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Abstract Cyanobacteria are ubiquitous, ecologically important and phylogenetically diverse components of the phytoplankton of marine and freshwater environments, as well as some extreme settings such as hot springs, and highly saline and ice covered lakes. They have also been shown to be amongst the most proliﬁc sources of bacteriohopanepolyols (BHPs; pentacyclic triterpenoids produced by taxa within the bacterial domain and especially in the proteobacteria) and are considered to be the most environmentally signiﬁcant source of C-2 methylated hopanoids. The compounds therefore have the potential for wide application in studies of the contemporary marine carbon cycle as well as providing a means of tracking cyanobacteria back through geological history where organic matter is well preserved. Here, we have used liquid chromatography ion-trap mass spectrometry to investigate the intact BHP distributions in cultured cyanobacteria (pure cultures and enrichment cultures) and in a variety of environmental settings. We present data on the detection and characterisation of BHP structures in 26 cultured cyanobacteria (ranging from marine and freshwater species to isolates from hydrothermal systems), 10 of which have not been tested for hopanoid production. Of the 58 strains of cyanobacteria studied to date, 49 have been shown to produce BHPs and 21 of them produce C-2 methylated BHPs. We show that, paradoxically, hopanoid production appears to be absent from the most proliﬁc marine picocyanobacteria, although two important marine nitrogen ﬁxing species, Trichodesmium and Crocosphaera, do produce BHPs. The diversity of BHP distributions in a range of environmental samples, including lake sediments, bacterial mats from lakes and hydrothermal springs, and samples from hot and cold deserts, including endoliths, hypoliths and small stromatolitic structures is also described.  2007 Elsevier Ltd. All rights reserved.
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1. Introduction 1.1. Cyanobacteria Cyanobacteria are ubiquitous, important and phylogenetically diverse components of the phytoplankton of marine and freshwater environments (Falkowski and Raven, 1997) and are thought to be responsible for about half of primary production in today’s oceans and up to 80% in their oligotrophic waters (e.g. Goericke and Welschmeyer, 1993). They are widely considered to have evolved along with oxygenic photosynthesis during the Archean eon and this process was central to subsequent evolution of the biogeochemical carbon cycle on the early Earth, since it freed photosynthetic organisms from localised and limited electron donors such as hydrogen, sulﬁde and reduced iron. In addition, nitrogen ﬁxing cyanobacteria (e.g. Trichodesmium, Crocosphaera and some endosymbionts such as Richelia) contribute signiﬁcantly to the global nitrogen budget in the marine realm (e.g. Capone et al., 1997; Karl et al., 1997; Capone, 2001; Zehr and Ward, 2002; Montoya et al., 2004). As free living organisms, and as chloroplasts in algae and plants, cyanobacteria and their plastid cousins have been driving oxygenic photosynthesis and the carbon cycle for at least 2.3 billion years and possibly much longer (e.g. Brocks et al., 1999). Much controversy exists about when and how this process originated. Putative evidence for an early evolution of oxygenic photosynthesis, based on the occurrence of stromatolites and the size and morphology of 3.5 billion year old microscopic objects (Schopf, 1993) has come under scrutiny in recent times (e.g. Brasier et al., 2002; Knoll, 2003; Schopf, 2006). Evidence from the stable isotopes of sulfur strongly indicates that signiﬁcant concentrations of oxygen, from oxygenic photosynthesis, had accumulated in the atmosphere by about 2.3 billion years ago (Farquhar et al., 2000) but this does not constrain when the process actually began. Clearly, if there were a robust molecular proxy for cyanobacteria it would have wide application in studies of the contemporary marine carbon cycle as well as provide a means of tracking them back through that part of geological history where organic matter (OM) is well preserved. Cyanobacteria are also ubiquitous in extreme environments. Where physical extremes exclude algal taxa, they are often the only primary producers able to persist. For example, Chroococcidiopsis



233



sp., has been described both in the Dry Valleys of the Antarctic and the Negev Desert in Israel, inhabiting the interstices of rocks (Friedmann, 1980), where microclimatic environmental conditions are less severe than the macroclimate, but where, nevertheless, the organisms have developed mechanisms to cope with extreme nutrient deprivation and desiccation (Grilli Caiola et al., 1993; Billi and Grilli Caiola, 1996). Cyanobacterial communities are also found to dominate the underside of rocks in extreme Arctic and Chilean deserts (Cockell and Stokes, 2006; Warren-Rhodes et al., 2006), with both ﬁlamentous (e.g. Scytonema spp.) and coccoid forms (e.g. Gloeocapsa spp.) persisting, depending on water availability. The ability of members of the same cyanobacterial genera to survive and grow in wide temperature ranges and their environmental ubiquity in both terrestrial and marine habitats makes the study of cyanobacterial biomolecules of particular importance, as they can be considered model organisms for understanding biochemical adaptation to extreme environmental conditions. 1.2. Hopanoids and the geological record Hopanoids are pentacyclic triterpenoids produced by many prokaryotes as cell membrane components and are thought to perform a regulatory and rigidifying function analogous to that of some sterols in eukaryotes (Ourisson and Rohmer, 1982; Ourisson et al., 1987). A survey of the literature (e.g. Rohmer et al., 1984; Farrimond et al., 1998 and subsequent references) shows that over 280 pure cultures of bacteria representing at least 206 diﬀerent species, 117 genera and 10 major groups or phyla (including alpha-, beta-, gamma- and deltaproteobacteria, actinobacteria, bacteroidetes, chlorobi, cyanobacteria, ﬁrmicutes and planctomycetes) have been tested for hopanoid production. Hopanoids have been found in species belonging mainly to the following groups: cyanobacteria and alpha-, betaand gammaproteobacteria and planctomycetales. These groups have been the focus of the majority of studies. Genomic data suggest, however, that only a restricted number of species are capable of synthesizing hopanoids (Fischer and Pearson, 2007) and species that can grow in laboratory culture may be preferentially more likely to make hopanoids than the average organism growing in a mixed community (Pearson et al., 2007). A wide degree of variation in hopanoid structure is known, including the C30 compounds diploptene
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(I; Appendix 1) and/or diplopterol (II) as well as the C35 bacteriohopanepolyols (BHPs) which have an extended C5 side chain derived from D-ribose (Flesch and Rohmer, 1988). The most common structures typically have four functional groups in the side chain at C-32, 33, 34 and 35, although structures with ﬁve or six functional groups in the side chain are known (e.g. Rohmer, 1993; see Appendix for examples). Although hopanoid biosynthesis does not require dioxygen (Ourisson and Rohmer, 1982) hopanoids have traditionally been regarded as derived from aerobic organisms. However, their biosynthesis has been observed in a range of facultative anaerobic bacteria, including Rhodomicrobium vannielii (Neunlist et al., 1985), Rhodopseudomonas spp. (Neunlist et al., 1988), Rhodospirillum rubrum (Llopiz et al., 1992) and the fermentative Zymomonas mobilis (e.g. Renoux and Rohmer, 1985). More recently hopanoids have been reported from anaerobic cultures of Geobacter sp. (Fischer et al., 2005; Ha¨rtner et al., 2005) and some species of sulfate reducing bacteria of the genus Desulfovibrio (Blumenberg et al., 2006), although these organisms can tolerate some oxygen. Their occurrence in enrichment cultures of strictly anaerobic planctomycetes has also been reported (Sinninghe Damste´ et al., 2004). These observations therefore go some way to explaining the occurrence of signiﬁcant amounts of geohopanoids in anaerobic environments (e.g. Elvert et al., 2000; Pancost et al., 2000; Thiel et al., 2003). BHPs are often considered to be rapidly degraded to simpler geohopanoid products (e.g. hopanols, hopanoic acids) or incorporated into kerogen (e.g. Mycke et al., 1987; Farrimond et al., 2003). Rohmer et al. (1980) reported the ﬁrst observation of intact bacteriohopanetetrol (IIIa) in recent sediments. Subsequently, intact BHPs have been identiﬁed in a range of environmental settings and have been reported in samples up to 50 Ma years old (van Dongen et al., 2006). Most of the reports utilised the periodate method, in which the polyfunctionalised side chain is cleaved to produce a primary alcohol product which can be analysed using gas chromatography–mass spectrometry (GC–MS; e.g. Rohmer et al., 1984) and include reports for marine and lacustrine sediments (e.g. Boon et al., 1981; Rohmer et al., 1980; Buchholz et al., 1993; Innes et al., 1997, 1998; Rodier et al., 1999; Watson and Farrimond, 2000; Farrimond et al., 2000; Watson, 2002; Talbot et al., 2003a; van Dongen et al., 2006), soils and peat (Ries-Kautt and Albrecht,



1989; Crossman et al., 2001; Winkler et al., 2001; Shunthirasingham and Simpson, 2006), microbial mats and silica sinters from terrestrial hydrothermal systems (Summons et al., 1999; Jahnke et al., 2004; Talbot et al., 2005a) and cold seep carbonate rocks (Pancost et al., 2005). More recently there have been a few reports describing the analysis of intact BHP structures using liquid chromatography–mass spectrometry (LC–MS) analysis of sediments (e.g. Fox et al., 1998; Talbot et al., 2003a,b; Talbot and Farrimond, 2007; van Dongen et al., 2006; Blumenberg et al., 2006), soils and peat (Talbot et al., 2005b), microbial mats and water column particulates from the Black Sea (Blumenberg et al., 2006, 2007; Wakeham et al., 2007), silica sinters from terrestrial hydrothermal systems (Talbot et al., 2005a,b) and cold seep carbonate rocks (Pancost et al., 2005). The investigation of intact structures is still relatively novel and we are only just beginning to exploit the valuable microbial marker information available on (the hopanoid-producing) bacterial community structure and associated bio- and geochemical processes. A greater knowledge of the environmental distributions and signiﬁcance of these compounds in modern systems is a vital component of our understanding and interpretation of geohopanoid distributions (diagenetic products of BHPs), which are ubiquitous components in the geological record and have been described as the ‘‘most abundant natural products on Earth’’ (Ourisson and Albrecht, 1992). Hopanoids are found in sediments and petroleum throughout the geological record and as far back as OM with recognisable molecular fossils, presently about 2700 million years (Summons and Walter, 1990; Summons et al., 1999; Brocks et al., 2003; Dutkiewicz et al., 2006). They have been used for many years to correlate petroleums to their source rocks, and to evaluate their thermal and reservoir emplacement histories (Peters et al., 2005). There are some striking aspects of the geological distributions of 2-methylhopanes (Knoll et al., 2007). Firstly, a distinctive characteristic of the hopanoids found in Proterozoic and Archean rocks is the abnormally high abundance of 2-methylhopanes, irrespective of rock lithology (Summons et al., 1999; Knoll et al., 2007). A second notable feature of 2-methylhopanes is their high relative abundance associated with oceanic anoxic events during the Phanerozoic. Third, there is a strong correlation between 2-methylhopane relative abundance and low palaeolatitude of sediment deposition,



Table 1 BHP structures in cultured cyanobacteria Organisma
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suggesting that warm, shallow water carbonate depositional environments favour the precursor organisms. Despite the abundance, ubiquity and diverse patterns of hopanoid biomarkers in the geosphere, relatively little is known about the composition of the precursor hopanoids across the full diversity of cultured and un-cultured organisms, the role of growth conditions on BHP production and, especially, their patterns of occurrence in modern environments. 1.3. BHP production by cyanobacteria The earliest report of the production of hopanoids by cyanobacteria was by Gelpi et al. (1970) who observed the presence of diploptene (I) in strains of Chrooccocus, Lyngbya and Nostoc; however, no BHPs were reported at that time. A survey of the literature (1984 to date) on BHP occurrence in cyanobacteria reveals that a total of 46 species or strains from ﬁve diﬀerent orders (Chroococcales, Nostocales, Oscillatoriales, Prochlorales and Stigonematales) have been tested (summarised in Appendix 2). Of these, 41 strains (89%) were found to produce hopanoids in culture. Of the 41 hopanoid-producing strains, 33 were tested using the periodate chemical cleavage method with GC–MS analysis only (Rohmer et al., 1984; Summons et al., 1999; Jahnke et al., 2004). The structures produced by seven species have been fully characterised using NMR of puriﬁed fractions of acetylated BHPs (Table 1) and those from two others (Chlorogloeopsis sp. strain LA and Cyanothece strain RC) were characterised from LC–MS analysis of an acetylated total lipid extract (Table 1; Talbot et al., 2003b). These studies have led to the observation that cyanobacteria are environmentally signiﬁcant producers of C35 hopanoids methylated at C-2 in the pentacyclic ring system and that this structural feature is potentially diagnostic for cyanobacteria in ancient sedimentary environments (Summons et al., 1999). While other producers of 2-methylhopanoids, including some methylotrophs and symbiotic nitrogen-ﬁxing bacteria (e.g. Zundel and Rohmer, 1985; Vilche`ze et al., 1994) and, most recently, a purple non-sulfur bacterium grown anaerobically (Rashby et al., 2008), have been recognised, cyanobacterial origins best account for the ubiquity of these biomarkers across a range of environments and geological ages. It should also be noted that, of the 41 hopanoid-producing strains, only 19 have been shown



to produce tetra-or pentafunctionalised hopanoids with additional methylation at C-2 (Appendix 2). The absence of this feature from a hopanoid distribution from an environmental sample therefore by no means precludes the presence of hopanoids derived from cyanobacteria or indeed non-hopanoid-producing cyanobacteria. The ability to rapidly analyse other structural features, i.e. the nature of the side chain, is therefore very useful with regard to recognising OM derived from cyanobacteria, especially those which do not produce methylated structures. The structures of fully characterised hopanoids and their known cyanobacterial sources are summarised in Table 1. The number of structures occurring in any one organism appears to be quite variable, ranging from simple distributions of bacteriohopane-32,33,34,35-tetrol (BHT; IIIa) and 35-amino-bacteriohopane-32,33,34-triol (aminotriol; IIIj) in Microcystis aeruginosa (Simonin, 1993) to the most complex distribution of any known cyanobacterium found in Prochlorothrix hollandica, which includes a total of eight structures (Simonin et al., 1996). The structures range from the most commonly occurring BHPs in any type of bacterium, BHT (IIIa) and aminotriol (IIIj) to side chain structures only known to be produced by cyanobacteria (c, d, e, f, g and h), although an alternative isomer of structure d (i.e. l) is known from a number of other species (e.g. Renoux and Rohmer, 1985; Flesch and Rohmer, 1989; Knani et al., 1994). An additional isomer related to structures g and h, bearing a glucuronopyranosyl residue linked via an a-glycosidic bond to the hydroxyl group of C-35 in the side chain (i) has also been found in the cyanobacterium Synechococcus sp. (PCC 6907; Llopiz et al., 1996) but was originally reported from Rhodospirillum rubrum (Llopiz et al., 1992), a purple non-sulfur bacterium. Only side chain e (35-O-b-3,5-anhydro-galacturonopyranosyl-; Simonin et al., 1996) has not been reported to occur attached to a C-2 methylated ring system but is only known from cyanobacteria. The C-30,32,33,34,35-pentol structures (IIIc, IVc) where the ﬁfth hydroxyl is at C-30, and not C-31, have currently only ever been observed in one group of cyanobacteria – Nostoc spp. (Bisseret et al., 1985; Zhao et al., 1996). The regular pentol (b) side chain is also known from certain acetic acid bacteria (e.g. Zundel and Rohmer, 1985) although typically the full structure includes unsaturation at C-6 and/or C-11, both with and without methylation at C-3.
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1.4. This study The aim was to deﬁne the range of BHP structures in a signiﬁcant suite of cyanobacterial samples and identify markers that might be characteristic of cyanobacteria as a group or of certain species for assessing the potential for distinguishing species based on their BHP signatures. We present data on the detection and characterisation of BHP structures in 26 cultured cyanobacteria, 10 of which have not previously been tested for hopanoid production. A further two cyanobacterial enrichment cultures were also investigated. We also investigated the BHP distribution in environments known to host cyanobacteria as the dominant primary producers, including bacterial mats from lakes and hydrothermal springs and a range of samples from hot and cold deserts including endoliths, epiliths and small stromatolitic structures. 2. Materials and methods 2.1. Samples Cultured cyanobacteria were provided as freezedried samples and were stored frozen (20 C) till analysis. The Trichodesmium erythraeum and Crocosphaera watsonii cultures were grown as described by Webb et al. (2001). Synechococcus and Prochlorococcus spp. were grown as described by Rocap et al. (2002). The ‘Anacystis montana’ sample was grown as described in Herrmann et al. (1996a) and the samples of Synechocystis sp. (PCC 6803) and Microcystis sp. (110) were grown using conditions described by Ju¨rgens et al., 1992. Oscillatoria amphigranulata (R. Castenholz culture collection) was grown using medium DGN at 45 C (Castenholz, 1988). Chlorogloeopsis fritschii and Calothrix NP with grown in BG-11 or D, respectively, without a ﬁxed nitrogen source. A number of other cultures were grown using medium D or BG-11 as described (Jahnke et al., 2004). Chroococcidiopsis sp. (No. 167) was obtained from the Culture Collection of Microorganisms from Extreme Environments (CCMEE) at the University of Rome ‘Tor Vergata’. It was isolated from a sandstone in the Dry Valleys (Antarctica), exhibiting cryptoendolithic growth. The Gloeocapsa sp. enrichment culture was prepared from an epilithic bioﬁlm that grows on the surface of dolomitic rocks on Devon Island, Canadian High Arctic at 7523 0 N and 8954 0 W (Cockell and Stokes, 2004, 2006). In
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the case of the environmental sample, the organisms were scraped from the surface of the rock. For the enrichment culture, they were placed in BG11 cyanobacterial growth medium (Rippka et al., 1979) and incubated at 20 C for two months under ca. 100 lmol/m2/s natural light ﬂux. The site of the Lake Druzhby sediment sample (31–34 cm) has been described in detail (Watson, 2002; Talbot et al., 2003a). The sample of Antarctic cyanobacterial microbial mat was obtained from Mars Oasis, a deglaciated region of King George VI Sound located at 7154 0 S, 68 12 0 W (Cockell et al., 2003). The mat was found growing around the edges of small ( 
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