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Summary

Bacterial hopanoids are ubiquitous in Earth surface
environments. They hold promise as environmental
and ecological biomarkers, if the phylogeny and phy-
siological drivers of hopanoid biosynthesis can be
linked with the distribution of hopanoids observed
across a breadth of samples. Here we survey the
diversity of hopanoid cyclases from a land-sea gradi-
ent across the island of San Salvador, in the eastern-
most part of the Bahamas. The distribution of lipids
was determined for the same sites, for the first time
overlaying quantification of bacteriohopanepolyols
with sqhC phylogeny. The results are similar to pre-
vious reports: environmental sqhCs average < 65%
translated amino acid identity to their closest named
relatives, and sequences from putative Proteobac-
teria dominate. Additionally, a new and apparently
ubiquitous group of marine hopanoid producers is
identified; it has no identifiable close relatives. The
greatest diversity of hopanoid lipids occurs in soil,
but hopanoids represent a minor fraction of total
soil-derived lipids. Marine samples contain fewer
identifiable hopanoids, but they are more abundant
as a fraction of the total extractable lipids. In soil, the
dominant compounds are 35-aminobacteriohopane-
32,33,34-triol and adenosylhopane. In an upper
estuarine sample, bacteriohopanetetrol and 32,
35-anhydrobacteriohopanetetrol dominate; while

in lower estuarine and open marine samples, the
most abundant are bacteriohopanetetrol and bacte-
riohopaneribonolactone. Cyclitol ethers are trace
components in the soil, absent in the estuary, and
of moderate abundance in the open marine setting,
suggesting a dominant marine source. Conversely,
aminotriol and aminotetrol decrease in abundance
or disappear completely from land to ocean, while
2-methyldiplopterol shows the opposite trend. Small
quantities of 2-methylbacteriohopanepolyols are
detectable in all samples. The overall hopanoid dis-
tributions may correlate to the major phylogenetic
families of hopanoid producers or to the environ-
ments in which they are found.

Introduction

A primary goal in geobiology is to reconstruct the
co-evolution of life and environment. Ancient records of
biological activity are obtained from lipid biomarkers in
sedimentary rocks (Brocks et al., 1999; Summons et al.,
1999; Dutkiewicz et al., 2006). The most valuable of these
lipids are both taxonomically and environmentally diag-
nostic, and microbial lipids called hopanoids are abundant
among these molecules (Ourisson and Albrecht, 1992).
Hopanoids are isoprenoid lipids which derive primarily
from bacteria and have a fossil record that extends
back billions of years. Their presence may reflect local
biogeochemical conditions and the active microbial popu-
lations present at the time of deposition. Bacteriohopa-
nepolyols (BHPs) have been proposed to be functional
analogues to eukaryotic sterols (Rohmer et al., 1979;
Ourisson et al., 1987), based primarily on their polycyclic
structures, amphipathic properties and molecular size. In
addition, these molecules may confer resistance to oxida-
tive stress, dessication and/or heat (Berry et al., 1993;
Poralla et al., 2000; Bosak et al., 2008). In recent years,
much effort has been devoted to understanding the dis-
tribution of unique polar head groups of BHPs, in order to
identify new structures and to place environmental and/or
phylogenetic constraints on the sources of hopanoids
in sediments (Talbot et al., 2003a,b; Talbot et al., 2007a,b;
2008; Bednarczyk et al., 2005; Sugden et al., 2005).

Technical advancements in the analysis of complex
BHP have been paralleled by culture-independent tech-
niques to identify new microbial phylotypes. These have
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exposed a vast expanse of uncharacterized diversity
(Hugenholtz and Pace, 1996) with unknown genetic
potential for lipid biosynthesis and profound implications
for our understanding of lipid biomarker proxies. This is
because uncultured phylotypes may harbour an under-
appreciated diversity of microbial lipids, with no easy
means by which to characterize their organismic origins.
Hopanoids are synthesized from the acyclic isoprenoid
precursor, squalene (Woodward and Bloch, 1953) with the
initial step catalysed by the enzyme squalene-hopene
cyclase (SHC; Wendt et al., 1997). SHCs can be identified
readily based on their numerous conserved amino acids
(Hoshino and Sato, 2002; Summons et al., 2006; Fischer
and Pearson, 2007) and specific functional motifs (Feil
et al., 1996; Wendt et al., 2000). SHCs show a primarily
vertical pattern of inheritance with limited lateral gene
transfer (LGT). Trees based on sequences of 16S rRNA
genes are similar to trees based on the cyclases (Pearson
et al., 2007; Frickey and Kannenberg, 2008). Some cases
of gene duplication and/or instances of LGT exist, but they
primarily are confined to the d-Proteobacteria, which inevi-
tably contain two copies of the gene squalene-hopene
cyclase (sqhC) per genome, each apparently of different
origin. Most other taxa maintain one copy of sqhC. We
have recently estimated that fewer than one in 10 bacte-
rial cells in soils and fewer than one in 20 bacterial cells
in the ocean contains an sqhC (Pearson et al., 2007;
Pearson and Rusch, 2008). Among cultured bacteria that
have had their genomes fully sequenced, approximately
one in 10 species has a copy of sqhC.

The ability to synthesize hopanoids appears to be an
uncommon physiological trait among bacteria, occurring
less frequently than earlier studies suggested (Rohmer
et al., 1984). The presence of the gene in an individual
species always correlates with the eventual detection of
hopanoids in that species (Rohmer et al., 1984; Perzl
et al., 1998; Hartner et al., 2005) although in at least one
case it is expressed only during a specific life stage of the
organism (Poralla et al., 2000), and in another case the
gene was shown to encode a cyclase for regular poly-
prenes, not squalene (Bosak et al., 2008; Kontnik et al.,
2008). It therefore remains of considerable interest to
explore the taxonomy of bacterial hopanoid production
and to link this to patterns of BHP distribution and abun-
dance in natural environments. A better understanding
of which organisms produce BHPs in contemporary
marine communities, the specifics of their structures, and
the associated environmental conditions will help to con-
strain geobiological interpretations. For example, ancient
carbonate environments harbour large quantities of
geohopanes (Knoll et al., 2007; Eigenbrode et al., 2008),
including hopanes with a 2-methyl substituent. Their pre-
cursors, 2-methylbacteriohopanepolyols (2-MeBHPs) are
common in Cyanobacteria (Rohmer et al., 1984; Simonin

et al., 1996; Summons et al., 1999; Talbot et al., 2008).
Due to the high 2-methylhopane concentrations found in
association with carbonates and evaporites, these envi-
ronments are proposed to record high densities of Cyano-
bacteria (Summons et al., 1999). The recent discovery of
2-MeBHP in Rhodopseudomonas palustris, when grown
in culture as an anoxygenic phototroph (Rashby et al.,
2007) complicates this interpretation. Thus, modern
authigenic carbonate platforms are important sites for
investigating the diversity of sqhC genes and associated
BHPs.

Here we report the diversity of sqhC sequences in
environmental samples from a tropical, carbonate-rich
environment. Samples were taken along a land-sea
gradient across the Bahamian island of San Salvador.
Environments surveyed were an upland soil, waters from
upstream and downstream in a tidal creek and the
shallow open ocean (Fig. 1). We utilized our third-codon
degenerate primer sets (Pearson et al., 2007) to target
conserved motifs of the translated amino acid sequence
of SHC. These primers were designed to target
almost the entire bacterial Domain, with the exception
of the highly divergent Planctomycetes. Simultaneously,
we profiled the distribution of free hopanols (e.g.
diploptene, diplopterol and the related tetrahymanol)
and functionalized BHPs in sediments accumulating
in the same locations. The results increase the known
diversity of hopanoid producers in natural communities
and illuminate challenges for deciphering the global
distribution of microbially derived lipids from complex
communities.

Fig. 1. Satellite image of San Salvador, modified from
http://www.geraceresearchcentre.com/sansal.html and from Adams
(1980). Sampling sites are labelled on and around San Salvador,
Bahamas, showing (a) Soil, (b) Pigeon Creek Upper, (c) Pigeon
Creek Lower and (d) Graham’s Harbour.
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Results and discussion

Squalene-hopene cyclases

Primer sets cyR, prA and prB generated 58 unique (u)
sequences out of 213 total (t) clones from the four
geochemically distinct environments (Table 1). Primer set
pr_R generated no sequences, but previous work sug-
gests this primer targets primarily aerobic methanotrophs
(Pearson et al., 2007), which are not expected to be abun-
dant in these samples. Classification of the amplicons
by tBLASTn suggested that most sequences amplified
from the Bahamas samples were apparent relatives of
a-Proteobacteria, d-Proteobacteria and Acidobacteria.
Among these, sequences nominally related to a-
Proteobacteria increased in relative abundance from
land to ocean (Fig. 2). Conversely, d-Proteobacteria-like
sequences progressively decreased in relative abun-
dance from land to ocean. Minor numbers of putative
Actinomycetes and Cyanobacteria also were detected,
as well as a sequence potentially similar to the anammox
Planctomycetes, Kuenenia stuttgartiensis, whose SHC is

different from all other known Planctomycetes. These
were found primarily in the soil, which was also the
sample that demonstrated the highest overall sequence
diversity (Table 1). It is likely, however, that sequences of
b- and l-Proteobacteria were undersampled, due to
potential biases in the amplification efficiency of the
primers. SqhCs of b- and l-Proteobacteria are found in
metagenomic data obtained from similar environments
(Pearson and Rusch, 2008) but are less common among
the PCR amplicons. The distribution of other taxa identi-
fied in the PCR data is consistent with the relative distri-
bution found in metagenomic data, including the marine
trend toward a-Proteobacteria (Pearson and Rusch,
2008).

Although the majority of the total sequences group with
a- and d-Proteobacteria and Acidobacteria by tBLASTn,
most likely are from unknown genera, families or even
uncultivated major lineages of Bacteria. The sequences
affiliated putatively with a-Proteobacteria average 64%
identity to their closest relatives, while those affiliated
with d-Proteobacteria average 58% and those with

Table 1. Bahamas sqhC clone libraries.

Sample cyR prA prB Total Uniquea

Soil 24u/28t 3u/19t 4u/33t 80 31
Pigeon Creek Upper 2u/27t 4u/11t 2u/16t 54 8
Pigeon Creek Lower 11u/32t – 4u/20t 52 15
Graham’s Harbour 3u/26t – 1u/1t 27 4

a. Defined as < 98% identical at the amino acid level and counted as unique within a sample, yielding 58; across all samples, 3 of these are the
same, resulting in 56 unique overall.

Fig. 2. Distribution of clonal phylogeny as
classified by tBLASTn. Pie charts show clone
distributions from (a) Soil, (b) upper Pigeon
Creek, (c) lower Pigeon Creek and (d)
Graham’s Harbour. Small inset pies show
the total number of clones obtained, while
large pies represent the distribution of unique
clones. See Table S1 for further sequence
statistics.

1210 A. Pearson et al.

© 2008 The Authors
Journal compilation © 2008 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 11, 1208–1223



Acidobacteria only 55% (Appendix S1, Table S1). Identi-
ties > 60% are typical for SHCs from organisms within the
same major phylogenetic group (Fischer and Pearson,
2007). This suggests that the sequences associated here
with a-Proteobacteria could represent uncultivated fami-
lies of a-Proteobacteria. In contrast, the low identities for
the other taxonomic groups (< 60%) suggest the phyloge-
netic affiliations assigned by tBLASTn are more uncertain.

This highlights the fact that tBLASTn cannot account
for bacterial divisions that have not yet been grown in
culture or are not represented in genome sequencing
projects (e.g. SAR-86; Fuhrman et al., 1993). All of the
data have been forced to bin with the ‘nearest’ genomic
data, regardless of the magnitude of that distance.

Further exploration by Bayesian inference shows a
more detailed phylogeny (Fig. 3). Also included in Fig. 3

Fig. 3. Bayesian phylogenetic tree of all SHC sequences from environmental sqhC PCR amplicons. The tree includes all sequences from
this work and also incorporates all sequences from Pearson and colleagues (2007). Sample origins are colour-coded: SA (upland soil, brown),
PCU (upper Pigeon Creek, green), PCL (lower Pigeon Creek, aqua), GH (Graham’s Harbour, blue), HIS (Hawaii surface, purple; Pearson
et al., 2007), TJ (Lake Mishwam, orange; Pearson et al., 2007). After calculating for 2 million generations, final posterior probabilities for
the overall tree were < 0.05 (similar to bootstrap > 95%) and at all individual nodes were < 0.50 (similar to bootstrap values > 50%).
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are all sequences previously obtained from a fresh water
lake and from surface waters of the Pacific Ocean, near
Hawaii (Pearson et al., 2007). Genomic sequences for
comparison include one species of each genus currently
known to contain a squalene cyclase gene. The Bayesian
analysis suggests that in some cases, the phylogeny
indicated by the original tBLASTn classification may be
incorrect, while in other cases, groups of environmental
amplicons cluster with known taxa and have sequence
identity that indicates they are affiliated with these taxa.

Acidobacteria species Solibacter usitatus and Acido-
bacteria sp. Ellin345 are soil bacteria. Several environ-
mental SHCs cluster with the former and have average
sequence identity of 66% with S. usitatus (Group Ac,
Fig. 3). These amplicons primarily are from the Bahamas
soil but also include one relative from the fresh water
lake. A second group, while it includes the single-copy
SHC from Acidobacteria sp. Ellin345, is highly divergent
and is not structured as a coherent clade (Group U1).
Sequences in this cluster have only 48% average identity
to their closest relative. In some cases tBLASTn classi-
fies this ‘closest relative’ not as Acidobacteria, but as
d-Proteobacteria. The low sequence identities, however,
suggest that the reason for this discrepancy is that
these SHCs derive from neither Acidobacteria nor
d-Proteobacteria, but instead represent lineage(s) not
represented in GenBank to date. Sequences in this
group come from the Bahamas soil, both Pigeon Creek
samples, and also include one instance from Hawaii
surface waters.

A second unknown cluster (U2), has no reference
sequence from any genome. This prevents speculation
as to the potential phylogenetic affiliation of these amp-
licons. They have 52% average identity to their near-
est relatives, and tBLASTn alternately chooses among
four options with no apparent pattern: Acidobacteria,
d-Proteobacteria, anammox Planctomycetes and Actino-
mycetes (Table S1). All locations other than Graham’s
Harbour (GH) also are represented within this cluster,
indicating that these SHCs of unknown affiliation are
geographically and environmentally widespread.

Among a-, b- and g-Proteobacteria there is a cluster
of SHCs affiliated with a-Proteobacteria that is phylo-
genetically incoherent (a2), grouping separately from
other a-, b- and g-Proteobacteria (abg1). This is consis-
tently observed among SHC trees constructed both by
maximum likelihood methods and Bayesian analysis, and
regardless of the inclusion or exclusion of environmental
sequences (Pearson et al., 2007). A possible cause is an
ancient LGT that created group a2, which then persisted
through time. Environmental amplicons in group abg1
have 61% identity to their closest relatives and specifically
include aerobic methanotrophs from the fresh water
meromictic lake (Pearson et al., 2007) and an apparent

nitrosifyer from the Bahamas soil. Sequences in group a2
are widely found (Bahamas soil, both Pigeon Creek
samples, Hawaii surface waters) and have 62% identity
to Rhodospirillum rubrum, the genomic representative for
this cluster. This cluster also is highly represented in the
Global Ocean Sampling expedition metagenome (Rusch
et al., 2007; Pearson and Rusch, 2008).

Most d-Proteobacteria have two copies of SHC-
encoding genes. One copy places coherently with other
Proteobacteria, basal to a-, b- and g-Proteobacteria (d1).
Environmental amplicons clustering with this group are
found in Bahamas soil, both Pigeon Creek samples,
and Hawaii surface waters and have 63% identity to
Geobacteraceae. A different set of environmental
sequences is found to cluster with the Copy 2 SHC of
Geobacter and Pelobacter spp., representing the fresh
water lake and GH samples. The average identity within
this cluster (d2) is 71%; although it contains two sub-
clusters, one related to Pelobacter spp. (average 81%
identity; d2a) and one more distant cluster (average
60% identity; d2b). A third cluster of putative SHCs of
d-Proteobacteria (d3) is related to the Copy 2 gene of
Syntrophobacter spp. at 62% identity. Phylogenetically,
however, this group is distant from other Proteobacteria,
aligning as a major division of the branch that also
contains Actinomycetes (high GC content Gram-positive
Bacteria). Thus group d3 potentially records another case
of ancestral LGT (Frickey and Kannenberg, 2008).

The PCR protocol used here should amplify sqhCs of
environmental Cyanobacteria, as verified by our recent
detection of cyanobacterial sqhC in a cryptogamic
(desert) soil (Y. Pi, C. Hayes and A. Pearson, un-
published). However, here no amplicons are affiliated
with Cyanobacteria, and similarly, zero cyanobacterial
sqhCs are detected in all but one of the samples from the
Global Ocean Sampling expedition metagenome (Rusch
et al., 2007; Pearson and Rusch, 2008). Together, these
results suggest that sqhC genes affiliated with Cyano-
bacteria are fractionally a small component of the total
hopanoid cyclase gene content in contemporary marine
environments.

A major cluster of sequences radiates basal to
Cyanobacteria and includes one genomic affiliate,
Anaeromyxobacter sp. FW109-5 (d-Proteobacterium of
the Myxococcales). This again indicates phylogenetic
incoherence resulting from LGT among the multiple sqhC
copies of d-Proteobacteria. Within the environmental
amplicons that group with this sequence (U3), tBLASTn
classifies their ‘closest relatives’ alternately as
d-Proteobacteria, Cyanobacteria or Actinomycetes. Their
average identity to any of these taxa is only 49%,
however, suggesting this again represents an uncharac-
terized cluster of environmental Bacteria or additional
cases of sqhC acquired by LGT. These sequences derive
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primarily from the fresh water lake and the Bahamas soil,
with one sequence from Pigeon Creek, suggesting their
source primarily is terrigenous.

Finally, an unusual set of sequences groups with the
branch that includes Actinomycetes (UMG, Unknown
Marine Group). All of the marine aquatic sites are rep-
resented (GH, both Pigeon Creek samples and Hawaii
surface waters), while none of the fresh water or soil
samples appears. By tBLASTn, each amplicon invariably
classifies with a-Proteobacteria (average 64% identity).
Yet phylogenetically, they form a well-supported cluster
distant from all other a-Proteobacteria. The reason for
this discrepancy remains unknown. More information
is critical about the origin of UMG sequences and the
hopanoids produced by their hosts, as the data suggest
this group is a marine-specific source of hopanoids. The
UMG group also is responsible for much of the apparent
increase in ‘a-Proteobacteria’ (Fig. 2) across the land-
sea gradient.

Throughout Fig. 3, the majority of SHCs from named
species cluster with other named species. In contrast,
most environmental clones count other clones as their
closest relatives, even when representing different geog-
raphies (e.g. Bahamian and Hawaii sequences appearing
as closest relatives). This suggests that in addition to
phylogenetic distance from known species, the total diver-
sity of sqhCs is far greater than currently known and
remains poorly constrained by culture collections. Many
of the groups are represented by multiple clones from
diverse locations (e.g. U2, UMG) yet nothing is known
about their taxonomic identity within the Bacteria, more
than 99.9% of which remain uncultured (Hugenholtz and
Pace, 1996; Rappe and Giovannoni, 2003).

Bacteriohopanepolyols

The soil sample was a dry peat, composed primarily
of organic detritus and having very low mineral content.
Twelve different BHP structures could be identified
in the soil TLE by APCI-HPLC-MSn (Fig. 4; Fig. A1).
The three BHPs bacteriohopanetetrol (BHT; If), 35-
aminobacteriohopane-32,33,34-triol (Ig), and adenosyl-
hopane (Ip), comprised 21%, 30% and 20% of total BHPs
respectively (Fig. 5A, Table 2). The primary BHT was
accompanied by a small amount of a second isomer (If�).
Although we do not have an authentic standard, the less
common epimer (32R, 33R, 34R)-bacteriohopanetetrol
has been reported in Acetobacter and Nostoc spp.
(Peiseler and Rohmer, 1992; Zhao et al., 1996) along
with the usual (32R, 33R, 34S)-bacteriohopanetetrol,
and could account for the presence of If� in addition
to If.

At least eight other minor BHPs could be detected
in the soil TLE. These include two isomers of Ta
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2-methylbacteriohopanetetrol (IIf and IIf�); bacterio-
hopanepentol (Ih); 35-aminobacteriohopane-31,32,33,
34-tetrol (Ii); two isomers of a cyclitol ether heptaacetate
(base peak m/z 1002 [M+H]+ with weak m/z 330 [T]+

terminal fragments, i.e. neither appears to be a glycoside;
Ij and Ij�); and hopane ribonolactone (Io�) (Seemann
et al., 1999), plus an apparent 2-methyl homologue of this
compound (IIo). Novel compound IIo has a mass spec-
trum consistent with an A-ring methylated version of Io,
with base peak m/z 641 [M+H]+ and major fragments at
m/z 581 [M+H-CH3COOH]+, and m/z 435 and 205 (cleav-
age through the C-ring; Fig. S1). We presume that it is the
2-methyl (rather than 3-methyl) version, based on the

relative retention times of 2-methyl analogues of other
BHPs in the sample.

The absolute abundance of BHPs in Bahamas soil
reflects the small influence of mineral components and
the dominantly organic content of the sample. The three
most abundant hopanoids are present at 25–40 mg g-1

total sample (Fig. 5B), the highest absolute content of
hopanoids per sample mass among any of the four loca-
tions. Conversely, the total extractable lipid content of
the soil sample was very high, resulting in a low abun-
dance of hopanoids per mg of TLE (< 2 mg mg-1 TLE;
Fig. 5C). Thus these hopanoid quantifications represent
extreme outliers, and this sample is not comparable to the

Fig. 4. Chromatograms of
bacteriohopanepolyols obtained by
APCI-HPLC-MS for (a) Soil and (b) Graham’s
Harbour. Compounds are identified by roman
numerals corresponding to structures in the
Fig. A1.
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results obtained for the aquatic samples, all of which were
rich in CaCO3 minerals.

There was a smaller diversity of BHPs in the Pigeon
Creek Upper (PCU) sample (Fig. 5A). BHT (If) was the
most abundant component at 33%. Nearly as abundant
was 32,35-anhydrobacteriohopanetetrol (Iq; 31%). This
compound has been proposed to be a reductive degra-
dation product of Ip, adenosylhopane (Talbot et al., 2005).
Although Ip was not detected in this sample, significant
proportions of the related hopane ribonolactone (a pro-
posed oxidative degradation product or biosynthetic inter-
mediate; (Seemann et al., 1999) again were detected
(two isomers, Io and Io�). Together with BHT, these com-
pounds account for 83% of the total hopanoids identi-
fied in the Pigeon Creek sample. The remaining minor
hopanoids in Pigeon Creek were the two isomers of
2-methylbacteriohopanetetrol (IIf and IIf�) and a small
amount of aminotriol (Ig).

For BHP analysis of PCU, the amount of TLE injected
on-column was comparable to the other samples analy-
sed. Thus, while the limited diversity of BHPs detected
in this sample possibly could have been affected by
instrumental detection limits, we think this explanation is
unlikely. Two complete replicates (extraction, separation

and analysis) of the Pigeon Creek sample were per-
formed with similar results. Pigeon Creek Lower (PCL)
has the lowest absolute concentration of hopanoids per
gram of sample (< 0.3 mg g-1; Fig. 5B, shown ¥10 in the
figure for visibility), but does not have the lowest concen-
tration of hopanoids relative to TLE (soil is lower; Fig. 5C).

The BHP samples from PCL and GH are virtually iden-
tical, suggesting their similar depositional environment
is a greater determinant than their geography (Fig. 1).
Graham’s Harbour is a shallow, open marine bay. The PCL
sample was taken at the open mouth of the estuary, where
seawater fully intrudes. Both samples are dominated by
BHT (If) and hopane ribonolactone (Io�), with 37% If and
35% Io� in PCL and 40% If and 31% Io� in GH. They also
contain minor amounts of a second isomer of the lactone
(Io) and of the putative 2-methyl lactone (IIo). Both
samples contain 2-methylbacteriohopanetetrol (IIf). There
are minor amounts of 35-aminotriol (Ig), as well as
some bacteriohopanepentol (Ih), but apparently no 35-
aminotetrol (Ii). Both samples contain very similar relative
amounts of peracetylated BHT-cyclitol ether (Ik) and its
pentafunctionalized counterpart [Im; m/z 713 diagnostic
fragment from cleavage of the glycosidic moiety (Talbot
et al., 2003b)]. Graham’s Harbour contains measurable

Fig. 5. Abundances of bacteriohopanepolyols (BHPs) shown (a) as the percentage of total BHPs (b) as mg hopanoids per gram dry weight
of sample, with values multiplied ¥10 for all samples except the soil sample, and (c) as mg of hopanoids per mg of TLE. Compounds are
identified by roman numerals corresponding to structures in the Fig. A1.
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32,35-anhydrobacteriohopanetetrol (Iq), but PCL does
not. Both TLE samples were analysed at approximately
the same concentrations and were rich in total BHPs, so
these differences (e.g. lack of Iq) apparently are real.

Finally, both marine samples show absolute abun-
dances of BHPs up to 2 mg g-1 total sample, which is
nearly an order of magnitude more concentrated than in
PCU (Fig. 5B). Concentrations of the major BHPs relative
to total extractable lipids are similar in these samples, and
much richer than soil or PCU, with values approaching
35 mg mg-1 TLE (Fig. 5C). The minor hopanoids also are
both more abundant as well as more diverse in PCL and
GH relative to PCU.

Free hopanols and diploptene

Free hopenes, hopanols and tetrahymanol also were
detected in each sample (Table 2). Biogenic hopenes
included diploptene (Ia) and 22,29,30-trisnorhop-17(21)-
ene (III), both of which appeared more abundant in
the terrigenously influenced samples. Diploptene, in par-
ticular, has been invoked as a tracer of land-derived
organic matter (Prahl et al., 1992). Free hopanols included
diplopterol (Ib), 2-methyldiplopterol (IIb) and tetrahymanol
(IV), all of which nearly co-eluted but could be distin-
guished by comparison of their mass spectra to literature
data and to the spectra and retention times of triterpenoids
present in previously characterized bacteria.

All samples also contained the common C32 hopanol,
bishomohopanol (Ie) and its C31 analogue, homohopanol
(Id), which are degradation products of tetrafunction-
alized and pentafunctionalized BHPs respectively. Simi-
larly, minor amounts of putative 2-methylbishomohopanol
(IIe) could be detected in some samples, but the analo-
gous 2-methylhomohopanol (IId) was not detected in any
sample. This is consistent with the apparent absence of
any pentafunctionalized 2-MeBHP compound that could
act as a precursor, i.e. we did not detect structures IIh,
IIi or IIm. An additional C32 hopanol (Ie�) was detected
in most samples, but its mass spectrum was inconsis-
tent with methylation on the A-ring (no m/z 205). Instead,
its mass spectrum was similar to bishomohopanol,
and it could be the uncommon biogenic form 17a(H),
21b(H)-bishomohopanol (Rosa-Putra et al., 2001). This
compound has been reported in Frankia spp., a soil
bacterium, and here is relatively more abundant in
samples proximal to terrigenous sources (Table 2).

This example is one of several trends in relative abun-
dance that were detected among the C30 hopanoids
and their extended counterparts, the BHPs. At least three
classes of compounds decrease in relative abundance
from land to ocean. The primary example is adenosyl-
hopane, which could only be detected in the soil sample.
In addition, amino-functionalized BHPs also decline from

the soil, through the estuary, and into GH (Fig. 6), and
there is some indication that intact, A-ring methylated
BHPs also decrease between the soil and the ocean. In
contrast, the lactone and the 32,35-anhydrohopanoid
increase as samples become progressively more marine,
as does the abundance of 2-methyldiplopterol. The extent
to which these trends are biosynthetic or diagenetic is
difficult to determine. However, as total intact BHPs are
more abundant and total hopanols (plus diploptene) are
less abundant as samples become marine in character,
this suggests that the increase in 2-methyldiplopterol
might indeed be biosynthetic, because it goes against this
trend.

Relating phylogeny and physiology to BHP distributions

Presently there is no clear trend that can relate the
presence or absence of BHPs in a phylogenetic group
to its general physiology. Little is known about the role(s)
of BHPs in the cell, although evidence is now emerging
that polycylic terpenoids in bacteria may serve a variety of
functions, and these functions could vary by taxonomy
or environment or physiology. Notably, hopanoids are pro-
duced in Streptomyces coelicolor during the formation
of aerial hyphae and sporulation (Poralla et al., 2000);
whether the role is structural, prevents dessication or
reduces oxidative stress is unknown. In related cases,
the diazotrophic soil bacteria Frankia spp. produce
heterocyst-like vesicles coated with BHPs, apparently to
protect nitrogenase from exposure to oxygen (Berry et al.,
1993), and Bacillus spp. produce regular polyprenoids
known as sporulenes (Kontnik et al., 2008) to protect their

Fig. 6. Land-sea distribution metrics developed for free hopanoids,
2-MeBHPs, amino-BHPs and lactone and anhydro-BHPs. Locations
are shown from left to right in order of increasing marine character
of the sample site.
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spores against oxidative stress (Bosak et al., 2008).
Reports that Zymomonas mobilis increases its hopanoid
content as a function of exposure to ethanol have been
questioned, but there is evidence for a temperature
association (Bringer et al., 1985; Schmidt et al., 1986;
Hermans et al., 1991; Joyeux et al., 2004). This lack of
understanding about hopanoid function means that linking
environmental phylogenetic distributions of sqhC genes
to physiological roles for BHPs – either specific BHPs or
all BHPs in aggregate – remains an enigma.

The potential to use BHPs as bacterial biomarkers for
phylogeny has been studied in a diverse range of cultured
strains (e.g. Neunlist and Rohmer, 1985a; Neunlist et al.,
1988; Llopiz et al., 1992; Rohmer and Bisseret, 1994;
Cvejic et al., 2000; Talbot et al., 2008). Notably, we did not
identify any novel BHPs in high abundance, although this
was partly a constraint imposed by the MSn with Dynamic
Exclusion methodology we used. All of the BHPs found in
the Bahamas samples are known products of previously
characterized species, with the one exception of the
A-methylbacteriohopaneribonolactone. Although we show
for the first time profiles of BHPs with simultaneous char-
acterization of the diversity of squalene cyclases, given
the novelty of most of the environmental sqhC sequences,
it remains a significant challenge to make the association
between sqhC sequence → species → BHP profile. One
clone from the soil environment groups closely with
Nitrosomonas europaea, which is known to produce
the ribonolactone and adenosyl-BHPs observed in this
sample (Seemann et al., 1999). Previous work in a
methane-rich lake detected sequences closely affiliated
with aerobic methanotrophs (Pearson et al., 2007). BHP
abundances recently were reported from this lake, and
aminotriol was detected in the metalimnion and surface
sediments (Ertefai et al., 2008), consistent with expecta-
tions that amino-BHPs would be found (Neunlist and
Rohmer, 1985c,b; Cvejic et al., 2000; Coolen et al., 2008).
These are among the few predictions that could be made
from the observed sqhC and BHP data.

The abundance of the BHP lactone is particularly
striking, both in its absolute concentration, which is far in
excess of previous reports of this compound in bacterial
cultures (Seeman et al., 1999), and in its relative propor-
tion in samples of marine character (Figs 5 and 6). To
our knowledge, this is the first report of this compound in
an environmental sample. The reduced analogue, 32,35-
anhydro-BHP, has been reported more often and in some-
what higher abundance (Bednarczyk et al., 2005; van
Dongen et al., 2006). In our samples it is less abundant
than the lactone and appears to be replaced by the
lactone as samples become increasingly marine (Fig. 5).
If the source is biosynthetic rather than diagenetic, among
the environmental sequences in Fig. 3, only group UMG
appears to be a uniquely marine ecotype. This group is a

promising target for study of BHPs that could be used as
specific markers for marine production. However, the spe-
cific hopanoids made by UMG cannot yet be determined.

Such uncertainty poses a concern for previous correla-
tions between specific BHP structures and their phyloge-
netic groups of origin. For example, until recently it was
thought that Cyanobacteria were the most widespread
taxonomic group to synthesize BHP methylated at the C-2
position. For that reason we had expected to identify
cyanobacterial sqhC genes in most of our study sites
based on the presence of 2-MeBHPs; the subsequent
failure to detect such genes is striking. The Global Ocean
Sampling expedition (Venter et al., 2004; Rusch et al.,
2007) also does not contain any cyanobacterial sqhC
sequences in similar types of samples (Pearson and
Rusch, 2008). This raises the possibility that other
sources of methylated BHPs may be important in tro-
pical carbonate platforms. The recent discovery of
2-methylhopanoids in R. palustris (Rashby et al., 2007)
and B. japonicum (Talbot et al., 2007a) reveals potential
alternative sources. Alternatively, episodic blooms may be
an important factor in the ecology of hopanoid-producing
marine Cyanobacteria, and the 2-methylhopanoids we
observe here in sediments may indeed be cyanobacterial.
The water column at the time of sampling could have had
low numbers of Cyanobacteria. This is feasible given that
all of the presently known marine species of hopanoid-
producing Cyanobacteria are diazotrophic (Talbot et al.,
2008) and these tend to proliferate in short blooms. Con-
versely, no marine Cyanobacteria have yet been found to
produce 2-methyl-BHPs. Although we expected diazotro-
phs to be prevalent in the summer months during our field
expedition (Capone et al., 1997; Zehr et al., 2001; 2007),
bloom events are difficult to capture in water-column sam-
pling. On the other hand, sediments, which integrate
extended periods of water-column production and export,
provide a valuable record of temporal variability in the
proliferation of BHP producers.

What is the potential degree of species-specificity of the
BHP compounds observed here? Given that the minimum
number of hopanoid-producing ‘species’ in these samples
is 56 (Table 1) and the total number of different com-
pounds observed is 21 (counting hopenes, diplopterol,
tetrahymanol and BHPs, but not diagenetic products such
as C31 and C32 hopanols; Table 2), it seems reasonable to
ask if any taxonomically unique BHPs exist. Given that
cultivated hopanoid producers that have been screened
in prior studies generally make between 2 and 10 dif-
ferent BHP structures, the structural diversity observed
in Bahamas samples could be accounted for by 1–5
hopanoid producing species per environment. An alter-
native phrasing of this question is to ask whether the
diversity of sqhC sequences at a given site predicts
the diversity of co-occurring BHP compounds, under the
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assumption that the more sqhC-containing organisms
there are, the more potential capacity there could be to
create diverse BHP head groups. The number of sqhC
sequences detected in each sample is certainly less than
the total sqhC diversity. Estimates of rarefaction curves
from previous work (Pearson et al., 2007), as well as the
data here, suggest a minimum of several tens of sqhCs in
most environments. The data also likely underestimate b
and g-Proteobacteria, and only capture a brief temporal
snapshot of genetic data (whereas lipids are integrative).
These factors would potentially drive estimates of genetic
versus lipid diversity even higher.

Based on current data, the soil contains the largest
number of unique sqhCs (31), and it contains 12 BHPs.
The sample from PCU is less diverse for sqhC (8) and
contains only six BHPs. These two samples alone would
suggest (i) that sqhC diversity predicts BHP diversity, (ii)
that soils are more diverse and produce more hopanoids
than aquatic settings, and (iii) that the prospect for making
taxonomic connections between sqhCs and BHPs would
be optimistic. However, the samples from PCL and GH
contain 15 and 4 identifiable sqhCs, respectively, but both
contain 11 BHPs. Given the prospect for offshore trans-
port of organic matter, there could be a disconnect
between the presence of sqhC-containing cells in a local
environment and the accumulation of exogenous BHPs,
and this could overwhelm the in situ BHP signal in GH.
However, evidence against this comes from the steady
decrease in amino-BHPs (Fig. 6), and especially from the
disappearance of the purely terrigenous adenosyl-BHP,
unless diagenesis converts the latter to either BHP ribono-
lactone or to 32,35-anhydro-BHP. Graham’s Harbour also
is not proximal to Pigeon Creek (Fig. 1). The reason for
the small number of identifiable sqhCs in GH remains
unknown.

BHPs and environments

The similarity between GH and PCL could suggest that
environmental conditions are a significant factor affecting
BHP diversity. Determining the BHP distributions in
different settings might be more important than character-
izing sqhCs. It is possible that specific environmental
conditions trigger the production of different structures by
a given species or an entire community, and that indivi-
duals vary their BHPs under different conditions (e.g.
Poralla et al., 2000; Rashby et al., 2007). Presently, there
are few BHPs that are diagnostic for specific kinds of
environments. Adenosyl-BHP has only been observed in
soils and rarely in lacustrine sediments (Talbot and Farri-
mond, 2007; Cooke et al., 2008a,b). Compared with some
environments (e.g. Lake Druzby; Talbot and Farrimond,
2007), the diversity of BHPs here is relatively low; and,
with the exception of the adenosyl-BHP and traces

of pentafunctionalized BHPs, there are no compounds
unique to a particular sample. Could this be a function
of the relative uniformity of the Bahamian environment
(oxic, warm and sunlit)?

Laboratory studies suggest that at least in some
cases there are associations between particular BHPs
and organisms expressing specific metabolisms. For
example, amino-BHPs are prevalent in methanotrophs.
Aminotetrol-BHP has only been found in methanotrophs
and Desulfovibrio spp. (Blumenberg et al., 2006) and is
most frequently observed in settings where methanogen-
esis is likely to occur. We observe the highest fraction of
amino-BHPs in the soil environment (Fig. 6), and the only
occurrence of aminotetrol-BHP, suggesting that methan-
otrophs are more prevalent in the soil. This is reasonable,
given the oxygen and sulfate-rich marine waters of
the Bahamas, whereas the organic-rich and sulfate-poor
soils would provide an advantage for methanogens. Con-
versely, the 2-methylhopanoids are thought to be primarily
associated with cyanobacterial oxygenic photosynthesis
(Summons et al., 1999); however, we do not observe a
clear trend towards higher abundance of 2-MeBHPs in
marine environments.

To interpret these environmental trends in future
studies, it will be essential to combine quantitative
molecular analyses of sqhC genes with continuing BHP
measurements, while simultaneously measuring the key
environmental parameters (e.g. temperature, salinity,
pH, light intensity, redox potential, nutrients, and C1 and
C2 compounds such as methane and acetate). A major
outstanding question is the balance between species
diversity and environmental control on the ultimate com-
position and diversity of BHP assemblages. Simultaneous
assessment of multiple variables may result in a predictive
capacity for the role of hopanoids and better constraints
on paleoenvironmental conditions. This will provide nec-
essary context for studies on BHP function within specific
organisms. Finally, complementary analyses of stable
isotope ratios and/or other major classes of biomarkers
will continue to play an essential role for interpreting the
sources of hopanoids in the geologic record (e.g. Jahnke
et al., 1999; Pancost et al., 2000; Thiel et al., 2001;
Hinrichs et al., 2003; Boot et al., 2006; Wakeham et al.,
2007; Coolen et al., 2008).

Experimental procedures

Location and sampling

Samples were taken from San Salvador, The Bahamas, in
June 2007 (Table 3, Fig. 1). Water samples were collected
in HCl-cleaned, fluorinated 20 l carboys and were vacuum
filtered onto 153 mm Supor (0.2 mm) filters either for freezing
or for immediate lysis. Sediment samples from the same
locations were collected using an Ekman grab. Soil was
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recovered using a sterile, stainless steel scoop. All samples
were stored in sterile Whirlpak bags, pre-combusted glass
jars or directly in CTAB DNA lysis buffer. Samples in CTAB
were stored and shipped at 4°C, while all others were stored
and shipped at -70°C. Waters for nutrient analysis were
collected into Vacutainers, poisoned with benzalkonium
chloride and stored at 4°C in the field. Nutrient concentra-
tions were measured on site within 8 h using the MCM
LTER Limnological Methods Manual (http://www.homepage.
montana.edu/~lkbonney/). All other samples were trans-
ported to the USA for further analysis.

DNA isolation and PCR amplification

Isolation and purification of environmental DNA (eDNA) was
performed on approximately 10 g of soil from the upland soil
(SA) and 20 l of water from the upstream (PCU) and down-
stream (PCL) tidal creek, and the shallow open ocean (GH).
Details of DNA extraction and PCR amplification, cloning
and sequencing appear in Appendix S1. Briefly, DNA was
extracted and partial sqhC genes were amplified by a two-
step nested PCR protocol using conditions and primers
previously described (Pearson et al., 2007). PCR products
were cloned using the Invitrogen TOPO TA Cloning Kit for
Sequencing with cloning vector pCR2.1 with TOP10 compe-
tent cells, and individual clones were screened for correct
inserts using vector primers M13F and M13R. DNA was
sequenced at the Dana-Farber/Harvard Cancer Center DNA
Resource Core (http://dnaseq.med.harvard.edu/).

Reciprocal BLAST

SHC protein sequences were translated using the ExPASy
Translate Tool (http://www.expasy.ch/tools/dna.html). The
closest relative to each sequence was then identified among
all genomic data in the public domain using the nr/nt nucle-
otide database and the NCBI (http://www.ncbi.nlm.nih.gov/
blast/Blast.cgi) implementation of tBLASTn (Altschul et al.,
1997). Typical expectation values for 200-mer fragments
compared with sequences of known SHCs are < 10-50 and
typical sequence identities are > 40% (Table S1).

Alignments and tree construction

Complete sequences of known SHCs were obtained from
the Integrated Microbial Genomes database of the Joint
Genomes Institute (http://img.jgi.doe.gov/cgi-bin/m/main.cgi)
and from the National Center for Biotechnology (http://www.
ncbi.nlm.nih.gov/). Parameters for tBLASTn were the refer-
ence SHC sequence for Alicyclobacillus acidocaldarius

(GI: 2851526); standard genetic code; expectation value
cut-off 10-5. All genomic and environmental partial SHCs
were aligned using CLUSTALW through the portal http://
clustalw.genome.ad.jp/. Multiple alignment parameters were:
gap open penalty, 13.0; gap extension penalty 0.05; BLOSUM

weight matrix for proteins; indels treated as single subs-
titutions for use in a masked alignment or as individual
substitutions in an unmasked alignment.

Two trees, reflecting the two approaches, subsequently
were compared. The alignment spanned residues 309–535
of A. acidocaldarius, corresponding to the amplicon region.
Included in this alignment were one species of every genus
of cultured organisms possessing an SHC-encoding gene,
all formerly obtained PCR amplicons (Pearson et al., 2007),
and all data from this work. Bayesian trees were calculated
using Mr Bayes (Huelsenbeck and Ronquist, 2001) using a
mixed amino acid substitution model, lset equal to gamma
and using four chains. Tree iterations were ceased when
the posterior probabilities reached < 0.05 at approximately
2.2 million generations.

Lipid extraction and separation

Total lipid extracts (TLEs) were obtained from 16 g of SoilA,
86 g of PCU (dry weights), and ~240 g each wet weight of
PCL and GH surface sediments. Sediments, rather than sus-
pended particulate matter from the overlying water column,
were used to maximize yields of TLE. Frozen sediment and
mat samples were extracted using a modified Bligh and Dyer
method. Freeze-dried material was re-hydrated in a mono-
phasic mixture containing 2:1:0.8 CH3OH/CH2Cl2/H2O with 1%
trichloroacetic acid (Bligh and Dyer, 1959; Sturt et al., 2004),
except for samples GH and PCL, which were extracted prior to
drying. All samples were sonicated for 1 h and then shaken
at room temperature for 12 h. After centrifuging to remove
particulates, the supernatant was separated into aqueous and
organic phases using 1:1 CH2Cl2/H2O. We performed an addi-
tional separation on the remaining aqueous phase by first
blowing it down to near dryness under N2 in order to remove
CH3OH, then adding 10 ml water and extracting again with
10 ml CH2Cl2, in order to minimize loss of poorly extractable
hopanoids (Herrmann et al., 1996). Total TLEs were passed
over Na2SO4, taken to dryness under N2 and weighed.

Aliquots for high-performance liquid chromatography
(HPLC) were acetylated in 10:10:1 pyridine/acetic anhydride/
CH2Cl2, heated for 1 h at 70°C, and left at room temperature
overnight. Following derivatization, TLEs were brought
up in 60:40 methanol/isopropanol and filtered through
a 0.2 mm syringe filter. Underivatized aliquots of TLE for
gas chromatography-mass spectrometry (GC/MS) were
separated by gravity SiO2-gel (100–200 mesh) columns into

Table 3. Bahamas station data.

Location Salinity pH Temperature (°C) NH4
+ (mM) NO3

- (mM) PO4
3- (mM)

Upland Soil 24°2.293′N, 74°27.068′W n.a. n.a. 27a n.a. n.a. n.a.
Upper Pigeon Creek 24°0.741′N, 74°28.098′W 34.7 8.06 26.8 0.006 � 0.001 2.3 � 0.6 0.03 � 0.05
Lower Pigeon Creek 23°57.834′N, 74°29.219′W 32.1 8.09 25.9 0.003 � 0.001 2.7 � 0.1 0.05 � 0.00
Graham’s Harbour 24°07.568′N, 74°28.024′W 35.2 8.14 27.9 -0.002 � 0.003 1.4 � 1.1 0.00 � 0.00

a. Mean monthly temperature, June.
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apolar (10% ethyl acetate in hexane), free alcohol (25% ethyl
acetate in hexane) and polar (100% methanol) fractions.
All solvents were Burdick and Jackson GC2 grade.

GC/MS and HPLC-APCI-MS

Details of GC and HPLC separations and the accompanying
MS methods appear in Appendix S1. Briefly, volatile lipids
were analysed on an Agilent Technologies 6890 gas chro-
matograph coupled to a 5973 mass selective detector,
equipped with a J and W Scientific DB-5MS column. Intact
BHPs were analysed by high performance liquid chromatog-
raphy atmospheric pressure chemical ionization mass spec-
trometry (HPLC-APCI/MSn) on a Finnigan LTQ ion trap MS at
the Woods Hole Oceanographic Institution. LC-MS conditions
were adapted from published methods (Talbot et al., 2007a).
For both GC/MS and HPLC-APCI-MS, extracts of pure
cultures of R. palustris CGA009, Gemmata obscuriglobus
UQM2246 (A. Pearson, L. Wolchok and R. Summons, unpub-
lished), Crocosphaera watsonii WH8501 and Trichodesmium
erythraeum were run for verifications of specific molecular
structures, and whenever possible, mass spectra and reten-
tion times also were checked for correspondence previous
identifications (Talbot et al., 2001; Talbot et al., 2003a,b;
2005; 2007a,b; 2008). All data were analysed with AMDIS
version 2.64 software. Our data are based on the total ion
current of the full scan data compared with that of an acety-
lated glucosyl sitosterol external standard, assuming uniform
response factors. Especially in cases of N-containing head
groups, the absolute abundances are only semi-quantitative.
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Appendix

Fig. A1. Structures of hopanoids discussed in the text and shown in Figs 4 and 5 and Table 2. Analysis by LC-MS does not allow precise
stereochemical assignment and therefore we assume all compounds identified in this study have the same configuration as previously
characterized structures. The occurrence of additional/alternative isomers cannot be excluded.

Supporting information

Additional Supporting Information may be found in the
online version of this article:
Fig. S1. Mass spectrum of A-ring-methylbacterio-
hopaneribonolactone m/z 641 [M+H]+.
Table S1. Sequence data for Bahamas SHCs.
Table S2. Table of fragment ions for A-ring-methybac-
terohopaneribonolactone.

Appendix S1. Detailed methods.
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