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ABSTRACT

Hopanoids, including the extended side chain-containing bacteriohopanepolyols, are bacterial lipids found abundantly in
the geological record and across Earth’s surface environments. However, the physiological roles of this biomarker remain
uncertain, limiting interpretation of their presence in current and past environments. Recent work investigating the
diversity and distribution of hopanoid producers in the marine environment implicated low-oxygen regions as important
loci of hopanoid production, and data from marine oxygen minimum zones suggested that the dominant hopanoid
producers in these environments are nitrite-utilizing organisms, revealing a potential connection between hopanoid
production and the marine nitrogen cycle. Here, we use metagenomic data from the Red Sea to investigate the ecology of
hopanoid producers in an environmental setting that is biogeochemically distinct from those investigated previously. The
distributions of hopanoid production and nitrite oxidation genes in the Red Sea are closely correlated, and the majority of
hopanoid producers are taxonomically affiliated with the major marine nitrite oxidizers, Nitrospinae and Nitrospirae. These
results suggest that the relationship between hopanoid production and nitrite oxidation is conserved across varying
biogeochemical conditions in dark ocean microbial ecosystems.
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INTRODUCTION

Hopanoids are pentacyclic triterpenoid lipids produced by many
bacteria as cell membrane components, and represent one of

the most important lipid biomarker classes used to infer micro-
bial activity in the fossil record (Ourisson and Albrecht 1992;
Brocks et al. 1999). Interpreting the distribution of hopanoids to
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understand the current and past biosphere requires an under-
standing of hopanoid function in bacteria and the environmen-
tal conditions that stimulate hopanoid production. The physio-
logical functions of hopanoids are hypothesized to be related to
membrane stabilization, similar to the role of sterols in eukary-
otes (Sáenz et al. 2012a). For example, hopanoids were shown to
play a role in pH tolerance and membrane integrity (Welander
et al. 2009), lipid raft formation (Sáenz 2010) and antibiotic resis-
tance (Schmerk, Bernards and Valvano 2011). Hopanoids are also
important in several groups of marine nitrogen-fixing cyanobac-
teria (Sáenz et al. 2012b) and in nutrient stress responses of
akinete-forming cyanobacteria (Ricci et al. 2017). However, the
vast majority of marine hopanoid producers have not been cul-
tured, and whether hopanoids in these uncultured organisms
have similar functions as in the cultured minority is unknown.

The distribution and structural diversity of the extended
side chain-containing bacteriohopanepolyols (BHPs) has been
studied in various marine environments to link the sedimen-
tary inventory of hopanoids with their source organisms in the
marine water column. Several studies showed that BHP produc-
tion is higher at low oxygen (O2) concentrations. Specifically,
BHP concentration and structural diversity both increase as O2

concentration decreases, and some BHP structures are specific
to bacteria in low-O2 marine environments (Sáenz et al. 2011;
Kharbush et al. 2013; Rush et al. 2014). Nevertheless, the seem-
ingly cosmopolitan nature of hopanoid structures identified in
water column samples provides little insight into the ecology
and metabolic characteristics of hopanoid-producing bacteria.

More recently, insight into the potential environmental
niches and metabolic strategies of hopanoid producers was
obtained by examining the genetic diversity of squalene hopene
cyclase (sqhC and SHC for the gene and protein, respectively),
the gene primarily responsible for hopanoid biosynthesis. PCR-
based surveys of marine environments revealed that sqhC is phy-
logenetically widespread (Pearson et al. 2007, 2009; Kharbush
et al. 2013; Kharbush et al. 2015) but uncommon, occurring in
only 5%–10% of bacterial species (Pearson and Rusch 2009). Fur-
thermore, the phylogeny generated using both newly amplified
and previously archived sqhC sequences implied that hopanoid
production is associated with unusual metabolic strategies that
are found in a limited number of modern environments and in
many cases are associated with low-O2 conditions (Kharbush
et al. 2013). Interrogating metagenomic datasets from low-O2

regions of the Eastern Pacific revealed that the relative abun-
dance of sqhC was positively correlated with nitrite concentra-
tions and that the majority of hopanoid producers in these envi-
ronments are nitrite-utilizing organisms (Kharbush et al. 2015).

The metabolic capabilities of the dominant hopanoid pro-
ducers in the low-O2 environments examined so far reveal pre-
viously unrecognized connections with suboxic processes of the
marine nitrogen (N) cycle, and suggest a potential application
of hopanoids as tracers of low-O2 conditions in the water col-
umn. It remains to be determined whether similar patterns can
be found in other regions of the modern ocean, including in
environments where O2 concentrations are higher than in the
oxygen minimum zones (OMZs) already studied. In this study,
we utilized a recently generated metagenomic dataset from the
Red Sea (Haroon et al. 2016; Thompson et al. 2017) to explore
the diversity and ecology of hopanoid producers in an environ-
ment distinct from any examined previously. This dataset is par-
ticularly valuable because the metagenomic data are accom-
panied by a comprehensive collection of metadata that facili-
tated an examination of correlations between sqhC genes and

environmental variables. The results illuminate the phyloge-
netic and physical distribution of hopanoid producers in the rel-
atively well-oxygenated environment of this oligotrophic, semi-
enclosed basin.

MATERIALS AND METHODS

The metagenomic dataset was generated as part of the 2011
KAUST Red Sea Expedition (KRSE) in late summer (September-
October) of 2011, as described previously (Thompson et al. 2017).
Briefly, samples were collected from eight stations (locations
shown in Fig. 1A) from depths of 10, 25, 50, 100, 200, and
500 m, except in cases where the seafloor was shallower than
500 m, in which case the deepest sample was taken just above
the seafloor. DNA was extracted from filters containing the
0.1–1.2 μm microbial size fraction, and whole-genome shot-
gun libraries constructed, using Illumina HiSeq 2000 paired-end
(2 × 100 bp) sequencing, yielding about 10 million reads per sam-
ple for the 45 samples.

The 45 metagenomes were analyzed for the relative abun-
dance of gene families and biochemical pathways using
HUMAnN (Abubucker et al. 2012) as described by Thompson
et al. (2017). KEGG Orthology (KO) relative abundances—
normalized to total mapped reads—were contained in the file
RedSea KORelativeAbundance AllTaxa.csv downloaded from
https://github.com/cuttlefishh/papers/tree/master/red-sea-sp
atial-series/data/humann1.

To explore depth-based clustering of samples and correla-
tions between environmental metadata and gene abundances,
the data matrix was visualized with canonical correspondence
analysis (CCA) using the vegan 2.3-1 package in R, implemented
according to Legendre and Legendre (2012). Vector loadings of
key KOs of interest were plotted in CCA space.

For insight into the taxonomic affiliations of hopanoid pro-
ducers, metagenomic hits corresponding to the sqhC gene were
extracted using its unique KEGG identifier. However, previous
studies have shown that very few sqhC sequences amplified
from the marine environment can be reliably taxonomically
classified using cultured organisms in databases like KEGG (Pear-
son et al. 2007, 2009; Kharbush et al. 2013). Therefore, to increase
taxonomic resolution and to compare to previously-amplified
marine sqhC sequences, metagenomic reads mapping to the
sqhC KO (K06045) were assigned taxonomically by finding the
best match in a second custom database containing these envi-
ronmental sqhC sequences as well as those found in KEGG
genomes. The search was done using usearch v7.0.1001 (http:
//drive5.com) with ublast and default parameters. Phylogenetic
and/or metabolic groups were then inferred using a previously
published phylogeny of sqhC (Kharbush et al. 2013). Genetic
diversity patterns of sqhC metagenomic data were visualized
using the Circos Table Viewer (http://mkweb.bcgsc.ca/tableview
er/visualize/) (Krzywinski et al. 2009).

To explore the phylogenetic context of Nitrospina found in
the Red Sea, trimmed metagenomic sequences were mapped
against representative Nitrospina 16S rRNA gene sequences
(n = 482) downloaded from the NCBI database (accessed on
Feb 2016), using BWA-MEM v0.7.12 (Li 2013). Mapped reads
were extracted using Samtools v1.2 (Li et al. 2009) and sub-
sequently assembled using Spades v3.8.0 with options ‘–
meta –only assembler’ (Nurk et al. 2013). Assembled sequences
were searched against the SILVA incremental aligner database
online v1.2.11 (https://www.arb-silva.de/aligner/ accessed on
June 2016, (Pruesse, Peplies and Glöckner 2012). All assembled
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Figure 1. A map of the Red Sea and locations of the eight stations sampled along the 2011 KRSE cruise is shown in (A) the red arrow indicates the direction in which the
stations are plotted in the accompanying section plot (B) showing nitrate in color and oxygen concentrations (in mL/L) as white contour lines, plotted against depth.

Black dots represent the depths sampled at each station, which are labeled at the top of the plot (e.g. ‘S12’ is ‘Station 12’).

Nitrospina hits ≥ 200 bp in length were used for downstream tree
construction.

Near full-length (≥ 1400bp) Nitrospina 16S rRNA gene
sequences (n = 46) were aligned using SSU-ALIGN v0.1.1
(Nawrocki 2009) and a 16S RNA gene tree was constructed using
FastTree v2.1.7, using default parameters with a generalized
time-reversible model (Price, Dehal and Arkin 2010). 100 resam-
pled alignments were generated using the PHYLIP SEQBOOT
module (Felsenstein 1989), and a script (CompareToBootstrap.pl)
included in the FastTree package was used to compare the orig-
inal tree to the resampled trees and generate bootstrap val-
ues. The representative tree was visualized in ARB, and the
mapped Nitrospina 16S rRNA sequences assembled from the Red
Sea metagenomes were placed into the tree by parsimony inser-
tion in ARB (Ludwig et al. 2004). The final tree was exported and
cleaned up using Adobe Illustrator.

RESULTS

Physicochemical parameters of the Red Sea water
column

The 2011 KRSE cruise collected depth profile samples for
metagenomics analysis from eight stations spanning from Sta-
tion 12 near the Bab Al-Mandab strait (BAM) to Station 192 at
the northern end of the sea (Fig. 1A). The thermohaline circula-
tion pattern of the Red Sea is readily apparent in the nitrate and
O2 concentrations along the cruise track (Fig. 1B). The introduc-
tion of nutrients to the Red Sea is limited to a seasonal intru-
sion of Gulf of Aden Intermediate Water (GAIW) in the summer
months of June-September (Souvermezoglou, Metzl and Poisson
1989; Smeed 1997). This relatively less oxygenated, nitrate-rich
GAIW can be seen around Stations 12 and 34, as it enters the
Red Sea above the sill at BAM and mixes into the surface waters.
The southward flow of saline Red Sea Water is visible as an even
more nitrate-rich and oxygen-deficient water mass below 400 m
depth, flowing back toward BAM. Notably, however, O2 levels do
not fall below 0.6 mL/L (27 μM) and therefore do not even reach
suboxia (1–20 μM, as defined by Wright et al. 2012).

Distribution and abundance of sqhC gene family

A search of the metagenomes for hits to the sqhC gene family
(K06045, hereafter referred to as sqhC) demonstrated that very
few hopanoid producers are found in samples taken from the
upper 50 m (Fig. 2A), in agreement with previous studies (Pear-
son and Rusch 2009; Kharbush et al. 2013; Kharbush et al. 2015).

Exceptions to this trend include two 50-m samples from Station
12 and 34 that are influenced by inflowing GAIW and therefore
contain both lower O2 concentrations and distinct taxonomic
composition (Thompson et al. 2017) relative to samples from
comparable depths at other stations. Two additional samples
from Station 34 from depths of 100 and 258 m show a similar
shift in O2 and sqhC abundance (Fig. 2A). At 258 m, however,
it is unclear if this is a result of the GAIW mixing down into
the water column, the return flow of Red Sea Water at depth,
or exchange with sediment pore water (depth profiles shown
in Fig. S1, Supporting Information). Because GAIW intrusion is
an annual occurrence that likely influences the biogeochemistry
and microbial ecology of the Red Sea, we elected to retain GAIW-
influenced samples in subsequent analyses.

Canonical correspondence analysis (CCA) including all avail-
able metadata showed that sqhC abundance is correlated with
depth and nutrients, and anti-correlated with oxygen. The abun-
dance of sqhC increases with depth and with decreased O2 con-
centrations, with the majority of sqhC hits found at depths
beyond 100 m and below an O2 concentration of approximately
3.75 mL/L (Fig. 2A). A similar pattern was observed for the genes
encoding the subunits of the enzyme responsible for nitrite
oxidation, nitrite oxidoreductase (nxrA and nxrB, Fig. 2B and
2C). This implies a connection between nitrite oxidation and
hopanoid production in this environment—in particular that
these nitrite oxidizers and hopanoid producers could be the
same organisms.

To validate this connection, we initially looked at the assem-
bled metagenomic contigs but were unsuccessful in finding both
sqhC and nxr on the same contigs. Therefore, we next compared
the phylogenetic associations of the metagenomic hits to each
gene. Although depth and O2 co-vary in the Red Sea, because
previous work suggested a connection between the metabolic
strategies of hopanoid producers and N cycling under low-O2

conditions (Kharbush et al. 2013; Kharbush et al. 2015), sqhC and
nxr diversity was evaluated with respect to O2 concentrations.
Based on the distribution shown in Fig. 2A, we separated the
samples into two groups for analysis based on whether the O2

concentration fell above or below a threshold of 3.75 mL/L, here-
after referred to as oxygenated and low-O2 samples, respec-
tively.

In total, the low-O2 samples (including the GAIW samples)
contained approximately three times as many sqhC sequences
as the oxygenated samples. The taxonomic distribution of
sqhC hits in low-O2 samples, organized by sampling station in
addition to taxonomic group, shows that the most common
hopanoid-producing bacteria in the Red Sea are various groups
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Figure 2. Covariation of relative abundance of sqhC gene family (K06045) and nitrite oxidoreductase (K00370/K00370) with oxygen and depth in the Red Sea water
column. GAIW-influenced samples are separately designated by symbols with solid centers. (A) Scatter plot of sqhC relative abundance versus oxygen concentration.
Dashed line represents the chosen threshold of 3.75 mL/L used to separate samples of lower and higher oxygen content in later analyses. (B) Plot of nxrA relative

abundance versus oxygen. (C) Plot of nxrB relative abundance versus oxygen.

of Proteobacteria and the two major marine nitrite-oxidizing bac-
teria (NOB), Nitrospina and Nitrospira (Fig. 3). Other groups such
as Planctomycetes, Actinobacteria and Bacillus-like organisms con-
tributed smaller numbers of sqhC hits, while the ‘Unassigned’
category contains sequences that could not be reliably assigned
to any group. In comparison, the taxonomic distribution of
sqhC hits in the oxygenated samples shows higher numbers of
Proteobacteria-like sqhC, increasing from about 30% of the total
hopanoid-producing community in low-oxygen samples to over
50% in oxygenated samples (see Fig. S2, Supporting Informa-
tion). It is important to note that because genome databases
are limited by available genomes, some reads might match bet-
ter to genomes not contained in current databases, and there-
fore be wrongly assigned in the current analysis. However, over-
all the distribution reinforces earlier observations that impli-
cated Proteobacteria and NOB as the major groups contributing
to hopanoid production in marine environments, and suggests
that Proteobacteria-like hopanoid producers are more prevalent
in oxygenated samples compared to NOB hopanoid producers,
which apparently dominate at lower O2 concentrations in the
Red Sea.

Distribution of nxr gene family

The taxonomic distribution of nxrA and nxrB shows that the
majority of hits in low O2 samples are affiliated with Nitrospina
or Nitrospira, as well as a significant number of hits in the unas-
signed category (see Fig. S3, Supporting Information). The over-
lapping phylogenetic affiliations of sqhC and nxr thus provide
indirect evidence that a large fraction of hopanoid producers in
the dark, low O2 regions of the Red Sea are also nitrite oxidizers.

Among NOB, Nitrospinae in particular is recognized as a
widespread, ecologically significant phylum in marine environ-
ments (Beman, Shih and Popp 2013; Levipan, Molina and Fer-
nandez 2014; Spieck et al. 2014) that consists of multiple genet-
ically and ecologically distinct lineages (Ngugi et al. 2016). In
fact, Nitrospina were recently recognized as major contributors to
dark ocean chemoautotrophic carbon fixation-contributing up
to 45% of total inorganic carbon fixed in the mesopelagic North
Atlantic Ocean (Pachiadaki et al. 2017). If this group of organisms

also contributes hopanoids to sediments, it could greatly influ-
ence the interpretation of hopanoids in the geological record.
However, because Nitrospinae is such a large phylum, it is also
possible that not all members are hopanoid-producers.

To compare the Nitrospina-like hopanoid producers found in
the Red Sea water column with Nitrospina from other regions,
a tree was constructed using full-length and partial Nitrospina
16S sequences (Fig. 4). With a few exceptions, the resulting phy-
logeny is very similar to that published by Ngugi et al. (2016).
However, unlike the single-cell-amplified genomes (SAGs) from
the Atlantis II deep BSI (‘Ngugi AAA799-A02 and ‘Ngugi AAA799-
C22’, Fig.4), the Red Sea water column sequences fall within
the uncultured Clade 2, rather than Clade 1, the recently pro-
posed Candidatus Nitromaritima lineage (Ngugi et al. 2016). Also
included in Clade 2 are most of the partial 16S rRNA sequences
obtained from OMZs in the ETSP (Levipan, Molina and Fernan-
dez 2014) and ETNP (Beman, Shih and Popp 2013). In contrast, all
sequences from the NESAP OMZ fall within Clade 1.

DISCUSSION

This study used metagenomics data to identify the phyloge-
netic associations and potential ecology of hopanoid produc-
ers in the Red Sea. It is important to note, however, that the
presence of a gene alone does not predict activity. In the case
of sqhC, the majority of cultured and sequenced bacteria that
contain a functional sqhC gene do produce hopanoids (Pearson
et al. 2007), whereas organisms that do not produce hopanoids
also lack sqhC. Therefore, we have assumed that the presence of
sqhC likely also implies production of hopanoids. However, any
quantitative conclusions were made with caution in the absence
of biomarker or transcriptomic data.

The link between hopanoid production and nitrite oxida-
tion, identified through metagenomic surveys, provides new
insight into a specific metabolism associated with hopanoid
production in marine environments. Thus, it has the potential
to improve the interpretation of patterns of hopanoid distribu-
tion in marine sediments for both current and past ocean envi-
ronments. Importantly, although lipid biomarkers have been
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Figure 3. Circos plot showing the phylogenetic distribution of sqhC metagenomic hits from low-O2 samples among stations. Categories of hopanoid-producing bacteria

are shown along the right side of the plot, while stations are on the left. Colors of the bands correspond to each station. Width of the bands at each end is propor-
tional to the number of sequences associated with the station and with the microbial group. Absolute numbers and percentages can be found in the inner and outer
circles, respectively. For example, in the samples from Station 34, about 350 sqhC sequences were identified, and of those approximately 85 sequences, or 20% of the
sequences from Station 34, were affiliated with Nitrospina. Bacterial categories were assigned based on a previously published phylogeny that incorporated sqhC from

sequenced organisms as well as from uncultured organisms in environmental samples. The ‘unassigned’ category therefore represents sequences that could not be
reliably assigned to any group in the existing phylogeny. Abbreviations: ‘Actinobac’ = Actinobacteria, ‘AlphaProteo’ = Alphaproteobacteria, ‘DeltaProteo’ = Deltapro-
teobacteria. ‘Ext. and N2-fixing Proteobacteria’ = Extremophilic and/or N2-fixing Proteobacteria. ‘C1’ represents a clade of hopanoid producers investigated in a recent
study (Kharbush et al. 2015). ‘Other Proteobacteria’ contains sequences most closely related to cultured Beta- and Gammaproteobacteria, while ‘Ext. and N2- fixing

Proteobacteria’ contains sequences most closely related to organisms known to occupy extreme environments and/or fix nitrogen, such as Teredinibacter turnerae, a
Gammaproteobacterium that lives symbiotically in the gut of shipworms. It is important to note that these classifications are purposefully broad due to the dissimilarity
of environmental sqhC sequences compared to cultured organisms, and should be treated as an estimation of diversity rather than an absolute measure.

used to constrain N cycling processes in past ocean environ-
ments (reviewed in Rush and Sinninghe Damste, 2017), biomark-
ers for N cycling processes that occur under suboxic or anoxic
conditions are still limited. A better understanding of the role

hopanoid producers play in the modern marine N cycle may
improve our ability to track these processes in past and present
marine environments.
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Deep sea octacoral clone (DQ396120)
SCGC AB-629-B18 (N. Atlantic SAG)

Namibian upwelling system (EF646130)
NESAP, 500m (HQ672676)
HOT, 350m (JN166293)
Deep sea octacoral clone (DQ396112)

NESAP, 500m (HQ672341)
Saanich inlet fosmid clone HF0770_08F21 (EU795196)
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SCGC N. Pacific AAA288-L16 (N. Pacific SAG) 
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Nitrosomonas eutropha (AY123795)
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Red Sea Station34 258m ID1121
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Red Sea Station192 200m ID960
Red Sea Station34 258m ID767
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Red Sea Station34 50m ID716
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C
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Figure 4. Phylogenetic tree of 16S sequences from phylum Nitrospinae, with Nitrosomonas eutropha as the outgroup. Dashed lines indicate shorter sequences that
were inserted by parsimony. Solid circles indicate bootstrap support >90%, while open circles indicate bootstrap support >70%. Colors: Black = Sequences previously

included in the most recent Nitrospinae phylogeny (Ngugi et al. 2016), Brown = sequences identified from SAGs, Blue = ETNP PCR amplicons (Beman, Shih and Popp
2013), Green = ETSP PCR amplicons (Levipan, Molina and Fernandez 2014), Red = Red Sea water column 16S sequences (this study).

For example, hopanoids in ancient sediments are often used
to indicate the presence of aerobic heterotrophic bacteria and
by extension the microbial degradation of organic matter (e.g.
van Dongen et al. 2006). Recent work, however, suggests that
anaerobic or microaerophilic bacteria in low oxygen regions
of the water column, and in sediments, are likely important
contributors to hopanoid sediment inventories (Sáenz et al.
2011; Kharbush et al. 2013; Berndmeyer et al. 2014). Further-
more, several studies, including this one, now suggest that many
of these low oxygen-adapted bacteria are chemoautotrophic
organisms, specifically anammox Planctomycetes and NOB (Sin-
ninghe Damsté et al. 2004; Rush et al. 2014; Kharbush et al. 2015),
with the NOB (specifically, Nitrospina) being responsible for a

large fraction of deep ocean DIC fixation (Pachiadaki et al. 2017).
As such, variability in hopanoid/BHP abundances in the sed-
iment record could identify past shifts in both water column
suboxia/anoxia and the importance of nitrite oxidation rela-
tive to other N cycling processes throughout Earth’s history or
even in the more recent past. Because Nitrospina sp., for exam-
ple, are found in the water column and both coastal (Rani et al.
2017) and abyssal marine sediments (Durbin and Teske 2011;
Nguyen, Cochrane and Landfald 2017), hopanoids in sediments
will include both water column and in situ sources. Further
study of both the ecology and BHP structures produced by Nitro-
spina and other important NOB will be needed before sediment
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hopanoid abundances can be interpreted in the context of N-
cycle processes and environmental conditions.

The unique biogeochemical conditions of the Red Sea dis-
tinguish this environment from those previously examined for
the presence and diversity of hopanoid producers. Yet despite
its warm waters, high salinity, and relatively well-oxygenated
water column, the Red Sea harbors a broad phylogenetic distri-
bution of sqhC sequences. The greater presence of Proteobacteria-
affiliated sqhC sequences in oxygenated waters of the Red Sea
(Fig. S2, Supporting Information) suggests that these hopanoid
producers are adapted to higher O2 concentrations, consistent
with previous observations that identified mostly Proteobacte-
ria sqhC sequences in Global Ocean Survey metagenomic sam-
ples, which included exclusively aerobic environments in ocean
surface waters (Pearson and Rusch 2009). Therefore, the impor-
tance of Proteobacteria, including Alphaproteobacteria, seems to
be greater in more oxygenated, shallower waters versus within
OMZ environments.

Even under the higher O2 and low nitrite concentrations
found throughout the water column of the Red Sea, a relatively
large number of sqhC sequences are affiliated with the NOB
Nitrospina and Nitrospira. This corroborates previous assertions
that these two groups of NOB are globally distributed organ-
isms important in both hopanoid production and N cycling.
These NOB are frequently found in OMZs (Wright et al. 2012;
Hawley et al. 2014), so their presence in the Red Sea is some-
what surprising given that O2 levels do not reach the suboxic
range. However, both Nitrospina and Nitrospira have also been
detected in well-oxygenated waters in trenches (Nunoura et al.
2015), although the specific environmental parameters influenc-
ing their distribution and potential niche separation are still
being elucidated. In addition, Nitrospina and Nitrospira both con-
tain a periplasmically oriented membrane-bound nitrite oxi-
doreductase (NXR) enzyme rather than the cytoplasmically ori-
ented version of Nitrobacter and Nitrococcus sp. (Lücker et al. 2010,
2013). This type of NXR likely allows growth at extremely low
nitrite concentrations (Sorokin et al. 2012; Lücker et al. 2013), like
those seen in much of the Red Sea (Fig. S3, Supporting Informa-
tion).

The presence of NOB in the Red Sea may be a result of inher-
ent metabolic plasticity; perhaps NOB introduced to the Red Sea
through the annual influx of GAIW are able to survive despite
drastically different O2 levels. Alternatively, they may represent
distinct species that are adapted to occupy specific niches in the
Red Sea. The major OTUs of Nitrospina identified in the ETNP
OMZ displayed different depth distributions, demonstrating that
various species or ecotypes can be adapted to particular water
column conditions (Beman, Shih and Popp 2013). The phylo-
genetic distance between the sqhC sequences of Nitrospina sp.
found in the ETSP versus the ETNP OMZs provides additional
evidence in support of this hypothesis (Kharbush et al. 2015), as
does the existence of multiple distinct Nitrospinae lineages in
a recently generated phylogeny of phylum Nitrospinae (Ngugi
et al. 2016).

The Red Sea water column Nitrospina sp. were placed into
phylogenetic context using this recent phylogeny (Ngugi et al.
2016), which included 16S rRNA sequences from various envi-
ronments including the water column of the NESAP OMZ,
seafloor sediments, and the brine-seawater interfaces at the bot-
tom of the Red Sea. Because sequence lengths varied, preventing
construction of a de novo phylogenetic tree, parsimony insertion
was used to add partial 16S rRNA sequences from the ETNP and

ETSP OMZs and the Red Sea metagenomes to this initial phy-
logeny. The results show that the Red Sea water column Nitro-
spina sp. are most closely related to ETSP and ETNP Nitrospina,
and fall within Clade 2 rather than the newly defined Candida-
tus Nitromaritima clade (Clade 1), which includes all available
sequences from the NESAP OMZ (Fig. 4). This apparent phylo-
genetic separation between Nitrospina in the major OMZ regions
is somewhat surprising, as is the separation between the Nitro-
spina SAGs identified in the brine-seawater interface (BSI) of
the Atlantis II deep vs. those found in other deep Red Sea BSIs
such as the Kebrit, Discovery and Erba deeps. However, the deep
brine pools of the Red Sea contain very different physicochemi-
cal conditions, including variations in temperature, O2 concen-
tration and nutrient concentrations, which creates distinct envi-
ronmental niches and results in diverse and complex microbial
communities specific to each deep basin (Guan et al. 2015). Sim-
ilarly, there are important physicochemical differences between
OMZ environments: for example, the NESAP OMZ is located
much deeper in the water column than the ETSP and ETNP
OMZs, and contains higher O2 concentrations at its core. There-
fore it is possible that these two major marine clades of phylum
Nitrospinae have distributions based on physiological adapta-
tions rather than geographical proximity.

Overall, the emerging picture of hopanoid producers as also
nitrite-utilizing organisms represents a significant shift in our
understanding of the ecology of these organisms in marine envi-
ronments. The data presented in this study show that even in
non-OMZ environments, NOB make up a significant fraction of
the marine hopanoid-producing community. While early stud-
ies of the taxonomic affiliations of hopanoid producers iden-
tified significant metabolic diversity, the physiological roles of
this biomarker have remained inconclusive. This study, along
with previous work in the eastern North Pacific Ocean, identi-
fies a specific group of organisms and a metabolism for which
hopanoid production is important. As such, this work paves the
way for targeted studies that can examine the role of hopanoid
production in the physiology of an ecologically important and
widely distributed group of marine nitrite oxidizers.
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Rush D, Sinninghe Damsté JS, Poulton SW et al. Anaerobic
ammonium-oxidising bacteria: a biological source of the
bacteriohopanetetrol stereoisomer in marine sediments.
Geochim Cosmochim Acta 2014;140:50–64.
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Sinninghe Damsté JS, Rijpstra WIC, Schouten S et al. The occur-
rence of hopanoids in planctomycetes: implications for the
sedimentary biomarker record. Org Geochem 2004;35:561–6.

Smeed D. Seasonal variation of the flow in the strait of Bab al
Mandab. Oceanol Acta 1997;20:773–81.
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