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Summary

Families of closely related chemical compounds,
which are relatively resistant to degradation, are often
used as biomarkers to help trace the evolutionary
history of early groups of organisms and the environ-
ments in which they lived. Biomarkers derived
from hopanoid variations are particularly useful
in determining bacterial community compositions.
2-Methylhopananoids have been thought to be diag-
nostic for cyanobacteria, and 2-methylhopanes in the
geological record are taken as evidence for the pres-
ence of cyanobacteria-containing communities at the
time of sediment deposition. Recently, however, doubt
has been cast on the validity of 2-methylhopanes as
cyanobacterial biomarkers, since non-cyanobacterial
species have been shown to produce significant
amounts of 2-methylhopanoids. This study examines
the diversity of hpnP, the hopanoid biosynthesis gene
coding for the enzyme that methylates hopanoids
at the C2 position. Genomic DNA isolated from
stromatolite-associated pustular and smooth micro-
bial mat samples from Shark Bay, Western Australia,
was analysed for bacterial diversity, and used to con-
struct an hpnP clone library. A total of 117 partial hpnP
clones were sequenced, representing 12 operational
taxonomic units (OTUs). Phylogenetic analysis
showed that 11 of these OTUs, representing 115
sequences, cluster within the cyanobacterial clade.
We conclude that the dominant types of microorgan-
isms with the detected capability of producing
2-methylhopanoids within pustular and smooth micro-
bial mats in Shark Bay are cyanobacteria.
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microbial mats as well as columnar stromatolites from



equal to 50% of total cyanobacterial sequences (Table 1).In the smooth mat sample,Coleofasciculus( =
Microco- leus chthonoplastes

) sequences predominated, constitut-ing 69% of all cyanobacterial sequences (Table 1). Novel
sequences also contributed substantially to the cyanobac-
terial sample; 13% of total cyanobacterial rRNA
sequences from the smooth mat could not be classified.
This suggested the existence of novel stromatolite or
hypersaline-associated cyanobacteria, consistent with
studies from the Highborne Cay stromatolites (Baumgart-
ner

et al
., 2009) and Guerrero Negro hypersaline micro-bial mats (Leyet al

., 2006).

The abundance and community composition of cyano-bacterial 16S rRNA gene sequences found is not con-sistent with that reported in previous work by Allen andcolleagues (2009), although in both cases sampling cov-erage remains incomplete. The proportions ofEuhaloth- ece and Spirulina
detected within the pustular matsample were much higher than previously reported; 50%and 23% respectively in this study versus 4% reportedpreviously for both (Allenet al

., 2009). In the case of thesmooth mat, the proportion ofColeofasciculusdetected was much higher than previously reported; 69% in thisstudy versus 24% reported previously (Allenet al
.,

Fig. 2. Bacterial community composition of
pustular (A) and smooth (B) microbial mat
samples based on 16S ribosomal RNA gene
sequence analysis. A total of 8349 sequences
were analysed from the pustular mat, and
5706 from the smooth mat.
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2009). A notable absence from this study was Chroo-
coccidiopsis; this genus was previously found to account
for 25% of all pustular mat sequences and 5% of all
smooth mat sequences reported by Allen and colleagues
(2009), but was absent from both mat types in the
present study. Several other genera detected by Allen
and colleagues (2009) were not detected in one or both



DNA from both pustular and smooth mat samples from
Hamelin Pool. PCR amplification of hpnP segments was
also attempted from total genomic DNA extracts of tufted
mat and columnar stromatolite samples, but was unsuc-
cessful. A total of 117 partial hpnP clones were sequenced
from the smooth and pustular mat DNA extracts. Forty-one
partial hpnP clones were sequenced from the smooth mat
library, representing eight OTUs at a 95% level of nucle-
otide sequence identity. Seventy-six partial hpnP clones
were sequenced from the pustular mat library, representing
10 OTUs at a 95% nucleotide sequence identity. A total of
12 distinct OTUs were detected from both samples com-
bined, as some OTUs were found in both the pustular and
smooth mat samples. Six OTUs were detected in both
samples, two were unique to the smooth mat sample and
four unique to the pustular mat sample.

Rarefaction curves generated for both hpnP libraries
indicated that for the population of sequences the hpnP
primers were able to amplify, sampling coverage was
complete for the smooth mat library, but not for the pus-
tular mat library (Fig. 3). This indicated that the pustular
mat sample has greater hpnP gene diversity than the
smooth mat sample. This is consistent with the higher
cyanobacterial genus richness observed within the pustu-
lar mat sample, even though the smooth mat sample had
a greater overall proportion of cyanobacterial 16S rRNA
gene sequences (ThpnPhpnPhpnPw. wl.1(consis)Tj
(hpnPnPnPnPnP 1 Tf
2.8.816 mPnPiof
2.816 0 TD
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HpnP sequences isolated from these samples to any phy-
logenetic group lower than cyanobacteria based on the
phylogeny of HpnP sequences from known sources, as
presented in Fig. 5. The genomes of the cyanobacteria
present in these mat samples have not been sequenced;
hence a larger database of known hpnP sequences,



and representatives from Phormidium were found in the
pustular mat (Table 1). Although members from these
three genera did not represent a large portion of the
bacterial community within the mats, species from Cyan-
othece, Halothece and Phormidium are nonetheless pos-
sible contributors to the 2-methylhopanoids previously
detected in samples from these mat types (Allen et al.,
2010). However, it is likely that there are other cyanobac-

teria within the mats also producing 2-methylhopanoids, as
to date relatively few species have actually been tested for
the presence of 2-methylhopanoids or the genetic capabil-
ity to produce them. Screening of cultured cyanobacterial
species isolated from Shark Bay or from other hypersaline
environments for 2-methylhopanoids would be a useful
step in determining which species of cyanobacteria are
producing these compounds in this environment.

Fig. 5. Unrooted phylogenetic tree based on an amino acid alignment of translated hpnP sequences isolated in this study and previously
identified hpnP sequences, using maximum likelihood methods. Representative sequences from each of the OTUs found within the pustular



Conclusions

The discovery that cyanobacteria are not the only group of
bacteria capable of producing significant amounts of
2-methylhopanoids (Rashby et al., 2007) has challenged
the interpretation of 2-methylhopanes as biomarkers for
cyanobacteria in ancient sediments. More information
about the present day function and distribution of
2-methylhopanoids is required in order to accurately deter-
mine from what types of organism–environment combina-
tions ancient 2-methylhopanes are likely to have
originated. However, based on this initial study, the majority
of 2-methylhopanoid producing bacteria living within pus-
tular and smooth microbial mats in the Hamelin Pool area
of Shark Bay are cyanobacteria. Other 2-methylhopanoid-
producing bacteria appear to constitute a very small
portion of the total bacterial community of the mats. As
Shark Bay is one of the best modern analogues for the type
of microbial mat-rich environments that many ancient sedi-
ments are thought to have originated from, this provides
support for a cyanobacterial origin of the 2-methylhopane



directly using the primers with which they were amplified, or
cloned into vector as outlined below.

Clone library construction and sequencing
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