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Molecular Signatures of Microbial Metabolism in the Marine Water Column 
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Doctor of Philosophy in Oceanography 
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Professor Lihini Aluwihare, Chair 

 

Lipid biomarkers are valuable tools in studies of microbial metabolic diversity 

and function in both past and present marine ecosystems, but the distribution and 

biological sources of many of these biomarkers in the modern ocean have yet to be 

sufficiently defined. This dissertation examines two major classes of lipid biomarker 

compounds that are widely distributed in marine environments: hopanoids, biomarkers 
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for bacteria, and intact polar diacylglycerols (IP-DAGs), potential biological tracers of 

recent carbon and nutrient cycling. The distribution and structural diversity of these 

lipid compounds is analyzed in tandem with genetic and metagenomic data, both 

expanding the knowledge related to the structural distribution of these lipids in the 

marine environment, and illuminating key aspects of the ecology of the producing 

organisms. This work is detailed in six chapters, consisting of an introduction, four 

research-oriented chapters, and concluding remarks. Chapters 2, 3, and 4 focus on the 

bacterial hopanoids. First, analysis of hopanoid structural diversity and abundance 

across oxygen gradients in the Santa Barbara Basin was complemented by a genetic 

survey, identifying a potential connection between hopanoid production and metabolic 

strategies associated with low oxygen environments. Next, this connection was further 

investigated using qPCR and surveys of existing metagenomes to quantify the relative 

abundance of groups of hopanoid producers in low oxygen regions of the Eastern North 

Pacific and Eastern Tropical Pacific oxygen minimum zones. Results revealed that 

dominant hopanoid producers in these regions are not Proteobacteria as previously 

hypothesized but instead are nitrite-utilizing organisms such as nitrite-oxidizing and 

anaerobic ammonia-oxidizing bacteria. Finally, a survey of an extensive metagenomic 

dataset from the Red Sea illuminated the distribution of hopanoid producers in a 

biogeochemically-distinct environment relative to those previously analyzed, and 

confirming that hopanoid producers may also play roles in marine nitrogen cycling. 

Chapter 5 details an exploratory investigation of the structural distribution of various 

classes of IP-DAGs, in the oligotrophic Tonga Trench. Results provide new insight into 

potential biological sources of IP-DAGs, and identify structures that may be useful as 
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indicators of the contribution of groups of picophytoplankton to export production, or of 

in situ heterotrophic production at depth.  
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Lipid biomarkers in marine microbial ecology   

Biomarkers can be broadly defined as organic compounds that have particular 

biosynthetic origins. The most useful biomarkers for the study of both ancient and 

modern environments are those that are a) taxonomically specific and can be reliably 

assigned to a particular organism/group of organisms and b) resistant to degradation. 

Traditionally, the major application of biomarkers in microbial ecology was the use of 

biomarkers as “molecular fossils” to explore the sedimentary record and reconstruct 

ancient microbial ecosystems and environmental conditions. Therefore, the most 

commonly employed biomarkers in this capacity are lipids, which in general are more 

recalcitrant than other biomolecules and can be organism-specific in many cases. The 

use of these microbial lipid biomarkers has led to numerous valuable insights about 

ancient marine ecosystems, including anoxic conditions in primordial seas [1], the 

episodic release of methane from marine sediments in past eras [2], and even drastic 

changes in global climate [3], to name just a few examples.  

More recently, lipid biomarkers considered specific to a particular group or 

microbial metabolism have been applied to study modern microbial communities as 

well. For example, ladderane lipids are produced only by microbes involved in 

anaerobic ammonia oxidation (Annamox) [4, 5]. Similarly, certain archaeal glycerol 

diphytanyl glycerol tetraether (GDGT) lipid structures, such as crenarchaeol, indicate 

the presence of marine pelagic Thaumarchaeota [6]. Other studies have taken advantage 

of the fact that lipid biomarkers often retain isotopic compositions that can be used as 

tracers of metabolic processes and energy transfer. For example, fatty acids have been 

shown to have a low rate of carbon-bound hydrogen exchange over long timescales, 
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thus retaining most of their original deuterium signatures [7] and facilitating their 

routine use as biomarkers in paleoecosystem and paleoclimate studies [8, 9], but also in 

such diverse applications as natural product biosynthesis. 	  Other examples include the 

identification of lipid biomarkers associated with organisms carrying out anaerobic 

oxidation of methane (AOM), which were shown to be extremely depleted in 13C [10], 

and radiocarbon dating of GDGTs, which provided direct insight into the metabolic 

strategies of Thaumarchaeota in the mesopelagic [11]. 

 

The hopanoids: bacterial biomarkers 

One of the most widely utilized classes of biomarker molecules are the 

hopanoids, pentacyclic isoprenoid membrane lipids produced by bacteria that are 

extremely abundant in soils, ancient rocks, and oil deposits [12]. Because their 

biosynthesis is confined to bacteria, and the hopanoid ring structure (see Figure 1.1) is 

resistant to degradation, hopanoids are frequently used as biomarkers for bacteria in 

both modern and ancient ecosystems (e.g. [13–15]).  

The parent compounds of fossilized hopanoids are bacteriohopanepolyols 

(BHPs), which contain an extended side-chain attached to the five-ring core structure. 

The development of new liquid chromatography-mass spectrometry (LC-MS) methods 

to analyze these intact BHPs demonstrated considerable diversity in the structure of this 

side chain [16]. This opened up new possibilities for the application of BHPs as 

biomarkers for modern bacterial genera or metabolic groups, as in some cases these 

structural variations appeared to be associated with particular groups of bacteria. For 
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example, type I methanotrophs contain abundant hexafunctionalized BHPs, while type 

II methanotrophs contain mostly tetra- and pentafunctionalized compounds [17–19].  

Currently, however, the utility of BHPs as a means of “fingerprinting” modern 

microbial communities is limited by a lack of knowledge regarding the distribution of 

BHP structures in natural environments as well as the environmental conditions 

influencing BHP production. Despite the abundance of hopanoids in the fossil record, 

only an estimated 5-10% of modern bacteria retain the ability to produce BHPs [19, 20], 

and of these little is known about their ecology or the environmental factors that 

influence their distribution. Particularly in the marine environment, BHP sources and 

distribution are poorly understood, and the identities of the bacterial hopanoid producers 

are mostly unknown. Elucidating the metabolic strategies and ecological niches 

occupied by these modern marine hopanoid producers in various marine environments 

is vital to facilitating the link between the sedimentary and fossilized inventory of 

hopanoids and their sources in the water column.  

 

Intact polar lipids  

 Another class of lipids commonly used in marine geochemical and biological 

studies is the fatty acids, which are thought to be the most abundant lipid molecules 

found in the marine environment [21]. In the context of marine ecology, fatty acids have 

been applied as biomarkers to study the trophic structure of marine food webs [22–24]. 

More recently, fatty acid analysis has also been combined with compound-specific 

isotope analysis (CSIA), to distinguish the contributions of the heterotrophic bacterial 

community from primary producers and higher trophic levels [25]. In practice, however, 
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the biological sources of many fatty acid structures observed in environmental samples 

can be ambiguous. For example, a recent evaluation of over 2000 microalgae strains 

demonstrated that although the respective fatty acid profiles can sometimes distinguish 

different phytoplankton groups at up to class level, there is significant overlap in the 

production of particular fatty acid structures [26].  

Intact polar lipids (IPLs) are the parent compounds of fatty acids, and are 

classified by the their headgroup structure, which can include phosphate, nitrogen, 

sulfur, or sugar moieties [27, 28]. Analysis of IPLs therefore has the potential to provide 

a higher level of metabolic, and in some cases even taxonomic, specificity than 

examining total fatty acids alone [29]. IPLs can be assumed to represent living or 

recently living biomass, as the polar head group is thought to be hydrolyzed relatively 

quickly after cell death [30, 31]. This makes IPLs potentially useful biomarkers for 

tracking recent carbon flow among distinct microbial populations in the natural 

environment.  

The study of IPLs as biomarkers for marine microbial communities is a 

relatively new field, as methods for analysis were only recently developed [29]. As a 

result, knowledge of the abundance, distribution, and potential biological sources of IPL 

classes in the marine environment is limited. However, previous work suggests that 

certain polar head group structures can be specific to particular microbial groups. For 

example, intact polar diacylglycerol (IP-DAG) head-group distributions vary among 

phytoplankton and heterotrophic bacteria [32] and among different archaeal populations 

[33] in the marine environment. In addition, some phytoplankton have been observed to 

substitute non-phosphorus for phospholipid headgroups under nutrient-limited 
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conditions [34, 35]. Overall IPLs have a great deal of potential for application in a wide 

variety of settings, especially if combined with techniques like CSIA to provide 

quantitative information on their production by their microbial source organisms. Apart 

from the aforementioned studies in the surface waters of the ocean, however, the extent 

to which variations in IPL assemblages can be used to characterize microbial 

communities in natural environments has yet to be sufficiently explored.  

 

Importance of biomarker-based biogeochemical studies  

A central challenge in microbial ecology is to find ways to study essentially 

“invisible” organisms in the context of their environments. Particularly in the marine 

environment, the diversity, abundance, and importance of marine microbes went 

unrecognized for many years, until the development of new and improved methods (e.g. 

Hobbie et al., 1977; Hagström et al., 1979) enabled better estimation of their 

contribution to ocean food webs [38, 39]. Forty years later, researchers now recognize 

the critical roles of marine microbes in ecosystem function and in global nutrient 

cycling. More recent advances in sequencing technologies have led to the expanded use 

of “omics” techniques, such as metagenomics, transcriptomics, and proteomics, which 

have together revolutionized our ability to interrogate microbial community diversity, 

metabolism, and potential responses to environmental perturbations. These snapshots of 

microbial activity and species composition give us tremendous insight into the specific 

organisms that are present and what they are doing with respect to the cycling of 

organic matter and nutrients. Yet despite the revelatory power of these “omics” 

techniques, it still remains challenging to connect microbial function and taxonomic 
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identity to geochemical signatures and/or to obtain quantitative information on key 

metabolic processes.  

A growing number of studies are combining phylogenetic and lipid biomarker 

analyses to improve both coverage and resolution of microbial metabolic diversity, aid 

in the identification of biogeochemical niches occupied by these diverse groups, and 

provide a means of quantifying relevant metabolic transformations. Recent studies 

range from extensive biomarker surveys combined with phylogenetic CARD-FISH 

probes to explore overall microbial ecology and diversity [40], to more targeted studies 

utilizing specific functional genes and biomarkers to study particular groups of 

microorganisms. For example, 16S rDNA and the amoA functional gene analysis were 

combined with crenarchaeol concentrations throughout the water column to 

demonstrate the presence of different phylotypes of AOA at very low oxygen 

concentrations in the Black Sea [42]. Another study exploring carbon flow through the 

microbial community in the mesopelagic of the North Pacific Subtropical Gyre used 

both the radiocarbon content of microbial DNA and the abundance of the amoA 

functional gene to demonstrate the importance of chemoautotrophy at depth [43]. Most 

recently, a study integrating lipid biomarker, metagenomics, and 16S rRNA analysis 

revealed the previously unrecognized contribution of Euryarchaeota to tetraether lipid 

production at intermediate ocean depths [44].  
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Figure 1.1 Structural examples of lipid biomarkers analyzed in this dissertation work. 
“R1” and “R2” in the IP-DAG structure represent fatty acid chains. 
 

Organization of the dissertation 

 This dissertation focuses on the combined use of lipid and genetic biomarkers to 

investigate microbial metabolic diversity and function in marine environments. The first 

three chapters explore hopanoids and the ecology of their microbial producers, while 

the fourth chapter focuses on intact polar lipids. In Chapter 2 I investigate abundances 

and structural diversity of hopanoids in anoxic, suboxic, and oxic regions of the marine 

water column, and also characterize the genetic diversity of the gene responsible for 

hopanoid biosynthesis. Chapter 3 reports the development of a novel qPCR assay for a 

clade of putative Alphaproteobacteria-affiliated hopanoid producers (identified in 

Chapter 2), to provide the first information on the abundance of hopanoid producers in 

low oxygen environments. In addition, searches of several low-oxygen metagenomes 

revealed a previously unrecognized connection between nitrite availability and 

hopanoid producers in these environments. Chapter 4 investigates the diversity and 

distribution of hopanoid producers in a metagenomic dataset from the Red Sea, and in 
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the process further explores the potential connections with nitrogen cycling identified in 

the previous chapter. Chapter 5 moves away from hopanoids to investigate the IP-

DAG biomarker composition of POM samples from as deep as 5000m in the 

oligotrophic Tonga Trench. Comparison of environmental IP-DAG data with the IP-

DAG profiles of cultured organisms provided both new information on the extent to 

which surface picophytoplankton-associated IPLs penetrated into the meso- and 

bathypelagic environment, and evidence of particular IP-DAGs that could serve as 

important biomarkers for freshly-produced heterotrophic biomass at depth. 

Combination with 16S and 18S rDNA community composition shed light on likely 

sources for the observed IP-DAGS throughout the water column and elucidated the food 

web dynamics at this oligotrophic western South Pacific location. Together the chapters 

in my thesis provide new information on lipid biomarker distributions and sources, and 

while my work was primarily exploratory, the chapters of this thesis provide an 

important foundation for future studies that seek to apply BHPs and IP-DAGs in studies 

of marine biogeochemical interactions.   
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Composite Bacterial Hopanoids and Their Microbial Producers across
Oxygen Gradients in the Water Column of the California Current

Jenan J. Kharbush,a Juan A. Ugalde,a Shane L. Hogle,a Eric E. Allen,a,b Lihini I. Aluwiharea

Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California, USAa; Division of Biological Sciences, University of California, San Diego, La
Jolla, California, USAb

Hopanoids are pentacyclic triterpenoid lipids produced by many prokaryotes as cell membrane components. The structural
variations of composite hopanoids, or bacteriohopanepolyols (BHPs), produced by various bacterial genera make them poten-
tially useful molecular biomarkers of bacterial communities and metabolic processes in both modern and ancient environments.
Building on previous work suggesting that organisms in low-oxygen environments are important contributors to BHP produc-
tion in the marine water column and that there may be physiological roles for BHPs specific to these environments, this study
investigated the relationship between trends in BHP structural diversity and abundance and the genetic diversity of BHP pro-
ducers for the first time in a low-oxygen environment of the Eastern Tropical North Pacific. Amplification of the hopanoid bio-
synthesis gene for squalene hopene cyclase (sqhC) indicated far greater genetic diversity than would be predicted by examining
BHP structural diversity alone and that greater sqhC genetic diversity exists in the marine environment than is represented by
cultured representatives and most marine metagenomes. In addition, the genetic relationships in this data set suggest mi-
croaerophilic environments as potential “hot spots” of BHP production. Finally, structural analysis of BHPs showed that an iso-
mer of the commonly observed BHP bacteriohopanetetrol may be linked to a producer that is more abundant in low-oxygen
environments. Results of this study increase the known diversity of BHP producers and provide a detailed phylogeny with impli-
cations for the role of hopanoids in modern bacteria, as well as the evolutionary history of hopanoid biosynthesis, both of which
are important considerations for future interpretations of the marine sedimentary record.

Hopanoids, including the extended, side chain-containing bac-
teriohopanepolyols (BHPs), are pentacyclic isoprenoid lipids

produced by some prokaryotes as cell membrane components
(see Fig. S1 in the supplemental material or reference 1 for struc-
ture examples). Once described as the most abundant natural
products on earth (2), BHPs and their degradation products are
found almost ubiquitously across Earth’s surface environments
and in the fossil record, up to 2.7 billion years ago (3). The ho-
panoid ring structure is resistant to degradation and is well pre-
served in soils, rocks, and petroleum deposits and is frequently
used as a biomarker indicating the presence of bacteria in ancient
environments. Most famously, hopanoids methylated at the C-2
position in the sedimentary record were hypothesized to represent
the presence of cyanobacteria and thus potentially the rise of
oxygenic photosynthesis, since this structural modification is
commonly observed in many modern freshwater cyanobacteria
(4). Subsequent studies demonstrating the production of
2-methylbacteriohopanepolyols by an anoxygenic phototroph
under anaerobic conditions, however, indicated that the po-
tential origins of sedimentary 2-methylhopanes cannot be re-
stricted to cyanobacteria (5). In addition, the gene responsible
for C-2 methylation has been identified in alphaproteobacteria
and freshwater cyanobacteria but not in marine cyanobacteria
(6), raising the possibility that 2-methylhopanes were depos-
ited under anaerobic conditions by anoxygenic organisms in
addition to ancient cyanobacteria.

Accurate interpretation of the presence of hopane biomarkers
in the sedimentary record, therefore, may require a more detailed
knowledge of their distribution and function in modern microor-
ganisms. Similar to the physiological role of sterols in eukaryotic
membranes, BHPs appear to be involved primarily in membrane
stabilization and were recently shown to have the same mem-

brane-ordering properties as sterols (7). Unlike sterols in eukary-
otic organisms, BHPs do not appear to be essential for overall cell
growth and survival in bacteria (8, 9), presumably because those
that lack BHPs produce other membrane lipids to compensate.
BHPs are also important in other membrane functions such as pH
tolerance and antibiotic resistance (8, 10), lipid raft formation
(11), and late stationary-phase survival (12). However, most of
these physiological roles were identified in cultured organisms,
and in many cases it seems that roles important in one organism
are not necessarily important in another. Furthermore, very little
is known about the functions these BHPs might have in the natu-
ral environment, particularly in the marine environment.

BHPs exhibit considerable structural diversity, differing in the
number, position, and nature of the functional groups in the side
chain (1). The most common BHPs identified are tetrafunction-
alized, usually with hydroxyl groups at C-32, C-33, and C-34, with
the C-35 position (see Fig. S1 in the supplemental material) occu-
pied by another hydroxyl, amino, or more complex structure such
as an amino sugar or acid. These more complex structures are
referred to as “composite BHPs.” Common variations observed
within the pentacyclic ring structure include methylation at C-2 or
C-3 or unsaturation at C-6 or C-11 (see Fig. S1). In some cases,
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these structural variations appear to be associated with certain
groups of bacteria, making BHPs possible molecular biomarkers
of bacterial communities and metabolic processes. For example,
type I methanotrophs contain abundant hexafunctionalized
BHPs, while type II methanotrophs contain mostly tetra- and
pentafunctionalized compounds (13, 14). However, currently the
use of BHPs to fingerprint microbial communities is limited by a
lack of knowledge of modern hopanoid distribution and abun-
dance in natural environments, as well as how environmental con-
ditions may influence the source and magnitude of hopanoid pro-
duction.

BHP sources and distribution in the pelagic environment of
the ocean are poorly understood. Only a few studies have directly
measured BHPs in the water column (15–17). In these studies, the
highest concentration of BHPs was observed in regions of the
water column that were suboxic to anoxic, suggesting that organ-
isms living in these transitional environments may be important
contributors to BHP production in the water column. Initial cul-
ture studies seemed to restrict hopanoid biosynthesis to aerobic
organisms (14), but it is now clear that many facultative and some
strict anaerobes can also produce BHPs (5, 18, 19), including
those methylated at the C-2 position.

The identities of these important BHP producers in low-oxy-
gen environments are unknown. Studies targeting the gene (sqhC)
for squalene hopene cyclase (SHC), which catalyzes the cycliza-
tion of the hopanoid ring structure (20), provide a culture-inde-
pendent method of investigating the many questions regarding
their phylogenetic associations and metabolic capabilities. An ex-
amination of the metagenomic Global Ocean Survey (GOS) data
set estimated that !4% of the marine bacteria in surface waters are
capable of hopanoid production and that these bacteria likely be-
long to uncharacterized taxa (21). Studies directly amplifying the
sqhC gene from marine environments have also demonstrated
considerable phylogenetic distance between environmental and
sequenced organisms, as well as significant diversity even within a
single environmental setting (22, 23).

Most of the genetic and metagenomic data surveyed so far,
however, originated from the upper few meters of the ocean or
from primarily aerobic environments. Whether BHP producers in
low-oxygen environments exhibit similar patterns is unknown. In
this study, we investigated the relationship between trends in BHP
structural diversity and abundance and the genetic diversity of
BHP producers in low-oxygen environments. On the basis of pre-
vious work, we hypothesized that BHP concentrations and struc-
tural diversity should increase with decreasing oxygen concentra-
tions and that more rare or unique structures might be identified
in the most anoxic samples. In addition, we expected that exam-
ining the genetic diversity of the sqhC gene would provide insight
into the identities and metabolic strategies of BHP producers, in-
cluding whether there are BHP producers that are unique to low-
oxygen environments. Therefore, we chose to sample at two sta-
tions, one inside and one outside the Santa Barbara Basin (Fig. 1).
Station 1 (34°17.3=N, 120°2.1=W, 585-m water depth) was located
near the deepest part of the Santa Barbara Basin, which is only
intermittently ventilated because of the presence of a sill that re-
stricts water circulation below a depth of about 470 m (24). Here,
bottom waters become seasonally suboxic to anoxic and com-
monly observed water column deficits in nitrate relative to phos-
phate and elevated nitrite concentrations have been attributed to
sedimentary denitrification (25). For comparison to station 1, we

chose station 2 (33°51.0=N, 119°47.6=W, 1,395-m water depth),
which is located outside the basin in normally ventilated waters of
the California Current system.

MATERIALS AND METHODS
Sample collection. All samples were collected during the Cal-Echoes
cruise on the R/V Melville in September 2010. Depth profiles of tempera-
ture and salinity were obtained via conductivity, temperature, and depth
(CTD) measurements, and dissolved oxygen concentrations were mea-
sured at both stations with a Sea-Bird Electronics oxygen probe validated
by Winkler titrations. Particulate organic matter (POM) samples were
collected by in situ filtration with two battery-powered large-volume
pumps (WTS-LV; McLane Research Laboratories, Falmouth, MA). An
acid-washed Nitex screen with a 45-!m pore size was used as a prefilter,
and POM was collected on a precombusted 0.7-!m glass fiber filter (GF/
F). Multiple deployments were carried out in order to obtain “replicate”
samples from each depth at both stations (see Table S1 in the supplemen-
tal material). Sampling volumes were determined with both the pump
control software and a mechanical flow meter attached to the pump’s
outlet, which generally agreed to within 10%. Surface POM samples were
collected with a diaphragm pump fitted with a 0.7-!m GF/F but no pre-
filter. Surface water was filtered for 45 min to 1 h per sample, but because
of changing flow rates during filtration, the total volume filtered could not
be accurately determined. All GF/Fs collected were wrapped in precom-
busted aluminum foil and immediately frozen to "80°C until extraction
in the laboratory.

Lipid extraction. Lipids were extracted according to previously de-
scribed methods (26). Total lipid extracts (TLEs) were redissolved in di-
chloromethane (DCM) to a concentration of 10 mg/ml and stored at
"20°C until further analysis. A sediment sample from station 1 in the
Santa Barbara Basin was Soxhlet extracted for 48 h in DCM-methanol
(MeOH) (2:1, vol/vol) rather than sonicated, and the TLE was then iso-
lated according to reference 26.

Derivatization and high-performance liquid chromatography
(HPLC)-atmospheric pressure chemical ionization (APCI)-mass spec-
trometry (MS) analysis of BHPs. BHPs were analyzed according to pre-
viously described methods (27), with a few modifications. TLEs were
acetylated in 1:1 pyridine-acetic anhydride for 20 min at 70°C, dried, and
then redissolved in a known volume of 60:40:20 MeOH-isopropanol-
DCM. A 10-!l volume of each TLE, adjusted to an approximate concen-
tration of 10 mg/ml, was injected onto a Zorbax Eclipse XDB (Agilent
Technologies, Santa Barbara, CA) 5-!m C18 column (150 by 4.6 mm
[inside diameter]) at room temperature. Analyses were performed with
an Agilent 1200 HPLC system coupled to a Thermo-Finnegan LTQ-XL
linear ion trap mass spectrometer equipped with an APCI source and
running in positive mode. The instrument was tuned to the molecular ion
of acetylated bacteriohopanetetrol (BHT) at m/z 655 from an infused TLE
of Rhodopseudomonas palustris TIE-1 obtained from D. Newman, Caltech
(28). MS instrument parameters were as follows: capillary temperature,

FIG 1 Map showing sampling locations for the present study.
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200°C; APCI vaporizer temperature, 400°C; source current, 6 !A; sheath
gas, 40; auxiliary gas flow, 7 (arbitrary units). Data were acquired in three
scan events, MS1, MS2, and MS3. Scan 1 was a full MS scan from 200 to
2,000 m/z. Scan 2 used a dynamic exclusion procedure to isolate ions from
scan 1 for collision-induced dissociation (CID) fragmentation by using a
mass list of known BHP parent masses. Similarly, scan 3 was programmed
to isolate the most abundant ion from MS2 for CID. Fragmentation was
achieved with CID set to an intensity of 35 (arbitrary units).

Because of the lack of authentic BHP standards, quantification of
BHPs should be considered only semiquantitative; however, for compar-
ison, all BHPs were quantified by using a standard curve generated for
acetylated BHT. This was accomplished by first quantifying the amount of
BHT present in an acetylated TLE of R. palustris TIE-1 by gas chromatog-
raphy-MS and then using the same TLE to create a standard curve on the
LC-MS. The response was linear over 3 orders of magnitude. Total BHP
concentrations were then reported relative to the concentration of BHT in
each sample.

DNA extraction and analysis. A subsample of each GF/F was ex-
tracted for DNA analysis by a previously described chloroform-phenol
extraction procedure (29), excluding the cetyltrimethylammonium bro-
mide purification step. In addition, two extractions of phenol-chloro-
form-isoamyl alcohol (25:24:1), followed by one extraction with chloro-
form-isoamyl alcohol (24:1), were substituted for the aqueous phenol and
phenol-chloroform extractions in the original procedure, respectively.
DNA was concentrated by ethanol precipitation, resuspended in a small
volume of TE buffer, and then stored at "20°C.

16S rRNA gene PCR was used to assess bacterial community diversity
at each sampling depth. DNA extracts from multiple samples from the
same station and depth were combined before amplification to reduce any
bias associated with temporal differences in sampling. The primers used
were universal 16S rRNA gene bacterial primers 27F (5= AGA GTT TGA
TCC TGG CTC AG 3=) and 1522R (5= AAG GAG GTG ATC CAG CCG
CA 3=).

PCR was also used to amplify the gene for SHC (sqhC), which is the
enzyme responsible for the cyclization of squalene to form the pentacyclic
hopanoid ring structure (17). Degenerate primers targeted conserved re-
gions from an alignment of known SHC amino acid sequences (19) to
frame the catalytic site of protonation conserved in all SHCs, a DxDD
motif. The forward primer, SHC_F, had the sequence 5= TCN CCN RTN
TGG GAY AC 3= and targets the conserved amino acid sequence SP(V/
I)WDT (19). The reverse primer, SHC_JKR, had the sequence 5= GCC
CCA NCK NCC RWA CCA 3= and targets the amino acid sequence W(F/
W/Y)GRWG, about 185 amino acids downstream of the forward primer
site. On the basis of the bacterial genomes available in databases, we expect
this degenerate primer set to cover all bacterial genera with a sequenced
representative containing an sqhC gene, with the exception of certain
planctomycetes that did not contain the conserved sites used for primer
design. For detailed PCR methods and temperature program informa-
tion, see the supplemental material.

PCR products were cloned with the Invitrogen TOPO TA cloning kit
for sequencing and the Thermo Scientific CloneJET PCR cloning kit for
16S rRNA gene and sqhC libraries, respectively, with One Shot TOP10
chemically competent Escherichia coli (Invitrogen). Colonies were picked
into the wells of 96-well plates containing 10% glycerol in LB medium (50
!g/ml kanamycin) and grown for exactly 12 h at 37°C before submission
for sequencing by Beckman Coulter Genomics.

Bioinformatic analysis. Classification using only the forward 16S
rRNA gene reads was done with the Ribosomal Database Project classifier
(30). The “marine microbial communities from the eastern subtropical
North Pacific Ocean, expanding oxygen minimum zones” metagenome
(NCBI no. 408172; GOLD no. Gm00303) was searched through the Joint
Genome Institute online portal by using the partial SHC sequence of
Alicyclobacillus acidocaldarius, which was trimmed at the forward and
reverse primer sites. Only hits containing both the catalytic site and either
the forward or the reverse primer sites were retained for further analysis.

Tree construction. In order to compare sequence distributions and
classifications between samples, a reference sqhC phylogeny was gener-
ated from an amino acid multiple-sequence alignment of the full SHC
protein obtained from 67 sequenced genomes. The multiple-sequence
alignment was constructed with the program T-Coffee (31) run under
default parameters and was trimmed with TrimAl (32) to remove col-
umns containing only gaps and to remove poorly aligned regions in the
-automated1 mode. A reference maximum-likelihood phylogenetic tree
was then constructed in RAxML v7.4.2 (33) under the gamma distribu-
tion for rate heterogeneity and using the Whelan and Goldman amino
acid substitution matrix. Robustness of inference was assessed from 500
bootstrap resamplings. For the phylogenetic analysis of environmental
sqhC sequences, the translated sequence fragments were added to the full-
length SHC reference tree alignment with MAFFT (34), and pplacer v1.1
(35) was used to locate those sequence fragments within the phylogeny of
the reference tree. pplacer infers the taxonomic classification of unknown
sequence fragments by contextualizing them within a phylogeny where
the taxonomic topology is known. In doing so, pplacer finds an attach-
ment location and pendant branch length that maximize the likelihood of
the tree with that new branch attached. A taxonomic rank is then derived
from the lowest common ancestor of the leaves of the given clade from
which the read is placed. Taxonomic ranks were collected in tabular for-
mat with the guppy to_csv command, and the class level ranking was used
in subsequent analyses regarding the taxonomic distribution of SHCs.

A traditional phylogenetic tree was also generated with partial amino
acid sequences corresponding to the region amplified by PCR. The same
reference set of sequences (including the outgroups) used in the full
amino acid sequence alignment were trimmed to match the forward and
reverse primer sites and aligned with the California Current system am-
plicons, previously published sequences (reference 19, accession numbers
EF030658 to EF030691; reference 20, accession numbers EU500771,
EU500772, EU500776, EU500783 to EU500822, and EU500824), and
metagenomic hits with MAFFT (34) with the L-INS-i option. The align-
ment was then trimmed with TrimAl (32) with the gappyout option to
give a final alignment length of 179 amino acids. Phylogenetic trees were
generated with RaxML (33) on Cipres (36) with the LG#G#I model and
2,000 bootstraps. Clades were assigned so that the median pairwise patris-
tic distances (branch lengths) between leaf nodes in the phylogeny were
smaller than the distances computed randomly among 90% of the total
sequence population. Specifically, a median pairwise patristic distance
cutoff of 0.74 resulted in clusters at this percentage level. The algorithm is
essentially as outlined previously (37), except that internal nodes in the
tree were not accounted for in our implementation. The algorithm was
implemented in R (clustertree.R code for clustering phylogenetic trees,
Glenn Lawyer, figshare [2012], http://dx.doi.org/10.6084/m9.figshare.97
225).

Nucleotide sequence accession numbers. California Current system
sqhC nucleotide sequences were deposited in GenBank under accession
numbers KF310107 to KF310134, KF310136 to KF310140, KF310142
to KF310431, KF310433 to KF310439, KF310441 to KF310479, and
KF310481 to KF310526.

RESULTS
Biogeochemical characteristics of Santa Barbara Basin POM.
Measured nutrient and oxygen concentrations from CTD casts at
stations 1 and 2 are plotted along with profiles of these variables
from the Fall 2010 CalCOFI cruise at CalCOFI station 81.8 46.9
(34.27°N, 120.02°W) in the Santa Barbara Basin and CalCOFI
station 83.3 55.0 (33.74°N, 120.4°W), near our station 2 (Fig. 2).
The oxygen profiles at both stations followed similar patterns with
depth, and station 1 was consistently more oxygen depleted than
station 2. The oxygen concentrations at a 475-m depth, as mea-
sured by modified Winkler titration, were 0.07 and 0.4 ml/liter at
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stations 1 and 2, respectively. Nitrite was also detectable in bottom
waters of the Santa Barbara Basin at station 1.

The C/N ratio and isotopic analysis of bulk POM, as described
in the supplemental material, distinguished the physical and bio-
logical settings of the two stations (see Fig. S2 in the supplemental
material). The C/N ratio of POM was low at the surface at both
stations but increased at a 475-m depth at station 1 (see Fig. S2A in
the supplemental material), and the C/N ratio of the SBB sediment
sample was elevated relative to the suspended POM in the upper
water column. The resuspension of these sediments at station 1
must be responsible in part for the increased variability in the
observed C/N ratio of POM at 475 m. Lower POM-!15N values at
the surface at station 1 suggested production fueled by recent local
upwelling, whereas the higher value of surface POM at station 2
was more consistent with horizontal advection of nitrate to fuel
production at this location (see Fig. S2B). Higher !13C values at
station 1 also reflected increased dissolved inorganic carbon utili-
zation and thus greater primary production at the surface than at
station 2. This signal was present throughout the water column at
station 1, while at station 2 !13C-POM levels increased with depth,
identifying either diagenetic processing during transit through the
water column or subsurface advection of POM from a different
location (see Fig. S2C).

BHP diversity and abundance. A total of six distinct BHP
structures were identified in water column POM samples, as
summarized in Fig. 3. For the complete identification and
quantification of BHPs in each individual sample, see Table S1
in the supplemental material. Both the structural diversity and
abundance of BHPs increased with depth and with greater su-
boxia (Fig. 4), and the most suboxic sample at station 1 con-
tained more than five times the amount of total BHP found at
the same depth at station 2.

The distribution patterns of some individual BHPs also appear
to be correlated with depth and oxygen concentration. Consistent
with its reputation as the most cosmopolitan BHP in natural sam-
ples, BHT (Fig. 3A) was present in all samples except those from
the surface, in which no BHPs were detected. BHT II, an apparent
stereoisomer of BHT I, was identified only in the station 1 samples
from a 475-m depth. The lack of BHT II in samples from station 2
at the same depth supports its association with low oxygen con-
centrations rather than the depth or environmental setting. This is
consistent with previous observations suggesting that this com-

pound is found only in the water column where oxygen levels
approach anoxia (15). BH-aminotriol (Fig. 3B) was detected in all
nonsurface samples except at a 250-m depth at station 1, and a
putative unsaturated BH-aminotriol (Fig. 3C) was detected in all
nonsurface samples except at a 250-m depth at station 2.

Samples from repeated deployments to the same depth gener-
ally agreed with each other in terms of the BHPs detected, with one
exception. In one filter from a 475-m depth at station 1, two ad-
ditional BHPs, (5=-D-ribonyl)hopane (Fig. 3D) and adenosylho-
pane (Fig. 3E), were identified that were not present in other sam-
ples from 475 m. Because of the presence of these additional
structures and also disproportionately higher BHP concentra-
tions, we treated this as a separate sample in further quantitative
BHP analysis (475=m here).

The identification of adenosylhopane, a hopanoid normally
found in sediments and used as a tracer of terrestrially derived
bacterial organic matter, combined with total BHP concentra-
tions that were 10 times higher than the other three samples from
475 m at station 1, led to the hypothesis that sediment may have
been incorporated into filter 475=m. Although we sampled well
above the bottom of the basin at station 1, it is possible that the
sediment coring activities during the CalEchoes cruise resulted in
the resuspension of sedimentary material. Therefore, one surface
sediment sample from station 1 was analyzed in order to compare
the BHP composition of sediments with that of the water column.
Four of the five hopanoids identified in sample 475=m were iden-
tified in the sediment sample: BHT I, BH-aminotriol, unsaturated
BH-aminotriol, and adenosylhopane. In addition, the sediment
sample had a higher concentration of BHPs per gram of carbon
than did water column samples (data not shown). These data sug-
gest that incorporation of sedimentary organic matter likely al-
tered the composition of this 475=m filter.

Interestingly, BHT II was not detected in the sediment sample.
A comparison of BHT I/BHT II ratios in three water column sam-
ples from 475 m at station 1 gave an average value of 3:1. However,
the 475=m filter, which had a BHP profile resembling that of the
underlying sediment, had a much lower ratio. This further sup-
ports the hypothesis that BHT II may be produced only in the
water column under anoxic conditions.

16S rRNA gene and sqhC phylogenetic analysis. 16S rRNA
gene analysis of samples from each depth demonstrated that Pro-
teobacteria dominate the suspended POM (0.7 to 43 "m) at both

FIG 2 Nutrient and oxygen measurements at stations 1 and 2 during the CalEchoes cruise, plotted with nutrient profiles from the Fall 2010 CalCOFI cruise from
CalCOFI stations 82.47 (34.27°N, 120.02°W) and 83.55 (33.74°N, 120.4°W), closest to stations 1 and 2, respectively.
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stations, and there was little difference between the two stations,
except in surface samples (Fig. 5). However, there is a shift from
Alphaproteobacteria to Gammaproteobacteria with depth, which
mirrors previous observations in the free-living bacterial commu-

FIG 3 Structures of BHPs identified at the sampled depths represented by the black diamonds. The 475=m sample, in which all five structures were identified,
is in italics.

FIG 4 Relationship between oxygen concentration and BHP diversity and
abundance. Filled and open symbols represent stations 1 and 2, respectively.
The concentration of BHT in ng/liter of water filtered (squares) and the total
BHPs relative to the BHT concentration (circles) are shown for multiple sam-
ples from each depth. The numbers of structures identified at different depths
are represented by triangles. Crosshatched shapes represent sample 475=m
from station 1.

FIG 5 Comparison of overall 16S rRNA gene distribution with sqhC sequence
classification inferred with pplacer (A) and classification of 16S rRNA gene
sequences by station and depth by using the Ribosomal Database Project (B).
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nity (38, 39). This 16S rRNA gene data set, in theory, represents
the particle-associated microbial community, but because the
GF/Fs used for sample collection have only a nominal pore size of
0.7 !m, these filters could potentially isolate up to 50% of the
free-living community as well (40). Therefore, it is difficult to
partition these 16S rRNA gene data into free-living and particle-
attached communities. However, comparing the basin station
(station 1) to the open-ocean station demonstrates that changes in
class level community structure are broadly related to depth rather
than to the oxygen concentration (Fig. 5).

The sqhC gene was amplified from samples from all depths
except the surface. The absence of this gene from surface water
samples may explain why no BHP structures were identified in
these samples. Classification of translated sequences with a refer-
ence tree of full amino acid sequences from cultured organisms
shows that the phylogenetic associations of amplified SHC se-

quences appear to broadly follow the same distribution as 16S
rRNA gene classification, in that the majority of the sequences
map to representatives of the Alphaproteobacteria and Gamma-
proteobacteria (Fig. 6). As with the 16S rRNA gene distribution,
there appear to be few clear differences in the community compo-
sition of hopanoid producers between stations 1 and 2. One de-
tectable difference is that more sqhC gene sequences map to the
Gammaproteobacteria at station 1 while station 2 contains more
sequences from the Alphaproteobacteria. In addition, most of the
nonproteobacterial sequences are found at station 1 (Fig. 6).

The taxonomic associations discussed above must be treated
with caution, however, as the majority of the amplified SHCs are
not closely related to their closest sequenced relatives, averaging
60% amino acid identity with their best matches. For context,
SHCs are generally "90% identical within a genus, "75% identi-
cal within a subgroup classification such as Alphaproteobacteria,

FIG 6 Phylogenetic affiliations of SHC sequences with pplacer. Pie charts are scaled to the log # 1 of the number of sequences (indicated next to each chart) that
could be reliably assigned to that classification level. Note that the number of sequences in each successive level does not necessarily sum to the number of
sequences depicted by the pie chart in the level above.
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50 to 60% identical between subgroups such as Gammaproteobac-
teria and Alphaproteobacteria, and 40 to 55% identical between
major groups such as Cyanobacteria and Alphaproteobacteria (22).
None of the California Current SHCs exceeded the 75% similarity
threshold and therefore cannot necessarily be assigned to a specific
class subdivision like Alphaproteobacteria or Gammaproteobacte-
ria. However, it has been previously reported that identities of
!60% may be sufficient to identify environmental SHC sequences
that are affiliated with a particular phylogenetic group (20). Most
of the California Current SHCs fall into the 55 to 74% identity
range, indicating that they are at least classifiable within a major
group such as Proteobacteria. About 12% of California Current
SHCs fall below 55% similarity and likely represent major groups
that are not yet included in genomic databases.

To view these potentially novel groups in a phylogenetic con-
text, a tree was constructed by a partial amino acid alignment (179
amino acids in length) of cultured representative SHCs, California
Current system (CC) SHC amplicons, and SHC sequences ob-
tained from other sampling sites, including a freshwater lake, Pa-
cific Ocean surface waters, and soil and aquatic samples from the
Bahamas (22, 23) (Fig. 7). Also included in the tree are positive
hits to SHCs from the newly assembled metagenome project,
“marine microbial communities from expanding oxygen mini-
mum zones (OMZs) in the northeastern subarctic Pacific Ocean”
(expanding oxygen minimums [EOM] metagenome). Genomic
sequences in the tree include at least one species of each genus
known to contain an sqhC gene. Clades consisting of closely re-
lated sequences have been collapsed to simplify the tree; however,
a list of collapsed sequences originating from each sampling depth
and station is shown in Table S2 in the supplemental material. The
tree was further divided into clades representing the top 10% of
the most closely related sequences at a given internal node with
median pairwise distance thresholding. For the distribution of
sequences in each clade, see Fig. S3 in the supplemental material.
The colored bars provide a crude metabolic context for uncul-
tured hopanoid producers based on the metabolic capabilities of
the closest cultured organisms in the tree.

DISCUSSION
Our analysis demonstrates that both BHP abundance and struc-
tural diversity increase with decreased water column oxygen con-
centrations, in agreement with previous observations (15). This
finding suggests that bacteria living under these conditions are
important contributors to BHP production in the marine water
column and that there may be physiological roles for hopanoids
associated with these low-oxygen environments. This is supported
by the phylogenetic distribution of these environmental SHCs in
relation to cultured organisms, which suggests that hopanoid pro-
ducers in this data set most likely possess what we might call
“fringe” metabolic strategies in order to grow under transitional
environmental conditions. Many of these are thought to be an-
cient survival strategies that originated early in microbial evolu-
tion, before the permanent oxygenation of the oceans and atmo-
sphere. Thus, greater SHC diversity may exist in low-oxygen
environments, particularly within oxic-anoxic transition zones,
which require specialized metabolic strategies relative to normally
ventilated environments. Alternatively, extant hopanoid produc-
ers sampled here may be relics from a time when oxygenation and
deoxygenation of the oceans were spatially and temporally wide-
spread, such that these organisms can now thrive only in special-

ized environments such as the transitional environments captured
in this study. Along with the fact that so far none of the major
oceanic phylotypes such as the SAR11 or Roseobacter clade have
been found to contain an sqhC gene, the present findings may
explain why relatively few sqhC sequences were obtained from the
GOS data set (21), which included exclusively aerobic environ-
ments in ocean surface waters.

Recent work on BHPs has been focused on understanding the
distribution of BHP side chain diversity in various environments,
with the goal of using such distributions to fingerprint hopanoid-
producing bacterial communities and processes (41–43). How-
ever, while there appear to be a number of structures that can be
associated with specific bacterial groups or metabolisms (13, 14),
the cosmopolitan nature of the structures observed in this study
makes it challenging to link a chemical structure with a biological
source in the marine environment. For example, we did not iden-
tify any methylated BHPs even in the most anoxic samples, despite
the identification of a group of sqhC sequences that appears to
cluster with a cultured representative of methanotrophic bacteria
that are thought to be the major source of 3-methylbacterio-
hopanepolyols in the environment (Fig. 7, clade 2). In fact, none
of the structures observed here are exclusive to particular bacterial
groups or to marine environments, with the possible exception of
BHT II. The identification of BHT II only in anoxic samples sug-
gests that this isomer may be one of the few marine BHP structures
with an environmental pattern and has the potential to be devel-
oped as a biomarker for water column hypoxia/anoxia that could
be used in studies of past environments, as well as present ecosys-
tems. This utility would be enhanced should BHT II prove to be
the same compound as a similarly eluting BHT isomer observed
previously (51), which may be a C22 isomer on the basis of the
continued presence of the second isomer even after cleavage of the
side chain by periodic acid oxidation.

With regard to interpretation of the geologic record, the in-
crease in the total relative abundance of BHPs with decreasing
oxygen concentrations may be the more interesting trend. This
trend has been observed consistently in other low-oxygen regions,
including the Arabian Sea, the Peru Margin, and the Cariaco Basin
(15), as well as the Black Sea (17). In these studies, nearly all pro-
files of BHPs display a 5- to 7-fold increase in concentration, with
maxima near the top of or within the anoxic zone. Assuming that
a significant fraction of the BHP flux to sediments originates from
the water column, the varying concentration of hopanoids in ma-
rine sediments could potentially reflect oxygen concentration
changes in the overlying water column. In combination with other
biomarkers, as well as isotope measurements, such variations in
overall hopanoid abundance could be useful for identifying past
anoxic events. The SBB would be an ideal place to investigate
whether these variations in total hopanoids would be large and
responsive enough to be observed in sediment cores. The distri-
bution pattern of hopanoids in ancient sediments might also give
insight into the past extent of OMZs, a topic that is becoming
more relevant because of recent observations that modern OMZs
appear to be expanding (44).

The diversity of the amplified SHC sequences reflects the ob-
servation that low oxygen gradients harbor a kind of metabolic
diversity different from that of normally ventilated environments
(45). The CC SHCs (CC sequences in Fig. 7) are not closely related
to the SHC sequences previously amplified from other environ-
ments, and few clades in the phylogenetic tree contain both.
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Rather, the CC SHCs group mostly with each other in several large
clades and/or with cultured representatives. Notably, the previ-
ously identified “unknown marine group” (UMG) of SHC se-
quences (20), consisting of clades 9 and 10 (Fig. 7), contains no CC
SHCs. However, the environments previously sampled (22, 23)
are distinct from the low-oxygen environments of the eastern
North Pacific Ocean sampled here, and this may explain the lim-
ited homology between our sequences and previously sequenced
environmental SHCs. In fact, some CC and EOM sequences (clade
12) fall near clades 9 and 10 but do not cluster directly with pre-
vious sequences assigned to the UMG.

In contrast, many of the SHC sequences obtained from the
EOM metagenome do show close similarity to sequences ampli-
fied from the California Current system, with an average of 83%
similarity. This suggests that primer bias is not responsible for the
dissimilarity between CC sequences and those obtained in previ-
ous studies. The EOM SHCs are represented in the largest clades in
the tree, made up primarily of CC sequences, such as clades 1, 5,
and 6 (Fig. 7). Furthermore, while SHCs from low-oxygen waters
are found in nearly every part of the phylogenetic tree in Fig. 7, the
large clades contain sequences from all of the California Current
system samples analyzed, as well as EOM metagenomic sequences.
Therefore, the individuals identified in these clades likely include
groups of hopanoid producers that are cosmopolitan in regions
with relatively low oxygen levels like the eastern North Pacific
Ocean. Focusing on BHP producers in these large clades to exam-
ine environmental variability and abundance may enable a more
accurate estimate of their contribution to the pelagic microbial
community. Examination of other low-oxygen metagenomes may
reveal whether these groups can be found outside the Eastern Pa-
cific region as well.

Overall, the genetic diversity of the sqhC gene provides addi-
tional insight into the metabolic capabilities and evolutionary his-
tory of uncultured hopanoid producers in the environment, in-
formation not provided by the identification of BHP structures
themselves. The broad phylogenetic distribution of SHCs from
the California Current system (Fig. 7) supports the idea that a
wide range of bacterial groups is capable of hopanoid production
and suggests an ancient lineage with little evidence of frequent
lateral transfer of the sqhC gene, as the trees of sqhC sequences are
similar in topology to trees based on 16S rRNA gene sequences.
These results are consistent with the conclusions of previous work
(20). We interpret the cooccurrence of sqhC with unusual bacte-
rial metabolic strategies that are in many cases linked to low-oxy-
gen environments as reflecting a connection between sqhC evolu-
tion and metabolic strategies within reducing environments (Fig.
7). This is discussed in more detail below.

Many of the characterized hopanoid producers possess multi-
ple metabolic strategies and adaptations consistent with their
presence in challenging environments. These organisms include
those living at extreme temperatures or pHs (e.g., Streptococcus
thermophilus, A. acidocaldarius), in polluted environments (Cu-
priavidus necator N1), in anoxic sediments (Geobacter sp.), and in
soils where gas concentrations, pH, and salinity often vary and

where metabolic plasticity is common (Rhizobiales). In addition,
many of the metabolically versatile organisms identified in Fig. 7
also possess multiple nitrogen metabolisms and even those organ-
isms considered to be primarily aerobic have evolved to tolerate
low-oxygen conditions. Examples among the Proteobacteria in-
clude Methylococcus capsulatus (46), Nitrobacter sp. (47), and R.
palustris (48). Similarly, “Candidatus Nitrospira defluvii” is a ni-
trite-oxidizing bacterium (NOB) that has key genes that function
in nitrite oxidation, electron transport, and respiration in com-
mon with the annamox organism “Candidatus Kuenenia stutt-
gartiensis” (49), suggesting that these organisms may have co-
evolved under low-oxygen conditions. Members of the phylum
Nitrospirae are also related to the major marine NOB Nitrospina
gracilis, which lacks classical reactive oxygen defense mechanisms
and uses the reductive tricarboxylic acid cycle for carbon fixation
(50), indicating that it likely evolved under microaerophilic con-
ditions as well.

Although the interpretation of metabolic associations is some-
what limited by the phylogenetic distance between cultured and
environmental sequences and the low bootstrap support for
deeper nodes in the tree, the overall distribution of CC SHC se-
quences in relation to these potential metabolic groups supports
the observation that hopanoid biosynthesis is phylogenetically
widespread but uncommon among the majority of modern pro-
karyotes and suggests that hopanoid production may be associ-
ated with ancient metabolic strategies that are found in a limited
number of modern environments. The distribution of SHCs from
the low-oxygen environments of the eastern Pacific further sug-
gests that extant producers are likely related to early hopanoid-
producing organisms that evolved alongside microaerophilic
metabolic strategies necessary to survive the varying redox condi-
tions that characterized the early Earth.

Clearly, the abundance of hopanoids in the geological record
suggests that their biosynthesis was once more common. We
could imagine a scenario on the early Earth where hopanoids were
important components of ancient bacterial membranes but be-
came less important as oxygen concentrations increased and new
metabolic strategies emerged to fill new environmental niches.
Over evolutionary time scales, this would have resulted in the loss
of the biosynthetic pathway from most bacterial genomes and
only those organisms that continued to use metabolic strategies
allowing them to occupy biogeochemically challenging, special-
ized niches retained the ability to synthesize hopanoids. This is a
possible explanation for the absence of sqhC from the genomes of
today’s major marine clades, which for the most part occupy aer-
obic, mesophilic environments in the upper ocean rather than the
microaerophilic environments to which extant hopanoid produc-
ers appear to be adapted.

A major goal of examining the diversity of composite BHPs in
modern-day marine environments is to facilitate the link between
the sedimentary inventory of these compounds and their water
column source. An extension of this goal is to understand why
BHPs are produced, which requires an understanding of the met-
abolic characteristics that require BHP biosynthesis and whether

FIG 7 Maximum-likelihood tree of SHC and oxidosqualene cyclase sequences from characterized bacterial species (italics) and alignable sequences from the
California Current (pink), previous studies including freshwater and marine samples from the Bahamas (purple), soil from the Bahamas (brown), Hawaii surface
waters (light blue), and Lake Mishwam, a methanogenic freshwater lake (green). Hits from the EOM metagenome are in dark blue. Nodes marked with solid
circles indicate bootstrap equivalents of 0.5 or greater, while empty circles indicate values of !0.5.
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BHPs are essential for the survival of these organisms in particular
environments. Our data and those of others (15) confirm that
structural characterization of composite BHP structures in the
water column with the goal of linking structural diversity to
source and metabolism is challenging and perhaps prohibitive
because of both the cosmopolitan nature of certain BHPs and the
low concentrations of individual, more rare or unique BHPs.
However, our genetic survey of sqhC, as in previous work (20),
confirms that this approach is more successful at identifying the
potential metabolic strategies of hopanoid producers and brings
us a step closer to understanding their evolutionary history and
the ecological niches they occupy in the modern ocean. It also
identifies a heretofore undocumented diversity of BHP producers
in low-oxygen environments and confirms hypotheses concern-
ing the “fringe” nature and potential environmental plasticity of
these hopanoid producers.
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SUPPLEMENTARY MATERIAL 
 
Detailed PCR methods 
 
Reactions were prepared in 25 uL PCR tubes, using Promega’s GoTaq® Green Master 

Mix, with final primer concentrations of 5 uM. 

Touchdown temperature program:  
 
Initial Denaturation: 94C for 3 min 
5 cycles of 94C for 40s, 60C for 1.5 min, 72C for 1.5 min 
5 cycles of 94C for 40s, 58C for 1.5 min, 72C for 1.5 min 
5 cycles of 94C for 40s, 56C for 1.5 min, 72C for 1.5 min 
5 cycles of 94C for 40s, 54C for 1.5 min, 72C for 1.5 min 
20 cycles of 94C for 40s, 52C for 1.5 min, 72C for 1.5 min 
Final extension: 72C for 15 min 
 
 
CHN analysis 
 
Carbon to nitrogen ratios and isotopic composition of suspended POM (C:N,  δ13C 

and δ15N) was determined at the Scripps Institution of Oceanography’s Stable Isotope 

Facility using a continuous flow system consisting of a Perkin Elmer CHN analyzer 

coupled to a ThermoFinnigan Delta Plus IRMS. Each GF/F filter and blank filter was 

subsampled and each subsample was dried, acidified overnight to decarbonate, and 

weighed into tin capsules for analysis. All data were corrected for elemental and isotope 

blanks. Isotope data are reported in standard del notation relative to either PDB (carbon) 

or N2 gas (nitrogen) as a standard. 
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Figure S2.1. C:N molar ratio (A) and stable isotope (B,C) content of POM samples. Data 
points represent the average value for each depth. Two samples were analyzed for each 
depth, except for the surface where only one sample was analyzed for both Station 1 and 
Station 2. Error bars represent the spread of obtained values.   
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Figure S2.2. Distribution of sequences within the clades assigned in Figure 7. “AP 
sequences” refers to the environmental SHCs previously amplified by Pearson et al. 
(2007, 2009).  
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Table S2.1. BHP quantification data for individual GF/F filters. 
	  

	  
	  

Table&A1.&BHP&Quantification&Data&for&individual&GF/F&filters

Station'1
Depth&(m) O2&conc'n&(mL/L) BHT&(ng/L) Total&BHP/BHT Number&structures

475 0.0685 0.11 9.09 4
475 0.0685 2.77 8.12 6 <PP&Station&1&475'm&filter
475 0.0685 0.30 9.32 4
475 0.0685 0.07 7.64 4
350 0.3625 0.08 1.60 3
250 0.805 0.18 1.42 2
250 0.805 0.04 1.00 2

0 6.701 0 0 0
0 6.701 0 0 0
0 6.701 0 0 0
0 6.701 0 0 0
0 6.701 0 0 0

Station'2
Depth(m) O2&conc'n&(mL/L) BHT&(ng/L) Total&BHP/BHT Number&structures

475 0.39 0.04 2.03 3
475 0.39 0.17 1.37 3
250 1.3 0.13 1.00 2
250 1.3 0.19 1.00 2

2 6.06 0 0 0
2 6.06 0 0 0
2 6.06 0 0 0
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Chapter 3: Distribution and abundance of hopanoid producers in low oxygen 

environments of the Eastern Pacific Ocean 
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ABSTRACT 1	  

 Hopanoids are bacterial membrane lipid biomarker molecules that feature 2	  

prominently in the molecular fossil record. In the modern marine water column, recent 3	  

reports implicate bacteria inhabiting low oxygen environments as important sources of 4	  

hopanoids to marine sediments. However, the preliminary biogeography reported by 5	  

recent studies and the environmental conditions governing such distributions can only 6	  

be confirmed when the numerical abundance of these organisms is known with more 7	  

certainty. In this study, we employ two different approaches to examine the quantitative 8	  

significance of phylogenetically distinct hopanoid producers in low oxygen 9	  

environments. First, we develop a novel qPCR assay for the squalene hopene cyclase 10	  

(sqhC) gene, targeting a subset of hopanoid producers previously identified to be 11	  

important in the Eastern North Pacific Ocean. The results represent the first quantitative 12	  

gene abundance data of any kind for hopanoid producers in the marine water column, 13	  

and show that these putative alphaproteobacterial hopanoid producers are rare, 14	  

comprising at most 0.2 percent of the total bacterial community in our samples. Second, 15	  

a complementary analysis of existing low oxygen metagenomic datasets further 16	  

examined the generality of the qPCR observation. We find that the dominant sqhC 17	  

sequences in these metagenomic datasets are associated with phyla such as Nitrospina 18	  

rather than Proteobacteria, consistent with the qPCR finding that alphaproteobacterial 19	  

hopanoid producers are not very abundant in low oxygen environments. In fact, positive 20	  

correlations between sqhC gene abundance and environmental parameters in these 21	  

samples identify nitrite availability as a potentially important factor in the ecology of 22	  

hopanoid producers that dominate low oxygen environments.  23	  
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INTRODUCTION 24	  

Hopanoids are pentacyclic triterpenoid bacterial membrane lipids that are found 25	  

ubiquitously across many diverse modern environments as well as in fossil records. 26	  

Because of this preservation over extremely long time scales, they are considered 27	  

“molecular fossils” and are frequently utilized as biomarkers in geochemical or 28	  

geobiological studies of the sedimentary record and ancient ecosystems [1–3]. In order 29	  

to elucidate the provenance of hopanoids in these settings, particularly in the marine 30	  

environment, recent studies have focused on the spatial and temporal distribution of 31	  

composite hopanoids (or bacteriohopanepolyols, BHPs) in the water column [4–7]. 32	  

These studies demonstrated that both BHP concentration and structural diversity 33	  

increase with decreased oxygen concentration, and that there may be certain BHP 34	  

structures specific to organisms found in low oxygen marine environments [4, 8]. 35	  

However, the seemingly cosmopolitan nature of the major hopanoid structures 36	  

identified in marine environments makes it challenging to connect this structural 37	  

diversity with source organism or metabolism.  38	  

In contrast, molecular approaches examining the genetic diversity of the gene 39	  

primarily responsible for hopanoid biosynthesis, squalene hopene cyclase (sqhC and 40	  

SHC for the gene and protein, respectively), have proven more successful at identifying 41	  

the potential metabolic strategies and environmental niches of hopanoid producers in 42	  

the marine environment. Importantly, the majority of sequences recovered using 43	  

targeted PCR and clone libraries are putatively associated with Proteobacteria, based 44	  

on their closest sequenced relatives and placement within phylogenetic trees [7, 9]. 45	  

Analysis of the Global Ocean Sampling (GOS) metagenomic dataset yielded a similar 46	  
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result, with the additional observation that the identified SHC sequences were most 47	  

closely related to the sub-phylum Alphaproteobacteria, especially in open ocean 48	  

environments [10].  49	  

Despite these advances, there is still little known about the microbial ecology of 50	  

hopanoid-producing bacteria including the environmental factors that control their 51	  

distribution in the modern water column. As a first step it would be useful to examine 52	  

any variability in their numerical abundance across different marine environments, yet 53	  

such quantitative data are notably lacking from recent studies. The evidence that low 54	  

oxygen environments may harbor unique hopanoid producers led us in this study to 55	  

employ two methods to quantify bacteria that contain the sqhC gene in these regimes. 56	  

Quantifying hopanoid molecules, for which there is ample precedent [e.g. 4, 5, 11], is 57	  

helpful but such investigations are unable to provide information on the functional 58	  

diversity or abundance of particular hopanoid producers, which is ultimately necessary 59	  

for understanding their ecology. Because of the apparently ubiquitous distribution of 60	  

Alphaproteobacteria-like sqhC sequences found in the marine environment across both 61	  

depth and oxygen concentration gradients, we hypothesized that alphaproteobacterial 62	  

hopanoid producers might also be numerically important in low oxygen environments.  63	  

Here we use phylogenetic information obtained previously [7] to design specific 64	  

qPCR primers for a potentially ecologically relevant clade of Alphaproteobacteria- 65	  

affiliated hopanoid producers in the Eastern North Pacific region. In addition, we 66	  

explored the overall abundance of hopanoid producers by searching several publically 67	  

available metagenomes from marine oxygen minimum zones for which corresponding 68	  

environmental metadata was available. The results represent the first data on the 69	  
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abundance of hopanoid-producing bacteria in the marine water column, and provide 70	  

insight into the environmental factors that influence their distribution in low oxygen 71	  

environments. 72	  

 73	  

MATERIALS AND METHODS 74	  

Sample collection  75	  

A summary of all samples analyzed and sampling locations is provided in 76	  

Figure 3.1. Samples representing the POM-associated microbial community (0.7-45 77	  

µm) were collected on 142 mm 0.7 µm glass-fiber filters (GF/F) during the Cal- 78	  

ECHOES cruise on the R/V Melville in September 2010, using in situ filtration as 79	  

described previously [7]. During the same cruise, 30L of water was also filtered 80	  

sequentially through 3 µm and 0.7 µm pore sizes onto 0.2 µm Sterivex filters to obtain 81	  

the 0.2-0.7 µm size fraction. Sterivex filters were filled with sucrose lysis buffer (10 82	  

mM EDTA, 400mM NaCl, 0.74M sucrose, 50 mM Tris-Cl pH 8.3) and frozen at -80°C 83	  

until further analysis. An additional water sample from the San Pedro Basin was 84	  

collected opportunistically on the June 2014 Upwelling Regime In-situ Ecosystem 85	  

Efficiency study (Up.R.I.S.E.E., University of Southern California) cruise to the San 86	  

Pedro Ocean Time series (SPOT) station. Approximately 20L from 850m depth were 87	  

filtered through a 142 mm GVWP filter (Durapore, 0.2 µm pore size) which was then 88	  

flash-frozen in liquid nitrogen. Finally, the sediment sample analyzed here was 89	  

collected by multicore from the Santa Barbara Basin in 2013, from approximately the 90	  

same location as Cal-ECHOES 1, from a depth of 10-12 cm below the sediment-water 91	  

interface.  92	  
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 93	  

Figure 3.1. Map showing the various sampling locations: Cal-ECHOES 1 is located 94	  
within the anoxic Santa Barbara Basin, while Cal-ECHOES 2 is located outside of the 95	  
basin in a normally ventilated region of the California Current. SPOT is located in the 96	  
San Pedro Basin. The table lists the individual samples corresponding to each location, 97	  
as described in the text. 98	  
 99	  

DNA extraction 100	  

DNA was extracted from GF/F filters as previously described [7]. Sterivex 101	  

filters were extracted by first adding Proteinase K (final concentration 0.5 mg ml-1) and 102	  

SDS (final concentration 1%) to each cartridge and incubating at 55ºC for 25 minutes 103	  

followed by incubation at 70ºC for 5 minutes. The resulting lysate was removed using a 104	  

syringe and DNA was extracted using a standard phenol:chloroform procedure. The 105	  

GVWP filter was extracted using the same procedure as above but was first incubated at 106	  

37°C for 2 hours with lysozyme added at a final concentration of 3 mg/mL. The 107	  

sediment sample was extracted using the PowerSoil DNA Kit (MoBio).  108	  

 109	  

qPCR primer and assay design 110	  

Cal-ECHOES 2

SPOT

Santa Barbara Basin

San Pedro Basin

0.7 um fractionCal-ECHOES 1 Station Depth (m)
Cal-ECHOES 1 0
Cal-ECHOES 1 250
Cal-ECHOES 1 475
Cal-ECHOES 2 250
Cal-ECHOES 2 475

Cal-ECHOES 1 50
Cal-ECHOES 1 150
Cal-ECHOES 1 400
Cal-ECHOES 1 586
Cal-ECHOES 2 150
Cal-ECHOES 2 700
Cal-ECHOES 2 1300

San Pedro Basin 700

0.2 - 0.7 um fraction

Sediment
Cal-ECHOES 1 10-12(cm)
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qPCR primers for sqhC were designed using a previously published phylogeny [7] to 111	  

target a clade containing a significant number of all recovered sequences from the Santa 112	  

Barbara Basin, as well as several sequences from the “Marine microbial communities 113	  

from the eastern subtropical North Pacific Ocean, expanding oxygen minimum zones” 114	  

metagenome (EOM, hereafter; NCBI no. 408172; GOLD no. Gm00303). An alignment 115	  

of 168 sequences making up this clade was generated using Mafft [12] with the L-INS-i 116	  

option and specific primers were designed to frame the catalytic site of SHC (DxDD 117	  

motif [13, 14]), resulting in a PCR product of approximately 80 bp. Primer specificity 118	  

was verified by in silico testing using PrimerBLAST (NCBI), and by cloning and 119	  

sequencing the amplified products. Additionally, in order to estimate the relative 120	  

abundance of Clade 1 sqhC genes in the water column, a previously published universal 121	  

eubacteria 16S qPCR primer set [15] was used in parallel with our sqhC primers. The 122	  

amplification efficiencies were similar between the two primer sets (e.g. 99% and 95% 123	  

for sqhC and 16S, respectively, see Online Resource 1). Expressing sqhC abundance as  124	  

a percentage of total bacteria also controls for differences in DNA extraction between 125	  

samples.  All primers used are shown in Table 3.1. 126	  

 127	  

Table 3.1. Primers used in this study. 128	  

Primer 
name 

Target 
gene 

Sequence (5’- 3’) Length 
(bp) 

GC 
(%) 

Tm 
(°C) 

Ref. 

sqhC_1AL sqhC TCG GTG TAA GGC CAT 
GAC TA 

20 50 58.1 This study 

sqhC_1AR sqhC GGT GGT TGG GCA TTT 
CAG T 

19 52.6 58.2 This study 

932f 16S CGC ACA AGC RGY GGA 
GYA TGT G 

22 61.4 62.3 Allen et al. 
2005  

1062r 16S CAC RRC ACG AGCTGA 
CGA 

18 61.1 57.7 Allen et al. 
2005 
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qPCR assays were performed using a Rotor-Gene Q Real-Time PCR cycler 129	  

(Qiagen). Each reaction contained 10µL of 2X Maxima SYBR Green/ROX qPCR 130	  

Master Mix (Thermo Scientific), 1 µL of 10X BSA, 0.6 µM of each primer, 0.5 ng of 131	  

DNA template, and water to 20µL. Amplification cycling conditions for sqhC were 10 132	  

min at 95°C, followed by 40 cycles of 95°C for 30s, 56°C for 30s, and 72°C for 45s, 133	  

and finished with a melting curve (72-95°C, 1°C every 5s) in order to verify specific 134	  

amplification. For 16S the conditions were the same except that the annealing 135	  

temperature was 58°C [15]. A dilution series of a linearized plasmid standard for each 136	  

respective gene was run along with all unknown samples. Each sample and standard 137	  

were run in triplicate, and assays repeated twice to verify the reliability of the results.  138	  

 139	  

Metagenome searches 140	  

 The EOM metagenomics project available through the Joint Genome Institute 141	  

(JGI) database includes samples collected from multiple depths and stations along the 142	  

Line P cruise track in the Gulf of Alaska. Selected metagenomes were searched through 143	  

JGI’s Integrated Microbial Genomes/with Microbial Samples (IMG/M) portal using 144	  

BLASTp (using the default E-value cutoff of 1E-05) and the SHC protein sequence from 145	  

Rhodospirillum rubrum, the closest sequenced relative to the Clade 1 sequences. 146	  

Potential hits were verified as SHCs using known conserved amino acid motifs, as 147	  

previously described [14, 16]. Because of the high degree of conservation found in 148	  

SHCs, changing the query sequence did not affect the search results. Note that while we 149	  

previously searched the EOM metagenomics project in full [7], we retained solely 150	  

longer sequences that could be added to an existing SHC alignment, which was used to 151	  



	  

	  

40	  

construct a phylogenetic tree. In the current study we searched only a subset of the 152	  

EOM metagenomes to examine potential correlations of sqhC gene abundance with 153	  

oxygen concentrations, because not all of the metagenomes available have accessible 154	  

metadata (Table S3.1 for accession numbers). In addition, we relaxed the minimum 155	  

length criterion used in [7] to include shorter protein sequences and therefore retained 156	  

more SHC sequences for the current analysis. Thus the set of EOM SHC sequences 157	  

analyzed in this study differs from that analyzed previously. 158	  

 We also searched metagenomes from the three Microbial Oceanography of 159	  

Oxygen Minimum Zones (MOOMZ) cruises, which sampled the Eastern Tropical South 160	  

Pacific (ETSP) OMZ at Station 3 off Iquique, Chile (20°07’ S, 70°23’ W) in June 2008, 161	  

August 2009, and January 2010 (MOOMZ cruises 1, 2, and 3, respectively). Accession 162	  

numbers for metagenomes searched are provided in Table S3.2. The searches were 163	  

conducted through NCBI’s sequence read archive (SRA) using tBLASTn with an E- 164	  

value cutoff of 1E-3. To ensure full phylogenetic coverage and reduce bias we searched 165	  

each metagenome using 25 representative SHC sequences rather than a single query 166	  

sequence. The resulting nucleotide sequences from each metagenome were dereplicated 167	  

before being translated and verified as SHCs. Metadata for the metagenomes searched 168	  

was obtained through the cruise data archives available at http://www.omz.udec.cl, and 169	  

is shown in Figure S3.1.  170	  

 171	  

RESULTS  172	  

  “Clade 1” represents a closely-related group of SHC sequences found in all 173	  

samples originally examined [7] from Cal-ECHOES stations 1 and 2 (Figure 3.1) 174	  
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situated in the southern California Current region, and in the EOM metagenomes from 175	  

Line P, a well-traveled cruise track extending from Vancouver Island to Station Papa in 176	  

the Gulf of Alaska.1 We focused on this clade for several reasons. First, in this previous 177	  

study, Alphaproteobacteria-like sequences made up 60% of the total sqhC sequences 178	  

obtained from the Cal-ECHOES stations, and nearly 65% of those sequences fell within 179	  

Clade 1 [7]. In addition, these Clade 1 sequences were amplified from a range of depths 180	  

and oxygen concentrations at both Cal-ECHOES stations 1 and 2 [7]. Finally, Clade 1 181	  

contained metagenomic sequences obtained from the Line P EOM metagenomes. Line 182	  

P is located in the Subarctic Pacific, within the transition zone between the Alaska 183	  

Current and the California Current, whereas our study sites, Cal-ECHOES 1 and 2, are 184	  

situated firmly in the Southern California Bight region and are influenced by the 185	  

California Current. Therefore, because Clade 1 contains sequences found in completely 186	  

different biogeochemical provinces, we hypothesized that this clade could represent a 187	  

group of hopanoid-producers ubiquitous in the Eastern North Pacific and as a result, 188	  

might be an ecologically relevant group worthy of further study.  189	  

In addition, sqhC is an ancient gene found across a wide range of modern 190	  

bacterial genera [7, 9, 16], but estimated to occur in only 5-10% of all bacterial species 191	  

[10, 16]. This broad but sparse phylogenetic coverage makes designing universal qPCR 192	  

primers challenging. Because the Clade 1 sequences are closely related at the amino 193	  

acid level (83 percent identity on average) it was possible to design specific and 194	  

efficient qPCR primers. Cloning and sequencing of the amplified products from several 195	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Further information on the Line P program can be found on the program website at: 
http://www.pac.dfo-mpo.gc.ca/science/oceans/data-donnees/line-p/index-eng.html 
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samples, including the sample from the San Pedro Basin, confirmed amplification of 196	  

exclusively sqhC sequences, and subsequent BLAST searches were used to validate that 197	  

these were very similar to Clade 1 sequences (>85% at the amino acid level). The 198	  

amplification in the San Pedro Basin sample demonstrates that these sqhC primers can 199	  

be used outside of the original study area where the sequences used to design them were 200	  

first detected. No sqhC amplification was observed in the sediment sample from Santa 201	  

Barbara Basin (from Cal-ECHOES 1), even though it contained hopanoids. 202	  

Amplification observed in this sample using the 16S primer set, however, suggests that 203	  

PCR inhibition is not a factor, and therefore the sqhC primers developed for the current 204	  

study likely target a clade found exclusively in the water column.  205	  

The qPCR results show that Clade 1 hopanoid producers comprise a very small 206	  

fraction of total bacteria in the water column (Figure 3.2), and that this fraction is fairly 207	  

consistent among most of the samples at each station. Furthermore, the size fraction 208	  

collected does not appear to make a difference in Clade 1 sqhC abundance, consistent 209	  

with previous reports of GF/F filters capturing as much as 69% of free-living bacteria 210	  

[17, 18]. Cal-ECHOES 1 in particular shows no relationship with depth or oxygen 211	  

concentration, perhaps indicating the persistence but not growth of hopanoid producers. 212	  

These bacterial communities were possibly seeded into the deeper part of the Santa 213	  

Barbara Basin when it was last flushed in early 2010 with water of relatively lower 214	  

density than observed during past flushing events [19]. The flushing dynamics of this 215	  

basin and the condition of the sill-depth (475 m) water may influence microbial 216	  

community dynamics of the basin in a unique manner. In contrast, the ratio of sqhC/16S 217	  

rDNA increases dramatically at Station 2 at an oxygen concentration of approximately 218	  
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15 uM (Figure 3.2), which corresponds to a depth of 700m in the water column. The 219	  

sqhC/16S ratio drops again, however, in the San Pedro Basin, where the oxygen 220	  

concentration is below 5 uM, corresponding to a depth of 850m. This suggests that 221	  

although Clade 1 organisms are present at many different depths and can likely exist 222	  

under varying oxygen concentrations, they may prefer a narrow window of sustained 223	  

low oxygen concentration.  224	  

 225	  

 226	  

 227	  

 228	  

 229	  

 230	  

 231	  

 232	  

 233	  
Figure 3.2 The ratio of sqhC to 16S gene abundance obtained through qPCR of POM 234	  
samples, plotted against oxygen concentration. Dashed lines identify the range of 5 to 235	  
15 µM in which Clade 1 hopanoid producers appear to be most abundant. For most 236	  
samples, error bars representing variation between replicate qPCR reactions were 237	  
smaller than the size of the symbol. 238	  

 239	  

 240	  

Because our primer set targeted only a subset of the overall SHC diversity, we 241	  

searched the Line P EOM metagenomes from the North Eastern Subarctic Pacific 242	  

(NESAP) OMZ to estimate total numbers of hopanoid producers relative to the entire 243	  

bacterial community, and by extension, the relative abundance of the Clade 1 organisms 244	  
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to the total number of hopanoid producers. The number of SHC hits identified in each 245	  

metagenome was normalized to the number of 16S hits. As expected, there were no 246	  

SHC sequences found in metagenomes amplified from surface samples, where oxygen 247	  

levels were higher. However, in contrast to the pattern shown by the qPCR data, the 248	  

abundance of SHC is positively correlated with oxygen concentration within the OMZ 249	  

(Figure 3.3). No significant correlation was observed between any other environmental 250	  

variables. Furthermore, contrary to our original hypothesis based on evidence from 251	  

previous studies, phylogenetic classification of the Line P metagenomics hits using 252	  

BLASTp demonstrated that the majority of the sequences are likely not affiliated with 253	  

Alphaproteobacteria. Instead about 70% of the 38 SHCs identified are most closely 254	  

related to bacteria in the phylum Nitrospinae, with the remainder most closely related to 255	  

environmental sequences from uncultured organisms. Nitrospina species are postulated 256	  

to be the major group of nitrite-oxidizing bacteria (NOB) in the marine environment 257	  

[20]. Genomic studies suggest that this species is adapted to oxidize nitrite under low 258	  

oxygen conditions [20], consistent with the frequent presence of Nitrospina in oxygen 259	  

minimum zones [21, 22]. The SHC sequences have an average of 94 percent identity 260	  

with either Nitrospina sp. AB-629-B06 or Nitrospina sp. AB-629-B18, two uncultured 261	  

organisms that were recently sequenced as part of a project entitled “Dark Ocean 262	  

Microbial Single Cell Genomics”. The high percent identity suggests that these SHC 263	  

sequences can likely be classified within the same genus as these organisms [16].    264	  
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 265	  

 266	  

 267	  

 268	  

 269	  

  270	  

 271	  

 272	  
Figure 3.3 The relationship between oxygen concentration and number of sqhC hits per 273	  
million reads in EOM metagenomes. Because of the difficulty in determining whether 274	  
the absence of sqhC was due to the size of the metagenomics database rather than 275	  
environmental factors, the correlation coefficient (R2= 0.6844) is shown only for those 276	  
metagenomes with positive hits to sqhC (blue circles) and not for those with no positive 277	  
hits (purple squares). 278	  
 279	  

 280	  

To further examine the potential relationship between oxygen concentrations 281	  

and sqhC distribution, we searched the MOOMZ metagenomes from the Eastern 282	  

Tropical South Pacific (ETSP) OMZ for sqhC. While oxygen levels in the NESAP 283	  

OMZ remain mostly in the dysoxic to suboxic range (20-90 µmol/kg and 1-20 µmol/kg, 284	  

respectively, [22]), oxygen concentrations in the ETSP OMZ in general are much lower 285	  

and approach anoxia in the OMZ core (<1 µmol/kg, [22]). In this case, the relative sqhC 286	  

abundance shows a weak correlation with both oxygen (plotted on a log scale, Figure 287	  

3.4A) and depth (Figure 3.4B). However, the correlation is much stronger when sqhC 288	  

abundance is plotted against nitrite concentrations (Figure 3.4C). Although these three 289	  

parameters often vary together in the ETSP OMZ, the stronger correlation with nitrite 290	  
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suggests that this is the most important driving factor in the observed patterns of sqhC 291	  

abundance.  292	  

 293	  

 294	  

Figure 3.4 Correlations between the number of sqhC hits per million reads in MOOMZ 295	  
metagenomes from the ETSP OMZ and oxygen (A), depth (B), and nitrite (C). Note 296	  
that in A, oxygen concentrations are shown on a log scale. In B, the data point 297	  
represented by the square is the only metagenome below 200m and was omitted from 298	  
the correlation analysis  299	  
 300	  

 301	  

The majority of the SHC sequences from the MOOMZ metagenomes are also 302	  

most closely related to SHCs from nitrite-utilizing organisms, including Nitrospina sp. 303	  

and the annamox Planctomycete Candidatus Scalindua brodae (Figure 3.5). The SHCs 304	  

that map to these organisms are most abundant at depths where nitrite is high and 305	  

oxygen is low, although the Nitrospina SHCs are abundant across a broader range of 306	  

low oxygen concentrations than the annamox sequences, which are only found where 307	  

oxygen levels approach anoxia. Again, the relatively high average percent identities and 308	  

bit scores generated from the BLAST alignments (Table 3.2) indicate that these 309	  

sequences can likely be classified as within the same genus for the Candidatus S. 310	  
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brodae-like SHCs and within the same major subgroup within the phylum Nitrospinae 311	  

for the Nitrospina-like SHCs. 312	  

 313	  

Table 3.2. Average percent identity and bit score from BLASTp alignments of SHC 314	  
sequences with the corresponding closest match in the NCBI database.  Standard 315	  
deviations are shown in parentheses. 316	  
 317	  

Classification Average percent identity Average bit score 

Nitrospina sp. 75 (8) 208 (63) 
Candidatus S. brodae 90 (6) 214 (54) 
Other Planctomycetes 60 (6) 184 (20) 
Other Proteobacteria 59 (7) 141 (29) 
Nitrosomonas communis 64  (12) 145 (46) 
Uncultured 80 (16) 178 (66) 
Alphaproteobacteria 62 (7) 146 (54) 

 318	  

 319	  

Compared to the nitrite-utilizing organisms, the SHCs most closely related to 320	  

Alphaproteobacteria or uncultured organisms are much less abundant and do not appear 321	  

to follow any discernable pattern with either oxygen or nitrite concentration. The 322	  

“Alphaproteobacteria” category here includes hits to a range of organisms such as 323	  

Bradyrhizobium, Zymomonas, Acetobacter, and Magnetospira, among others. However, 324	  

these classifications are tenuous as the average percent identity and bit score are 325	  

significantly lower. Rather, these sequences likely represent phyla that are not yet 326	  

adequately represented in the NCBI database, even when previously amplified 327	  

environmental sequences are included in the search. The “Uncultured” category 328	  

includes those SHCs that were most closely related to sequences previously amplified 329	  

from the marine environment [7, 9], and as might be expected the average percent 330	  

identity and bit score is higher (Table 3.2).  331	  
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 332	  

 333	  

 334	  

Figure 3.5 Heatmap showing the number of SHC sequences from MOOMZ 335	  
metagenomes assigned to categories of bacteria by BLASTp. Nitrite and oxygen 336	  
concentrations for each metagenome are represented in color according to the 337	  
corresponding color keys. The color scale for oxygen is a log scale for easier viewing. 338	  
Names of metagenomes are designated by the name of the cruise (MOOMZ1, 2, 3) and 339	  
the depth from which the sample was collected 340	  
 341	  
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DISCUSSION  345	  

 In this study we designed qPCR primers that targeted “Clade 1”, a group of 346	  

hopanoid-producing bacteria that are widely distributed in the water column of the 347	  

Eastern North Pacific, and that are tentatively affiliated with the sub-phylum 348	  

Alphaproteobacteria [7]. In part because of their prevalence in culture collections, 349	  

many of the metabolically diverse Alphaproteobacteria are already known to produce 350	  

hopanoids and exist under a broad range of oxygen conditions. Alphaproteobacteria are 351	  

also widespread in the marine environment, and previous studies identified numerous 352	  

Alphaproteobacteria-like sqhC sequences through both clone libraries and 353	  

metagenomes across several biogeographic provinces. We hypothesized that Clade 1 354	  

could represent a particular sub-group of marine Alphaproteobacteria important in 355	  

hopanoid production. Based on the qPCR results and revised Line P EOM metagenome 356	  

searches, however, Clade 1 hopanoid producers are not only rare relative to the total 357	  

bacterial community, they also apparently represent a very small subset (only about 1- 358	  

4%) of the total hopanoid-producing community. Instead, the majority of sequences in 359	  

the EOM metagenomes are most closely related to two uncultured deep ocean 360	  

Nitrospina species. The MOOMZ metagenomes from the ETSP OMZ show a similar 361	  

phylogenetic distribution, with the majority of the SHCs related to Nitrospina and the 362	  

annamox Planctomycete Candidatus S. brodae, and far fewer SHCs related to 363	  

Alphaproteobacteria or uncultured environmental sequences.  364	  

 Surprisingly, therefore, the dominant hopanoid-producers in the low oxygen 365	  

regions of the marine water column studied here are apparently nitrite-utilizing 366	  

organisms, and as a result the observed relationship between SHC abundance and 367	  
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oxygen concentration is underpinned by nitrite availability. Thus it is likely a 368	  

combination of metabolic requirements and oxygen conditions in the water column that 369	  

determines the particular microaerophilic niche hopanoid producers are able to occupy 370	  

in the these environments. Genomic features of Nitrospina gracilis include the use of 371	  

the reductive tricarboxylic acid cycle for carbon fixation, cytochrome cbb3-type 372	  

terminal oxygen acceptors with high oxygen affinities, and a lack of classical reactive 373	  

oxygen defense mechanisms, indicating that they are metabolically well-equipped for 374	  

life in suboxic to anoxic conditions despite carrying out aerobic nitrite oxidation [20]. In 375	  

addition, previous studies in low oxygen marine environments have reported significant 376	  

rates of nitrite oxidation at oxygen concentrations as low as ≤ 1 µM where Nitrospina 377	  

were the numerically dominant NOB [23, 24]. On the one hand, therefore, Nitrospina 378	  

are aerobic nitrite oxidizers with the ability to survive under extremely low oxygen 379	  

conditions to access nitrite, which new measurements suggest only truly accumulates 380	  

when oxygen concentrations are below 50 nM [25] and functionally anoxic, as is 381	  

frequently seen in the ETSP OMZ. On the other hand, annamox Planctomycetes are 382	  

obligate anaerobes and are always confined to anoxic regions of the water column. 383	  

Because the NESAP OMZ never becomes completely anoxic, annamox are not present 384	  

and Nitrospina are the dominant group of hopanoid-producers. In the ETSP OMZ, 385	  

however, the niche Nitrospina occupy overlaps with that of annamox Planctomycetes. 386	  

This increased ability to survive under extremely low oxygen conditions may be an 387	  

adaptation unique to the ETSP Nitrospina; the distance between the NESAP and ETSP 388	  

Nitrospina SHC sequences (94% and 75% similar to the closest sequenced Nitrospina 389	  

relative, respectively) suggests that these two populations may represent distinct sub- 390	  
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groups within the Phylum Nitrospinae. Unfortunately, because of this apparent 391	  

phylogenetic distance between regional populations of Nitrospina and the fact that 392	  

currently only three members of the phylum have been sequenced, designing sqhC 393	  

qPCR primers for this group may only be possible after additional sequencing efforts 394	  

have revealed more of the diversity found within Nitrospinae.  395	  

In the age of next generation sequencing and “big data”, utilizing metagenomes 396	  

is clearly a powerful tool for examining big picture concepts in microbial ecology and 397	  

community dynamics. Our results, however, highlight the power of supplementing 398	  

metagenomic data with targeted analyses like qPCR for examining smaller patterns that 399	  

would otherwise be invisible beneath the larger trends created by dominant taxa. These 400	  

smaller patterns are no less important, as they can be vital for understanding the 401	  

dynamics and niche separation of the rare biosphere, and can provide points of 402	  

comparison to develop hypotheses to explain not only why a particular organism is 403	  

found in a particular niche, but also why it is not found in others. Here, although SHCs 404	  

related to either the uncultured Clade 1 or other Alphaproteobacteria were much less 405	  

abundant in the metagenomes we searched, the qPCR data suggests that these 406	  

organisms do appear to have a particular niche in the water column where they are 407	  

significantly more abundant, perhaps related to just the right combination of oxygen, 408	  

depth, or some other as-yet unknown variable. Of the Alphaproteobacteria-like SHCs 409	  

that do appear in the metagenomes, they are found where oxygen is slightly higher than 410	  

where Nitrospina and/or annamox bacteria seem to dominate, but never where oxygen 411	  

levels are above the dysoxic range. Although additional data will be required to verify 412	  

the trend seen for Clade 1-affiliated organisms in the ENP, these results support the idea 413	  
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that Clade 1 organisms occupy a unique niche in the marine water column, a niche that 414	  

may be more common elsewhere in the global ocean than in the oxygen-deficient 415	  

waters of either the ENP or ETSP OMZs.  416	  

In summary, our results demonstrate the design and application of a novel set of 417	  

qPCR primers targeting a broadly distributed, but apparently numerically rare, subset of 418	  

hopanoid producers in low-oxygen environments. Both qPCR and metagenomic data 419	  

lend further support to the hypothesis that extant hopanoid producers occupy low 420	  

oxygen niches in the marine water column. Using existing metagenomics data we 421	  

identify nitrite availability as an important factor in determining the distribution of 422	  

hopanoid producers in these oxygen-deficient environments. Whether similar 423	  

distribution patterns and correlations exist in other OMZs remains to be determined, as 424	  

does the potential importance of Clade 1 organisms in other environments. Overall, this 425	  

study represents an important step in inferring not only the numerical contribution of 426	  

hopanoid producers to the bacterial community but also the environmental parameters 427	  

that may influence their abundance and distribution in the modern ocean. As more 428	  

genomes become available through culture-independent techniques like single-cell 429	  

genomics, in the future it will likely be possible to build on the results presented here to 430	  

design robust primer sets that target additional clades of important hopanoid producers, 431	  

including Nitrospina and annamox bacteria, to provide better estimates of absolute 432	  

abundance and lend support to the patterns exhibited in the metagenomic data.  433	  

 434	  
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 436	  
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SUPPLEMENTARY MATERIAL 555	  

Table S3.1. IMG Genome IDs and metadata for metagenomes searched from the 556	  
project “Marine microbial communities from expanding oxygen minimum zones in the 557	  
northeastern subarctic Pacific Ocean”, Gold ID Gs0046785. 558	  

 559	  
IMG Genome 

ID 
Collection 

date Station Depth 
(m) 

Oxygen 
(µM) 

Nitrate 
(µM) Salinity Temp 

(C) 
Phosphate 

(µM) 
3300000222 Jun 2009 P12 500 37.0 42.8 34.06 4.22 3.01 
3300000179 Jun 2009 P16 500 36.9 42.5 34.07 4.15 3.02 
3300000190 Jun 2009 P16 1000 10.2 45.3 34.37 3.05 3.24 
3300000163 Jun 2009 P16 2000 59.3 43.4 34.59 1.93 3.04 
3300000142 Aug 2009 P16 500 38.8 41.5 34.06 4.17 2.99 
3300000323 Aug 2009 P20 2000 55.1 44.0 34.59 1.93 3.03 
3300000247 Aug 2009 P26 500 36.4 43.2 34.10 3.92 3.03 
3300000219 Feb 2010 P16 1000 12.0 45.2 34.35 3.11 3.25 
	   560	  
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Chapter 4: Metagenomic data from the Red Sea provides new insight into the role of 

hopanoid producers in the nitrogen cycle 
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ABSTRACT 

 Recent work investigating the diversity and distribution of hopanoid producers 

in the marine environment implicated low oxygen regions as important sources of 

hopanoid production. Furthermore, metagenomic data from marine oxygen minimum 

zones (OMZs) showed that the dominant hopanoid producers in these environments are 

apparently nitrite-utilizing organisms, revealing a previously unrecognized connection 

with the nitrogen cycle. In this study we used 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 results further 

support the connections between hopanoid producers and nitrite oxidation and 

demonstrate that hopanoid-producing marine nitrite oxidizers are widely distributed in 

the world ocean.  

 

INTRODUCTION 

Hopanoids are pentacyclic triterpenoid lipids produced by many prokaryotes as 

cell membrane components, and represent one of the most important lipid biomarker 

classes used to identify microbial activity in the fossil record [1, 2]. The cellular 

functions of hopanoids are hypothesized to be related to membrane stabilization, similar 

to the physiological roles of sterols in eukaryotes [3]. Unlike sterols, however, 

hopanoids do not seem to be necessary for bacterial cell growth and survival [4, 5], and 

only a select number of extant bacterial genera are capable of hopanoid production [6, 

7]. 
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Recent work on hopanoids, including the extended side-chain 

bacteriohopanepolyols (BHPs), has explored BHP distribution and structural diversity 

in various marine environments, with the goal of facilitating the link between the 

sedimentary inventory of hopanoids and their source organisms in the marine water 

column. Several studies identified a link between BHP production and oxygen 

concentration, demonstrating that both BHP concentration and structural diversity 

increase with decreased oxygen concentration, and that there may be certain BHP 

structures specific to organisms found in low oxygen marine environments [8, 9]. 

However, the seemingly cosmopolitan nature of the hopanoid structures identified in 

water column samples provided little insight into the ecology and metabolic 

characteristics of hopanoid-producing bacteria, an important aspect of understanding 

why, and under what conditions, hopanoids are produced.   

Instead, more relevant information on the potential environmental niches and 

metabolic strategies of hopanoid producers has been obtained by investigating the 

genetic diversity of squalene hopene cyclase (sqhC and SHC for the gene and protein, 

respectively), which is the gene primarily responsible for hopanoid biosynthesis. PCR-

based surveys of marine environments revealed that sqhC is phylogenetically 

widespread [7, 9–11], but uncommon among the majority of modern prokaryotes, only 

occurring in 5-10% of bacterial species [12]. Furthermore, the phylogeny generated 

using newly amplified and previously identified sqhC sequences implied that hopanoid 

production may be associated with unusual or “fringe” metabolic strategies that are 

found in a limited number of modern environments and in many cases are associated 

with low oxygen conditions [9]. For example, many of the cultured hopanoid producers 
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are considered metabolically versatile organisms, possessing multiple nitrogen 

metabolisms and the ability to survive under varying oxygen levels [9].  

This apparent connection between sqhC evolution and low-oxygen 

environments was further explored using metagenomics datasets from low oxygen 

regions of the Eastern Pacific, revealing that the relative abundance of sqhC was 

positively correlated with nitrite concentrations and that the majority of hopanoid 

producers in these environments are apparently nitrite-utilizing organisms [11]. The 

Northeastern Subarctic Pacific (NESAP) OMZ was dominated by organisms closely 

related to deep sea species of the nitrite-oxidizer Nitrospina, while the extremely 

oxygen-deficient waters of the Eastern Tropical South Pacific (ETSP) OMZ were 

dominated by both annamox Planctomycetes and Nitrospina [11]. Therefore the 

distribution of hopanoid producers in these low oxygen environments is likely 

determined by a combination of nitrite availability and oxygen conditions in the water 

column.  

The apparent metabolic activities of the dominant hopanoid producers in the low 

oxygen environments examined so far thus reveal previously unrecognized connections 

with the marine nitrogen cycle. This is in line with previous observations concerning the 

co-occurrence of sqhC and nitrogen metabolisms in hopanoid-producing bacteria [13–

15], and lends credence to the hypothesis that sqhC likely evolved alongside 

microaerophilic metabolic strategies in the reducing environment that characterized the 

early oceans [9]. However, it remains to be determined whether similar relationships 

between hopanoid producers and nitrogen metabolism can be found in other regions of 
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the ocean, including where oxygen concentrations are higher than the OMZs previously 

examined.  

The Red Sea is a long, narrow sea that is almost completely enclosed, with the 

sole connection to the open ocean through the narrow and shallow Bab Al-Mandab 

(BAM) strait, which opens into the Gulf of Aden in the Indian Ocean at the southern 

end. The arid conditions of the surrounding landscape and resulting high evaporation 

rates make Red Sea waters among the most saline in the world. Sinking of this high 

salinity water at the northern end of the sea during deep winter mixing drives a 

thermohaline circulation pattern in the entire Red Sea [16]. The balance between deep 

mixing and stratification that controls the circulation in the Red Sea creates strong 

gradients across both depth and latitude in water properties such as salinity, oxygen, and 

nutrient concentrations. The introduction of nutrients into the Red Sea is limited to a 

seasonal intrusion of relatively cold, fresh, and nutrient-rich Gulf of Aden Intermediate 

Water (GAIW) in the summer months of June-September [17, 18], resulting from 

monsoonal winds over the Indian Ocean that drive upwelling of GAIW over the shallow 

sill at BAM [19]. This intrusion persists for a period of around three months [18] and 

extends to at least 19°N latitude, during which time it is gradually mixed into the upper 

layer of the southern Red Sea, fueling increased primary production and representing a 

significant flux of new N into the Red Sea basin [20]. The importance of this seasonally 

delivered N for endemic biological communities in the Red Sea, including coastal coral 

reefs and water column microbial populations, has not yet been explored.   

In this study, we utilized a recently generated metagenomic dataset from the Red 

Sea [21] to gain insight into N cycling in this environment and to examine whether N 
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cycling processes could be connected with the ecology of hopanoid producers. This 

dataset was particularly valuable because the metagenomic data were accompanied by a 

comprehensive collection of metadata that facilitated an examination of correlations 

between sqhC genes, genes involved in N cycle transformations, and environmental 

variables. The results illuminate the phylogenetic and physical distribution of hopanoid 

producers in a relatively well-oxygenated environment, while simultaneously raising 

new questions concerning the processes governing nitrogen cycling in 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 in [21]. 

Briefly, samples were collected from eight stations (locations shown in Figure 4.1A) 

and 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 shotgun (WGS) libraries constructed, using Illumina HiSeq 

2000 paired-end (2 x 100 bp) sequencing, yielding about 10 million reads per sample. 

The resulting 45 metagenomes were analyzed for the relative abundance of gene 

families and biochemical pathways using HUMAnN v.1 [22], with KEGG Orthology 

(KO, release 66) as the reference database. The HUMAnN workflow is designed to 

rapidly assign putative metabolic functions to short reads obtained through shotgun 

metagenomic sequencing by aligning the translated reads with a characterized protein 
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database such as KEGG. In this case, reads were first mapped against a custom database 

containing all prokaryotic genomes (which are actually proteomes translated from open 

reading frames) in KEGG using UBLAST [23] with an e-value cutoff of 1e–5. Then 

HUMAnN was run using the UBLAST output, which organized the metagenomic hits 

in each sample into KO gene families.  

To explore depth-based clustering of samples and correlations between 

environmental metadata and gene abundances, gene abundance data was subjected to 

canonical analysis of principal coordinates (CAP) [24], a constrained ordination 

method, using the fixed factor depth. To identify individual indicator variables that 

might be responsible for any group differences in the CAP plot, we calculated the 

Spearman's Rank correlations of the canonical ordination axes with the original 

variables. Variables with strong correlations were then graphically added as a bi-plot. 

Vector loadings of key genes of interested were plotted in CAP space. 

For insight into the taxonomic affiliations of KO gene families related to the N 

cycle (Table 4.1) and to hopanoid production (sqhC), metagenomic hits corresponding 

to these categories were extracted using their unique KO identifiers. In the case of sqhC, 

previous studies have shown that few sequences amplified from the marine environment 

can be reliably taxonomically classified using cultured organisms in databases like 

KEGG [7, 9, 10]. Therefore, to increase taxonomic resolution and to compare to 

previously amplified marine sqhC sequences, sqhC metagenomic hits identified using 

KEGG were re-classified by blasting against a second custom database containing these 

environmental sqhC sequences as well as those found in KEGG genomes. Phylogenetic 

and/or metabolic groups were then inferred using a previously published phylogeny of 
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sqhC [9]. 

 
 
 
 
Table 4.1 Names, abbreviations, and functions of genes catalyzing key N cycle 
processes analyzed in this study. 
 
 

Gene 
name 

Enzyme name KEGG KO 
identifier 

Reaction 
catalyzed 

Metabolism 

amoA/C Ammonia 
Monooxygenase subunit 
A/C 

K10944  
K10946 

NH4
+ à NH2OH Aerobic Ammonia 

Oxidation 

napA/B Periplasmic nitrate 
reductase 
subunit A/B 

K02567 
K02568 

NO3
- à NO2

- Dissimilatory 
nitrate reduction 

nasA Cytoplasmic nitrate 
reductase 

K00372 NO3
- à NO2

- Assimilatory 
nitrate reduction 

narB Ferredoxin-dependent 
assimilatory nitrate 
reductase (cyanobacteria) 

K00367 NO3
- à NO2

- Assimilatory 
nitrate reduction 
in cyanobacteria 

narG/H Membrane-bound 
respiratory nitrate 
reductase 

K00370 
K00371 

NO3
- à NO2

- Dissimilatory 
nitrate reduction  

nxrA/B Membrane-bound 
respiratory nitrite 
oxidoreductase 

K00370 
K00371 

NO2
- à NO3

- Nitrite oxidation 

nirA Assimilatory ferredoxin-
nitrite reductase 

K00366 NO2
- à NH4 Assimilatory 

nitrite reduction 
nirS Cytochrome cd1-

containing nitrite 
reductase 

K15864 NO2
- à NO Denitrification 

nirK Copper-containing nitrite 
reductase 

K00368 NO2
- à NO Denitrification 

norB Nitric oxide reductase K04561 NO  à N2O Denitrification 
nosZ Nitrous oxide reductase K00376 N2O à N2 Denitrification 
nrfA Periplasmic nitrite 

reductase 
K03385 NO2

- à NH4 DNRA 

nirC Nitrite transporter  K02598 N/A Nitrite oxidation 
(importer), nitrate 
reduction 
(exporter) 
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In the case of genes involved in nitrogen cycle processes, the metagenomic hits 

for each gene were extracted from the HUMAnN-generated datasets as for sqhC, but 

were classified according to the KEGG taxonomy. For simplicity only the most 

abundant 20 taxa for each gene were used in subsequent analyses.   

The Circos Table Viewer (at http://mkweb.bcgsc.ca/tableviewer/visualize/) [25] 

was used to generate plots to more easily visualize the genetic diversity obtained from 

the metagenomic analyses. The input for this online tool is a simple table with counts of 

metagenomic hits corresponding to user-defined categories.  

 

RESULTS 

 The 2011 KRSE cruise collected depth profile samples for metagenomics 

analysis from eight stations spanning from Station 12 near BAM to Station 192 at the 

northern end of the sea (Figure 4.1A). The thermohaline circulation pattern in the Red 

Sea is readily apparent in the nitrate and oxygen concentrations along the cruise track 

(Figure 4.1B). The relatively less oxygenated, nitrate-rich GAIW can be seen at and 

around Stations 12 and 34, as it enters the Red Sea above the sill at BAM and mixes 

into the surface waters. Meanwhile 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 Bab al-Mandeb. Notably, however, oxygen 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). The physical oceanographic data also suggest a 

significant amount of mixing not only where the GAIW enters the Red Sea but also 

where the underlying Red Sea Water encounters underwater structure such as that 
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apparent at Station 34 where the bottom depth is considerably shallower. Indeed, 

previous studies have found that the presence of coral reefs in these shallower regions 

result in increased mixing of GAIW relative to within the central channel of the sea 

[20].  

 

 

 

Figure 4.1 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”). 
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Figure 4.2 Relationship between number of sqhC metagenomic hits and oxygen 
concentration. Depth is indicated by color. Samples at Stations 12 and 34 that are 
proposed in the text to be influenced by GAIW are indicated by black boxes around the 
data points. The lone sample from 258 m depth is from Station 34 and is represented by 
a triangle to distinguish it from the other 200m samples.  
 
 
 A search of the metagenomes for hits to sqhC demonstrated that very few 

hopanoid producers are found in samples taken from the upper 50 m (Figure 4.2), as 

reported in previous studies [9, 11]. Exceptions to this trend include two 50m samples 

from Station 12 and 34 which are influenced by inflowing GAIW and therefore show 

both lower oxygen concentrations and higher sqhC abundance than samples from 

comparable depths at the other stations. Two additional samples from Station 34 from 

depths of 100 and 258 m show a similar shift in oxygen and sqhC abundance. 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 are shown in Figure S4.1). Overall, however, the abundance of 
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influenced by GAIW are indicated by black boxes around the data points. The lone sample from 
258 m depth is from Station 34 and is represented by a triangle to distinguish it from the other 
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sqhC increases with depth and with decreased oxygen concentrations, with the majority 

of sqhC hits found at depths beyond 100m and below an oxygen concentration of 

approximately 3.5 mL/L (Figure 4.2). Although depth and oxygen co-vary in this 

environment, because previous work suggested a connection between the metabolic 

strategies of hopanoid producers and nitrogen cycling under low oxygen conditions [9, 

11] we chose to evaluate sqhC diversity primarily with respect to oxygen 

concentrations. 

Therefore, to evaluate the phylogenetic diversity of the hopanoid producers 

living under relatively low oxygen conditions we separated the samples into two groups 

for analysis based on whether the oxygen concentration fell above or below this 

threshold of 3.5 mL/L, hereafter referred to as oxygenated and low-oxygen samples, 

respectively. The resulting distribution of sqhC hits in low-oxygen samples, organized 

by microbial group and sampling station, thus illustrates that the dominant hopanoid 

producing organisms in the Red Sea are various groups of Proteobacteria and the two 

major marine nitrite-oxidizing bacteria (NOB), Nitrospina and Nitrospira (Figure 4.3). 

Other groups such as Planctomycetes, Actinobacteria, and Bacillus-like organisms 

contributed smaller numbers of sqhC hits, while the “Unassigned” category contains 

sequences that could not be reliably assigned to any group. In addition, as was observed 

in a previous study [11], although hits matching “Clade 1”, a putative subset of 

alphaproteobacterial hopanoid producers, were present in this environment, they are 

apparently not very abundant. Overall the distribution reinforces earlier observations 

that implicated Proteobacteria and NOB as the major groups contributing to hopanoid 

production in marine environments, and implies that hopanoid producers have several 
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potential connections to nitrogen cycling processes, given the metabolic capabilities of 

Proteobacteria as well as NOB.  

The relative contribution to sqhC numbers in each microbial category is 

remarkably similar between stations, with the exception of Stations 12 and 34 (Figure 

4.3). Although the 50m sample at station 12 does contain an unusually high number of 

sqhC sequences relative to other samples at comparable depths (as shown in Figure 

4.2), the overall number of sqhC sequences contributed to the dataset by Station 12 is 

lower than other stations because of the shallow water column depth (Figure 4.3). 

Station 34, however, is more influenced by the inflowing GAIW, and perhaps as a result 

contributes proportionately more sqhC sequences to each microbial group, especially to 

the two NOB groups (Figure 4.3).  

The CAP analysis of biomarker genes for relevant processes in the nitrogen 

cycle (as listed in Table 4.1) determined two main components of variation: CAP 1 

corresponded to depth (and by extension, oxygen concentration), while CAP 2 

corresponded to low vs. high chlorophyll samples (Figure 4.4). For context, we include 

the photosystem genes, pufL/M, and the phosphate transport genetic markers, pstS/B, 

which accordingly co-vary with shallow, epipelagic samples. Overall most of the N 

metabolism genes co-vary together along CAP 1 in the direction corresponding to deep, 

mesopelagic samples, with the exception of nifH and narB, which co-vary in the 

direction corresponding to shallow, epipelagic samples (Figure 4.4). This is consistent 

with what is known about nifH, which is a common marker for nitrogen fixation and 

also for narB, a genetic marker for assimilatory nitrate reduction in cyanobacteria. The  
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Figure 4.3. Circos plot showing the phylogenetic distribution of sqhC metagenomic hits 
from low-oxygen 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 proportional 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 700 sqhC sequences were identified, 
and of those approximately 150 or 20% of the total 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” = 
Deltaproteobacteria. “Ext. and N2-fixing Proteobacteria” = Extemophilic and/or N2-
fixing Proteobacteria. “Clade 1” 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” contained 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. 
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Figure 4.4 CAP analysis of genes diagnostic of key processes in the nitrogen cycle (see 
text and Table 4.1 for names and functions). The two components that explained the 
most variation among samples were depth (which co-varies with oxygen) on the y-axis 
and chlorophyll on the x-axis. Genes involved in amino acid metabolism, phosphate 
transport, and photosynthesis are included as examples of genes that co-vary along the 
other component directions. Genes associated with N metabolism and analyzed in the 
metagenomic dataset are shown in pink, and sqhC is highlighted in yellow to show its 
location relative to the others.  
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genetic markers for nitrite oxidoreductase, nxrA/B, co-vary most closely with sqhC, in 

line with the significant proportion of sqhC hits associated with NOB organisms.  

 Phylogenetic associations of key nitrogen metabolic genes in the low-oxygen 

samples were inferred using KEGG orthology and plotted to evaluate which organisms 

were affiliated with each metabolic function (Figure 4.5). Both nxrA and nxrB were 

present in high numbers relative to the other functional gene families, and most of the 

nxrA/B sequences were affiliated with Nitrospira. Worth noting here is that nxrA/B and 

narG/H are structurally similar and therefore have the same KEGG identifier (Table 

4.1). It is thus difficult to predict with certainty whether the remainder of the nxr/nar 

category affiliated with other microbial groups are functionally nitrite oxidases or 

nitrate reductases.   

Other genes identified in the low-oxygen samples included those involved in 

various types of nitrate reduction. However, the genes for the two subunits of the 

bacterial nitrate reductase, napA/B, were present in low abundance. Also, predictably, 

the genetic markers for annamox (nirS and hzo) and DNRA (nrfA) are mostly missing 

from this environment because oxygen levels are apparently too high even in deeper 

waters. In addition, several genetic markers commonly attributed to denitrification, nirK 

(encoding the copper-containing nitrite reductase), nosZ (nitrous oxide reductase), and 

norB (nitric oxide reductase), were present in low-oxygen samples, and are affiliated 

predominantly with Proteobacteria (Figure 4.5), especially Gammaproteobacteria. 

Interestingly, in the oxygenated samples these genes are still present, albeit in fewer 

copies, but the major contributing group is Alpha instead of Gammaproteobacteria 

(Figure S4.2).  
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Figure 4.5. Circos plot showing distribution of marker genes for key nitrogen cycle 
processes from low oxygen samples. Genes are shown along the right side of the plot 
while the affiliated organisms, as classified by the KEGG database, are shown on the 
left side. Colors of bands correspond to the organism. Width of the bands at each end is 
proportional to the number of sequences associated with the station and with the 
microbial group, while absolute numbers and percentages can be found in the inner and 
outer circles, respectively. As an example, there were about 900 sequences affiliated 
with Nitrospira, and about 400 of those sequences were nxrA sequences, making up 
70% of the total nxrA sequences identified. Abbreviations: Alpha, Beta, Delta, Gamma, 
Epsilon correspond to the respective Proteobacteria groups.  “D-T” = Deinococcus-
Thermus, “Actinobac”= Actinobacteria. For names and functions of genes see Table 4.1 
and text.  
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DISCUSSION 

 The unique physicochemical characteristics of the Red Sea distinguish 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 distribution of sqhC 

sequences.  

 The greater presence of Proteobacteria-affiliated sqhC sequences in normally 

oxygenated waters of the Red Sea, increasing from about 30% in low-oxygen samples 

to over 50% in oxygenated samples (Figure S4.3), suggests that perhaps these hopanoid 

producers are adapted to survive under higher oxygen concentrations, consistent with 

previous observations that identified mostly proteobacterial sqhC sequences in Global 

Ocean Survey (GOS) metagenomic samples, which included exclusively aerobic 

environments in ocean surface waters [12]. Therefore the importance of Proteobacteria, 

including Alphaproteobacteria, seems to be greater in more oxygenated, shallower 

waters as sampled here as opposed to previously explored oxygen minimum zones.  

The previously identified connection between hopanoid producers and nitrite 

oxidation is also apparent in the Red Sea, because of the relatively large number of 

sqhC sequences affiliated with the NOB Nitrospina and Nitrospira. This reinforces the 

hypothesis that these two groups of NOB may be globally distributed organisms 

important in both hopanoid production and nitrogen cycling. These two groups of NOB 

are frequently found in OMZs [27, 26], so their presence in the Red Sea is somewhat 

surprising given that oxygen levels do not even reach the suboxic range. However, both 

Nitrospina and Nitrospira have also been detected in well-oxygenated waters in 
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trenches [28], although the specific environmental parameters influencing their 

distribution and potential niche separation are still being elucidated. In addition, 

Nitrospina and Nitrospira both contain a periplasmically-oriented membrane-bound 

nitrite oxidoreductase (NXR) enzyme rather than the cytoplasmically-oriented version 

that Nitrobacter and Nitrococcus sp. contain [29, 30]. This type of NXR likely allows 

Nitrospina and Nitrospira to grow at extremely low nitrite concentrations [29, 31], like 

those seen in much of the Red Sea. Therefore, so far these two groups appear to be 

distributed in a number of marine environments with very different physicochemical 

characteristics, possibly as a result of inherent metabolic plasticity. Alternatively, 

perhaps individual members of these phyla have also adapted to specific niches that 

vary with their regional distribution in the marine environment. The phylogenetic 

distance between the sqhC sequences of Nitrospina sp. found in the ETSP versus the 

ENP OMZs provides some evidence in support of this hypothesis [11]. 

In an effort to place the spatial and phylogenetic distribution of hopanoid 

producers in an ecological context, we also searched the metagenomes for genetic 

markers for key processes in the nitrogen cycle (Table 4.1). These genes included 

assimilatory nitrate reductases such as nasA which is associated with heterotrophic 

nitrate reduction, and narB, associated with cyanobacterial nitrate assimilation. In 

addition, several types of dissimilatory nitrate reductases were included: the membrane-

bound enzymes encoded by narG/H genes and the periplasmic enzymes by nap genes, 

both of which are found in nitrate-reducing bacteria but not denitrifiers [32]. Although 

structurally very similar to the narG/H-encoded nitrate reductases, the nxrA/B genes 

encode the nitrite oxidoreductases used by NOB [29, 30]. Genes commonly associated 
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with denitrification included the nitrous reductase-encoding nosZ and the nitric 

reductase-encoding norB, as well as nirS, the nitrite reductase found in most 

denitrifying organisms [32], and nirK which is found in some denitrifiers but also 

occasionally in nitrifying organisms [29, 30, 33]. Finally, the ammonia monooxygenase 

(amo) genes are considered genetic markers for ammonia oxidation to NH2OH, the first 

step in nitrification [34]. The picture that emerges as a result of this analysis shows that 

nitrogen cycling in the Red Sea appears centered around nitrite, as diagrammed in 

Figure 4.6. Nitrite concentrations were also extremely low across the cruise transect 

(Figure S4.4), and did not accumulate significantly at any of the stations, suggesting 

that it may be rapidly utilized. 

Neither napA/B nor amoA/C are very abundant in any of the samples, regardless 

of oxygen concentration or depth (Figure 4.5, Figure S4.2). The narB gene, which 

encodes for the respiratory, membrane bound, nitrate reductase, was accordingly mostly 

detected in the shallower, oxygenated samples. However, genes that encode for nitrite 

oxidoreductase, nxrA/B, are the most abundant genes found in low oxygen samples, 

suggesting that nitrite oxidation could be a significant process in this environment. Most 

of the nxrA/B sequences were affiliated with Nitrospira in this environment, but the 

KEGG database does not yet include any Nitrospina genomes, and the presence of 

Nitrospina-affiliated sqhC would suggest that at least some of the Nitrospira-affiliated 

nxrA/B may actually originate from Nitrospina species. The gene encoding a putative 

nitrite transporter, nirC, is affiliated mostly with Actinobacteria rather than Nitrospira, 

which is consistent with the fact that nxrA/B is a periplasmically rather than a 

cytoplasmically-oriented enzyme and therefore might not require the transport of 
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nitrate/nitrite across the innter membrane [30].  

 

 

 

 
Figure 4.6 Diagram of key processes in the nitrogen cycle, highlighting the apparently 
central role of nitrite in the Red Sea. Genes present in Red Sea metagenomes are 
highlighted in purple. Modified from [35].  
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nitrite release by phytoplankton. Nitrite release by phytoplankton is well-documented in 

both field and laboratory studies in a wide variety of larger phytoplankton species 

(Collos, 1998), including cyanobacteria [37], and has been previously observed in the 

Gulf of Aqaba in the northern Red Sea in response to deep winter mixing that results in 

annual phytoplankton blooms in that region [38]. A similar process could also be 

occurring in the main channel of the Red Sea, perhaps influenced by the annual summer 

intrusion of nutrient-rich GAIW into the basin. A recent study demonstrated that GAIW 

does overlap the euphotic zone and appears to fuel increased productivity by 

phytoplankton in the southern part of the Red Sea [20]. There were numerous copies of 

narB and nirA in the shallower, oxygenated samples analyzed here indicating the 

presence of cyanobacterial populations in the Red Sea that could potentially contribute 

to nitrite production (Figure S4.2). In addition, eukayrotic phytoplankton including 

diatoms, dinoflagellates, and other larger phytoplankton are observed in Red Sea 

surface waters year round [39, 40] and likely also contribute to nitrite release, but their 

genomes were not sampled in this analysis. 

Incomplete denitrification could also be a source of nitrite to surrounding 

waters. Although denitrification is thought to be a primarily anaerobic process, there is 

some precedent for the presence of denitrification genes in the relatively well-

oxygenated Red Sea. Previous work has shown that denitrifying bacteria have been 

shown to be capable of aerobic denitrification in the laboratory [41, 42], as well as in 

oxygenated sediments [43]. In addition, nosZ-containing Alphaproteobacteria are 

apparently widely distributed in the Arabian Sea water column, even in oxygenated 

regions [44]. Whether these organisms are facultative denitrifiers that are able to use 
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other metabolic strategies under aerobic conditions, or are actively conducting aerobic 

denitrification, is unknown, but it seems likely that similar organisms could exist in the 

Red Sea, especially given the physical exchange of water, nutrients, and organisms that 

occurs through the BAB strait. Alternatively, this annual incursion of water may act to 

transport nitrite-rich water away from zones of denitrification in the Arabian Sea, where 

denitrification is the major N loss process and subsurface nitrite maximums regularly 

occur [45]. Subsequent mixing of that water mass with more oxygenated water as it 

enters the Red Sea may promote nitrite oxidation, resulting in the observed low nitrite 

concentrations. Therefore the N metabolisms detected in the metagenomes, including 

potential markers for denitrification, may to some extent be remnants of dominant 

metabolisms in a water mass that has subsequently been biogeochemically altered by 

the presence of these NOB.  

The strong gradients in salinity, temperature, oxygen, and nutrient 

concentrations found in the Red Sea create a complex distribution of hopanoid 

producers. For example, although Proteobacteria-affiliated sqhC sequences were more 

abundant in oxygenated samples, low-oxygen samples from deeper in the water column 

harbored a greater phylogenetic diversity. Interestingly, the relative abundance of 

hopanoid-producing NOB increased in these deeper, low-oxygen samples, but NOB 

were also present at higher oxygen concentrations than expected given their well-

documented abundance in OMZs. Therefore, as phyla these NOB are apparently well-

adapted to live under various oxygen conditions, ranging from nearly anoxic in the 

ETSP OMZ and suboxic in the ENP OMZ [11] to fully oxygenated conditions in hadal 

trenches [28], and now found in the dysoxic/oxic warm, saline and low-nitrite waters of 
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the Red Sea.  

Overall, the emerging picture of hopanoid producers as also nitrite oxidizers 

represents a significant shift in our understanding of the ecology of these organisms in 

marine environments. While early studies of the phylogenetic affiliations of hopanoid 

producers identified significant metabolic diversity, the physiological role of this 

biomarker has remained inconclusive. This study, along with previous work in the 

eastern North Pacific Ocean [11], identifies 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 group of marine nitrite oxidizers. 
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SUPPLEMENTARY MATERIAL 
 
 

 
 
Figure S4.1 Depth profiles of A) oxygen, B) nitrate, C) nitrite, and D) phosphate 
showing the difference between GAIW-influenced stations 12 and 34 and nearby 
stations 22, 91, and 108.  
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Figure S4.2 Circos plot showing the distribution of biomarker genes for key nitrogen 
cycle processes from shallower, oxygenated samples. Categories are the same as in 
Figure 4.5 of the text.  
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Figure S4.3. Circos plot showing the distribution of sqhC from shallower, oxygenated 
samples. Categories are the same as in Figure 4.3 in the text.  
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Figure S4.4. Nitrite concentrations with depth throughout the cruise track. The outlying 
point at 0.6 µM nitrite is from station 12 from the sample taken near the bottom of the 
water column.  
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Chapter 5: Microbial contributions to suspended particulate organic matter 

accumulation in an ultraoligotrophic water column investigated using 

intact polar diacyglycerol biomarker lipids 

 

 

 

 

 

 

 

 

 

 



	  

	  

95	  

ABSTRACT 

 New insights into aggregation processes and predicted climate-influenced shifts 

in microbial size classes have prompted a re-evaluation of the contribution of 

picophytoplankton to carbon fixation and subsequent organic matter export to depth, 

necessitating the development of new methods that may allow the quantitative 

determination of the scale of that contribution. Intact polar diacylglycerols (IP-DAGs) 

are essential components of both bacterial and eukaryotic cell membranes. Structurally 

diverse and hypothesized to represent primarily living cells, IP-DAGs therefore have 

the potential to act as molecular markers for recent carbon flow in microbial 

communities, but this potential has yet to be sufficiently tested. This study aimed to 

address this in several ways: first, we characterized the IP-DAG profiles of several 

cultured organisms, including cyanobacteria and photosynthetic picoeukaryotes, with 

the goal of using these profiles as templates for examining environmental samples. 

Second, we investigated the distribution of IP-DAGs in the ultraoligotrophic Tonga 

Trench region in the western South Pacific, to address the extent to which these IP-

DAG signatures can be used as biomarkers for organic matter derived from surface 

ocean communities versus that produced in situ by microbes deeper in the meso- to 

bathy-pelagic zones. Finally, as an additional validation measure, we compared the IP-

DAG composition of the field samples to corresponding genetic community 

composition data. Together the results represent the deepest IP-DAG dataset collected 

to date, and provide new insight into the identity of IP-DAG structures that can 

potentially be used as indicators of export contributions from bacterial and eukaryotic 

picophytoplankton.  
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INTRODUCTION 

 The dominant primary producers in the oligotrophic ocean are the 

picophytoplankton, (≤2 µm, [1, 2]), a group consisting primarily of the major 

cyanobacterial lineages Prochlorococcus and Synechococcus, as well as an unknown 

diversity of photosynthetic picoeukaryotes [3, 4]. Despite their numerical abundance, 

however, the direct contribution of picophytoplankton to carbon export and to 

supporting microbial production below the euphotic zone was originally estimated to be 

minimal because their small size should lead to slow sinking rates, and rapid turnover of 

their biomass through the microbial loop was expected [5]. New observations and 

theories of particle aggregation [6] that often contain picoplanktonic biomass provided a 

possible mechanism for carbon export to depth, but the magnitude of this flux was also 

thought to be relatively small (<0.15%) compared to total POC export based on studies 

performed in productive ocean regions [7, 8]. In oligotrophic regions where 

picophytoplankton can make up 50% or more of total autotrophic biomass, however, 

models have suggested that their contribution to carbon export may in fact be 

proportional to their net primary production [9]. Field observations in the Sargasso Sea 

using diagnostic pigments of picophytoplankton confirmed that aggregation is an 

important mechanism by which small phytoplankton can contribute to carbon export 

[10]. 

In light of the predicted climate change-influenced expansion of oligotrophic 

conditions that favor smaller members of the planktonic community, it is important to 

characterize how various members of the picoplanktonic community contribute to 

carbon fixation and export. In fact, a shift from larger to smaller phytoplankton groups 
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has already been observed in Arctic waters [11], and similar changes are being observed 

along the western Antarctic peninsula [12, 13]. 

Culture-independent techniques such as metatranscriptomics and single cell 

genomics are invaluable for providing insight into the taxonomic and metabolic 

diversity of picophytoplankton, particularly the picoeukaryotes, [14–16], but are unable 

to provide quantitative information on their potential contribution to deep ocean food 

webs. In contrast, lipid biomarker approaches can be more successful at quantifying the 

relative contributions of distinct members of the microbial community, particularly 

when combined with compound-specific isotope analysis (CSIA). Analysis of fatty 

acids, in particular, has been applied in combination with 13C and radiocarbon analysis 

in order to separate the heterotrophic bacterial community from primary producers and 

higher trophic levels [17–19].  

The biological sources of many fatty acid structures observed in the 

environment, however, are often ambiguous due to the production of common 

structures by multiple organisms, including among different groups of algae [20]. For 

this reason, the use of intact polar diacylglycerol lipids (IP-DAGs hereafter), the parent 

compounds of fatty acids, has been proposed as a means to achieve an additional layer 

of metabolic, and in some cases even taxonomic, specificity than examining total fatty 

acids alone [21]. The complete IP-DAG structure, defined by both the headgroup and its 

associated fatty acids, can reveal not only the potential phylogenetic associations of the 

source organisms [22] but also the conditions under which they were produced, such as 

nutrient limitation, for example [23]. In addition, because the polar head group is 

thought to be hydrolyzed relatively quickly after cell death, particularly under 
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oxygenated conditions (White et al. 1979; Harvey et al. 1986), IP-DAGs can be 

assumed to represent living or recently living biomass. This makes IP-DAGs potentially 

useful biological tracers of recent carbon flow among distinct microbial populations in 

the marine environment. 

Analysis of IP-DAGs is a relatively new field of study, especially in the marine 

environment, but previous studies have identified three major groups of IP-DAGs 

thought to be commonly produced by marine plankton in open ocean environments [23, 

26, 27]: (1) three types of phospholipids, phosphatidylglycerol (PG), 

phosphatidylethanolamine (PE), and phosphatidylcholine (PC); (2) three types of 

glycolipids, monoglycosyl-diacylglycerol (MGDG), diglycosyldiacylglycerol (DGDG), 

and sulfoquinovosyl-diacylglycerol (SQDG); and (3) three types of betaine lipids, 

diacylglyceryl trimethylhomoserine (DGTS), diacylglyceryl-hydroxymethyl-

trimethylalanine (DGTA) and diacylglyceryl carboxyhydroxymethylcholine (DGCC). A 

fourth glycolipid variation is glucuronosyldiacylglycerol (GADG), recently observed in 

strains of the heterotrophic SAR11 clade grown under phosphate limitation [28]. 

Structures are shown in Figure 5.1.   
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Figure 5.1. Structures of IP-DAG headgroups discussed in the text.  
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headgroup structures and marine microbial groups, and have suggested that IP-DAG 

composition varies among phytoplankton and heterotrophic bacteria in surface waters 

[22, 27, 29]. As a group, the glycolipids are commonly referred to as “chloroplast 

O
O

O
R1

O

O

R2

O

OH
HO

HO

S
O

O

HO

H

O

1

O

O

OH
O

HO

O
O

HO OH

H

HO

R2

O

O R

O

O
O

O
R1

O

O

R2

O

OH
HO

HO

HO

O P

OH

O
O

OHO

OH R2

R1

O

O

O

O P

OH

O
O

O
3NH

R2

R1

O

O

O

O P

OH

O
O

O
N

R2

R1

O

O

O

O
O

O
R1

O

O

R2N

OO

O
O

O
R1

O

O

R2N

O O

O
O

O
R1

O

O

R2O
N

OO

O
O

O
R1

O

O

R2

O

OH
HO

HO

HO O

Glycolipids Betaine lipids Phospholipids

SQDG
Sulfoquinovyldiacylglycerol 

MGDG
Monoglycosyldiacylglycerol 

GADG
Glucuronosyldiacylglycerol 

DGDG
Diglycosyldiacylglycerol 

DGTS
Diacylglyceryl trimethyl-
homoserine 

DGTA
Diacylglyceryl-hydroxymethyl-
trimethylalanine  

DGCC
Diacylglyceryl carboxyhydroxy-
methylcholine 

PG
Phosphatidylglycerol

PE
Phosphatidylethanolamine

PC
Phosphatidylcholine



	  

	  

100	  

lipids”, and are frequently associated with the thylakoid membranes of photosynthetic 

organisms, including both cyanobacteria and eukaryotic phytoplankton [30, 31]. 

Furthermore, a recent study using 13C-labeled substrates proposed that SQDG in 

particular appears to be exclusively produced by photosynthetic organisms in the 

surface ocean, but that the sources of others, such as MGDG, are more difficult to 

define [26]. This same study also supported previous indications that the betaine lipids 

are likely mostly produced by eukaryotic phytoplankton [32] at least in marine surface 

waters, although some bacterial production has been observed in cultures [33] and also 

potentially in anoxic regions of the water column [22]. As for the phospholipids, PG 

and PE are more commonly attributed to heterotrophic bacteria, but PG in particular is 

also found in cyanobacteria as it has been shown to be an essential component of the 

thylakoid membrane [34]. Similarly, PC likely can have both bacterial and eukaryotic 

sources [26, 32], although it has not yet been found in cyanobacteria [35].  

CSIA has already been successfully applied to fatty acids isolated from two 

general IP-DAG classes, glyco- and phospholipids, to obtain valuable information on 

the contribution of the heterotrophic bacterial community to exported POM in the 

mesopelagic water column [18, 19]. These studies demonstrated that much of the 

submicron particle fraction (or X-POM in their study) contained the exported remains 

of small particles from surface waters, suggesting that in addition to aggregation and 

sinking, organic matter processing of picophytoplankton biomass by heterotrophic 

bacteria may also contribute to export. Similar methods carried out on more specific 

polar lipid headgroups would provide another level of specificity in analyzing carbon 

flow in oligotrophic food webs; for example, such a method could potentially 
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distinguish the relative POM contributions of the picoeukaryotes from the cyanobacteria 

and address an unresolved question important for understanding community dynamics 

in these regions.  

Although there is clear potential for the use of IP-DAGs and their associated 

fatty acids in combination with isotope analysis as tracers of carbon flow in food webs, 

suitable samples are often difficult to obtain and process. Collection of sufficient 

biomass for CSIA can require many hours to days of pumping and/or ship time, 

especially for samples from the meso- to bathypelagic depths of the ocean, where cells 

are both much smaller and less abundant. Before these techniques can be successfully 

applied, therefore, additional work on IP-DAG structural diversity, distribution, and 

biological sources is needed to better constrain in what settings or conditions they might 

be most useful.  

In this study, we examine the utility of IP-DAGs as biomarkers for groups of 

microbes known to be important contributors to carbon fixation in oligotrophic surface 

ocean communities. We analyzed environmental samples opportunistically collected 

from the oligotrophic Tonga Trench region in the western South Pacific to address the 

extent to which these IP-DAG signatures could be used to distinguish the contribution 

of surface organic matter production from in situ production in the meso- to 

bathypelagic zones of the water column. For comparison, we also characterized the IP-

DAG profiles of several cultured organisms representative of those currently thought to 

be important in primary production and carbon export in oligotrophic marine 

environments, including cyanobacteria and photosynthetic picoeukaryotes. The 

information obtained from the study of IP-DAG structural classes and their associated 
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fatty acids is compared with genetic community composition data to provide a complete 

assessment of IP-DAG distribution and potential structural specificity in this 

oligotrophic open ocean environment. 

 

MATERIALS AND METHODS 

Sample Collection 

 All environmental samples were collected on the Microbial Oceanography of the 

Tonga Trench (MOTT) cruise on the R/V Revelle in September 2012, from a water 

column station in the northern part of the Tonga Trench (16°38.5’ S, 172°12.0’W, water 

depth 9100m). Depth profiles of the water column were obtained via conductivity, 

temperature, and depth (CTD) measurements, and dissolved oxygen concentrations 

were measured at both stations with a Sea-Bird Electronics oxygen probe validated by 

Winkler titrations. Nutrient samples were collected by Niskin bottle and analyzed for 

nitrate, phosphate, and ammonia through the analytical facilities at UC Santa Barbara’s 

Marine Science Institute. Particulate organic matter (POM) samples were collected on 

pre-combusted 0.7 µm glass fiber filters (GF/F) preceded by a 45 µm Nitex pre-filter, 

using in situ filtration by two battery-powered large-volume pumps (WTS-LV; McLane 

Research Laboratories, Falmouth, MA). Multiple samples were collected from several 

depths: the surface, deep chlorophyll maximum (DCM) at 140m, the local oxygen 

minimum at 400m, 3000m, and 5000m. Sampling volumes (Table S5.1) were 

determined with both the pump control software and a mechanical flow meter attached 

to the pump’s outlet, which generally agreed to within 10% of each other. Surface POM 

samples were collected with a diaphragm pump fitted with a 0.7 µm GF/F but no pre-
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filter, and volume filtered determined with a mechanical flow meter. All GF/Fs 

collected were wrapped in pre-combusted aluminum foil and immediately frozen to -80 

°C until extraction in the laboratory. 

 Cultures analyzed are shown in Table 5.1, and represent three major groups of 

picophytoplankton: Cyanobacteria, Chlorophytes, and Pelagophytes, with additional 

class delineations provided in Table 5.1. Prochlorococcus biomass was obtained from 

Dr. Mak Saito at the Woods Hole Oceanographic Institution, while Synechococcus, 

Ostreococcus, Micromonas, Picocystis, and Picochlorum were obtained from Dr. Brian 

Palenik at the Scripps Institution of Oceanography. Pelagomonas was obtained from 

Tyler Coale in the lab of Dr. Andy Allen at the J. Craig Venter Institute. Although only 

the Picochlorum culture was completely axenic, in each culture the selected organism 

made up ≥ 95% of the biomass.  
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Table 5.1. Cultured organisms analyzed in this study. 

 

 

Extraction of IP-DAGs 

 IP-DAGs were extracted from environmental and culture samples using a 

previously described sonication procedure [41]. Briefly, either GF/Fs or centrifuged 

culture samples were sonicated in an ultrasonic bath for 5 min, three times each with 

MeOH, 1:1 (vol/vol) MeOH/DCM, and lastly with DCM. Extracts were combined and 

vacuum-filtered to remove any small pieces of filter, then dried down using a rotary-

evaporator followed by nitrogen gas before being re-dissolved in a small amount of 

DCM. Culture samples were also centrifuged at 4000xg for 5 min in between each 

sonication step to remove cell debris. A DCM/water extraction was performed on the 

resulting total lipid extract (TLE) to remove residual salts, and the organic phase passed 

Genus Phytoplankton 
group 

Reported 
Distribution 

Reference 

Prochlorococcus 
marinus str. 
MIT 9215 

Cyanobacteria Open ocean, 
oligotrophic 

N/A 

Synechococcus 
sp. CC9311 

Cyanobacteria Coastal ocean [36] 

Ostreococcus 
marinus 

Chlorophyte 
(Prasinophytes-
Mamiellales) 

Coastal, extending 
into oligotrophic  

[37] 

Micromonas 
pusilla sp. 
RCC299 

Chlorophyte 
(Prasinophytes- 
Mamiellales) 

Coastal, extending 
into oligotrophic 

[38] 

Picocystis sp. 
SENEW1 

Chlorophyte 
 

Hyper-saline [39] 

Picochlorum sp. 
SENEW3 

Chlorophyte 
(Trebouxiophyceae) 

Marine, halotolerant [40] 

Pelagomonas sp. 
CCMP1756 

Pelagophyte 
 

Open ocean, 
oligotrophic 

[16] 



	  

	  

105	  

through a small pipette filled with anhydrous Na2SO4 to remove any remaining water. 

Environmental samples were further fractionated into apolar and polar fractions using a 

column packed with activated silica and eluted sequentially with hexane:DCM (9:1; 

vol/vol) and DCM:MeOH (1:1; vol/vol). Polar fractions or total TLEs in the case of 

culture samples were then subjected to further analysis. 

 

High-performance liquid chromatography (HPLC)-electrospray ionization (ESI) 

tandem mass spectrometry (MSn) analysis 

 IP-DAGs were analyzed by HPLC-ESI-MS/MS according to previously 

published methods [21], with a few modifications. Approximately 20 µg in volumes of 

between 5 and 15 µL of each sample was injected onto a LiChrospher diol column (250 

mm x 4 mm, 5 µm, Phenomenex) at room temperature using a flow rate of 0.2 mL/min. 

Analyses were performed with an Agilent 1200 HPLC system coupled to a Thermo-

Finnegan LTQ-XL linear ion trap mass spectrometer equipped with an ESI source. MS 

parameters were as follows: capillary temperature, 200°C; capillary voltage, 41V; spray 

voltage, 5 kV; sheath gas, 15; auxiliary gas, 5; sweep gas, 5 (arbitrary units). Remaining 

parameters were determined by manual tuning using a solution of 1,2- dipalmitoyl sn-

glycero-3-phosphocholine directly infused into the ESI source. Data were acquired in 

three scan events: the first scan, MS1, was a full scan from 400- 2000 m/z while the 

second, MS2, used a dynamic exclusion procedure to isolate ions from the MS1 scan for 

collision-induced dissociation (CID) fragmentation. The final scan, MS3, isolated the 

most abundant ion from the MS2 scan for CID. The normalized collision energy for CID 

was set to an intensity of 35 (arbitrary units). All samples were analyzed in separate 
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runs in both positive and negative ionization modes to obtain additional structural 

information, especially for those IP-DAGs that ionize better in one mode versus the 

other. 

 Commercially available standards for some IP-DAG headgroups were also 

analyzed to obtain retention times and fragmentation patterns for comparison to 

environmental samples (a list of standards analyzed can be found in Table S5.2). Linear 

standard curves across several orders of magnitude were constructed for these standards 

where possible. However, the structural differences of IP-DAG head groups result in 

significant variations in the detector response factors [21]. Therefore, because of a lack 

of authentic standards for several of the major classes of IP-DAGs identified in our 

samples we treat quantification of all classes as relative, normalizing to the total lipid 

weight on column. In addition, we were unable to reliably distinguish the betaine lipids 

DGTS and DGTA from one another based on their MS/MS spectra, and we therefore 

report them as one IP-DAG structural group.  

 

Social Molecular Networking of IP-DAGs   

The web-based Global Natural Products Social Molecular Networking tool (GNPS; 

http://gnps.ucsd.edu) was used to create molecular networks of related compounds 

based on the similarity of their tandem MS fragmentation patterns [42]. A cosine score 

above 0.7 was selected for generation of the network. A lipid extract of a clean GF/F 

was used as a process blank to subtract any background signals arising from the solvent 

or extraction procedure. The network was then imported into Cytoscape version 3.2.0 

[43] for visualization. Individual parent masses are represented by circular nodes and 
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the similarity between them as determined by comparison of their MS2 fragmentation 

patterns (yielding a cosine score) is represented by edges between nodes. All data files 

used in the generation of the network are publically available through the online GNPS 

database (Accession number MSV000078592). 

 

DNA extraction, 16S PCR amplification and sequencing  

DNA was extracted from a portion of each GF/F filter based on an existing 

phenol-chloroform extraction protocol as previously described [44, 45]. 16S rDNA PCR 

was carried out using the Accuprime High Fidelity PCR kit (Invitrogen) and primers 

were 357F (5’ CCTACGGGAGGCAGCAG 3’) and 926R (5’ 

CCGTCAATTCMTTTRAGT 3’). The reverse primer was complemented with 454 

adaptors and sample-specific 10-bp barcodes. Samples were cleaned using Agencourt 

AMPure XP (Becker Coulter), quantified with the Picogreen assay (Molecular Probes), 

mixed in approximately equimolar amounts, and sequenced using Roche/454 GS FLX 

Titanium technology.  

Environmental raw sequences were processed to remove primers and barcodes. 

SSU-ALIGN [46] was used to identify rRNAs according to the predefined SSU HMM 

models. Sequences less than 200 nucleotides were discarded. Potential chimeric PCR 

amplifications were checked using UCHIME [47] and removed. BLAST [48] search 

was performed against SILVA (release 121) [49] for taxonomic classification. The 

search was executed on a TimeLogic® DeCypher® system (Active Motif Inc., Carlsbad, 

CA) with e-value threshold ≤ 1E-10. Heatmaps of the most abundant organisms were 

constructed in R, with sequence abundances normalized to the total number of reads in 
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each sample. Absolute counts for sequences obtained from each sample can be found in 

Figure S5.1.  

 

RESULTS  

IP-DAG analysis of cultured picophytoplankton 

 IP-DAG structural diversity was qualitatively analyzed in several cultures of 

both eukaryotic and prokaryotic picophytoplankton, comprising three major groups: 

Cyanobacteria, Chlorophytes, and Pelagophytes. Because Chlorophyta is a very large 

division of algae, we selected organisms from several classes within this division, 

including Prasinophyceae (Ostreococcus and Micromonas), Trebouxiophyceae 

(Picochlorum), and Chlorophyceae (Picocystis) (see also Table 5.1). Ostreococcus and 

Micromonas are both reported to be coastal organisms, but with distributions that can 

extend into oligotrophic waters as well [37, 38]. The Picochlorum representative 

analyzed here was isolated from a coastal marine environment [40], while Picocystis 

appears to be associated only with hyper-saline environments [39]. Although we would 

not necessarily expect these latter two organisms to be present in the ultraoligotrophic 

South Pacific waters we sampled, we were interested in whether their IP-DAG 

composition would differ from the organisms we would potentially expect to see, such 

as Pelagomonas, which so far appears widespread in oligotrophic marine environments 

[14, 16].  

A summary of IP-DAG classes and the number of associated structures 

identified in each culture is provided in Figure 5.2 while a full list of all IP-DAGs 

identified in each culture can be found in Table S5.3. Analysis of the cyanobacteria 
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Prochlorococcus and Synechococcus demonstrated that their IP-DAG profiles are 

similar but with several key differences. First, both cyanobacteria produce the same 

major IP-DAG classes (PG, MGDG, DGDG, and SQDG), with the exception of PE and 

GADG, which were not observed in Synechococcus. However, the two differ in that 

Prochlorococcus incorporates odd-chain fatty acids such as 19:1, whereas 

Synechococcus appears to only use combinations of 14, 16, and 18 carbon fatty acids, 

either saturated or singly-unsaturated (Table S5.3). Finally, neither Prochlorococcus 

nor Synechococcus cultures contained polyunsaturated fatty acids (PUFAs).  

The picoeukaryotic cultures analyzed produced a greater diversity of IP-DAG 

structures than the cyanobacteria, including the betaine lipids DGTS and DGTA. 

Consistent with the hypothesis that betaine lipids may replace PC in cell membranes of 

organisms that frequently contend with P-limited conditions [33, 50], the organisms that 

have been previously observed in oligotrophic environments produce the most betaine 

lipid structures (Ostreococcus, Micromonas, and Pelagomonas) and also lack PC. 

Picocystis and Picochlorum, on the other hand, produce fewer betaine lipid structures 

and many more PC structures, consistent with their distribution in coastal environments 

where phosphate limitation is not as common. 

Molecular networking analysis of the LC-MS/MS spectra of IP-DAGs from these 

cultures allows visualization of the structural separation and/or overlap within classes of 

IP-DAGs. These networks are generated through computational alignment and 

comparison of the MS/MS fragmentation patterns within LC-MS chromatograms. 

Multiple identical MS/MS spectra are combined to give a consensus spectrum of a
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Figure 5.2. Number of structures identified in each picophytoplankton culture for each 
IPL headgroup class. Circles represent the presence of a particular IPL headgroup in 
each culture while numbers within circles represent the number of unique structures 
identified. 
 

 

particular lipid structure, which is then represented by an individual node in the 

network. The consensus spectra are then compared to each other and related lipid 

structures are connected by edges to generate spectral families with similar 

fragmentation patterns and therefore structural similarities, resulting in a molecular map 

of structural diversity and relatedness among samples. These molecular maps are often 

quite large and contain many unidentifiable compounds, and therefore for ease of 

visualization we present only the spectral families containing the IP-DAG structures of 

interest, as discussed below.  
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The three major glycolipid headgroups (MGDG, DGDG, SQDG) are produced 

by all three major picophytoplankton groups examined (Cyanobacteria, Chlorophytes, 

and Pelagophytes, Figure 5.3A, 5.3B), while betaine lipids are produced only by the 

eukaryotic picophytoplankton (Figure 5.3C). Only Prochlorococcus produced GADG 

structures. Although the network analysis is based on fragmentation pattern and 

therefore cannot distinguish between DGTS and DGTA, comparing the retention time 

of our DGTS standard to that of the betaine lipids found in the culture samples suggests 

that DGTS elutes several minutes before DGTA. In addition, what we identified as 

DGTA appeared to contain a greater abundance of longer chain fatty acids, compared to 

DGTS, a trend that has been previously noted [51]. The phospholipids (PE and PG, 

Figure 5.3D, 5.3E) were present in all cultures as well, but we refrain from too much 

interpretation here, as heterotrophic bacteria as well as photosynthetic organisms 

produce them. The non-axenic nature of the cultures analyzed made it difficult to 

determine with certainty which organisms were actually producing them. GADG was 

detected in the Prochlorococcus culture but at lower levels than other headgroup 

structures, so it is unclear whether this reflects production by Prochlorococcus or 

unknown heterotrophic bacteria in the non-axenic culture. 

Examining the fatty acid composition of the glycolipid distribution among 

cultures shows a clear distinction between the cyanobacteria and eukaryotes. In general 

the picoeukaryotic phytoplankton produce IP-DAGs containing many more PUFAs, 

such as 18:3, 18:4, 20:4, and 22:6, while the cyanobacterial IP-DAGs contain shorter 

chain, less saturated fatty acids (Figure 5.3). The clearest example of this can be seen in 

the MGDG/DGDG family (Figure 5.3A), where there is very little overlap between the 
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Figure 5.3. Molecular networking of IPL structures identified in picophytoplankton 
cultures, separated into headgroup classes MGDG/DGDG (A), SQDG (B), Betaine (C), 
PG (D), and PE (E). Each circular node corresponds to a unique MS/MS fragmentation 
pattern and therefore a unique IPL structure. Node sizes are scaled relative to the 
number of MS/MS spectra matching each IPL structure in order to highlight the most 
commonly observed structures within each IPL class, and these select structures are 
labeled with the identified fatty acid chains. Colored pie charts on each node indicate in 
which culture(s) the IPL structure was identified and in what relative proportions, 
according to the legend provided. For example, therefore, in A the most commonly 
observed MGDG species was (14:0/16:1), identified in both Prochlorococcus and 
Synechococcus but not in any of the other cultures. Note that because this depiction is 
based on the number of MS/MS spectra collected the information here is only semi-
quantitative and does not necessarily reflect actual lipid concentrations. 
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IP-DAGs produced by cyanobacteria and those produced by picoeukaryotes. The 

SQDG family, on the other hand, contains more structures that are produced by both the 

cyanobacteria and picoeukaryotes (Figure 5.3B), consistent with the reported 

association of SQDG with the thylakoid membrane in these organisms [30, 31] and with 

phytoplankton in marine surface waters [26].  

 

IP-DAG profiles of Tonga Trench POM 

 Water column features of the Tonga Trench sampling site were characteristic of 

an oligotrophic open ocean environment, with extremely low nutrient concentrations in 

surface waters and a deep euphotic zone, resulting in a deep chlorophyll maximum 

(DCM) at 140m depth, and a local oxygen minimum at a depth of 400m (Figure 5.4A, 

5.4B). The total lipid yield per L sampled decreased with depth (Figure 5.4C), with 

very little material recovered from the deeper samples despite pumping much greater 

volumes, apparently because of extremely low concentrations of organisms and 

particulate matter at abyssal depths in the water column.  

Several major classes of IP-DAGs were identified from water column POM 

samples, including PE, PG, MGDG, DGDG, SQDG, and the betaine lipids DGTS and 

DGTA. DGCC was not detected in any of the samples, and neither was PC or GADG. 

Relative quantification of IP-DAG classes shows that all decrease with depth (Figure 

5.5). SQDG and DGDG disappear entirely below 400m.  
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Figure 5.4. Water column profiles of (A) Temperature and oxygen (B) Major nutrients 
and (C) TLE yield and chlorophyll concentrations with depth.  
 

 

 

 

Figure 5.5. Relative quantification of IPL headgroups with depth, normalized to the 
total µg of TLE on column. PE, PG, and betaine lipids are shown in A, while MGDG, 
DGDG, and SQDG are shown in B. 
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Network analysis of the IP-DAG structures shows that the structural diversity of 

IP-DAGs in surface samples is distinct from that found below the euphotic zone and at 

depth (Figure 5.6). With a few exceptions, IP-DAG structures with PUFAs are 

confined to surface samples, most likely due to a eukaryotic phytoplankton source. For 

example, the most common MGDG IP-DAG structures observed in surface waters 

contain combinations of 18:4 and 18:5 fatty acids (Figure 5.6A), which are not found in 

deeper samples. In contrast, structures that are present throughout the water column 

contain less unsaturated fatty acids (e.g. MGDG 14:0/16:1) and suggest either these 

structures may not be produced solely by eukaryotic organisms or they survive on 

particles on longer timescales (Figure 5.6A). Similarly, most betaine structures were 

found exclusively in surface samples, consistent with their expected production by 

eukaryotic phytoplankton. Surprisingly, however, some betaine lipids are also present in 

deeper samples. Similar to the pattern within the MGDG headgroup class, the betaine 

IP-DAGs found at depth contain less unsaturated or odd-numbered fatty acid chains 

(e.g. 15:0, 16:1, 22:0, Figure 5.6B), distinguishing them from those containing PUFAs 

and therefore putatively produced by phytoplankton in surface waters. However, a few 

structures found in surface samples that do contain PUFAs are also found in trace 

amounts at depth (e.g. 16:0/20:5, Figure 5.6B). The fatty acid composition of the 

SQDG IP-DAG structures is limited to more saturated fatty acids, and only one 

structure is found anywhere below the euphotic zone (Figure 5.6C). Finally, the 

phospholipids PG and PE are found throughout the water column, with several 

structures containing odd chain fatty acids, and likely indicating bacterial source 
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organisms (Figure 5.6D, 5.6E). A complete list of all structures identified can be found 

in Table S5.4. 

 

 
 
Figure 5.6. Molecular networking of IPL structures identified in Tonga Trench 
samples, separated into headgroup classes MGDG/DGDG (A), Betaine (B), SQDG (C), 
PG (D), and PE (E). Each circular node corresponds to a unique MS/MS fragmentation 
pattern and therefore a unique IPL structure. Node sizes are scaled relative to the 
number of MS/MS spectra matching each IPL structure in order to highlight the most 
commonly observed structures within each IPL class, and these select structures are 
labeled with the identified fatty acid chains. Colored pie charts on each node indicate at 
which depth(s) the IPL structure was identified and in what relative proportions, 
according to the legend provided. For example, therefore, in A, the most commonly 
observed MGDG structure was (18:4/18:5), and it was found only in the surface and 
DCM samples. Note that because this depiction is based on the number of MS/MS 
spectra collected the information here is only semi-quantitative and does not necessarily 
reflect actual lipid concentrations.  
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Bacterial and eukaryotic community composition in Tonga Trench POM 

  16S rDNA analysis demonstrates that the surface community is dominated by 

Prochlorococcus, although heterotrophic genera from the SAR11 clade are also present 

(Figure 5.7A). Other major bacterial groups such as Planctomycetes, the SAR 324 

Deltaproteobacteria clade, and Nitrospinae increase in abundance below the euphotic 

zone. Nitrospinae, a phylum of nitrite-oxidizing bacteria known to prefer low oxygen 

conditions, are most abundant at a depth of 400m, corresponding to the local oxygen 

minimum and potentially, also to the depth of enhanced nitrification (ammonia 

concentrations show a minimum at this depth and macronutrient profiles are consistent 

with enhanced regeneration). Consistent with its known distribution in deep, colder 

waters in low latitude regions [52–54] the potentially chemolithoautotrophic SAR 324 

Marine Group B clade is at maximum abundance at 5000m depth.  

 18S rDNA analysis showed that the surface waters contained various groups of 

Dinoflagellates, including several groups in the order Syndiniales, which consists of 

endosymbiotic and sometimes parasitic dinoflagellates (Figure 5.7B). Radiolarians 

(Class Polycystinea) are also present in surface waters but are more abundant in the 

deeper samples. Radiolarians in the order Spumellaria are most abundant at 5000m 

depth, while those in the order Nassellaria are most abundant at the local oxygen 

minimum at 400m depth. Finally, sequences matching to various species of copepod are 

found mostly in the surface waters, which is likely a result of the larger pore-size pre-

filter used during sample collection. 
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Figure 5.7. Community analysis of environmental samples from the Tonga Trench. 
Heat map shows abundances normalized to the number of reads in each sample for (A) 
16S, (B) 18S, and (C) 16S plastid hits to the specified taxa.  
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 Because the large eukaryotic organisms contain proportionately greater amounts 

of DNA relative to picoplankton, very few 18S sequences belonging to the latter could 

be detected in our dataset. Therefore, the presence and diversity of eukaryotic 

picophytoplankton was examined through the 16S rDNA of plastids rather than 18S 

rDNA (Figure 5.7C). As has been observed in other oligotrophic environments [14, 

16], Pelagomonas were most abundant in the DCM at a depth of 140m. Also present 

were several types of nanoflagellate prymnesiophytes, (Chrysochromulina and 

Imantonia sp.), and dictyochophytes (Mesopedinella and Dictyochophyte sp. RCC332). 

Chlorophytes, however, were absent from all samples.     

 

DISCUSSION 

 In this study suspended particles were isolated by in-situ pumps from a variety 

of depths in the ultraoligotrophic western South Pacific Ocean. A very coarse pre-filter 

resulted in most suspended particles >0.7 µm in diameter being sampled from each 

depth, and the integration of relatively large volumes of seawater further insured 

representative sampling of the dominant particle types in this environment. Isotope 

studies have suggested that the suspended POM isolated in this manner is delivered to 

the water column from sinking particles [55, 56], with replacement times of less than 10 

years [57, 58].The replacement time may be longer in the environment sampled here if 

sinking rates are slow. Focusing on IP-DAGs likely enables us to examine the 

interaction between sinking and suspended particles on even much shorter timescales as 

IP-DAGs are anticipated to have short lifetimes in oxygenated waters [25]. Thus it is 

expected that biomarkers in this sample set reflect the contributions of surface ocean 
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organisms. However, given the large volumes filtered and the abundance and 

anticipated size of in situ heterotrophic bacteria, our sampling method likely captured 

some small contribution of biomarkers from non-photosynthetic bacteria as well. Both 

of these conclusions are supported by the genetic data.  

The IP-DAG and genetic data collected throughout the water column in this 

study provide a new way of examining interactions between the components of the food 

web in this oligotrophic environment. We chose to focus on IP-DAGs over other 

commonly employed biomarkers like fatty acids because of the greater taxonomic 

specificity provided by examining headgroup structure [21], and because there was 

precedent for finding IP-DAGs in deeper waters [18]. We sought to determine the 

extent to which IP-DAGs could be detected beyond the mesopelagic into the abyssal 

zone, and to identify IP-DAG structures that might function as tracers of surface 

contribution to export production. As a template for studying the patterns in 

environmental samples, we analyzed the IP-DAG diversity of several 

picophytoplankton cultures, the selection of which was determined by both availability 

and anticipated enhanced abundance in oligotrophic environments. We then attempted 

to analyze the relationship between the template and the environmental samples to gain 

insight into community composition and associated export at our sampling site. Adding 

microbial community composition data from multiple depths allowed us to further 

inform and validate the patterns observed in the IP-DAG data. A summary of IP-DAG 

distribution and potential source organisms as inferred from the environmental data is 

shown in Figure 5.8 below. 
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Figure 5.8. Conceptual diagram summarizing the observations of major classes of IP-
DAG structures in surface and deep waters (divided by the white horizontal line in each 
panel). Red fonts denote the fatty acid composition in each IP-DAG class, with 
potential source organisms listed in black. Question marks indicate uncertainty with 
regard to source organisms. Blue arrows indicate potential fates of IP-DAG structures in 
the water column, and dashed arrows represent processes that could not be confirmed at 
the end of the study. MUFA = monounsaturated fatty acid.  
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phototrophs, heterotrophs, or both in this environment is not currently known, but 

Dinophyceae have been observed to contain mostly 18:4 and 18:5 fatty acids associated 

with glycolipid IP-DAGs in their plastid membranes [59, 60]. Thus it seems likely that a 

significant portion of the PUFA-containing glycolipids (MGDG and DGDG, Figure 

5.6A) originated from these dinoflagellates. Pelagomonas also contained some 18:4 

glycolipids (Figure 5.3A) and so could have also contributed some of these PUFA to 

the suspended particles isolated from surface waters. 

 The SQDG lipid class contained more overlap in fatty acid content between 

picoeukaryotic and cyanobacterial cultures. Still, the lack of PUFA fatty acids in the 

SQDG structures found in the environmental samples, and the fact that 

Prochlorococcus has been observed to primarily synthesize SQDG as its major 

membrane lipid [35], together suggest that they are the major contributors to the SQDG 

lipid pool in the Tonga Trench environment. Interestingly, although all of the eukaryotic 

picophytoplankton cultures we examined contained SQDG, only Micromonas and 

Ostreococcus contain possible homologs of known genes from the SQDG biosynthesis 

pathway (sqdB/SQD1 and/or sqdX/SQD2 for cyanobacteria/plants, Benning, 1998; Yu 

et al., 2002), suggesting there may be another as-yet unidentified SQDG biosynthesis 

pathway present in certain eukaryotic phytoplankton. Other examples of microalgae 

found to produce SQDG but apparently lacking the known biosynthetic genes include 

the Chlorophytes Tetraselmis chuii [63] and Chlorella kessleri [64], and the 

Raphidophyte Heterosigma carterae [65].  

The IP-DAG distribution in the Tonga Trench demonstrates that most IP-DAG 

structures observed in surface samples do not persist beyond the euphotic zone to any 
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significant depth. In particular, those IP-DAG structures that could be considered to be 

primarily associated with thylakoid membranes and therefore with phototrophic 

organisms (SQDG, DGDG, and MGDG), nearly or completely disappear beyond the 

euphotic zone, precluding their use as biomarkers for exported surface production at 

bathypelagic depths in this environment at the time of sampling. It is plausible that 

episodic higher flux events may be more efficient at delivering IP-DAGs to greater 

depths than what was observed here. For example, the 3000 m sample had higher TLE 

concentrations (Figure 5.5C), some (few) MGDG lipids (Figure 5.6A), and higher 

relative numbers of Prochlorococcus 16S rDNA genes (Figure 5.7A), than the sample 

above or below it, which could indicate a temporal offset between events that 

influenced suspended particulate organic matter at 400m versus 3000m.   

Those IP-DAG structures that are found at multiple depths may be more 

recalcitrant, or they may simply be common structures that are produced by multiple 

organisms and found throughout the water column. For example, the few MGDG 

structures that could be found at 3000m depth contain a fatty acid composition similar 

to what was observed in Prochlorococcus cultures (as noted above), but this could also 

indicate an in situ bacterial source.  

Unlike the glycolipids, numerous PE lipid structures are found even in the 

deepest samples. This is not surprising, as PE can be found in both eukaryotic and 

prokaryotic picophytoplankton as well as heterotrophic bacteria. The fatty acid 

composition, however, suggests that the sources of most of the PE structures observed 

in the Tonga Trench are likely heterotrophic bacteria rather than photoautotrophs, in 

accordance with previous data indicating that PE is primarily produced by heterotrophs 
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even in surface waters [26]. On the other hand, the presence of betaine lipids at depth is 

somewhat surprising, given that their presence in surface waters has been primarily 

attributed to eukaryotic phytoplankton in previous studies [26, 27, 32]. Retention time 

data suggests that most of what we observe in our environmental samples is likely 

DGTS rather than DGTA, which currently does not have any known bacterial sources. 

As noted previously, whether the presence of these structures at depth is a result of 

ubiquitous in situ production by bacteria in the water column or evidence of increased 

resistance to degradation and export from the surface is currently unknown. Several 

classes of eukaryotic algae including Chlorophytes [32], diatoms [66] and even some 

toxic Raphidophytes [67] are known to produce betaine lipids, but thus far the genetic 

potential for betaine lipid biosynthesis in bacteria may be confined to certain members 

of the Alphaproteobacteria and some fungal species [68]. A BLAST search for the two 

key enzymes in bacterial DGTS synthesis (BtaA and BtaB, Riekhof et al., 2005) in the 

genomes of SAR11, Nitrospinae, and SAR324 did not yield any positive hits, despite 

their prevalence in the 16S community data at multiple depths. Certainly the majority of 

the betaine structures present at multiple depths contain fatty acids suggestive of 

bacterial origins, with the exception of a few (e.g. 16:0/20:5, 16:0/18:4, 14:0/18:4) that 

contain PUFAs. However, because some piezophilic bacteria in the deep sea also 

produce PUFAs [70, 71], the presence of these fatty acids at depth does not 

unambiguously identify a surface source. In addition, the unusual fatty acid 22:0 was 

not detected in any other lipid class here; its biological source is currently unknown. 

Unfortunately, therefore, while the fatty acid composition of betaine lipids is intriguing, 
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more information is needed to determine the sources of these compounds as well as the 

potential for their persistence in the water column.  

 

Conclusions and future directions 

 This study took advantage of opportunistically collected samples from the 

Tonga Trench region of the western South Pacific Ocean and as a result represents only 

a single data point for lipid and community profiling in oligotrophic regions of the 

South Pacific. To our knowledge, however, this is the first time that this environment 

has been sampled in this manner. This analysis describes the deepest IP-DAG dataset 

collected to date, and provides new insight into the identity of IP-DAG structures that 

may represent robust indicators of the export contributions from bacterial and 

eukaryotic picophytoplankton. In terms of food web dynamics it is interesting to 

consider the limited penetration of glycolipid structures in the water column. Are these 

lipids essentially consumed by the surface ocean microbial loop, whose activity is 

evident in the relative abundance of 18S sequences from mixotrophic dinoflagellates? 

Alternatively, is it the efficient degradation of these lipids as particles sink through the 

water column that limits their delivery to depth? In our samples, the detection of 

Prochlorococcus and dinoflagellate 16 and 18S rDNA, respectively, does suggest that 

nucleic acids seem to persist longer compared to IP-DAGs as surface-derived organic 

matter is delivered to depth. However, unlike IP-DAG analysis, PCR is a much more 

sensitive technique because the signal obtained through PCR is an amplified signal and 

does not reflect the quantity of DNA that was originally present. Perhaps in other more 

productive regions, or in times of episodic organic matter flux, we could expect to see 
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more organic matter escaping degradation and sinking below the euphotic zone at rates 

fast enough to preserve an IP-DAG surface signature. For example, in areas of the 

ocean where seasonal phytoplankton blooms result in larger, faster-sinking particles, 

more organic matter is observed to escape the euphotic zone [72], with semi-intact cells 

containing chloroplasts even settling on the deep sea floor in some locations [73]. In 

addition, recent work with single amplified genomes from deep trench environments 

showed that cyanobacterial genomes were present even in very deep samples, indicating 

that cyanobacterial cells can remain intact enough to be sorted and sequenced using this 

technique (Dr. Rosa Leon, pers. comm.).  

Future studies could attempt to collect more material by increasing the pumping 

time, or, alternatively, by decreasing the filter pore size to 0.2 µm instead of 0.7 µm. In 

this way more of the submicron community and “XPOM” [18] might be isolated and 

potentially available for compound-specific isotope studies. The betaine lipids, in 

particular, may provide interesting targets for future studies using stable isotope 

composition to distinguish structures produced at depth from those exported from the 

surface. However, the application of IP-DAGs in this manner does represent a 

significant investment in both time and funding in order to obtain appropriate samples. 

The results of this study did raise questions about the relative degradation rates of 

various IP-DAG structures in different environments. Degradation studies of various IP-

DAG classes to examine potential differences in both the abiotic and biotic rates at 

which particular structures are degraded could provide some complementary insights 

regarding the likelihood of certain structures being delivered to depth. Such studies 

could also help to establish the residence time of the suspended particles at depth. For 
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instance, while the lipid classes found mostly in the euphotic zone (SQDG, MGDG, 

DGDG) are primarily found in the plastid or thylakoid membranes of photosynthetic 

organisms, those found deeper in the water column are usually associated with cell 

membranes (PE, betaine lipids). Whether a difference in cellular localization could 

influence the selective preservation of these groups over the others has not been 

explored, nor has the possibility that glyco- and sulfolipids may be more susceptible to 

bacterial degradation. In the future, correctly interpreting the origins and fate of these 

biomarkers in the marine water column will require studies that specifically address 

these unanswered questions.  
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SUPPLEMENTARY MATERIAL 

 

 
 
Figure S5.1 Absolute counts for 16S, 18S, and 16S plastid sequences associated with 
each sample. 
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Figure S5.2 Examples of mass fragmentation patters for major IP-DAG classes 
analyzed. 
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Figure S5.2, continued. Examples of mass fragmentation patters for major IP-DAG 
classes analyzed. 
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Figure S5.2, continued. Examples of mass fragmentation patters for major IP-DAG 
classes analyzed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C:\Users\...\IPL_data\SF2_21Jan2014 1/21/2014 1:08:22 PM

RT: 0.00 - 65.00

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64
Time (min)

0

50

100
0

50

100

R
el

at
iv

e 
Ab

un
da

nc
e

0

50

100
26.77

19.80
11.16 24.7520.5712.3510.989.98 24.2123.07 27.48 31.39 36.09 38.0034.0918.62 39.8816.69 41.759.52 45.3013.742.55 47.194.02 47.502.10 4.21 52.44 60.70 64.0058.9357.0455.19

20.20
23.28

23.43

24.0420.9411.79 19.4212.02 17.5111.48 25.122.45 28.35 40.9631.10 33.86 38.5335.149.54 45.6242.12 47.806.783.250.39 57.1549.25 59.7256.3153.09 60.79 62.95
19.99 20.62

20.98
19.82 21.06 23.26

37.89 40.47 41.6936.2134.2331.2911.20 45.3312.93 26.32 28.91 48.772.44 18.187.076.34 10.704.60 14.92 52.5049.73 61.2854.47 63.6256.12 58.970.83

NL :
7.06E 6
B as e-P eak--MS -
S F 2_21J an2014

NL :
3.53E 6
m/z=-
764.00?765.00--
MS -
S F 2_21J an2014

NL :
2.70E 4
Neutral-
F ragment-
189.00--MS -
S F 2_21J an2014

SF2_21Jan2014 #4386 RT: 20.34 AV: 1 NL: 8.67E3
T: ITMS + c ESI d Full ms2 764.30@cid35.00 [190.00-775.00]

200 250 300 350 400 450 500 550 600 650 700 750
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
Ab

un
da

nc
e

575.66

745.05

574.53

729.62547.73453.40373.63 683.94591.60 703.56507.50 764.09602.66527.59302.80 320.25 666.56383.31222.27 624.44467.73233.53 339.37 440.44251.36 411.57275.97

MS2 m/z 764.5 
(M+NH4)+ 

575 
AA

Positive Mode 
6. Phosphoglycerols 

C:\Users\...\IPL_data\SF2_22Jan2014_neg 1/22/2014 12:45:45 PM

RT: 0.00 - 65.01

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64
Time (min)

0

20

40

60

80

100
0

20

40

60

80

100

R
el

at
iv

e 
Ab

un
da

nc
e

25.18

25.71

42.1941.9830.09 42.9523.3513.64 22.1313.272.50 18.70 36.6013.98 44.3035.5433.703.18 26.52 37.17 46.1911.61 48.85 64.3351.00 59.36 61.4852.925.80 9.59 58.3956.530.38
18.70

4.21 4.29

4.50

9.699.59 9.844.702.50 19.5211.36 42.2927.40 42.9516.32 40.20 45.5127.175.23 22.01 27.69 47.0536.32 39.9234.195.94 50.73 53.46 63.2660.2729.43 58.2856.491.51

NL :
2.99E 6
B as e-P eak--
MS -
S F 2_22J an2
014_neg

NL :
1.10E 5
m/z=-
745.00@
746.00--MS -
S F 2_22J an2
014_neg

SF2_22Jan2014_neg #4211 RT: 18.83 AV: 1 NL: 1.19E4
T: ITMS - c ESI d Full ms2 745.55@cid35.00 [185.00-760.00]

200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
Ab

un
da

nc
e

253.21

281.25

417.27
267.31

509.34
491.29

282.31

418.31 510.43481.33403.19 463.33 681.14389.21 709.19227.17 435.23 596.51 624.37 640.05311.66 536.21364.21 664.09294.30

MS2  
m/z 745.5  
(M-H)- 

A 253 281 

417 

491 
509 

B

C + D? 
D

B

A

C

D

Negative Mode 
6. Phosphoglycerols 



	  

	  

140	  

 
Table S5.1. Sample information for POM samples analyzed in the study.  
 

Sample 
depth (m) 

Water volume 
sampled (L) 

Total lipid extract 
weight (µg) 

TLE/L pumped 
(µg/L) 

0 288 1150 4.00 
140 589 1240 2.11 
400 2068 530 0.26 
3000 1142 700 0.61 
5000 3500 260 0.07 

 

Table S5.2. Standards analyzed with LC-MS/MS. All were purchased from Avanti 
Polar Lipids (Alabaster, Alabama, USA). 
 

Compound Name Common 
Name 

Exact 
mass 
(g/mol) 

m/z in 
positive 
mode 

m/z in 
negative mode 

1,2-dipalmitoyl-sn-
glycero-3-
phosphoethanolamine 

16:0/16:0 PE 691.5 692.5 
(M+H)+ 

690.5 (M+H)- 

1,2-dihexadecanoyl-
sn-glycero-3-
phospho-(1'-rac-
glycerol) (sodium 
salt) 

16:0/16:0 PG 744.5 762.5 
(M+NH4

+)+ 
743.5 (M-H)- 

1,2-dihexadecanoyl-
sn-glycero-3-
phosphocholine 

16:0/16:0 PC 733.5 734.5 
(M+H)+ 

778.4 
(M+HCOO-)- 

1,2-dipalmitoyl-sn-
glycero-3-O-4'-
(N,N,N-trimethyl)-
homoserine 

16:0/16:0 
DGTS 

711.6 712.6 
(M+H)+ 

N/A 
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Table S5.3 Summary of IP-DAG and fatty acid composition observed in 
picophytoplankton cultures. Parentheses represent individual structures containing the 
two associated fatty acid chains, which are annotated as number of carbons:number of 
unsaturations. Structures in which we could not determine the fatty acids are notated 
“ND” followed by the total number of carbons and double bonds. Underlined structures 
represent the most commonly observed structures within an IP-DAG class in each 
organism. Note that the order of fatty acid chains as written here is arbitrary; we could 
not determine R1 and R2 designations for fatty acids by mass spectrometry analysis 
alone, and also that we could not determine the positions of double bonds in unsaturated 
structures.  
 
 
 

 

 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Prochlorococcus
PG PE PS PC SQDG MGDG DGDG DGTS DGTA GADG

(16:1/16:1) 
(16:0/18:1)  
(18:1/18:1)  
(16:0/17:0)  
(16:1/16:0)  

(16:0/18:1) 
(16:0/17:1) 
(18:1/18:1)    
(16:1/18:1)  
(17:0/18:1)  
(16:0/19:1)    
(16:0/16:1) 
(ND 26:0)

none none (16:0/16:0)  
(14:0/16:0) 
(14:0/16:1) 
(14:0/16:2) 
(18:0/19:1)  
(18:1/19:1)  
(18:1/18:0)  
(16:0/18:0)   
(16:1/16:0)    
(14:0/14:0)  

(14:0/16:1) 
(14:0/16:0)  
(18:1/18:0)  
(18:1/19:1)    
(18:1/18:1)  
(14:0/14:0)  
(16:1/16:0)  
(14:0/14:1) 
(14:0/16:2)

(14:0/16:1)  
(14:0/16:2)  
(14:1/14:0)

none none (18:1/19:1)  
(18:1/18:0)  
(18:0/19:1)  
(16:0/19:1)

Synechococcus
PG PE PS PC SQDG MGDG DGDG DGTS DGTA GADG

(16:1/16:1) 
(16:1/18:1)  

none none none (16:0/16:0) 
(16:1/16:0) 
(14:0/16:0) 
(14:0/16:1)  
(16:0/18:1)    
(16:1/18:1)    
(16:1/16:1)    
(14:0/14:0)  
(18:1/18:1)  
(14:1/16:1)

(14:0/16:1)  
(16:1/18:1)  
(16:1/16:0)  
(14:0/18:1)  
(16:1/16:1)  
(14:0/14:1)

(14:0/16:1)  
(16:1/16:1)  
(14:1/16:1)

none none none

Ostreococcus
PG PE PS  PC SQDG  MGDG DGDG DGTS DGTA GADG

(16:0/18:4)  
(16:0/18:2)  
(16:0 18:1)  
(14:0/18:1)  
(14:0/16:0)  
(18:1/18:1)

(22:6/22:6) (22:6/22:6) none (16:0/18:4)  
(14:0/14:0)  
(14:0/16:0)  
(14:0/18:3)  
(14:0/18:4)  
(14:0/12:0)

(16:4/18:4)  
(16:4/18:3)  
(16:4/18:5)  
(16:0/18:4)

(16:4/18:4)  
(16:0/18:3)  
(16:0/18:4)  
(16:4/18:5)  
(14:0/18:4)

(14:0/18:4)  
(16:0/18:4)  
(18:4/20:4)  
(18:4/22:6)  
(16:1/18:4)  
(18:4/18:4)

(22:6/22:6) 
(20:5/22:6)  
(18:3/20:4)  
(20:4/20:5)  
(20:4/20:4)  
(20:4/22:6)   
(18:4/20:4)  
(18:4/22:6)  
(18:4/18:4)  
(14:0/18:4)  
(14:0/16:4)  
(16:4/18:4)  
(18:4/22:6)

none

Micromonas
PG PE PS PC SQDG MGDG DGDG DGTS DGTA GADG

(16:0/18:4)  
(18:1/18:1)

none none none (16:0/18:4) 
(14:0/16:0)    
(16:0/18:3)

(16:4/18:4)  
(16:4/18:5)  
(16:4/18:3)  
(14:0 18:4)  
(16:0/18:4)  
(16:0/18:3)  
(16:0/18:1)  
(16:0/18:0)  
(18:1/18:1)

(16:4/18:4)  
(16:4/18:5)  
(16:0/18:3)

(16:0/18:4) 
(16:0/18:3)   
(14:0/16:0)  
(14:0/18:3)  
(14:0/18:4)  
(18:4/18:4)  
(16:4/18:4)

(16:0/22:6) 
(22:6/22:6) 
(16:4/16:0)   
(18:1/22:6)   
(20:5/22:6)   
(18:3/22:6)  
(18:4/22:6)   
(16:4/22:6)  
(18:4/18:4)  
(18:3/18:4)  
(16:4/18:3)  
(14:0/16:4)  
(16:4/18:4)  
(16:4/16:4)

none
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Table S5.3, continued. Summary of IP-DAG and fatty acid composition observed in 
picophytoplankton cultures. 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  

Picocystis
PG PE PS PC SQDG MGDG DGDG DGTS DGTA GADG

(16:1/18:3)  
(16:0/18:3)  
(16:0/18:2)

(16:0/20:4)  
(16:0/20:5)  
(16:0/18:2)

none (16:0/18:1)  
(16:0/18:2) 
(16:0/20:4)  
(16:0/18:3)  
(18:3/20:4)  
(18:2/20:5)  
(18:1/20:4)  
(18:3/20:5)  
(22:6/20:5)  
(22:6/20:4) 
(ND 40:8)    
(ND 42:12)  
(ND 38:10)    
(ND 36:5)      
(ND 36:6) 

(16:0/18:3) 
(16:0/16:0)   
(16:0/18;2)  
(16:0/18:1)  
(18:3/18:3)

(16:4/18:3) 
(16:0/18:3)    
(18:3/18:3) 
(ND 34:6)       
(ND 34:5)        
(ND 34:4)

(16:0/18:1)  
(16:0/18:2)  
(16:0/18:3)  
(16:2/18:3)  
(16:2/18:3)  
(16:3/18:3)  
(16:4/18:3)  
(18:3/18:3)

(16:0/18:1)  
(16:0/18:2)  
(16:0/18:3)

none none

Picochlorum
PG PE PS PC SQDG MGDG DGDG DGTS DGTA GADG

(ND 34:4) (16:0/18:2) (16:0/18:2)  
(16:0/18:3)

(18:2/18:3)  
(18:1/18:3)  
(18:1/18:2)  
(16:0/18:2)  
(16:0/18:3)  
(18:3/18:3)  
(16:3/18:3)  
(16:3/18:4) 
(ND 38:7)

(16:0/18:3) 
(16:0/16:0)  
(16:0/18:1)  
(16:0/18:2)  

(ND 34:6) (16:3/18:3) 
(16:0/18:2)  
(16:0/18:3)  
(16:2/18:2)  
(16:2/18:3)  

(16:0/18:3) 
(18:3/18:3) 
(16:0/18:2)   
(18:3/18:2)   
(16:0/16:1)  
(16:0/16:2)  
(16:0/16:3)  
(16:3/16:3)  
(16:3/18:3) 
(ND 34:5) 
(ND 36:4)

none none

Pelagomonas (Fe-limited)
PG PE PS PC SQDG MGDG DGDG DGTS DGTA GADG
(16:2/18:4) (20:5/22:6) 

(16:0/18:1)
(16:0/18:2)
(16:0/22:6)
(15:0/22:6)
(15:0/18:2)
(14:0/18:2)
(15:0/20:5)
(16:0/18:3)
(14:0/22:6)
(15:0/18:3)

none none (14:0/14:0)  
(14:0/16:1)  
(14:0/18:4)  
(16:0/18:4) 
(16:1/18:4)
(18:3/18:4)
(18:4/18:4)

(18:4/18:5) 
(14:0/16:1)  
(14:0/18:4)  
(ND 36:7)  
(18:4/18:4)  

(14:0/18:4)
(14:0/18:5)

(16:0/18:2)
(16:0/22:6)
(16:0/18:3)
(18:2/22:6)
(18:3/22:6)
(22:6/22:6)
(14:0/18:1)
(16:0/16:1)
(14:0/22:6)
(18:3/18:3)
(16:0/18:4)
(14:0/18:2)
(14:0/16:1)
(18:2/18:3)
(14:0/18:3)
(18:4/22:6) 
(14:0/18:4)

(22:5/22:6) 
(16:0/22:6)
(22:6/22:6)
(17:0/22:6)
(18:2/22:6)
(20:4/22:6)
(18:3/22:6)
(16:0/18:3)
(14:0/22:6)
(18:3/18:3)
(18:4/22:6)
(18:3/20:4)
(16:0/18:4)
(14:0/18:3)
(18:5/22:6)
(18:2/18:3)
(18:4/20:4)
(18:4/18:4)

none

Prochlorococcus
PG PE PS PC SQDG MGDG DGDG DGTS DGTA GADG

(16:1/16:1) 
(16:0/18:1)  
(18:1/18:1)  
(16:0/17:0)  
(16:1/16:0)  

(16:0/18:1) 
(16:0/17:1) 
(18:1/18:1)    
(16:1/18:1)  
(17:0/18:1)  
(16:0/19:1)    
(16:0/16:1) 
(ND 26:0)

none none (16:0/16:0)  
(14:0/16:0) 
(14:0/16:1) 
(14:0/16:2) 
(18:0/19:1)  
(18:1/19:1)  
(18:1/18:0)  
(16:0/18:0)   
(16:1/16:0)    
(14:0/14:0)  

(14:0/16:1) 
(14:0/16:0)  
(18:1/18:0)  
(18:1/19:1)    
(18:1/18:1)  
(14:0/14:0)  
(16:1/16:0)  
(14:0/14:1) 
(14:0/16:2)

(14:0/16:1)  
(14:0/16:2)  
(14:1/14:0)

none none (18:1/19:1)  
(18:1/18:0)  
(18:0/19:1)  
(16:0/19:1)

Synechococcus
PG PE PS PC SQDG MGDG DGDG DGTS DGTA GADG

(16:1/16:1) 
(16:1/18:1)  

none none none (16:0/16:0) 
(16:1/16:0) 
(14:0/16:0) 
(14:0/16:1)  
(16:0/18:1)    
(16:1/18:1)    
(16:1/16:1)    
(14:0/14:0)  
(18:1/18:1)  
(14:1/16:1)

(14:0/16:1)  
(16:1/18:1)  
(16:1/16:0)  
(14:0/18:1)  
(16:1/16:1)  
(14:0/14:1)

(14:0/16:1)  
(16:1/16:1)  
(14:1/16:1)

none none none

Ostreococcus
PG PE PS  PC SQDG  MGDG DGDG DGTS DGTA GADG

(16:0/18:4)  
(16:0/18:2)  
(16:0 18:1)  
(14:0/18:1)  
(14:0/16:0)  
(18:1/18:1)

(22:6/22:6) (22:6/22:6) none (16:0/18:4)  
(14:0/14:0)  
(14:0/16:0)  
(14:0/18:3)  
(14:0/18:4)  
(14:0/12:0)

(16:4/18:4)  
(16:4/18:3)  
(16:4/18:5)  
(16:0/18:4)

(16:4/18:4)  
(16:0/18:3)  
(16:0/18:4)  
(16:4/18:5)  
(14:0/18:4)

(14:0/18:4)  
(16:0/18:4)  
(18:4/20:4)  
(18:4/22:6)  
(16:1/18:4)  
(18:4/18:4)

(22:6/22:6) 
(20:5/22:6)  
(18:3/20:4)  
(20:4/20:5)  
(20:4/20:4)  
(20:4/22:6)   
(18:4/20:4)  
(18:4/22:6)  
(18:4/18:4)  
(14:0/18:4)  
(14:0/16:4)  
(16:4/18:4)  
(18:4/22:6)

none

Micromonas
PG PE PS PC SQDG MGDG DGDG DGTS DGTA GADG

(16:0/18:4)  
(18:1/18:1)

none none none (16:0/18:4) 
(14:0/16:0)    
(16:0/18:3)

(16:4/18:4)  
(16:4/18:5)  
(16:4/18:3)  
(14:0 18:4)  
(16:0/18:4)  
(16:0/18:3)  
(16:0/18:1)  
(16:0/18:0)  
(18:1/18:1)

(16:4/18:4)  
(16:4/18:5)  
(16:0/18:3)

(16:0/18:4) 
(16:0/18:3)   
(14:0/16:0)  
(14:0/18:3)  
(14:0/18:4)  
(18:4/18:4)  
(16:4/18:4)

(16:0/22:6) 
(22:6/22:6) 
(16:4/16:0)   
(18:1/22:6)   
(20:5/22:6)   
(18:3/22:6)  
(18:4/22:6)   
(16:4/22:6)  
(18:4/18:4)  
(18:3/18:4)  
(16:4/18:3)  
(14:0/16:4)  
(16:4/18:4)  
(16:4/16:4)

none



	  

	  

143	  

Table S5.4 Summary of IP-DAG and fatty acid composition observed in environmental 
samples from the Tonga Trench. Parentheses represent individual structures containing 
the two associated fatty acid chains, which are annotated as number of carbons: number 
of unsaturations. Structures in which we could not determine the fatty acids are notated 
“ND” followed by the total number of carbons and double bonds. Underlined structures 
represent the most commonly observed structures within an IP-DAG class in each 
sample. Note that the order of fatty acid chains as written here is arbitrary; we could not 
determine R1 and R2 designations for fatty acids by mass spectrometry analysis alone, 
and also we could not determine the positions of double bonds in unsaturated structures. 	  
	  

	  
	  
	  
	  
	  
	  

Surface
PG PE PI PC SQDG MGDG DGDG Betaine Lipids 
(18:1/18:1) 
(16:0/18:1) 
(16:1/18:1) 
(16:0/17:1) 
(16:1/16:1) 
(16:0/16:1) 
(14:0/16:0) 
(14:0/14:0) 
(14:0/16:1)

(18:0/22:6) 
(18:1/22:6) 
(16:0/18:1) 
(17:1/19:1) 
(16:0/22:6) 
(22:6/22:6) 
(17:1/18:1) 
(16:1/18:1) 
(16:0/16:1) 
(16:0/17:1) 
(16:1/16:1)

(16:0/20:5) 
(16:0/22:6)

none (14:0/16:0) 
(16:0/16:0) 
(16:0/18:1) 
(15:0/16:0) 
(16:0/18:3) 
(14:0/16:1) 
(14:0/14:0) 
(14:0/18:3) 
(14:0/16:2) 
(14:0/18:4) 
(16:1/16:1)

(14:0/16:0) 
(14:0/16:1) 
(14:0/16:2) 
(14:0/14:0) 
(14:0/14:1) 
(14:0/18:5) 
(16:0/18:1) 
(14:0/18:1) 
(14:0/16:0) 
(18:4/18:4) 
(18:4/18:5) 
(16:4/18:3) 
(16:4/18:5) 
(18:5/18:5)

(16:0/18:1) 
(16:0/18:2) 
(16:0/18:3) 
(14:0/18:1) 
(14:0/16:0) 
(16:0/18:4) 
(14:0/18:2) 
(14:0/16:1) 
(18:5/20:5) 
(14:0/14:0) 
(16:2/18:5) 
(14:0/18:5) 
(18:4/20:5)

(16:0/22:6) 
(16:0/18:1) 
(16:0/18:2) 
(16:0/20:5) 
(14:0/18:1) 
(16:0/16:1) 
(16:0/18:3) 
(16:0/18:4) 
(14:0/18:2) 
(14:0/18:2) 
(14:0/18:3) 
(14:0/14:0) 
(14:0/16:1) 
(14:0/15:0) 
(14:0/18:4) 
(18:1/22:0)
(16:0/22:0)
(15:0/22:0)

Chlorophyll Max (140m)
PG PE PI SQDG MGDG DGDG Betaine Lipids 
(18:1/18:1) 
(16:0/18:1) 
(17:1/17:1) 
(16:0/17:1) 
(16:0/16:1) 
(16:1/16:1)

(17:1/19:1) 
(16:0/18:1) 
(16:1/18:1) 
(16:0/17:1) 
(16:0/16:1) 
(16:1/16:1)

(16:0/22:6) none (16:0/16:0) 
(16:0/18:1) 
(16:0/18:2) 
(14:0/16:0) 
(16:0/16:1) 
(16:0/18:4) 
(16:0/18:3) 
(14:0/16:1) 
(14:0/14:0) 
(14:0/18:4) 
(14:0/16:2) 
(16:0/22:6) 
(16:0/20:5)

(14:0/14:0) 
(14:0/16:2) 
(14:0/16:1) 
(16:0/18:1) 
(18:4/18:5) 
(14:1/16:2) 
(16:2/18:3) 
(18:5/18:5)

(14:0/16:1) 
(14:0/16:2) 
(18:5/20:5) 
(14:0/18:4) 
(16:1/16:2) 
(14:0/18:5) 
(16:2/18:5) 
(16:4/20:5) 
(14:1/16:2) 
(18:4/18:5)

(16:0/18:2) 
(14:0/16:0) 
(14:0/20:5) 
(14:0/18:1) 
(14:0/18:2) 
(16:0/18:2) 
(14:0/16:1) 
(14:0/14:0) 
(16:0/20:5) 
(14:0/15:0) 
(14:0/18:4) 
(14:0/18:3) 
(14:0/16:2) 
(18:1/22:0)
(16:0/22:0)
(15:0/22:0)
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Table S5.4, continued. Summary of IP-DAG and fatty acid composition observed in 
environmental samples from the Tonga Trench. 
 

 
 
 
	  

Local O2 minimum (400m)
PG PE PI PC SQDG MGDG DGDG Betaine Lipids
(16:1/19:1) 
(17:1/18:1) 
(16:1/18:1) 
(17:1/17:1) 
(16:0/17:1) 
(16:1/17:1) 
(16:1/16:1) 
(16:1/16:1) 
(14:0/16:1) 
(18:1/18:1) 
(17:1/19:1) 
(16:0/17:0)

(16:0/18:1) 
(17:1/19:1) 
(16:0/17:1) 
(16:1/18:1) 
(16:0/16:1) 
(16:1/17:1) 
(16:1/16:1) 
(14:0/16:1) 
(14:1/16:1) 
(ND 29:1)  
(ND 28:1)

(16:0/22:6) none (14:0/16:0) (14:0/16:1) none (18:1/18:1) 
(16:1/18:1) 
(16:0/18:1) 
(16:1/16:1) 
(15:0/16:0) 
(18:1/22:0) 
(20:2/22:0) 
(19:1/22:0) 
(16:0/22:0) 
(15:0/22:0) 
(18:1/22:0) 

3000m
PG PE PI SQDG MGDG DGDG Betaine Lipids
none (16:1/16:1) 

(16:1/16:0) 
(16:1/17:1) 
(16:1/18:1) 
(22:6/22:6) 
(18:1/22:6) 
(16:1/19:1) 
(17:1/18:1)

(ND 41:7) none (14:0/16:1) 
(14:0/18:1) 
(16:0/18:1) 
(14:0/14:0)

none (16:0/18:1) 
(16:0/18:4) 
(16:0/20:5) 
(16:1/18:1) 
(18:1/18:1) 
(15:0/18:1) 
(14:0/18:1) 
(14:0/18:4) 
(16:1/16:1) 
(19:1/22:0) 

5000m
PG PE PI PC SQDG MGDG DGDG Betaine Lipids 
(16:0/17:1) 
(18:1/18:1) 
(16:1/18:1) 
(16:0/16:1) 
(16:1/17:1) 
(15:0/16:1) 
(16:1/16:1) 
(14:0/16:1) 
(17:1/18:1)

(16:1/18:1) 
(16:0/16:1) 
(16:1/16:1)

none none none (14:0/18:1) 
(14:0/16:0) 
(14:0/16:1) 
(14:0/14:0) 
(14:0/14:1)

none (16:1/18:1) 
(16:0:16:1) 
(16:1/16:1) 
(16:0/16:2) 
(16:0/18:1) 
(14:0/18:1) 
(19:1/22:0)  
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Chapter 6: Conclusions 
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This dissertation investigated metabolic strategies of microbes in the marine 

water column, using lipid biomarkers together with genetic and metagenomic 

techniques. The first three chapters focus on hopanoids, bacterial biomarkers with a 

nearly ubiquitous distribution in the sedimentary record, but for which modern 

distribution patterns and sources were not well understood. Chapter 2 detailed the 

investigation of abundances and structural diversity of BHPs in anoxic, suboxic, and 

oxic regions of the marine water column in the Eastern North Pacific. In addition, I 

characterized the genetic diversity of squalene hopene cyclase (sqhC), the gene 

responsible for hopanoid biosynthesis, under these varying oxygen concentrations. The 

results demonstrated that both structural diversity and concentration of BHPs increase 

as oxygen decreases, in line with previous results (Sáenz et al., 2011). The genetic 

survey represents the first of hopanoid producers in low oxygen environments and 

resulted in a more detailed phylogeny of BHP producers, which suggested a potential 

connection between sqhC evolution and metabolisms characteristic of ancient reducing 

environments. Together the data indicated that unique hopanoid structures are produced 

in low O2 environments and that unique producers, potentially linked to an evolutionary 

niche, are present in these environments when compared to surface ocean communities.  

In general, very little is known about the processes that control the population 

size of hopanoid-producing bacteria in modern marine environments, and by extension 

the environmental conditions that may influence hopanoid production. Therefore, in 

Chapter 3, to improve our understanding of the microbial ecology of hopanoid 

producers I first developed a novel quantitative PCR assay targeting a large clade of 

closely-related BHP-producing organisms. This clade, which we denoted “Clade 1”, 
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was identified in the sqhC phylogeny constructed in Chapter 2, and appeared in both 

our PCR-amplified sequences from the California Current region as well as in 

metagenomes from the Alaskan Current region. I also searched several low-oxygen 

metagenomes for the sqhC gene to provide complementary relative abundance data. The 

results are the first data of any kind on the abundance of BHP producers in low-oxygen 

environments, and led to the identification of nitrite availability as an important factor 

in the ecology of hopanoid producers that dominate low oxygen environments.  

This potential connection with chemical transformations in the nitrogen cycle 

was further explored in Chapter 4, as I was able to analyze a set of metagenomes from 

the Red Sea for sqhC and for genes representative of key microbial transformations in 

the nitrogen cycle. Distribution of sqhC metagenomic hits indicated that the NOB 

Nitrospina and Nitrospira were abundant among hopanoid-producing bacteria, despite 

the much higher oxygen concentrations in the Red Sea compared to the environments 

investigated in Chapter 3. Additionally, Proteobacteria were apparently more abundant 

in shallower, more oxygenated samples than in deeper samples. Finally, the analysis of 

genetic markers showed that the most abundant genes in low oxygen samples were 

genes for nitrite utilization, including denitrification and nitrite-oxidation, raising 

additional questions regarding the cycling of various forms of nitrogen in the Red Sea. 

Finally, Chapter 5 takes advantage of a unique suspended particulate organic 

matter (POM) data set from the Tonga Trench in the western tropical Pacific to examine 

the distribution and structural diversity of IPLs with depth. This study represents the 

deepest IPL dataset collected to date, and provides new insight into the identity of IPL 

structures that may be useful as robust indicators of the export contributions from 



	   	  
	  

	  

148	  

bacterial and eukaryotic picophytoplankton. In addition, the data raise new questions 

concerning the unknown biological origins of IPLs observed in surface waters and at 

depth, and indicate a need for future studies examining the relative degradation rates of 

various IPL headgroups.  

Overall, the results of my dissertation work have expanded the knowledge 

related to the structural distribution of these lipids in the marine environment, as well as 

illuminated key aspects of the ecology of the producing organisms. In addition, this 

work highlighted some of the potential limitations associated with the use of these 

biomarkers, and identified important directions for further research to improve and 

expand their applications in the future.     
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