transcripts were dominated by sequences most
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closely related to those of Alteromonas strain RKMC-009,
isolated from the sponge Xestospongia muta (Maclntyre et al,
2019) and of the Alteromonas DE, with a differential representation
between the ETSP and the ETNP (Figure 3). Interestingly, the
unique KOs and COGs assigned to strains RKMC-009 and DE were
only sparsely represented in the metatranscriptomic dataset
analyzed. A similar trend was observed for all the prevalent
Alteromonas genotypes, suggesting a disconnect between their
representation and their unique genomic functions (Tables S5,
S6). The genome of RKMC-009 contains the highest amount of
carbohydrate-active enzymes among the Alteromonas genomes
analyzed here (CAZymes, n = 142, with 31 unique genes related
to carbohydrate transport and metabolism), in addition to unique
genes associated with inorganic ion transport and metabolism. This
genomic characteristic suggests that the ability of RKMC-009 to
degrade diverse polysaccharides may extend to its AMZ
Alteromonas relatives and underlie their success in these
environments. The Alteromonas DE ecotype, described initially
from deep-sea sites in the Mediterranean (Ivars-Martinez et al.,
2008a) was transcriptionally active in all the samples analyzed. This
“deep” strain is adapted to live on large particles that sink to meso-
and bathy-pelagic depths. However, Alteromonas DE relatives are
also present in surface habitats (Lopez-Pérez et al., 2012), as also
demonstrated here, and are not an obligate bathytype (Ivars-
Martinez, et al., 2008). The SAGs from AMZ population 1
recruited their highest proportion of reads from the ETSP AMZ
transcriptomes. These SAGs are closely related to Alteromonas
KUL17, which is one of the most represented genomes in the
transcriptomes. This bacterium was isolated from a mollusk and
can utilize diverse carbon sources for growth, including ulvan and
L-rhamnose (He et al., 2017). The SAGs from AMZ population 2
were phylogenetically related to both Alteromonas SN2 (isolated
from a crude oil-contaminated marine tidal flat; Jin et al., 2012) and
Alteromonas 76-1 (isolated from an alginate-supplemented
microcosm at the Patagonian continental shelf; Koch et al., 2019)
and had low transcriptional representation in the samples studied
here (Figure 3). The low recruitment by AMZ Alteromonas SAGs,
particularly from the population 2 might be explained by the low
overall representation of Alteromonas in metatranscriptomic
samples from the ETSP, were the SAGs were collected, but also
by the lack of metatranscriptomic samples from the SFM in this
area. This remains to be explored in future research.

Metabolic contributions of Alteromonas
bacteria to the AMZ microbial
communities

Regarding carbon metabolism, two key glyoxylate shunt genes
were found at high proportional abundance in the Alteromonas-
associated transcript pool, particularly in the SFM (Figure 4). These
encode the enzymes isocitrate lyase (which utilizes isocitrate from
the Citric Acid Cycle and catalyzes its transformation into succinate
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and glyoxylate) and malate synthase (which catalyzes the formation
of malate from glyoxylate and Acetyl-CoA). Along with citrate
synthase, aconitase, and phosphoenolpyruvate carboxykinase,
these enzymes compose the glyoxylate shunt. This pathway is
likely a relevant carbon acquisition pathway for marine
heterotrophic bacteria including other prevalent marine bacteria,
including Photobacterium spp. and Alphaproteobacterial of the
SARI11 group (Beier et al., 2015; Koedooder et al., 2018).

With respect to the nitrogen metabolism, the high abundance
of genes for the GS/GOGAT pathway in the ETNP (Figure 4, Table
S7) is similar to results described by Jin et al. (2016) when exposing
the Alteromonas SN2 marine ecotype to different environmental
conditions. Accordingly, the aforementioned study reported a
higher transcription of genes related to glyoxylate metabolism
and glutamate synthesis (glutamate dehydrogenase) in a tidal flat
habitat that experiences low-oxygen conditions.

Interestingly, a high proportion of transcripts were found to
encode for an extracellular iron-complex binding protein,
bacterioferritin, a superoxide dismutase from the Fe-Mn
family (Figure 4), and, to a lesser extent, TonB-dependent
transporters. This could be due to their high representation in
the Alteromonas RKMC-009 genome but also with the over-
expression observed in cultures of Alteromonas macleodii
(Fourquez et al., 2014), Candidatus Pelagibacter ubique
(SARI1 clade), and Photobacterium angustum under iron-
limitation (Fourquez et al., 2014; Koedooder et al., 2018;
Manck et al., 2020). Iron-related TonB-dependent transporters
and extracellular iron-complex binding proteins are responsible
for iron and carbon acquisition, while ferritin can be used to
store iron (Andrews et al., 2003; Manck et al., 2020).

Iron is tightly linked to carbon metabolism due to its central
role as a cofactor in the citric acid cycle and respiratory chain
enzymes. Dissolved iron concentrations in the ocean are generally
low (Moore and Braucher, 2007) and can significantly vary across
OMZs (Kondo and Moffett, 2015; Vedamati et al., 2014). In low-
oxygen water columns, dissolved iron concentration depends on
diverse factors, potentially including conditions in the underlying
sediment and in some cases connectivity with the continental shelf
(Schlosser et al., 2018; Croot et al,, 2019). At both the ETSP and
ETNP OMZs analyzed here, total dissolved Fe and labile inorganic
Fe complexes concentrations increase with depth at all stations,
coincident with an increase in genes encoding Fe-proteins involved
in dissimilatory nitrogen metabolisms (Glass et al., 2015). Over the
ETSP continental shelf, dissolved iron concentrations increase
markedly at ~100 m depth, and are almost entirely composed of
reduced Fe(II) species (Heller et al., 2017). A minimum in dissolved
iron concentration (dFe) that overlaps with the deep chlorophyll
maximum (DCM) have been reported throughout the open ocean,
which marks the lower limit of the euphotic zone (Hawco et al,
2021). However, measurements of iron concentration and
speciation in the SFM from anoxic waters remain relatively
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sparse. Additional studies of iron and other trace metal
concentrations in SFM from AMZs are needed given their
potential relevance in the C-metabolism of highly abundant
heterotrophs, such as Alteromonas. The seemingly coupled
transcription of Alteromonas carbon and iron metabolism genes
in our data supports the aforementioned culture-based
physiological and genomic studies linking iron-depletion stress
under anaerobic conditions and the carbon metabolism of these
ubiquitous marine heterotrophs. Since heterotrophic bacteria play
a significant role in the incorporation of new iron into the marine
environment (Manck et al., 2022), our results raise the hypothesis
that natural Alteromonas populations may overcome iron
fluctuations in coastal low-oxygen environments (such as AMZs)
by the uptake of larger organically complex iron substrates.

Conclusions

Our results reveal a significant representation of
Alteromonas in the SFM of marine low-oxygen environments
in both the free-living and particle-associated microbial
communities. These Alteromonas populations co-occur with
other critical microbial players in the carbon cycle, including
complex-carbon degraders (i.e., Marinobacter) and primary
producers (i.e., Prochlorococcus). In contrast to our current
knowledge of the nitrogen, sulfur, and oxygen cycles in OMZs
(Ganesh et al,, 2014; Ganesh et al., 2015; Glass et al., 2015;
Garcia-Robledo et al., 2016; Garcia-Robledo et al., 2017;
Fuchsman et al.,, 2017; Saunders et al.,, 2019; Raven et al.,
2021), the carbon cycle has been poorly characterized in these
low-oxygen environments. Recently couplings between carbon,
sulfur, and nitrogen metabolisms have been proposed
(Plominsky et al., 2018), along with the partitioning of
different carbon fixation pathways along the AMZ redox
gradient (Ruiz-Fernandez et al., 2020). Considering all the
caveats regarding metatranscriptomic fragment recruitment,
the data presented here suggests an in situ coupling of
Alteromonas iron and carbon metabolisms and the potential
importance of its glyoxylate cycle in the AMZs. Also, the peak
transcription of iron complex outer membrane receptors, SOD2
and glutamine synthase at the SFM suggest a possible interplay
between AMZ Alteromonas and co-occurring Prochloroccocus
populations in subsurface waters, similar to the described for
surface ecotypes when co-cultured. Our results indicate that
Alteromonas may contribute significantly to the carbon
metabolism in AMZs, particularly in the SFM in coastal areas,
where similar functional features were transcribed in both the FL
and the PA size fractions. These findings set the foundation for
further studies assessing the Alteromonas ecotypes from other
OMZ systems and their connections with the vertical gradients
of carbon, nitrogen, oxygen, and trace metals.
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