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Distribution of microbial terpenoid lipid
cyclases in the global ocean metagenome
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The bacterial terpenoid lipids known as hopanoids are fundamental tools for interpreting ancient
microbial communities. Their degradation products, the hopanes, are found in sedimentary rocks
throughout the geologic record. These compounds are presumed to be analogous to the sterols
of eukaryotes, yet although the eukaryotic requirement for sterols is universal, hopanoid
biosynthetic capacity is not ubiquitous among marine bacteria. Among the 9.8 million shotgun
reads from the Sorcerer II Global Ocean Sampling (GOS) expedition, 148 contain putative coding
sequence for bacterial squalene-hopene cyclases (SHCs). SHCs encoded by a-Proteobacteria
potentially related to Rhodospirillaceae dominate these hits, especially in the open ocean and in
tropical regions. Planctomycetes and b-Proteobacteria contribute more SHC-encoding sequences,
and therefore presumably more hopanoid production, to coastal and temperate environments.
Although sequences nominally related to a- and b-Proteobacteria outnumber other taxa in marine
and coastal environments, there is large phylogenetic distance between GOS sequences and known
species. Assuming that the environments sampled here are broadly representative of a wide range
of surface ocean climates, depositional settings and temporal periods, the data suggest a
fundamental function for Proteobacteria in the development of the geologic record of hopanes.
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Introduction

Geologists interested in the biological and environ-
mental history of Earth have a particular interest in
the synthesis of polycyclic terpenoid lipids. These
compounds include tetracyclic sterols (for example,
cholesterol) and pentacyclic hopanoids (for example,
bacteriohopanetetrol; Forster et al., 1973; Rohmer
and Ourisson, 1976), as well as less common
biomolecules such as tetrahymanol (Mallory et al.,
1968) and malabaricatriene (Behrens et al., 1999).
All of these molecular classes are synthesized
from the acyclic isoprenoid precursor, squalene
(Woodward and Bloch, 1953), by a set of homo-
logous enzymes known as polycyclic terpenoid
cyclases. Such enzymes include squalene-hopene
cyclase (SHC; Wendt et al., 1997) and steroidal
oxidosqualene cyclase (OSC; Thoma et al., 2004).
Although sterols are universal biosynthetic or diet-
ary requirements among eukaryotes, the hopanoids

of prokaryotes are irregularly distributed phylogen-
etically (Rohmer et al., 1984).

Terpenoid lipid products, particularly hopanes and
steranes, are detectable in the record of sedimentary
rocks over timescales of billions of years (Ga). Because
hopanoid lipids display regional and temporal pat-
terns in their distributions, there must be taxonomic
and/or physiological signals preserved in the records
of these compounds. For example, 3-methylhopanes
were reported at 1.64 Ga from the Barney Creek
formation of Australia (Brocks et al., 2005). These
compounds were interpreted to record an abundance
of type I aerobic, methanotrophic bacteria in the
upper water column of the Mesoproterozoic ocean at
this time. Reports of 2-methylhopanes from even
more ancient strata (2.7 Ga Pilbara Craton, Australia;
2.45 Ga Matienda Formation, Canada) have been
interpreted to indicate the presence of Cyanobacteria
and therefore the very ancient evolution of oxygenic
photosynthesis (Brocks et al., 1999; Summons et al.,
1999; Dutkiewicz et al., 2006) although the syngeneity
of these molecules recently has been questioned
(Rasmussen et al., 2008).

The desire to map lipids to their sources is
generating diverse approaches to the new field of
microbial ‘lipidomics’ (for example, Hinrichs et al.,
1999; Pearson et al., 2003, 2007; Coolen et al., 2004,
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2007; Damste et al., 2004a; Thiel et al., 2007).
In particular, the realization that 499.9% of
known microbial diversity remains uncultured
(Hugenholtz and Pace, 1996) prompts many
questions. What lipids do these unstudied organ-
isms make? How do we link lipids and unknown
taxa with environmental conditions, given the
vastness of microbial diversity? To understand
the geobiological record, we must understand the
distribution of hopanoid producers in the context of
these questions.

Metagenomics offers one culture-independent
option. Bioinformatics approaches have been used
previously to identify terpenoid cyclase genes both
in pure cultures (Perzl et al., 1997; Tippelt et al.,
1998; Bode et al., 2003; Pearson et al., 2003) as well
as in environmental samples (Pearson et al., 2007,
2008). SHCs can be identified readily based on their
numerous conserved amino acids (AAs; Hoshino
and Sato, 2002; Summons et al., 2006; Fischer and
Pearson, 2007). Specific functional motifs (Feil
et al., 1996; Wendt et al., 2000) and analysis of
secondary structures (Wendt et al., 1997; Schulz-
Gasch and Stahl, 2003) show that the two classes
can be distinguished by sequence differences alone.
There are no abiotic processes or other enzymes
known to perform the functions of SHCs (Ourisson
et al., 1987; Wendt et al., 2000). Thus, identifying
the putative SHC-encoding genes from a representa-
tive set of marine samples should provide a snap-
shot of the potential of those communities to
produce hopanoids.

The data collected as part of the Sorcerer II Global
Ocean Sampling (GOS) expedition provide an
opportunity to examine environmental SHCs. The
public GOS data (Rusch et al., 2007) include and
extend the previously published results from the
Sargasso Sea (Venter et al., 2004). Data have been
released from 77 samples representing 69 locations.
Most of these samples reflect the bacterial size class
(0.1–0.8 mm), although some larger particulate
classes (0.8–3.0mm) occasionally were included.
The vast majority of the data are from small
prokaryotes and include 9.8 million sequence frag-
ments, representing 8.3 billion base pairs of DNA
and containing more than 6 million open reading
frames (ORFs) (Yooseph et al., 2007).

Preliminary work with the original Sargasso Sea
metagenomic data (Venter et al., 2004) identified 23
complete sequences or fragments of putative SHCs
and 2 fragments of OSCs (Pearson et al., 2007). Here
we augment those results with a comprehensive
analysis of GOS sites 00(b), Sargasso Sea through
GS149, West Coast Zanzibar, Tanzania.

Materials and methods

Data
The GOS metagenome has been described elsewhere
(Rusch et al., 2007). Briefly, microbial samples were

collected as part of the Sorcerer II expedition
between 8 August 2003 and 12 September 2005
(Supplementary Figure S1 and Table S1). Specimens
were collected from surface (generally 1–3 m, but
occasionally as deep as 30 m), primarily marine,
environments at approximately 320-km intervals.
Total DNA was extracted from one or more particle
size fraction for every site (Rusch et al., 2007), and
random-insert clone libraries were constructed for
shotgun sequencing. The public data release is
accessible through Community Cyberinfrastructure
for Advanced Marine Microbial Ecology Research
and Analysis (CAMERA; http://camera.calit2.net/
index.php).

Recruitments
A customized version of the Advanced Reference
Viewer tool (DB Rusch, unpublished) was used to
compare translated GOS sequences to a reference
sequence consisting of an artificial concatenation
of SHCs obtained from microbial genomes (92
sequences, average length 630 AA), each separated
by a spacer string of 500 X characters. It was current
as of February 2008, and is believed to represent a
comprehensive picture of bacterial SHCs known to
date. It includes most species and all known genera
that contain a gene encoding for SHC. Selected
SHCs were excluded in cases of near redundancy,
for example, Burkholderia mallei was retained
whereas Burkholderia pseudomallei was not. Over-
all there were o10 such exclusions. Criteria for
identifying SHC sequences within bacterial gen-
omes have been described previously (Tippelt et al.,
1998; Hoshino and Sato, 2002; Fischer and Pearson,
2007). The recruitment was performed using NCBI
tBLASTn (Altschul et al., 1997) (nondefault para-
meters: -F ‘m L’ -U T -e 1e-10 -z 3000000000 -b 10000
-K 10000) and the alignments were visualized
through the Advanced Reference Viewer. Aligned
reads were filtered at X40% AA local alignment
identity and the minimum recruited fragment length
was set to X75 AA.

Reciprocal BLAST and phylogenetic binning
The AA translation for each putative SHC encoding
ORF was examined by reciprocal BLAST (Altschul
et al., 1997). DNA sequences were translated into
ORFs using the NCBI ORF Finder (http://www.
ncbi.nlm.nih.gov/projects/gorf/) and were checked
for homologous sequence preceding the nominally
identified start codon using the ExPASy Translate
Tool (http://www.expasy.ch/tools/dna.html). Each
edited amino-acid sequence was then matched with
its closest relative among all genomic data in the
public domain using the nr/nt nucleotide database
and the NCBI (http://www.ncbi.nlm.nih.gov/blast/
Blast.cgi) implementation of tBLASTn. Typical
expectation values for 75-mer fragments compared
to sequences of known SHCs are o10�5; E-values are
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much smaller (for example, Eo10�50) for 200-mer
fragments. Sequences were separated into putative
SHCs and putative OSCs (Supplementary Tables S2
and S3).

Phylogenetic analysis
Amino-acid alignments were performed using Clus-
tal X (Thompson et al., 1997). A guide alignment
was prepared from full-length genomic reference
sequences, and the GOS fragments subsequently
were aligned to the guide. Multiple alignment
parameters were gap penalty 12.0, gap extension
0.10, BLOSUM weight matrix. After alignment,
incomplete gene segments were masked at their
N-terminal and C-terminal ends to compensate for
length heterogeneity before submitting to the
PHYML Online Server (http://atgc.lirmm.fr/phyml/).
Parameters for likelihood analysis were 100 boot-
strap replicates, WAG substitution model, starting
tree BIONJ, and optimized topology and branch
lengths (Guindon and Gascuel, 2003). The SHC
sequence of Alicyclobacillus acidocaldarius served
as the outgroup.

Results and discussion

Recruitment
The GOS data currently in the public domain
span stations from the Sargasso Sea, north to
the Canadian Atlantic Margin, south through the
Caribbean, across the Panama Canal into the Eastern
Tropical North Pacific, south to the equatorial
Galapagos Islands, across the open Pacific Ocean
to Tahiti, and through the Indian Ocean and south to
South Africa. The range of climates, geographic
locations and local environments is broad. Yet
within the data there is sufficient density of samples
to allow some clustering into type categories such as
‘open ocean’, or ‘coastal’ (Supplementary Table S1).
Most individual sample locations have 4100 Mb of
available DNA sequence, and some have consider-
ably more (Rusch et al., 2007). A total of
9.8 million shotgun reads, representing B8.3 Gbp
of DNA sequence (or 4150 whole-genome equiva-
lents, if each microbe contains 2 Mb of DNA), were
analyzed.

DNA fragments that would putatively encode for
SHCs were identified from the total data, yielding
6490 sequence fragments, or an equivalent of 70
fragments recruited per genomic sequence on average
(Figure 1). However, the density is not uniform and
there are patterns of recruitment that show phylo-
genetic clustering (Figure 2). A large absolute
number of fragments (B33% of the 6490) originate
from GS33, the hypersaline lagoon of Floreana
Island in the Galapagos (Figures 1 and 2).

Importantly, these recruited fragments do not
represent 6490 different sequences. The same
sequences are recruited by multiple species as a

consequence of the sequence similarity between
most SHCs. For example, the fragment showing the
greatest identity to Nitrosomonas europaea (62%) is
the same fragment (JCVI_READ_109114075901) that
shows 63% identity to Nitrosospira multiformis and
Nitrococcus mobilis but only 58% identity to
Methylococcus capsulatus. This is counted as four
recruitment events although it is only one sequence.
There are many analogous cases, and among the
6490 fragments, ultimately there are just 148 and 22
different SHCs and OSCs, respectively (Supplemen-
tary Tables S2 and S3). All recruited sequences were
subjected to verification by reciprocal tBLASTn.
Although assignments of function based only on
sequence must remain putative, the results suggest
that if the total data represent 4150 microbial
genome equivalents, 4% of all cells in the GOS
samples contain an SHC or OSC and potentially
could produce polycyclic terpenoids.

Each major phylogenetic group (Figures 2a–e)
shows a different pattern of recruitment. SHCs of
Proteobacteria (a–c) recruit a high density of frag-
ments having moderate (50–60%) identity, although
there are somewhat fewer for d-Proteobacteria (c). In
contrast, hits to Cyanobacteria, Actinomycetes and
Acidobacteria (d, e) are much less abundant in this
identity range. Below 50% identity, nearly all SHCs
recruit a high density of fragments. This reflects the
overall similarity within this protein family among
all taxa except for the phylogenetically distant
Planctomycetes. Planctomycetes recruit a low total
density of fragments, although a few fragments show
high individual identity.

Among all species, the a-Proteobacterium
Rhodospirillum rubrum has both the greatest num-
ber and greatest identity of recruited sequences
(Figure 2a). SHCs from locations in all ocean basins
map to R. rubrum at high (60–70%) identity.
A moderate density of fragments also recruits with
high identity to Acidiphilium cryptum and to
Granulobacter bethesdensis. These tend to be
dominantly from the Galapagos hypersaline lagoon
(GS33). Only one sequence in any GOS sample was
identified as having as high as B70% identity to a
known species. Again it is an apparent relative of
R. rubrum.

Among b-Proteobacteria, a number of sequences
from GS33 and from the Sargasso Sea show B60%
to 65% identity to known organisms, and it appears
that Ralstonia spp. are the most similar. There is
also a sequence from Newport Harbor (GS08) that
appears more closely related to ammonium oxidi-
zers (nitrosifyers). This is the fragment identified
above as a relative of N. mobilis or N. multiformis.
It would be tenuous to classify it specifically as
a nitrosifyer, however, as although a 60–65%
sequence identity is shared among all known SHCs
of b-Proteobacteria, the limited data for ammonium
oxidizers suggests their SHCs are 70–75% identical.
It is important to note again that all of the data from
GS00(a) have been excluded. GS00(a) contains a
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Figure 1 Abundance of terpenoid cyclase fragments identified using the CAMERA Reference Viewer. Scales of histograms reflect 6490
total recruited fragments (a) and the normalized distribution of these fragments (b). Colors identify Global Ocean Sampling (GOS)
stations and match the colors in Figure 2.
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nearly closed genome (Venter et al., 2004) of a strain
very similar to Burkholderia sp. 383 (Stanier et al.,
1966), and it is a suspected contaminant in samples
from that site (DeLong and Karl, 2005; Mahenthir-
alingam et al., 2006). This analysis is concerned
only with GS00(b)-GS149.

Among d-Proteobacteria, sequences with 60–70%
identity to Geobacteraceae can be detected in the
Galapagos lagoon and in sites GS11-14, the Sargasso
Sea, and the Indian Ocean. Known Geobacteraceae
share SHC sequence identity of only 58%, but when
split into ‘copy 1’ and ‘copy 2’ designations, they
have 70% identity within each of the subsets.
Although it is unlikely that members of the

anaerobic genus Geobacter are important contribu-
tors to the GOS data, these hits are consistent with
overall placement within the Geobacteraceae.
A lower fragment density is recruited to Syntropho-
bacter, Anaeromyxobacter, and to the Nitrospirales
genus Leptospirillum (whose SHC is similar to
SHCs of d-Proteobacteria and is thus included in
Figure 2c).

The recruitment to known SHCs of Cyanobacteria
(Figure 2d) yields no sequences that exceed 60%
identity among any of the locations. For reference,
55–60% identity is the approximate threshold range
for distinguishing between SHCs from different
major bacterial groups, for example, Cyanobacteria

Figure 2 Recruitment maps. The x axis of each panel corresponds to concatenated AA sequences for squalene-hopene cyclases (SHCs),
grouped by phylogeny. The y axis indicates the sequence identity of an alignment between a Global Ocean Sampling (GOS) sequence and
the reference SHC. The identity ranges from 80% (top) to 40% (bottom). Individual GOS sequencing reads are colored to reflect the
sample from which they derive, as in Figure 1. Geographically proximal samples have similar colors. (a) a-Proteobacteria; (b) b- and
g-Proteobacteria; (c) d-Proteobacteria and Leptospirillum sp.; (d) Cyanobacteria; (e) others.
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from a-Proteobacteria (Pearson et al., 2007). There
are two candidate cyanobacterial fragments between
55% and 60%: one is a fragment from GS33 that is
B100 AA long, has 58% identity to Thermosyne-
chococcus, and is classified as such by reciprocal
tBLASTn (Table 1; Supplementary Table S2). The
other is a fragment from St. Anne Island, Seychelles,
showing high local identity to the C-terminal
end of Gloeobacter violaceus. However, the
best overall match for this sequence (JCVI_
READ_1105333626861) is to the Acidobacterium
Solibacter usitatus (Figure 2e). No other fragments
were classified by tBLASTn as belonging to Cyano-
bacteria, and in general there is a low fragment
density throughout Figure 2d, particularly when
compared to the fragment density observed for a-, b-
and g-Proteobacteria (Figures 2a and b).

There are a number of sequences that are similar
to Planctomyces maris. These, like a-Proteobacteria,
are detected across all ocean basins. They are also
found in GS33. This suggests a widespread distribu-
tion of SHC homologs from Planctomycetes. Finally,
there are very low identities among sequences
recruited to the Actinomycetes and Acidobacteria,
consistent with the fact that these soil bacteria are
not expected to be found in marine samples.

Individual classification of recruited fragments
The 148 individual SHC fragments were classified
according to potential phylotype by tBLASTn
(Table 1; Figure 3). The proportions of phylotypes
vary between open-ocean (Figure 3a) and coastal
(Figure 3b) sequences, as well as GS33, the hypersa-

line lagoon at Floreana Island, Galapagos
(Figure 3c). Other sample types such as fresh water,
estuarine, mangrove or reef sites do not have enough
sequence data to estimate proportional distribution.
Importantly, the hits were not filtered for unique-
ness and no attempt was made to condense them by
operational taxonomic units (OTUs). They should
represent the proportional abundances of SHC-
containing species in each sample, assuming the
sample collection methods and DNA extraction
efficiencies accurately reflect the microbial commu-
nity composition.

The results from tBLASTn are consistent with
a dominance of Proteobacteria. Because SHCs of a-,
b- and g-Proteobacteria are so similar in sequence to
each other, they all appear to have high proportional
representation when viewed with the Advanced
Reference Viewer (Figures 2a and b). However,
when only the best homolog for each sequence
is considered, it is apparent that most of the
hits have greater identity to a-Proteobacteria
and lesser to b-Proteobacteria. SHCs with best
matches to g-Proteobacteria are much less common
(Figure 3).

The AA identities for SHC fragments assigned
putatively to a-, b- and g-Proteobacteria generally are
50–60% (Supplementary Table S2). Although these
values represent considerable phylogenetic dis-
tances from known species, they are within the
(low) range of assignable phylogeny at the major
group level. This indicates the environmental
sequences probably belong to novel families within
these groups. In contrast, many of the putative SHCs
that associate with Acidobacteria (Figure 3) have

Table 1 Phylogeny of SHC fragments across GOS sample types

a b g d Acidobacteria Planctomycetes Cyanobacteria Total

Open ocean (surface) 24 7 2 4 5 6 0 48
Coastal, upwelling and harbor 10 10 2 2 8 9 0 41
Estuary 1 0 0 2 0 0 0 3
Fresh water 0 2 1 0 0 0 0 3
Reefs 0 1 0 0 0 0 0 1
Hypersaline lagoon 16 4 1 7 10 8 1 47
Mangrove 0 0 0 3 0 2 0 5

0
Total 51 24 6 18 23 25 1 148

Figure 3 Phylogenetic affiliation of recruited squalene-hopene cyclase (SHC) fragments, as a function of sample type as designated in
Supplementary Table S1: (a) open ocean, (b) coastal, harbor or upwelling, (c) Galapagos hypersaline lagoon, Floreana Island, GS33.
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very poor identity to characterized Acidobacteria.
The SHCs assigned nominally to Acidobacteria
are only B40% identical to known Acidobacteria
(Supplementary Table S2). This suggests that many
of these hits could derive from uncultured major
bacterial groups and not from true Acidobacteria.
These results highlight the fact that tBLASTn cannot
account for SHCs deriving from bacteria that have
not yet been grown in culture (for example, SAR-86
or OP-11). All of the data have been forced to bin
with their ‘nearest’ characterized relatives, regard-
less of how large that phylogenetic distance might
be. Overall, however, the data are consistent with
classification of these sequences as putative SHCs.
The nearest sequence and structural homologs to
SHCs are the other terpenoid cyclase enzymes,
sporulene cyclase (Bosak et al., 2008) and OSC
(Thoma et al., 2004). Assuming that the lower bound
for identifying an SHC is the distance between these
classes, SHCs and sporulene cyclases share an
average 27% identity, whereas SHCs and OSCs
share 19% identity.

There are clear differences between GOS samples
from open-ocean sites and from coastal regions. In the
open ocean, a-Proteobacteria account for 50% of all
SHCs, whereas they account for B25% in coastal
waters (Figure 3). Sequences from b-, g- and
d-Proteobacteria contribute an additional B25% of
all sequences to open-ocean sites, with the remaining
B25% partitioned between Acidobacteria and Planc-
tomycetes. The coastal sites show nearly equal
abundances of a- and b-Proteobacteria, with again
minor contributions from g- and d-Proteobacteria.
Proportionally more coastal sequences are distributed
among putative Acidobacteria and Planctomycetes.

The hypersaline lagoon from the Galapagos is a
special case, and its SHC profile appears as a hybrid
between the open-ocean distribution and the coastal
type; although with a high ratio of a- to b-
Proteobacteria, it is somewhat more similar to the
open-ocean profile (Figure 3). It also contains the
sole GOS fragment with optimal identity to Cyano-
bacteria.

Comparison to 16S rRNA distributions
The presence of a significant proportion of novel
SHCs is consistent with the observed phylogenetic
distance of 16S rRNA genes within the GOS
samples. The GOS data contain 811 distinct ribo-
types when classified at a 97% identity threshold,
out of 9905 16S rRNA fragments sequenced from
sites GS00-GS149 (Rusch et al., 2007). Among those
that could be classified, a-Proteobacteria, including
SAR-11 (Pelagibacter spp.), were the most abundant
(32%). A total of 60 dominant ribotypes accounted
for 73% of all 16S sequences (Rusch et al., 2007), but
very few of these are represented by close relatives
having completed genome sequencing projects, and
3.4% diverged by more than 10% from any publicly
available rRNA gene (Rusch et al., 2007). This

suggests that at least 3.4% of the total DNA
complement of GOS samples represents unknown
bacterial families.

It is unknown how many of the putative SHC-
encoding genes within the data could derive from
these divergent lineages, but many (if not most) of
them may, considering that none of the major
oceanic phylotypes contains genes for SHC. The
greatest density of total DNA sequence in the GOS
data aligns with the genome of Pelagibacter ubique
(SAR-11). This species does not contain SHC-
encoding genes (Rappe et al., 2002), nor do any
known strains of the other abundant marine
microbes, for example, Prochlorococcus spp. (Rappe
et al., 2002; Rocap et al., 2003). Other dominant taxa
among the 16S rRNA data whose relatives contain
no known terpenoid cyclases are Bacteroidetes, e-
Proteobacteria and Chloroflexi. And although mar-
ine Roseobacter spp. remain understudied, none of
the Roseobacter genomes recently sequenced as part
of the Gordon & Betty Moore Foundation marine
microbial genome sequencing project (http://
www.jcvi.org/cms/research/projects/microgenome/
overview/) contain sequences for SHCs. Other
important ribotypes, including SAR86, have no
cultivated close relatives at all. However, the
numerous SAR86-affiliated scaffolds reveal no
apparent instances of terpenoid cyclases (DB Rusch,
unpublished). Further examination of scaffolded
sequences may aid the challenge of assigning SHC-
encoding genes to their source taxa. The greatest
fractional abundance of 16S ribotypes in the GOS
data are a-Proteobacteria, as are apparently the
greatest proportion of SHC-encoding genes. Assign-
ing the above to families and genera remains a
significant challenge.

Given the sparse data, it also is difficult to
determine if SHC-containing taxa have regional
patterns of distribution. Previous analysis of the
GOS 16S rRNA data showed there is regionality
beyond simple sample classifications such as ‘open
ocean’ or ‘coastal’ (Rusch et al., 2007). Although
SAR11 and SAR86 are ubiquitous, other phylotypes
are distributed by geography and environment. The
16S rRNA data revealed six major habitats, as well
as several other specific environments represented
by a single location each (Rusch et al., 2007). The
biggest differences were observed between samples
from tropical locations and samples from temperate
locations. To see if SHCs showed similar geographic
patterns, we prepared a spot-density plot (Figure 4)
using the same categories (Rusch et al., 2007), plus a
new division (blue) to encompass all of the recently
released data from the Indian Ocean. Unlike in the
analogous 16S map, here there appear to be few
(if any) patterns. This likely is a function of the
much smaller numbers of SHC-encoding sequences
relative to 16S genes per site, that is, there is
inadequate sampling density.

This challenge is highlighted in the bottom row of
Figure 4, which shows the number of hits in each
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category as a function of the total amount of DNA
sequence in that category. Site GS33 has the greatest
density (3.9 hits per 100 Mb). Other regions with 41
hit per 100 Mb are the ‘southern’ temperate cluster
including GS13 (Nag’s Head) and GS08 (Newport
Harbor, classified as southern by proximity to the
Gulf Stream); and GS32, which is a mangrove
estuary in the Galapagos. All other categories have
o1.0 SHC hit per 100 Mb of DNA. Most individual
GOS samples contain only 100–300 Mb of total
shotgun sequence, and thus most locations have
0–5 instances of detectable SHC fragments. To view
distributional patterns on a sample-by-sample basis,
it would likely require 10� the sequence data per
location, that is, all samples would need to be
sequenced at the depth of GS33. It is interesting,
however, that the highest density of fragments
appears to occur closest to land.

Phylogenetic analysis of a-Proteobacterial SHCs
Among the hits affiliated with a-Proteobacteria
(Table 1; Supplementary Table S2), test AA align-
ments showed there was a region containing enough
overlapping fragments for maximum likelihood
analysis. Of the 51 total hits from a-Proteobacteria,
22 spanned the majority of an alignable 240-mer
segment at the C-terminal end of SHC. The remain-
ing sequences either were too short or overlapped
the front or middle sections of the SHC protein and
were thus excluded.

These a-Proteobacterial sequences fall into three
groups (Figure 5). Group 1 consists of sequences
from a wide geographic distribution, including both
Atlantic and Pacific Oceans and tropical and
temperate sites. These sequences form a cluster
with R. rubrum as their closest relative, in agree-
ment with the results from tBLASTn. A second
group of sequences clusters between R. rubrum and
the branch containing Gluconobacter oxydans and
A. cryptum, although all of these GOS hits also
classify with R. rubrum by tBLASTn assignment

(Supplementary Table S2). The sites from which
they derive are exclusively tropical and mostly open
ocean. A third group, although nominally affiliated
with a-Proteobacteria, forms a cluster that is basal to
all known genera of a-Proteobacteria. All of these
sequences derive from the Galapagos hypersaline
lagoon (GS33). Three of them are also identical over
a 100-AA span, and the other is 98% identical. They
represent the only detected instance of replicate
sequencing of what appears to be a single OTU.

None of the GOS data align with other known
genera of a-Proteobacteria, including Rhodopseudo-
monas, Bradyrhizobium, Nitrobacter, Methylobac-
terium, Magnetospirillum or Zymononas spp. This
suggests that most GOS hopanoid producers are
relatives of Rhodospirillaceae; and, if not, are
related to unidentified families of a-Proteobacteria
or are members of other unclassified groups of
Proteobacteria.

Implications for the sedimentary record of marine
hopanoids
To date, the sources of geohopanes have been
identified based on correlation with the distribution
of hopanoids in cultured bacteria (for example,
Rohmer et al., 1984; Zundel and Rohmer, 1985a;
Summons et al., 1999; Talbot et al., 2001), or based
on the presence of unique isotopic signatures
harbored by selected compounds (Elvert et al.,
2000; Pancost et al., 2000; Hinrichs, 2001; Thiel
et al., 2001). Examples of the latter include numer-
ous instances of 13C-depleted 3-methylhopanes,
which are attributed to type I methanotrophs of the
g-Proteobacteria (Zundel and Rohmer, 1985a, b).
Oxidation of methane provides a 13C-depleted
carbon source for these species, explaining the
appearance of this signature in their hopanoids.

The correlation between hopanoids and their
source organisms is more difficult when distinctive
isotopic signatures are not present. In recent years
much effort has been devoted to understand the

Figure 4 Squalene-hopene cyclase (SHC) fragments grouped geographically in the same order as the major 16S rRNA sample similarity
clusters identified by Rusch et al. (2007). Numbers in the bottom row indicate the normalized abundance of SHCs in these geographic
categories, defined as hits per 100 Mb of total sequence in that similarity cluster. Indian Ocean samples are shown separately, as they
were not included in Rusch et al. (2007).
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distribution of unique polar head groups of bacter-
iohopanepolyols (Talbot et al., 2003a, b, 2007a, b;
Bednarczyk et al., 2005; Sugden et al., 2005; Talbot
et al., 2008). This method is quite promising for
interpretations of modern water columns and sedi-
ments (Talbot et al., 2003c; Wakeham et al., 2007),
but it has limited translation to the geologic record,
as much of the information associated with these
polar groups is lost through diagenesis.

The GOS data suggest that a-Proteobacteria could
be important sources of hopanes in the sediment
record, and that Proteobacteria in general produce
the majority of hopanoids. In contrast, although the
absence of cyanobacterial SHC sequences in the
GOS samples does not mean that cyanobacterial

producers of hopanoids are absent from the present-
day ocean (they surely are present, for example,
Crocosphaera watsonii and Trichodesmium erythraeum;
Capone et al., 1997; Zehr et al., 2001, 2007), their
proportional density among total hopanoid produ-
cers appears to be low.

Determining hopanoid profiles thus remains a
significant challenge for species for which we have
no cultured representatives. The low sequence
identity of the SHCs in the GOS data indicates they
represent species that have not been characterized
in terms of their specific hopanoid compositions:
most appear to represent novel genera or families.
Early studies of cultured bacteria suggested that
B50% produced hopanoids (Rohmer et al., 1984).

Figure 5 Maximum likelihood phylogenetic tree of partial squalene-hopene cyclase (SHC) sequences of a-Proteobacteria, as described
in the text. Tree is based on alignment at the C-terminal end of SHC. Bootstrap values are out of 100 (only those with values X50 are
shown); branches are color coded to match geographic categories as in Figure 4.
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The GOS data show that the ability to make
hopanoids is more restricted (p4% of total cells)
and primarily resides with uncharacterized taxa.
Establishing the phylogenetic identity of these
putative sources of hopanoids is complicated by
this rarity, which makes it difficult to obtain long,
contiguous DNA sequence (contigs) from assembly
of shotgun sequence data.

Any random sequencing approach thus will yield
limited assembly data for SHC-encoding genes. This
argues for co-reliance on other proxies such as stable
isotope compositions, as well as for new metage-
nomic sequencing projects that have the ability to
explore samples with greater depth and throughput
(Sogin et al., 2006). Other approaches also show
some promise. Despite the limitations of applying
PCR-based methods to functional genes that span
wide phylogenetic distances, direct amplification of
environmental DNA has yielded greater numbers
and broader diversity of SHC-encoding genes than
detected in the GOS data (Pearson et al., 2007,
2008). These degenerate PCR methods, however, are
accompanied by an unknown degree of bias. Thus,
directed sequencing and random sequencing are two
complementary approaches to expanding the known
distribution of SHCs. Future work targeting genomic
sequencing at the single-cell level also promises to
yield more information (Zhang et al., 2006; Stepa-
nauskas and Sieracki, 2007). Together, these ap-
proaches will provide a more thorough description
of microbial terpenoid producers and may help to
interpret the geologic record. Finally, the environ-
ments analyzed here are conspicuously devoid of
anaerobic habitats, and although the GOS study
spans a wide diversity of latitude and longitude, the
data are exclusive to the ocean’s surface, ignoring its
vast depth and sediments. The latter is of special
interest, given the known production of terpenoid
lipids by bacterial cultures and sedimentary con-
sortia of anaerobes (Damste et al., 2004b; Fischer
et al., 2005; Hartner et al., 2005; Blumenberg et al.,
2006).
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