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ABSTRACT 13 

 14 

Long chain alkenones (LCAs) are potential biomarkers for quantitative 15 

paleotemperature reconstructions from lacustrine environments. However, 16 

progress in this area has been severely hindered by the lack of culture studies 17 

of haptophytes responsible for alkenone distributions in lake sediments: the 18 

predominance of C37:4 LCA. Here we report the first enrichment culturing of a 19 

novel haptophyte phylotype (Hap-A) from Lake George, ND that produces 20 

predominantly C37:4-LCA. Hap-A was enriched from its resting phase 21 

collected from deep sediments rather than from water column samples. In 22 

contrast, enrichments from near surface water yielded a different haptophyte 23 

phylotype (Hap-B), closely related to Chrysotila lamellosa and 24 

Pseudoisochrysis paradoxa, which does not display C37:4-LCA predominance 25 

(similar enrichments have been reported previously). The LCA profile in 26 

sediments resembles that of Hap-A enrichments, suggesting that Hap-A is 27 

the dominant alkenone producer of the sedimentary LCAs. In enrichments, 28 

excess lighting appeared to be crucial for triggering blooms of Hap-A. Both 29 

 and

 

U38
K  indices show a linear relationship with temperature for Hap-A in 30 

enrichments, but the relationship appears to be dependent on the growth 31 

stage. Based on 18S rRNA gene analyses, several lakes from the Northern 32 

Great Plains, as well as Pyramid Lake, NV and Tso Ur, Tibetan Plateau, 33 

China contain the same two haptophyte phylotypes. The Great Plains lakes 34 
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show the Hap-A-type LCA distribution, whereas Pyramid and Tso Ur show 35 

the Hap-B type distribution. Waters of the Great Plain lakes are dominated 36 

by sulfate, whereas those Pyramid and Tso Ur are dominated by carbonate, 37 

suggesting that the sulfate to carbonate ratio may be a determining factor for 38 

the competitiveness of the Hap-A and Hap-B phylotypes in natural settings.  39 

40 
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1. INTRODUCTION 41 

Sedimentary long-chain alkenones (LCAs) produced by haptophyte algae 42 

have been widely and successfully used for sea surface temperature 43 

reconstructions for decades (Brassell et al., 1986; Prahl and Wakeham, 1987).  44 

Recent studies revealed that LCAs are also very common in lakes, especially 45 

saline lakes, worldwide (Cranwell, 1985; Zink et al., 2001; Chu et al., 2005; 46 

D’Andrea and Huang, 2005; Pearson et al., 2008; Toney et al., 2010; Theroux 47 

et al., 2010). However, the use of lacustrine LCAs as a paleotemperature 48 

proxy is less straightforward than for ocean systems because different species 49 

of haptophytes may reside in different lakes and may require different 50 

temperature calibrations (Coolen et al., 2004; D’Andrea and Huang, 2005; 51 

Theroux et al., 2010). Extensive sampling of the water column at different 52 

depths and seasons from the study lakes offers one viable solution to the 53 

calibration problem (Toney et al., 2010). However, the ultimate solution to 54 

understanding the response of lacustrine haptophyte algae to environmental 55 

parameters (e.g., temperature) is to culture the organism in question, as has 56 

been extensively carried out for ocean haptophytes, Emiliania huxleyi and 57 

Gephyrocapsa oceanica (e.g., Volkman et al., 1980; Volkman et al., 1995).  58 

 59 

One distinctive feature of LCA distributions in lake sediments is the 60 

exceptionally high abundance of tetra-unsaturated C37 alkenone (C37:4) in 61 

many lakes (Cranwell, 1985; Volkman et al, 1988; Thiel et al., 1997; Wang 62 
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and Zheng, 1998; Zink et al., 2001; Sun et al., 2007; Chu et al., 2005; 63 

D’Andrea and Huang, 2005; Toney et al., 2010). However, to date, no 64 

laboratory has been able to capture and culture the lacustrine alkenone-65 

synthesizers that produce such LCA signature profiles. Reported enrichments 66 

from lakes have found species closely related to Chrysotila lamellosa (e.g, Sun 67 

et al., 2007), which do not produce predominantly C37:4 LCA (Sun et al., 2007, 68 

Rontani et al., 2004).  A recent environmental molecular survey of lake 69 

surface sediments (Theroux et al., 2010) further highlights the problem: 70 

multiple species of haptophyte algae are present in lakes worldwide and 71 

Chrysotila lamellosa represents only one type of haptophyte. Many lakes 72 

show overlapping distributions of species, which are not necessarily defined 73 

by biogeography. Although different haptophyte DNA phylotypes do not 74 

necessarily denote different temperature sensitivities, the results point to a 75 

major gap in our understanding of lacustrine haptophyte species. The 76 

mismatch between the cultured lacustrine haptophytes and the sedimentary 77 

LCA signatures, and the lack of cultures for lake species that produce the 78 

C37:4-dominant profile, represent major barriers to the application of alkenone 79 

proxy for paleotemperature reconstructions in lake sediments. 80 

 81 

We present in this paper the first successful enrichment of a lacustrine 82 

haptophyte, referred to as Hap-A, that produces predominantly C37:4 83 

alkenone from Lake George, ND. We used unusual conditions to maintain 84 
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this organism, which may account for previous unsuccessful attempts to 85 

establish cultures. In addition to Hap-A, we also maintain enrichments of 86 

Hap-B that are closely related to Chrysotila lamellosa. We used 18S rRNA 87 

gene analyses to determine the phylogenetic placement of our Lake George 88 

haptophyte species and Fluorescence In Situ Hybridization (FISH) 89 

experiments to visualize haptophytes in our enrichments. We discuss the 90 

implications of these findings with respect to modern LCA production and 91 

application to paleotemperature reconstructions. 92 

 93 

2. METHODS 94 

2.1. Field and sampling methods 95 

Water and sediment samples were collected from Lake George, North Dakota 96 

(46.74°N, 99.49°W) in June of 2009 with a Van Dorn water sampler and an 97 

Ekman grab sampler. Two 1-liter water samples were collected at 5-m, 6-m 98 

and 10-m depths, while sediment samples were collected from the near-shore, 99 

oxic environment at 5-m depth and from the deep basin of the lake at 44-m 100 

depth (See Table 1). One 1-L water sample from each depth was filtered 101 

using a vacuum filtration unit with combusted (550°C) GF/F 0.7μm, 47 mm 102 

glass filters. Additional water was collected in June of 2010 for the second set 103 

of experiments. Twelve liters were collected from the surface water and 104 

filtered with a 0.2μm Micropore (Pall Corporation, Michigan) filter to use as 105 

stock water and 1-L was collected at 5-m depth, unfiltered. 106 
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 107 

2.2. Enrichment Methods  108 

2.2.1. Experiment 1: producing LCAs in enrichments 109 

Six enrichments (A, B, C, D, E, and F) were started on June 9, 2009 in 2-L 110 

Erlenmeyer culture flasks in a growth chamber at 20°C during light and 18°C 111 

during dark, 68% humidity, and a 12-hr:12-hr, light:dark cycle using 112 

different initial starting materials (details in Table 1). These growth chamber 113 

conditions were maintained until February 15, 2010. After this date, light 114 

intensity was increased so that the surface of the enrichment water received 115 

200μmol m-2 s-1 (previous light settings were ~100μmol m-2 s-1). Enrichments 116 

A, B, and D were started from 1-L unfiltered lake water with added f/2 117 

nutrient medium (NaH2PO4 – 1ml/1-L, vitamin – 0.5ml/1-L, trace metal – 118 

1ml/1-L, NaNO3 1ml/1-L; to prevent diatom blooms Si was not added) 119 

(MKF220L-CCMP) (Guillard, 1975), while enrichment C and E were started 120 

from 30-cc of sediment in 1-L of lake water filtered at 0.7μm and inoculated 121 

into f/2 nutrient medium. For enrichment F, 50-ml of unfiltered lake water 122 

was added to seawater from Boothbay Harbor, Maine that was brought down 123 

to Lake George salinity 9.7 g L-3 with distilled water and inoculated with f/2 124 

nutrient medium. 15-ml subsamples were collected from the enrichments on 125 

June 24, July 15, August 15, and November 15 of 2009 and on April 18, 2010. 126 

Growth chamber temperature was increased to 25°C on April 19, 2010 and 127 

enrichments were subsampled again on May 2, 2010. 128 



 8 

 129 

2.2.2. Experiment 2: testing temperature dependence of LCAs in enrichments 130 

To test the effect of growth temperature (4°C, 10°C, and 20°C) on the 131 

alkenone unsaturation index, twelve liters (12 L) of Lake George water were 132 

filtered through a 0.2μm Millipore (Pall Corporation, Michigan) filter into an 133 

autoclaved storage container. One hundred milliliters was sent to the 134 

Colorado Plateau Stable Isotope Laboratory for analysis of major anion and 135 

cation water chemistry. Three control enrichments were set up in 2-L 136 

Erlenmeyer flasks that contained 1-L filtered (0.2 μm) lake water plus f/2 137 

medium. Three, unfiltered water and three, deep-sediment enrichments were 138 

set up by adding 50-ml of unfiltered lake water or 30-cc of deep sediment to 1 139 

L of 0.2 µm-filtered Lake George water and f/2 medium. Culture flasks were 140 

placed in three separate growth chambers (4°C, 10°C, and 20°C with 12hr 141 

light:dark cycle, light intensity of at the top of the enrichment water surface 142 

was 200μmol m-2 s-1) so that each chamber had a control, unfiltered, and deep 143 

sediment treatment. Enrichments were started on June 28, 2010. Every ~15-144 

days (July 13, July 27, August 10, August 25) a 10-ml subsample of water 145 

was collected in a 15-ml centrifuge tube to test for alkenones with care taken 146 

not to disturb any sediment at the bottom of the culture flask. On August 25, 147 

samples of the agitated water and sediment were collected to analyze both 148 

the living and sedimentary organics. Centrifuge tubes were stored in a 149 

freezer, freeze-dried and then run for organic analysis (see Section 2.4). 150 
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 151 

 152 

2.3. 18S rRNA Gene Analyses 153 

2.3.1. DNA extraction 154 

Subsamples were collected for DNA analyses from enrichments A-F in April, 155 

2010. Fifteen milliliters of sample were filtered onto a 0.2µm Sterivex 156 

(Millipore, Billerica, MA) filter, flooded with lysis buffer (Qiagen, City, State), 157 

and kept frozen at -20°C until processing.  Samples were extracted using the 158 

Gentra Puregene Tissue Kit (Qiagen, Valencia, CA 158667) according to the 159 

manufacturer’s instructions. Total extracted genomic DNA was quantified 160 

using a NanoDrop nucleic acid spectrophotometer (Thermo Scientific, 161 

Wilmington, DE).  162 

 163 

2.3.2. DNA amplification and sequencing 164 

Genomic DNA was amplified using haptophyte specific primers (Simon et al., 165 

2000; Coolen et al., 2004) targeting 18S rRNA coding regions. Forward and 166 

reverse primers correspond to Escherichia coli 16S rRNA positions 429 and 167 

887, respectively. Polymerase chain reactions (PCRs) were performed on an 168 

Eppendorf Gradient Thermocycler (Eppendorf, Hamburg, Germany) with the 169 

following conditions after D'Andrea et al., (2006): 4 min initial denaturing at 170 

96 °C, 35 cycles of denaturing for 30 s at 94 °C, followed by 40 s primer 171 

annealing at 55 °C and primer extension 40 s at 72 °C, with a final extension 172 
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of 10 min at 72 °C. PCR products were purified using the Purelink PCR 173 

purification kit (Invitrogen, Carlsbad, CA). Cloning was performed using the 174 

Invitrogen TOP10 cloning kit with electro- competent cells. The protocol 175 

followed the manufacturer's instructions. Ten clones were picked for each 176 

sample. Plasmid DNA was isolated using a RevPrep Orbit robotic template 177 

preparation instrument (Genomic Solutions, Ann Arbor, MI), and prepared 178 

templates were sequenced on an ABI 3730XL (Applied Biosystems, Foster 179 

City, CA) capillary sequencer using the BigDye protocol with universal M13 180 

forward and reverse primers according to the manufacturer's instructions. All 181 

sequencing was performed at the Marine Biological Laboratory W. M. Keck 182 

Ecological and Evolutionary Genetics Facility.  183 

 184 

2.3.3. Bioinformatics and phylogenetic reconstructions  185 

A bioinformatics pipeline using the programs phred, cross-match, and phrap, 186 

translated chromatograms into base-calls and associated quality scores, 187 

removed vector sequences and assembled forward and reverse reads into full-188 

length sequences for each of the cloned PCR amplicons (Ewing and Green, 189 

1998; Ewing et al., 1998). Only sequences greater than 400 bp and with a 190 

complete forward and reverse primer were retained. Base-calls were verified 191 

and sequences were manually edited with the program Consed (Gordon et al., 192 

1998) for chromatogram viewing. Assembled sequences were aligned using 193 

the ARB software program v. 07.07.11 (Ludwig et al., 2004) against the 194 
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October 2008 Silva 96 Ref database (Pruesse et al., 2007) using the 195 

FastAligner option followed by manual adjustment. Sequences were aligned 196 

with reference haptophyte sequences and subjected to a Bayesian analysis 197 

after Theroux et al., (2010).  198 

 199 

2.3.4. Fluorescence In Situ Hybridization 200 

Subsamples (5-ml) were collected from each enrichment during week 4 of the 201 

temperature experiments. Cells were probed using a haptophyte-specific 202 

oligonucleotide probe PRYM02 (Simon et al., 2000) modified with an 203 

Alexa488 fluorophore (Invitrogen, City, State). Cells were concentrated via 204 

centrifugation and preserved in 80% ethanol for three days at -20°C to 205 

remove as much autofluorescence as possible. Cells were vortexed in 206 

hybridization buffer (18μl 5M NaCl, 2 μl 1M Tris-HCL pH 7.4, 1 μl 1% SDS, 207 

20μl 100% formamide, 1 μl Probe (0.2 nmol/μl), 58 μl distilled H2O) and 208 

incubated at 46°C for 2-hours. Cells were centrifuged and resuspended in 209 

wash buffer (4.3μl 5M NaCl, 2μl 1M Tris, 1μl 1% SDS, 92.7μl distilled H2O) 210 

and incubated at 48°C for 15 min. Cells were centrifuged and resuspended in 211 

wash buffer, mounted onto an agar coated slide, and dried at room 212 

temperature for 1-hr. Slide was mounted with Citiflor:Vectashield (4:1 v/v) 213 

(London) to preserve probe fluorescence. Slides were viewed and 214 

photographed on a Zeiss Axioskop 2 MOT.  215 

 216 
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2.4. Lipid analysis 217 

Freeze-dried water and sediment samples were homogenized and extracted 218 

with dichloromethane (DCM):methanol (MeOH) (9:1, v/v) using an 219 

Accelerated Solvent Extractor ASE200 (Dionex). Fifty microliters of C36 n-220 

alkane standard (72.43 μg ml-1) were added, and the total lipid extracts 221 

(TLEs) were run on a GC-FID for detection and quantification of alkenones 222 

using the internal standard. An Agilent DB-1 GC column (60 m × 320 μm × 223 

0.10 mm) was used with the following temperature program: an initial 224 

temperature of 40°C (hold 1-min), ramp 30°C min-1 to 290°C (hold 1-min), 225 

ramp 5°C min-1 to 300°C (hold 0-min) then 2°C min-1 to 325°C, GC 226 

temperature program (hold 10-min) (Toney et al., 2010). The same 227 

temperature program was used on the GC-MS, and samples were run to 228 

confirm the identity of the alkenones using the known ion chromatograms 229 

and by comparison of mass spectral data with published data and GC 230 

retention times (de Leeuw et al., 1980, Marlowe et al., 1984). The final GC 231 

program described here is the result of testing many permutations of GC 232 

parameters, including the switch from helium as the carrier gas to hydrogen. 233 

As such we are able to resolve LCAs with >4μg per sample (i.e. grams of dry 234 

sediment or liter of water). Alkenone standards of known temperature 235 

calibration were run on the GC-MS to ensure analytical precision (<0.1°C). 236 

 237 

3. RESULTS 238 
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3.1. Long-chain alkenone distribution and temperature dependence 239 

3.1.1. Experiment 1: confirming LCA production in enrichments  240 

Of the six enrichments (A, B, C, D, E, and F), none produced LCAs based on 241 

organic analysis of the 15-ml subsamples collected on June 24, July 15, 242 

August 15, and November 15 of 2009 (Table 1). However, LCAs were present 243 

in relatively high concentrations (ranging from 10.4 to 1191 μg L-1) in all 244 

enrichments, except enrichment F, in subsamples that were collected on April 245 

18, 2010. Notably, the alkenone distributions for enrichments A-D were very 246 

similar with C37:3 dominance (76±2%) over other C37 LCAs and C38:3 both 247 

ethyl and methyl forms dominant over other C38 LCAs. Whereas, in 248 

enrichment E, C37:4 was dominant (54%) and C38:3, the ethyl homologue, 249 

dominated the C38 LCAs (Figure 1; Table 1). The temperature was inferred 250 

from the LCA unsaturation index ( ) calibration using a linear regression 251 

model (T = 48.4982 × + 42.1494) that was specifically developed using an 252 

in situ relationship derived for the LCAs of Lake George (Toney et al., 2010). 253 

Using this relationship, inferred temperatures from the  for enrichments 254 

A-D produce temperatures much higher (38±1.6°C) than the diurnal growth 255 

temperature range of 18°C to 20°C. Inferred temperature from enrichment E 256 

produces a temperature of 18.9°C, which is within the range of the diurnal 257 

temperature cycle of the growth chamber. None of the enrichments produced 258 

LCAs following the increase in temperature to 25°C. 259 

 260 
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3.1.2. Experiment 2: testing temperature dependence of LCAs in enrichments 261 

New experiments were designed to determine if production of LCAs could be 262 

replicated using the same enrichment techniques as above and to test the 263 

temperature dependence of the LCAs. The control treatment at 20°C 264 

produced no LCAs throughout the sampling period, however, the controls at 265 

4°C and 10°C both produced LCAs with distributions similar to enrichments 266 

A-D on July 13, July 27 and August 10 (Table 3). On August 25, only the 267 

control at 4°C contained LCAs. Flasks that were started with unfiltered lake 268 

water collected at 5-m depth (herein unfiltered enrichments) also did not 269 

produce LCAs at 20°C, while the 4°C unfiltered enrichment produced LCAs 270 

in similar distributions as enrichments A-D on July 27, and the 10°C 271 

unfiltered enrichment produced similar LCAs on July 27 and August 10 with 272 

barely detectable amounts on August 25. The enrichment started from the 273 

deep sediment (herein deep enrichments) produced LCAs on all collection 274 

days with distributions similar to enrichment E at all temperatures until 275 

August 25, when only the 10°C enrichment produced LCAs. On August 25, 276 

agitated water/sediment samples were collected from the deep enrichment. 277 

Only deep enrichments at 4°C and 10°C contained LCAs. The major anion 278 

and cation concentrations of the enrichment water are presented in Table 2. 279 

 280 

3.2. 18S rRNA gene analyses 281 
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From enrichments A-E, the control, unfiltered, deep-sediment enrichments 282 

and isolated subsamples of enrichment C (246, 478, 481, 484), we identified 283 

two Operational Taxonomic Units (OTUs). Each enrichment had only one of 284 

the two OTUs. The OTU associated with enrichments started from the water 285 

column and shallow sediments is referred to as Hap-B, whereas the OTU 286 

associated with enrichments started from deep sediments are referred to as 287 

Hap-A.  288 

 289 

We constructed a phylogenic tree using a representative sequence from each 290 

OTU with previously published haptophyte 18S rRNA genes (Figure 2). The 291 

tree topology is similar to that published by Theroux et al., (2010) with the 292 

new Lake George, ND OTUs branching with OTU7 and OTU8, which were 293 

previously reported from the surface sediments of Lake George and other 294 

U.S. and Chinese lakes. 295 

 296 

 297 

4. DISCUSSION 298 

In this paper we present the results of two separate enrichment experiments. 299 

The first experiment consisted of starting enrichments from different parts of 300 

the lake system (e.g. water column, sediment) in an attempt to produce LCAs 301 

under controlled conditions (Section 4.1.). The second experiment used the 302 

information gained from the initial enrichments to test the temperature 303 
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dependency of LCAs (Section 4.2.). We combined these techniques with 18S 304 

rRNA gene sequencing (Section 4.3.) to confirm the identity of the haptophyte 305 

species present in the enrichments. We also used FISH (Section 4.4.) to 306 

visualize haptophytes in the enrichments. 307 

 308 

4.1. Long-chain alkenone production in enrichments  309 

4.1.1. The role of water chemistry on LCA production in enrichments 310 

Our enrichment data show that water chemistry strongly affects the 311 

production of LCAs. LCAs were present in relatively high concentrations in 312 

enrichments A-E that were grown in native Lake George water. However, 313 

LCAs were not produced in enrichment F, which was initiated by adding 50 314 

mL of Lake George water to f/2 medium prepared with a seawater base that 315 

was adjusted to Lake George salinity. The base water is the only variable in 316 

the culture medium used to establish enrichments A and F, which suggests 317 

the lake water chemistry is important for LCA production. The major ion 318 

chemistry is significantly different for seawater and Lake George (Table 2). 319 

The cation chemistry is similar for the seawater and Lake George. Both are 320 

dominated by Na+, but in seawater it is ~28-times more abundant than Mg2+, 321 

Ca2+, and K+. For Lake George, Na+ is 8-times more than Mg2+, 12-times more 322 

than K+, and 260-times more than Ca2+. The anion chemistry is completely 323 

different, with the dominant anion in seawater, Cl-, and the dominant anion 324 

in Lake George, SO42-. We diluted the seawater so that the salinity was 325 
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equivalent (Mg2+ and Na+), thus it is the anion chemistry that may control 326 

the presence and production of LCAs, although Ca2+ may also be important. 327 

The anion chemistry supports previous findings from the Northern Great 328 

Plains, where the absolute concentration of major anions did not appear to 329 

affect the LCA distribution, but the C37:4-producing haptophytes were only 330 

found in lakes with sulfate-to-carbonate ratios (SCR) greater than one (Toney 331 

et al., 2010). Here the diluted seawater has a SCR of 0.14, whereas, the Lake 332 

George water SCR is 21 (Table 2). 333 

 334 

4.1.2. Light as an important trigger LCA production in Hap-A enrichments 335 

Enrichments did not produce LCAs until nearly a year following their start 336 

date with light intensity held constantly at ~100 μmol m-2 s-1. The field water 337 

used to start these enrichments was collected at end of bloom season and 338 

suggests that we captured the resting phase of the haptophyte that does not 339 

produce LCAs. Although nutrients and trace metals were ample in the 340 

enrichments beginning in June of 2009, the haptophytes were not triggered 341 

into an active, LCA-producing phase until sometime between November 2009 342 

and April of 2010. The only changes that occurred in this window of time 343 

were the passing of time and the intensification of light. It is possible that the 344 

resting phase of the haptophytes is time sensitive and that overwintering 345 

occurs for a certain length of time each year. However, our enrichment 346 

methods did revive haptophytes from the deep sediments, regardless of the 347 
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time of year in subsequent experiments (see Section 4.2.), which suggests 348 

time is not likely the trigger. Alternatively, the intensification of light from 349 

~100 μmol m-2 s-1 to 200 μmol m-2 s-1 in February of 2010, may have triggered 350 

the haptophytes into an active stage that produces LCAs. This supports the 351 

hypothesis by Toney et al., (2010) that increased light penetration following 352 

ice-off in the spring causes the haptophytes to rise from the bottom of Lake 353 

George and produce LCAs during the haptophyte bloom. 354 

 355 

4.1.3. Enrichment starting materials on LCA distributions 356 

Based on lipid signatures and 18S rRNA gene sequencing, we enriched for 357 

what appear to be two distinct phylotypes of haptophyte algae, Hap-A and 358 

Hap-B. Among the five, LCA-producing enrichments, enrichments A through 359 

D (Hap-B) produce LCAs with the same distribution, while enrichment E 360 

(Hap-A) produces LCAs with a different distribution (Figure 1). 18S rRNA 361 

gene analysis confirms that the haptophyte present in enrichment E (Hap-A) 362 

is genetically distinct from the haptophyte present in enrichments A-D (Hap-363 

B) (See Section 4.3. and Figure 2). The DNA sequencing results from each 364 

enrichment yielded only one haptophyte phylotype each, and suggest that 365 

Hap-A and Hap-B do not coexist in the enrichments. The distribution of LCAs 366 

in enrichment E is most similar to the sedimentary alkenone profile (Figure 367 

1) and the water column LCAs during in situ sampling of the 2008 and 2009 368 

spring blooms (Toney et al., 2010). The concentration of LCAs produced by 369 
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haptophytes in enrichments A through D ranged from ~10 to 150 μg L-1, 370 

while the concentration of LCAs was an order of magnitude higher in 371 

enrichment E (~1200 μg L-1)(Table 1). The similar profiles of LCA 372 

distributions suggests that the LCAs produced by Hap-A are the dominant 373 

contributor to the sedimentary LCAs, which may be due primarily to the vast 374 

production rates or competitive exclusion of Hap-B. However, it is also 375 

possible that predation may also be important in delivering alkenones to the 376 

sediment via fecal pellets. Not enough is known about the community ecology 377 

during the bloom or the form of delivery to sediments to speculate further at 378 

this time.  379 

 380 

The organism producing the Hap-A phylotype and the predominant C37:4 LCA 381 

distribution, appears to have different initial enrichment condition 382 

requirements than Hap-B. These differences suggest a possible different 383 

ecological strategy for the two haptophytes within the lake. The Hap-A 384 

phylotype is found in the deep surface sediments (~47 m), while Hap-B 385 

appears to be enriched from various parts of the lake water column and 386 

shallow sediments. It is possible that Hap-A needs a substrate in its resting 387 

phase, but if this were the only requirement, then we should also find Hap-A 388 

in the enrichments started from the shallow sediments. Instead, the deep 389 

sediments may provide refuge from predation over the winter for Hap-A.  390 

 391 
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These enrichment data provide new insights into the previous in situ 392 

sampling and temperature calibration from Lake George. Two statistical 393 

outliers occur in the Toney et al., (2010) calibration. Upon reanalysis, these 394 

outliers’ chromatograms resemble the distributions from Hap-B with the 395 

presence of the C38:3 methyl ketone. These data points were collected in the 396 

water column at the surface and at 5 m, when we hypothesize the bloom of 397 

Hap-A had already moved down to 10-m depth. This suggests that Hap-B is 398 

adapted to thrive following the Hap-A bloom when lower nutrient conditions 399 

prevail. These Hap-B characteristic LCAs were present only in very low 400 

concentrations (< 27 μg L-1) and resulted in inferred-temperatures that were 401 

too high for the Hap-A-based calibration. As a result, this led us to believe 402 

that lacustrine environments are subject to similar issues as marine 403 

environments, where low concentrations of alkenones produce high inferred-404 

temperature, which is often attributed to instrumental bias when 405 

concentrations of LCAs are at or below the detection limit (see Rosell-Melé et 406 

al., 1995 and Rosell-Melé et al., 2001). At Lake George, however, low 407 

concentrations and high-inferred temperatures are the result of a different 408 

LCA-producing haptophyte species. 409 

 410 

The requirement of different starting materials and enrichment conditions 411 

suggest that the sedimentary resting phase, potential cyst production, is 412 

important for phylotype Hap-A’s adaptive strategy. Although little is known 413 
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about the benthic stages of haptophytes or the factors that affect the 414 

transition between different stages (Boalch 1987; Rousseau et al., 1994), our 415 

enrichment results suggest that Hap-A and Hap-B have two very different 416 

survival strategies. Based on the information that we have at present, Hap-A 417 

rests at the bottom of the lake until conditions (e.g., light, nutrients, etc.) are 418 

favorable, blooms, and then settles back to the resting phase when nutrients 419 

become scarce. Hap-B, alternatively, is adapted to survive under lower 420 

nutrient conditions after the onset of thermal stratification and increased 421 

competition with diatoms, green algae, and cyanobacteria following Hap-A’s 422 

bloom. Previous studies have shown that Lake George is N-limited at this 423 

time in the seasonal lake cycle (Salm et al., 2010) and suggests that under N-424 

limiting conditions, Hap-B would be more abundant than Hap-A. 425 

 426 

4.1.4. Relationship of LCA distribution and indices to enrichment conditions 427 

Two distinct groups of haptophytes have previously been identified based on 428 

their LCA distribution in the Northern Great Plains lakes (Toney et al., 2010) 429 

and their DNA sequences from surface sediments (Theroux et al., 2010). 430 

Carbonate-dominated lakes in Nebraska produced LCA distributions that 431 

lacked C37:4, while northern, sulfate-dominated lakes produced LCAs 432 

dominated by C37:4. It is unclear how similar the C37:3-producing Hap-B 433 

phylotype is to the haptophyte(s) in the Nebraska sites that appear to lack 434 

C37:4 because attempts to amplify DNA from the sediments of Nebraska lake 435 
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sites during analyses by Theroux et al., (2010) were unsuccessful. The 436 

Nebraska lake LCA profiles are likely produced by a different haptophyte and 437 

suggests that there maybe at least three different haptophyte species in the 438 

lakes of the Great Plains. Theroux et al., (2010) did find that two different 439 

haptophyte phylotypes amplified from Lake George surface sediments. These 440 

data are compared with the enrichment DNA sequences detailed below in 441 

Section 4.3. Despite the existence of two haptophyte species in Lake George, 442 

it appears that the sedimentary profile is dominated by the Hap-A profile in 443 

the modern environment (Figure 1). It is possible, however, that at times in 444 

the past lake environmental conditions favored Hap-B and it is important to 445 

know how their presence may affect LCAs as a paleotemperature proxy. 446 

 447 

The ratio of C37:C38 LCAs has been used to distinguish different haptophyte 448 

species in other studies (e.g., Pearson et al., 2009). There is a large difference 449 

between the C37:C38 ratio of LCAs from the Nebraska (2.4) versus Northern 450 

Great Plains (4.6) lake sites (Toney et al., 2010), however, there is only a 451 

subtle difference between the C37:C38 ratio between Hap-B (1.3±0.1) and Hap-452 

A (1.8). The overall ratios from the enrichments are lower than the samples 453 

collected in the field, however, which suggests that there are secondary 454 

controls on this ratio (i.e. nutrients, dissolved oxygen, salinity). ,  and 455 

 indices describe the degree of unsaturation in the LCA distribution. These 456 

indices have been related to growth temperature in previous studies, 457 
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although only  was temperature sensitive in the in situ work from Lake 458 

George (Toney et al., 2010). These indices were calculated for LCAs in all the 459 

enrichments (Table 1). The  and  indices for Hap-B are not significantly 460 

different from Hap-A, however, the  index is significantly different (-461 

0.08±0.03 versus -0.48). Using the linear regression model (T = 48.4982 × 462 

+ 42.1494) specifically developed for the LCAs of Lake George on the 463 

unsaturation indices calculated from Hap-B produces temperatures much 464 

higher (38±1.6°C) than the diurnal growth temperature range of 18°C to 465 

20°C. Inferred temperature from Hap-A produces a temperature of 18.9°C, 466 

which is within the range of the diurnal temperature cycle of the growth 467 

chamber. This lends support to the observation that the Hap-A phylotypte is 468 

the major contributor to the sedimentary LCAs, and is also the haptophyte 469 

responsible for LCA production during the spring bloom from which the 470 

calibration was derived. 471 

 472 

4.2. Experiment 2: Replicating enrichment methods and LCA 473 

temperature dependence 474 

New experiments were designed to show that production of LCAs could be 475 

replicated using similar culturing techniques as above and to test the 476 

temperature dependence of the enrichment-produced LCAs. A control that 477 

contained only Lake George 0.2 µm-filtered water was not expected to contain 478 

LCAs throughout the experiment, however, at 4°C and 10°C the controls 479 
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produced LCAs with distributions similar to Hap-B enrichment (Table 3). 480 

One possibility is that because LCAs are 62Å in size, they could have passed 481 

through in the filtering process, however, none were detected at 20°C and the 482 

concentration of LCAs in the 4°C and 10°C controls increased with time. 483 

These results suggest that active production of LCAs occurred in the controls. 484 

Similarly, the enrichments started from unfiltered lake water produced Hap-485 

B-type distributions at 4°C and 10°C. 486 

 487 

Based on our E enrichment, we hypothesize that Hap-A and Hap-B 488 

phylotypes compete with each other during temperature experiments. The 489 

enrichments started from the deep sediment produced Hap-A LCAs at all 490 

temperatures until week 8, when only the 10°C enrichment produced a trace 491 

amount (34μg L-1) of LCAs that resembled the Hap-B LCA profile. The 492 

agitated water/sediment samples were collected from the deep enrichment in 493 

week 8 when relatively high concentrations (>600μg L-1) of LCAs were found 494 

in the 4°C and 10°C enrichments. These distributions were dominated by 495 

C37:4 at 4°C and by C37:3 at 10°C. The 4°C enrichment produced an inferred 496 

temperature of 4.9°C using the in situ water column calibration, while the 497 

10°C enrichment produce a temperature of 25°C with the in situ calibration 498 

and 11.9°C with the known C. lamellosa calibration (Sun et al., 2007). 499 

Notably, the 10°C deep enrichment’s agitated, lipid profile showed clear 500 

methyl- and ethyl-C38:3 peaks and indicates that under the enrichment 501 
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conditions, the Hap-B phylotype out-competed the Hap-A phylotype at 10°C. 502 

The enrichments were not set up under chemostat conditions, meaning that 503 

the nutrients were allowed to decline throughout the experiment. This is 504 

likely why Hap-B was able to out-compete Hap-A as time progressed. As the 505 

bloom period progressed in all sediment enrichments, the percentage of C37:4 506 

decreased (Figure 3), suggesting that the Hap-B phylotype became active 507 

once the Hap-A phylotype began to decline. This suggests that Hap-B is 508 

adapted to conditions with decreased nutrients and potentially warmer 509 

temperatures that prevail toward the end of the bloom as observed in the 510 

environmental, in situ calibration (see Section 4.1.3.). 511 

 512 

Only the Hap-A enrichment  and  indices were temperature dependent 513 

during the experiments (Figure 3). The unfiltered and control enrichments 514 

did not produce LCAs at 20°C, so a calibration is not possible and there are 515 

no significant differences in ,  or  at different temperatures. For the 516 

Hap-A enrichment,  shows no temperature dependency, but  and  517 

indices show a linear relationship with temperature in week 6 and week 2 518 

respectively (r2 = 0.998 and 0.950)(Figure 3). These two indices have nearly 519 

the same relationship to temperature, but are offset from the in situ 520 

calibration. The relationship is offset to higher unsaturation values and may 521 

indicate different relationships between LCAs and temperature at different 522 

growth stages. Alternatively, the offset could be due to a larger contribution 523 
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from the Hap-B phylotype that produces less C37:4 relative to C37:3 and is 524 

favored under these enrichment conditions, but not in the environment 525 

during in situ calibration sampling. The presence of Hap-B phylotype is 526 

evident in the LCA profile that shows a decreasing percentage of C37:4 and an 527 

increased presence of C38:3me. The similarity in slopes, despite the different 528 

phylotype producer has been found in other studies (D’Andrea and Bradley, 529 

2010) and suggests that while a universal, absolute temperature calibration 530 

is not possible for lakes, the slope (d /d temperature) may be used to derive 531 

the change in temperature through time. From the enrichments and Lake 532 

George in situ samples a 0.013 change in  occurs per 1°C, although the 533 

range in  is relatively high, 0.017 for in situ samples and 0.011 for 534 

enrichments. At Lake George, careful inspection of the C38:3 LCAs for the 535 

presence of methyl homologues is the most appropriate way to determine if 536 

the calibration can be applied to a particular sample. The presence of methyl 537 

homologues indicates that temperatures may be influenced by Hap-B LCAs 538 

and appear artificially high.  539 

 540 

4.3. Phylogenetic relationships with previously reported 541 

haptophytes  542 

Our phylogenetic analyses indicated that distinctions observed between the 543 

two different lipid profiles are attributable to two different haptophyte 544 

phylotypes (Figure 2). Hap-B from the shallow lake environment branches 545 
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with two known haptophyte taxa (Chrysotila lamellosa, Pseudoisochrysis 546 

paradoxa) and one unidentified sequence from Greenland’s Lake HundeSø 547 

(Theroux et al., 2010). In particular, the Hap-B sequence is identical in the 548 

region sequenced for the OTU7 representative sequence that was previously 549 

reported from Lake George, Medicine Lake, Skoal Lake, Great Salt Lake, 550 

Pyramid Lake, Keluke Hu, and Tso Ur1. The lipid profiles for C. lamellosa 551 

and for surface sediments from the Great Salt Lake, Pyramid Lake, and Tso 552 

Ur are similar to those from the enrichments from which the Hap-B 553 

phylotype DNA sequences were amplified and have C37:4 present, but not 554 

dominant. The Hap-B lipid profile differs from C. lamellosa, however, because 555 

it produces both C38:3et and C38:3me homologues, whereas C. lamellosa only 556 

produces C38:3et (Rontani et al., 2004). The lipid distribution for surface 557 

sediments from Lake HundeSø, Lake George, Medicine Lake, and Skoal Lake 558 

are all dominated by C37:4, which suggests that although OTU7 is present, 559 

LCA production in these lakes is dominated by a different haptophyte 560 

species. The masking of the OTU7-type lipid profile in the sedimentary 561 

record suggests that, like Lake George, this producer does not produce high 562 

concentrations of alkenones. 563 

 564 

Based on the placement of the Hap-A phylotype on the phylogenetic tree and 565 

comparison of sequences, this species is likely closely related to the OTU8 566 

                                                        
1 Note: Tso Ur is located in the central Tibetan Plateau (31.48, 91.52) and has 
multiple names including: Cuo E, Tibetan Plateau Central Lake B, and Co Ngoin. 
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representative sequence that has been reported from Lake George, Medicine 567 

Lake, Skoal Lake, Pyramid Lake, Keluke Hu, Tso Ur and Clear Lake. The 568 

surface sediments from Lake George, Medicine Lake, and Skoal Lake have 569 

lipid profiles similar to Hap-A enrichments, whereas Pyramid and Tso Ur 570 

have lipid profiles similar to Hap-B. These differences in lipid profiles suggest 571 

that in the first set of lakes (LG, ML, SL), the lipid profile associated with 572 

OTU8 phylotype dominates; whereas in the latter set of lakes (PY, TU) the 573 

OTU7 phylotype dominates the lipid production. Despite extensive field 574 

sampling, we have not found that the OTU7-phylotype lipid profile dominates 575 

in any part of the Lake George natural system spatially or temporally. 576 

Therefore, it is worth examining the differences between these two sets of 577 

lakes to determine if there are conditions that favor one species over the 578 

other, aside from the short-term, low nutrient advantage for the Hap-B 579 

phylotype as discussed above in Section 4.1.3. 580 

 581 

Lake water chemistry plays a major role in determining whether Hap-A or 582 

Hap-B phylotype is the dominant producer in lakes where both are present. 583 

Physical parameters, geochemistry, and salinity of lakes with OTU8 (LG, 584 

ML, SL) have previously been reported (Toney et al., 2010). Similar 585 

parameters have also been reported for Pyramid Lake (Galat et al., 1983) and 586 

Tso Ur (Wu et al., 2009), where the OTU7 phylotype dominates the lipid 587 

production. The physical lake parameters (depth, volume, etc.) vary among 588 
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all the lakes, and salinity ranges from 5 to 12 g L-1 with no significant 589 

differences between the two sets of lakes (Table 4). The major cation in all 590 

lakes is Na+. The main difference between the two sets of lakes is the major 591 

anion chemistry. Lakes where the OTU8 phylotype dominates the lipid 592 

production are dominated by SO4-2, whereas, HCO3- and CO3-2 dominates in 593 

Pyramid Lake and Tso Ur (Wu et al., 2009). The sulfate to carbonate ratio 594 

(SCR) for the first set of lakes is much greater than one (between 32 and 595 

117), while the SCR for Pyramid Lake and Tso Ur is less than one (0.24 and 596 

0.40, respectively). This supports the importance of SO4-2 for the production of 597 

LCAs dominated by C37:4. Based on previous studies, the lowest SCR value for 598 

LCAs dominated by C37:4 is 8.2; whereas, the highest value for Hap-B 599 

distributions is 2.6 (Toney et al., 2010). This suggests that the in situ 600 

temperature calibration derived for Lake George should work in mid-latitude, 601 

evaporative lakes with OTU8, where SCR is > 8.2. Below SCR of 1, we would 602 

expect that the OTU8 phylotype to be outcompeted by the OTU7 phylotype, if 603 

present. The exact threshold for the dominance of OTU8 (Hap-A) versus 604 

OTU7 (Hap-B) is not determined here, and would require further 605 

investigations and manipulation of Hap-A and Hap-B enrichments. We have 606 

not yet developed a  calibration for the Hap-B phylotype, but further 607 

investigations in lakes where the OTU7/Hap-B phylotype dominates the lipid 608 

production would reveal more information about this species, which does not 609 

appear to compete as well in our high sulfate lakes. The conclusion from 610 
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these two sets of lakes suggests that our outlying, down-core samples from 611 

Lake George reflect brief transitions to a lake system dominated by HCO3- 612 

and CO3-2 anions or are severely nutrient depleted. 613 

 614 

4.4. Size differences between Hap-A and Hap-B from FISH analyses 615 

From the FISH analyses, we were able to visualize two different algae that 616 

fluoresced with the PRYM02 haptophyte primer. The first was a small (<10 617 

μm) cell (Figure 4) from enrichments A-D, control and unfiltered enrichments 618 

from the temperature experiment, and likely represents Hap-B phylotype 619 

cells. The second, from the sediment derived enrichments was ~20μm (Figure 620 

4), and likely represents Hap-A phylotype cells.  621 

 622 

 623 

5. CONCLUSION 624 

The laboratory enrichment of two distinct haptophyte phylotypes from Lake 625 

George, ND provides new insights into conditions necessary to grow the 626 

predominant-C37:4 producing lacustrine haptophyte. The enrichments also 627 

provide suggestions about the competing environmental controls on the two 628 

haptophytes found and their biosynthesis of LCAs. Specifically, we showed 629 

that: (1) Lake George haptophytes can survive a wide range of geochemical 630 

conditions, but produced LCAs in enrichments only when sulfate is dominant 631 

over carbonate; (2) haptophytes began to produce LCAs under enrichment 632 
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conditions after being triggered by increased light intensity; (3) the 633 

haptophyte responsible for the production of the lipid profile dominated by 634 

C37:4 (Hap-A) was only found by ‘reviving’ the algae from its resting phase in 635 

the deep sediments rather than water column samples; whereas, the 636 

haptophyte that produces the C. lamellosa-like lipid profile (Hap-B) was only 637 

found in enrichments from the water column and shallow sediments; (4) the 638 

Hap-A phylotype produces LCAs in concentrations an order of magnitude 639 

higher than the Hap-B phylotype; (5) the Hap-A phylotype dominates the 640 

sedimentary signature and is the species from which the in situ calibration 641 

was developed; (6) the Hap-B phylotype is distinguishable by the presence of 642 

C38:3me; (7) Hap-B may have an adaptive advantage under low nutrient 643 

conditions; (8)  and  indices show a linear relationship with 644 

temperature, but the relationship appears to be dependent on the growth 645 

stage or offset due to interference by Hap-B; (9) the main difference leading 646 

to the dominance of the Hap-A signature over the Hap-B signature appears to 647 

be the anion geochemistry, mainly Hap-A prefers sulfate. 648 

 649 

Despite the enrichment-based findings and evidence for competition between 650 

Hap-A and Hap-B phylotypes, the core-top, sedimentary LCAs record the 651 

temperature of the surface water bloom for Hap-A. This suggests that as a 652 

community, Hap-A LCA production occurs in the surface waters before 653 

migrating back down to the sediments for overwintering. Also, the 654 
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sedimentary LCAs can be used to infer temperature if caution is used to 655 

detect and discard samples with C38:3me LCAs, indicative of Hap-B phylotype 656 

alkenone production. Future analyses of Lake George haptophyte 657 

enrichments may reveal additional environmental and physiological 658 

intricacies of alkenone production by these novel taxa.  659 

 660 
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FIGURE CAPTIONS 807 

Figure 1. GC-FID traces for alkenone-containing enrichments A-E (lower) 808 

and surface sediment (upper). 809 

 810 

Figure 2. A consensus Bayesian phylogenetic tree showing the 18S rRNA 811 

gene-inferred relationships among haptophyte algae in the GenBank 812 

database.  Sequences reported in this study, Hap-A and Hap-B, are in bold. 813 

Details on numbered OTUs and Greenland group are reported by Theroux et 814 

al., (2010). Numbers above branch points represent posterior probability 815 

values. 816 

 817 

Figure 3. (left panel) Shows the temperature dependence of the  and  818 

indices in week 6 and week 2, respectively for Hap-A enrichments. This is 819 

offset from the in situ calibration from Lake George (circles) reported be 820 

Toney et al., (2010).  (right panel) Shows the reduction in percent C37:4 at all 821 

temperatures for Hap-A enrichments. 822 

 823 

Figure 4. FISH using haptophyte-specific probes. (a) Light microscope image 824 

of Hap-A, and (b) the same cell showing probe fluorescence. (c) Hap-B under 825 

phase microscopy and (d) green fluorescence from haptophyte probe with red 826 

chloroplasts due to natural autofluorescence. 827 
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