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ABSTRACT 

 

Thirty-four axenic strains of cyanobacteria were analysed for their glycolipid content 

using high performance liquid chromatography coupled to electrospray ionisation tandem mass 

spectrometry (HPLC/ESI-MS2). Species of the families Nostocaceae and Rivulariaceae, capable 

of biosynthesising heterocysts, contained a suite of glycolipids consisting of sugar moieties 

glycosidically bound to long-chain diols, triols, keto-ols and keto-diols. The aglycone moiety 

consisted of C26 or C28 carbon-chains with hydroxyl groups at the C-3, ω-1 or ω-3 positions. 

Keto-ols and keto-diols contained their carbonyl functionalities likely at the C-3 position. These 

compounds were absent in all analysed unicellular and filamentous non-heterocystous 

cyanobacteria and in the heterocyst-forming cyanobacterium Anabaena CCY9922 grown in the 

presence of combined nitrogen, supporting the idea that the long-chain glycolipids are an 

important and unique structural component of the heterocyst cell envelope. The glycolipids 1-(O-

hexose)-3,25-hexacosanediol and 1-(O-hexose)-3-keto-25-hexacosanol were ubiquitously 

distributed in species of the family Nostocaceae. 1-(O-hexose)-3,25,27-octacosanetriol and 1-(O-

hexose)-3-keto-25,27-octacosanediol were dominant in members of the Calothrix genus, while 

traces of those compounds were detected only in one species of the Nostocaceae family. Their 

distribution in heterocystous cyanobacteria suggests a chemotaxonomic relevance that might 

allow distinguishing between species of different genera. Culture experiments indicate that the 

amount of keto-ols and keto-diols decreases relatively to their corresponding diols and triols 

counterparts with increasing temperature. Possibly, this is an adaptation to optimise the cell wall 

gas permeability, preventing inactivation of the oxygen-sensitive nitrogenase while allowing the 

highest diffusion of atmospheric dinitrogen into the heterocyst. 
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  INTRODUCTION 

 

Cyanobacteria comprise a morphologically heterogeneous group of oxygenic 

phototrophic bacteria, which are currently divided into five morphological groups (Rippka et al., 

1979). Species of two of these five groups, i.e. the orders Nostocales and Stigonematales, are 

capable of differentiating vegetative cells into heterocysts under nitrogen-depleted conditions. 

These cells contain nitrogenase, the enzyme required for the conversion of dinitrogen (N2) to 

ammonia. As nitrogenase is readily inactivated by even low amounts of oxygen, the heterocysts 

are covered by a thick cell envelope, which limits gas diffusion into the cell and consists of 

distinct polysaccharide and glycolipid layers (Walsby, 1985; Murry and Wolk, 1989). The latter 

is known to contain a suite of unique glycolipid structures that were initially reported from the 

heterocystous cyanobacterium Anabaena cylindrica (Nichols and Wood, 1968) and  further 

structurally characterized by Bryce et al. (1972) and Lambein et al. (1973). 

To date, ca. 20 heterocyst-forming strains have been analysed for their glycolipid content, 

including species of the orders Nostocales and Stigonematales (Gambacorta et al., 1999; 

Bauersachs et al., 2009). The reported heterocyst glycolipid (HG) structures consisted of sugar 

functionalities glycosidically bound to long-chain diols, triols, keto-ols, and keto-diols (Fig. 1). 

The alkyl chain was even-carbon numbered and ranged from C26 to C32. Functional groups were 

located at the C-3, ω-1 and ω-3 positions, and were either hydroxyl or ketone moieties 

(Gambacorta et al., 1999). The carbonyl group was usually positioned at C-3 with exceptions 

found in the cyanobacteria Cyanospira rippkae (Soriente et al., 1993) and Calothrix CCY9923 

(Bauersachs et al., 2009), where it was located at the ω-1 position. The sugar moieties of the 

glycolipids were usually α-glucosides in species of the order Nostocales (Gambacorta et al., 

1999). Exceptions have been found in Anabaena sp. WSAF in which α-galactosides were 

accompanied by β-glucoside (Gambacorta et al., 1996) and in Tolypothrix tenuis, which besides 

α-glucosides also contained β-glucoside (Gambacorta et al., 1998). In Calothrix desertica and in 

Chlorogloeopsis fritschii α–mannosides have been found together with α–glucosides 

(Gambacorta et al., 1998). 

Although a number of cyanobacteria have now been investigated for their glycolipid 

distribution, the reports are relatively few considering the large diversity in cyanobacteria.  
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Recently, we developed a method for the rapid screening of glycolipids using high performance 

liquid chromatography coupled to electrospray ionisation tandem mass spectrometry (Bauersachs 

et al., 2009). We employed this method to screen 34 cyanobacterial strains for their heterocyst 

 

                          

 

Figure 1. Structures of heterocyst glycolipids detected in cyanobacterial cultures. 1-(O-hexose)-3,25-hexacosanediol 

(1); 1-(O-hexose)-3-keto-25-hexacosanol (2); 1-(O-hexose)-3,27-octacosanediol (3); 1-(O-hexose)-3-keto-27-

octacosanol (4); 1-(O-hexose)-3,25,27-octacosanetriol (5) and 1-(O-hexose)-3-keto-25,27-octacosanediol (6a) and 

1-(O-hexose)-27-keto-3,25-octacosanediol (6b). 

 

glycolipid content, including strains of the genera Anabaenopsis and Aphanizomenon that have 

not been analysed for their HG content before. In addition, we studied changes in HG 
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distributions under varying temperature conditions and discuss the potential of heterocyst 

glycolipids as chemotaxonomical tools to distinguish between different cyanobacterial genera. 

 

MATERIALS AND METHODS 

 

General experimental procedures 

 

HPLC/ESI-MS2 analysis was performed as reported elsewhere (Bauersachs et al., 2009). 

Briefly, normal-phase HPLC analysis of extracts was accomplished using an Agilent 1100 series 

LC (Agilent, San Jose, CA) coupled to a Thermo TSQ Quantum ultra EM triple quadruple mass 

spectrometer with an Ion Max Source with ESI probe (Thermo Electron Corporation, Waltham, 

MA) operated in positive ion mode. Separation was achieved on a LiChrospher DIOL column 

(250 mm × 2.1 mm i.d., 5 µm: Alltech, Deerfield, IL) maintained at 30 °C. The separation was 

achieved with a flow rate of 0.2 ml min-1 using the following linear gradient: 90% eluent A to 

70% eluent A – 30% eluent B in 10 min and held for 20 min, followed by 70% eluent A to 35% 

eluent A – 65% eluent B in 15 min and held for 15 min, subsequently back to 90% eluent A in 1 

min and held for 20 min to re-equilibrate the column. Eluent A consisted of 

hexane/isopropanol/formic acid/14.8 M aqueous NH3 (79:20:0.12:0.04, v/v/v/v) and eluent B was 

isopropanol/water/formic acid/14.8 M aqueous NH3 (88:10:0.12:0.04, v/v/v/v). HPLC/ESI-MS2 

was carried out in data-dependant mode with two scan events, where a positive ion scan (m/z 

300-1000) was followed by a product ion scan of the base peak of the mass spectrum of the first 

scan event. Structural assignments were made by comparison with published spectral data 

(Bauersachs et al., 2009). 

 

 Plant material 

 

Cyanobacterial strains were obtained from the Culture Collection Yerseke (CCY) at the 

Netherlands Institute of Ecology (NIOO-KNAW). Heterocystous strains were cultivated as batch 

cultures on freshwater media BG11 (Rippka et al., 1979), artificial seawater ASN3 (Rippka et al., 

1979) or a mixture of both. In order to induce the formation of heterocysts in Nostocaceae and 

Rivulariaceae species, nitrate was omitted from the media. The heterocystous cyanobacterium  
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Table 1. Cyanobacterial strains analysed in this study and their culture conditions. LPP: morphotypes of Lyngbya-

Plectonema-Phormidium. BG11 = freshwater medium with NaNO3; BG11° = freshwater medium without NaNO3; 

ASN3 = artificial seawater medium with NaNO3; ASN3° = artificial seawater medium without NaNO3; AB = 

mixture of ½ ASN3 + ½ BG11; BA = mixture of ⅓ ASN3 + ⅔ BG11; BA° = mixture of ⅓ ASN3 + ⅔ BG11 without 

NaNO3. 

 

Organism Strain 
Growth 

Medium 

Nitrogen 

source 

Salinity 

(PSU) 

Light 

(µmol·m-2·s-1) 

Temp. 

(°C) 

Heterocystous       
Anabaena sp. CCY0017 BA° N2 10 - 11 30 14 

Anabaena sp. CCY9402 BG11° N2 0 30 14 

Anabaena sp. CCY9613 BG11° N2 0 30 14 / 27 

Anabaena sp. CCY9614 BG11° N2 0 30 14 

Anabaena sp. CCY9910 BG11° N2 0 30 14 

Anabaena cylindrica CCY9921 BG11° N2 0 30 14 

Anabaena sp. CCY9922 BG11° N2 0 30 14 

Nodularia chucula CCY0103 BG11° N2 0 30 14 

Nodularia sp. CCY9414 BA° N2 10 - 11 5 14 

Nodularia sp. CCY9416 BA° N2 10 - 11 5 14 

Nostoc sp. CCY0012 BG11° N2 0 30 14 / 27 

Nostoc sp. CCY9926 BG11° N2 0 30 14 / 27 

Calothrix sp. CCY0018 BA° N2 10 - 11 25 14 

Calothrix sp. CCY0202 ASN3I° N2 30 - 33 25 14 

Calothrix sp. CCY0327 BG11° N2 0 30 14 

Calothrix sp. CCY9923 BG11° N2 0 30 14 

       

Non-heterocystous       

Anabaena sp. CCY9922 BG11 NO3
- 0 30 14 

Leptolyngbya sp. CCY0004 ASN3 NO3
- 30 - 33 5 14 

Leptolyngbya sp. CCY0019 ASN3 NO3
- 30 - 33 5 14 

LPP CCY0022 ASN3 NO3
- 30 - 33 5 14 

LPP CCY0021 ASN3 NO3
- 30 - 33 5 14 

LPP CCY0024 BA NO3
- 10 - 11 5 14 

Lyngbya sp. CCY9409 ASN3° N2 30 - 33 25 14 

Myxosarcina sp. CCY0025 ASN3° N2 30 -  33 15 23 

Oscillatoria sp. CCY0028 AB NO3
- 15 - 16 5 14 

Phormidium formosum CCY0001 ASN3 NO3
- 30 - 33 5 14 

Pseudanabaena sp. CCY9703 BG11 NO3
- 0 5 14 

Synechococcus sp. CCY0011 BG11 NO3
- 0 15 18 

Synechococcus sp. CCY9201 BA NO3
- 10 - 11 15 18 

Synechococcus sp. CCY9501 BA NO3
- 10 - 11 15 18 

Synechococcus sp. CCY9503 BA NO3
- 10 - 11 15 18 

Synechococcus sp. CCY9505 BA NO3
- 10 - 11 15 18 
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Anabaena CCY9922 was also grown in the presence of combined nitrogen  (NaNO3) with an 

initial concentration of 180 µmol l-1. Non-heterocystous species were grown under conditions as 

shown in Table 1. All strains were grown axenically in 100 ml of culture medium in 250 ml 

Erlenmeyer flaks and under a 12/12 h light/dark cycle with a photon irradiance of 5 to 30 µmol 

m-2 s-1 provided by cool white fluorescent tubes. Cells were harvested after a growth period of. 

six weeks, washed three times with 4 ml of bidistilled water, freeze-dried and stored at -20 °C 

until analysis. 

 

 Extraction procedure 

 

Freeze-dried cell material (ca. 30-50 mg) was ultrasonically extracted using 

dichloromethane (DCM) (3 ml; 3×10 min), DCM:methanol (MeOH) (3 ml; 1:1 v/v; 3×10 min) 

and MeOH (3 ml; 3×10 min). The extracts were combined and rotary evaporated to near dryness, 

transferred to pre-weight vials and reduced to dryness under a gentle stream of nitrogen. 

Cultures of temperature experiments, i.e. Anabaena CCY9921, Nostoc CCY0012 and 

Nostoc CCY9926, were extracted using a modified Bligh and Dyer extraction (Bligh and Dyer, 

1959; Rütters et al., 2002). Briefly, freeze-dried cell material was ultrasonically extracted with a 

solvent mixture of MeOH/DCM/phosphate buffer in a ratio of 2:1:0.8 (v/v). The supernatant was 

transferred to a centrifuge tube and the remaining cell material was extracted twice again. DCM 

and phosphate buffer were added to the combined solvent mixture so that the ratio of 

MeOH/DCM/phosphate buffer was 1:1:0.9, which resulted in a phase separation. The bottom 

layer, containing the organic fraction, was transferred to a glass vial and the remaining aqueous 

phase was extracted three times with DCM. The individual organic fractions were combined and 

rotary evaporated. 

Lipid extracts were re-dissolved by ultrasonication (10 min) in DCM:MeOH (9:1 v/v) at a 

concentration of 1 mg ml-1 and filtered through a 0.45 µm regenerated cellulose (RC) filter 

(Alltech, Deerfield, IL) prior to HPLC/ESI-MS2 analysis. 
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RESULTS AND DISCUSSION 

 

 Distribution of heterocyst glycolipids in cyanobacteria 

 

Nineteen strains of heterocystous cyanobacteria were analysed, including strains of the 

families Nostocaceae and Rivulariaceae, which all contained heterocyst glycolipids. In order to 

confirm that HGs represent a component of the heterocyst cell envelope, the cyanobacterium 

Anabaena CCY9922 was grown on both N2 and NO3
-. Indeed, the strain utilising N2 was 

characterised by the presence of 1-(O-hexose)-3,25-hexacosanediol (1) and 1-(O-hexose)-3-keto-

25-hexacosanol (2), while heterocyst glycolipids were absent in Anabaena CCY9922 grown in 

the presence of combined nitrogen. This observation, together with the absence of HGs in the 

fifteen unicellular and filamentous non-heterocystous strains analysed in this study, confirms that 

HGs are unique compounds of the heterocyst cell envelope and, thus, for dinitrogen fixation 

(Table 2). 

Heterocyst glycolipids were a major component of the intact polar lipid fraction of 

heterocystous cyanobacteria under electrospray ionisation-mass spectrometry (ESI-MS) 

conditions (Fig. 2). They were assigned to four aglycone structures, which differed in their chain-

length and the position of their functional groups. The chain-length of the aglycone moiety was 

either C26 or C28 and hydroxyl groups were likely located at the C-3, ω-1 and ω-3 positions. An 

unambiguous assignment of the carbonyl group in the analysed strains could only be made for the 

cyanobacterium Calothrix CC9923, where it was located at the ω-1 position (Bauersachs et al., 

2009). Other species of the Calothrix genus contained a compound with similar mass spectral 

properties to 1-(O-hexose)-27-keto-3,25-octacosanediol but with a slightly different retention 

time. Gambacorta et al. (1999) showed that the majority of heterocystous cyanobacteria 

contained keto-ols and keto-diols with carbonyl groups located at the C-3 position. Therefore, we 

tentatively identified the structural isomer of 1-(O-hexose)-27-keto-3,25-octacosanediol (6b), 

observed in species of the Calothrix genus, as 1-(O-hexose)-3-keto-25,27-octacosanediol (6a). 
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Figure 2. Partial ESI-MS base peak chromatogram showing the presences of 1-(O-hexose)-3,25-hexacosanediol (1) 

and 1-(O-hexose)-3-keto-25-hexacosanol (2) in the total lipid extract (TLE) of Nostoc CCY0012. Other compounds 

identified in the TLE of Nostoc CCY0012 were monogalactosyldiacylglycerols (MGDG); phosphatidylglycerols 

(PG); digalactosyldiacylglycerols (DGDG); sulfoquinovosyldiacylglycerols (SQDG). Broad or double peaks result 

from the presence of multiple isomers differing in fatty acid chain-length. 

 

In general, all analysed strains of the family Nostocaceae showed similar heterocyst 

glycolipid distributions with only minor structural variations (Table 2). All Nodularia and Nostoc 

species and most Anabaena species had an identical heterocyst glycolipid distribution, consisting 

of 1-(O-hexose)-3,25-hexacosanediol (1) and 1-(O-hexose)-3-keto-25-hexacosanol (2). However, 

Anabaena CCY9910 and Anabaena CCY0017 also contained 1-(O-hexose)-3,27-octacosanediol 

(3) and 1-(O-hexose)-3-keto-27-octacosanol (4), while the latter two compounds were the only 

heterocyst glycolipids detected in Anabaena CCY9402. Besides compounds 1 to 4, 

Aphanizomenon CCY9905 also contained 1-(O-hexose)-3,25,27-octacosanetriol (5) and its 

corresponding ketone (6), although in trace amounts only. Three strains, i.e. Anabaena CCY9921, 

Nodularia CCY9414 and Nodularia CCY9416, contained two isomers of 1-(O-hexose)-3,25 
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Table 2. Distribution of heterocyst glycolipids in heterocystous and non-heterocystous cyanobacteria. Numbers refer 

to structures shown in Fig. 1. (-) Not detected; (+) minor amounts; (++) major amounts; (tr.) traces. LPP = 

morphotypes of Lyngbya-Phormidium-Plectonema 

 

Species Strain Family Order 1 2 3 4 5 6 

Heterocystous          
Anabaena sp. CCY0017 Nostocaceae Nostocales ++ + + + - - 

Anabaena sp. CCY9402a Nostocaceae Nostocales - - ++ + - - 

Anabaena sp. CCY9613 Nostocaceae Nostocales + + - - - - 

Anabaena sp. CCY9614a Nostocaceae Nostocales ++ + - - - - 

Anabaena sp. CCY9910 Nostocaceae Nostocales ++ + + + - - 

Anabaena cylindrica CCY9921 Nostocaceae Nostocales ++ + - - - - 
Anabaena sp. CCY9922 Nostocaceae Nostocales ++ + - - - - 
Anabaenopsis sp.  CCY0520 Nostocaceae Nostocales ++ + + - - - 

Aphanizomenon sp.  CCY0368 Nostocaceae Nostocales ++ + + - - - 

Aphanizomenon sp. CCY9905 Nostocaceae Nostocales ++ + + + tr. tr. 

Nodularia chucula CCY0103 Nostocaceae Nostocales ++ + - - - - 

Nodularia sp. CCY9414 Nostocaceae Nostocales ++ + - - - - 

Nodularia sp. CCY9416 Nostocaceae Nostocales ++ + - - - - 

Nostoc sp. CCY0012 Nostocaceae Nostocales ++ + - - - - 

Nostoc sp. CCY9926 Nostocaceae Nostocales ++ + - - - - 

Calothrix sp. CCY0018 Rivulariaceae Nostocales - - - - ++ + 

Calothrix sp. CCY0202 Rivulariaceae Nostocales tr. tr. - - ++ + 

Calothrix sp. CCY0327 Rivulariaceae Nostocales - - - - ++ + 

Calothrix sp. CCY9923a Rivulariaceae Nostocales - - + + ++ + 

Anabaena sp. CCY9922b Nostocaceae Nostocales - - - - - - 

          

Non-heterocystous          

Leptolyngbya sp. CCY0004 - Oscillatoriales - - - - - - 

Leptolyngbya sp. CCY9627 - Oscillatoriales - - - - - - 

LPP sp. CCY0021 - Oscillatoriales - - - - - - 

LPP sp. CCY0022 - Oscillatoriales - - - - - - 

LPP sp. CCY0024 - Oscillatoriales - - - - - - 

Lyngbya sp. CCY9409 - Oscillatoriales - - - - - - 

Myxosarcina sp. CCY0025 - Pleurocapsales - - - - - - 

Oscillatoria sp. CCY0028 - Oscillatoriales - - - - - - 

Phormidium formosum CCY0001 - Oscillatoriales - - - - - - 

Pseudanabaena sp.  CCY9703 - Oscillatoriales - - - - - - 

Synechococcus sp. CCY0011 - Chroococcales - - - - - - 

Synechococcus sp. CCY9201 - Chroococcales - - - - - - 

Synechococcus sp. CCY9503 - Chroococcales - - - - - - 

Synechococcus sp.  CCY9505 - Chroococcales - - - - - - 

Synechococcus sp. CCY9506 - Chroococcales - - - - - - 
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a HG distributions of Anabaena CCY9402, Anabaena CCY9614, and Calothrix CCY9923 have previously been 

reported by Bauersachs et al. (2009). 
b heterocystous strain grown on NO3

- 

 

hexacosanediol (1), which were present in almost equal amounts. Previous studies on the 

glycolipid content of heterocystous cyanobacteria revealed that C26 diols and their corresponding 

ketones were ubiquitously distributed in species of the family Nostocaceae. For example, 1-(O-

hexose)-3,25-hexacosanediol (1) and 1-(O-hexose)-3-keto-25-hexacosane (2) were found in 

seven out of ten Nostocaceae species, including members of the genera Anabaena sp., Nodularia 

sp. and Nostoc sp. (Gambacorta et al., 1999). 1-(O-hexose)-3,27-octacosanediol (3) and 1-(O-

hexose)-3-keto-27-octacosanol (4) have also been reported from species of the Nostocaceae 

family, e.g. the cyanobacteria Cyanospira rippkae (Soriente et al., 1993) and Anabaena 

sphaerica (Gambacorta et al., 1996). The overall HG distribution in the present study is, thus, in 

agreement with previous reports on the distribution of heterocyst glycolipids in species of the 

family Nostocaceae (Gambacorta et al., 1996; 1999). 

The distribution of HGs in species of the Rivulariaceae family exhibits noticeable 

differences compared to that of the Nostocaceae family. First, species of the Calothrix genus 

contained heterocyst glycolipids dominated by a C28 rather than a C26 carbon chain. Second, 1-

(O-hexose)-3,25,27-octacosanetriol (5) was dominating the HG distribution in species of the 

Calothrix genus, while only traces were present in one species of the Nostocaceae family (Tab. 1). 

In Calothrix CCY0018 only the heterocyst glycolipid 1-(O-hexose)-3,25,27-octacosanetriol (5) 

was identified, while Calothrix CCY0202 also contained 1-(O-hexose)-3,25-hexacosanediol (1) 

and 1-(O-hexose)-3-keto-25-hexacosanol (2). The major long-chain glycolipids in Calothrix 

CCY9923 were 1-(O-hexose)-3,25,27-octacosanetriol (5) and 1-(O-hexose)-27-keto-3,25-

octacosanediol (6). In addition, minor amounts of 1-(O-hexose)-3,27-octacosanediol (3) and 1-

(O-hexose)-3-keto-27-octacosanol (4) were found. The presence of 1-(O-hexose)-3,25,27-

octacosanetriol (5) as an constituent of the cell envelope in species of the Calothrix genus is in 

agreement with previous reports of 1-(O-α-mannopyranosyl)-3,25,27-octacosanetriol in C. 

desertica (Gambacorta et al., 1998; 1999). However, 1,3,25,27-tetrahydroxyoctacosane, thought  
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to derive from the hydrolysis of 1-(O-hexose)-3,25,27-octacosanetriol, has also been reported as a 

minor component in the alcohol fraction of Anabaena cylindrica (Bryce et al., 1972) and this, 

together with the presence of 1-(O-hexose)-3,25,27-octacosanetriol in Aphanizomenon CCY9905, 

shows that the C28 triol is not exclusively synthesised by species of the Calothrix genus. 

Interestingly, compounds 1 and 2, which are major HGs in species of the Nostocaceae family, 

were only detected in traces in one species of the Rivulariaceae family, i.e. Calothrix CCY0202. 

This difference in HG distribution suggests a chemotaxonomical significance that might allow 

distinguishing cyanobacteria of the Calothrix genus from other heterocystous cyanobacteria. 

Differences in the heterocyst glycolipid content between species of different families have also 

been recognised by Gambacorta et al. (1998). These authors observed higher molecular weight 

HGs, i.e. C30 and C32 triols and keto-diols, predominantly in species of the families 

Scytonemataceae and Stigonematales. This is in agreement with our results, which shows that 

species of the Nostocaceae and Rivulariaceae families do not contain HGs with alkyl chains 

longer than C28. 

Gambacorta et al. (1995) showed that the aglycone moiety of heterocyst glycolipids 

derived from a de novo biosynthesis using the acetate pathway. The concurrent presence of long-

chain alcoholic glycolipids and their corresponding ketones suggests a possible precursor-product 

relationship as one could be formed by oxidation or reduction of the other. However, biosynthetic 

studies using labelled 13C as precursor showed that there is no apparent interconversion between 

the long-chain diols or triols and their corresponding hydroxyketones (Gambacorta et al., 1995). 

In a more recent study, Fan et al. (2005) reported that long-chain lipids, such as the HG 

aglycones, are synthesised by fatty acid synthases (FASs) and polyketide synthases (PKSs). 

During the elongation process, ketones are converted into their hydroxides by a ketoreductase 

providing a direct biosynthetic link between the long-chain alcoholic glycolipids and their 

corresponding ketones. The co-occurrence of ketones and their alcoholic glycolipids in our study 

is in agreement with this finding. 
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Distribution of heterocyst glycolipids with temperature 

 

Organisms of all three domains of life (Eukarya, Bacteria and Archaea) are known to 

adjust their membrane lipids in response to changing environmental conditions, especially with 

respect to temperature (Suutari and Laakso, 1994). To investigate changes in HG distributions 

with temperature, we grew three heterocystous cyanobacteria at 14 °C and 27 °C (Table 3). In 

general, the distribution of HGs remained similar in species grown at both temperatures with 1-

(O-hexose)-3,25-hexcosanediol (1) and 1-(O-hexose)-3-keto-25-hexacosanol (2) being dominant. 

However, a decrease of the relative amount of the ketone HGs occurred at higher temperatures. 

To quantify these changes, we calculated the HG26-index, defined as:  
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HG26 values ranged from 0.18 to 0.31 in cultures grown at 14 °C, while growth at 27 °C resulted 

in lower HG26 values, ranging from 0.05 to 0.11 (Table 3). Possibly, the decreasing abundance of 

hydroxyketones with increasing temperature may be a physiological adaptation that optimises the 

gas diffusion of atmospheric dinitrogen into the heterocysts. Besides the passive protection of 

nitrogenase by a gas diffusion barrier, nitrogenase is also protected by a respiration mechanism 

that effectively decreases oxygen levels within the heterocyst. Recently, Stal (2009) argued that 

respiration removes oxygen within the cell faster at higher temperatures. An increased respiration 

rate would thus decrease the need to consolidate the gas diffusion barrier, which could explain 

the observed decrease in hydroxyketone abundance with temperature. However, further studies 

are necessary in order to provide evidence for this hypothesis. Interestingly, Anabaena CCY9613 

and Nostoc CCY9926 grown at 27 °C also contained 1-(O-hexose)-3,27-octacosanediol (3), 

which was not detected in cultures grown at 14 °C. Elongation of alkyl chains as a response to 

increasing temperatures is well known from various microbes where it is thought to keep the 

viscosity of the cell membrane constant (Sandercock and Russell, 1980). 
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Table 3. Distribution of heterocyst glycolipids and the HG26-index as function of temperature in the species 

Anabaena CCY9613, Nostoc 0012 and Nostoc 9926. (-) Not detected; (+) minor amounts; (++) major amounts 
 

             

 

 

 

 

 

 

 

 

 

                     a HG26 = C26 Keto-ol/(C26 Diol + C26 Keto-ol) 
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Temperature (°C) 1 2 3 4 5 6 HG26

a 

Anabaena CCY9613 14 ++ + - - - - 0.18 

 27 ++ + + - - - 0.11 

Nostoc CCY0012 14 ++ + - - - - 0.14 

 27 ++ + - - - - 0.05 

Nostoc CCY9926 14 ++ + - - - - 0.31 

 27 ++ + + - - - 0.07 

         


