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Abstract

Alkenone-derived paleotemperature reconstruction holds great promise in lake environments. However, the

occurrence of multiple species of alkenone-producing haptophyte algae in a single lake can complicate the
translation of alkenone unsaturation to temperature if each species requires an individual temperature calibra-
tion. Here, we present the first systematic monitoring of two alkenone-producing haptophytes throughout the
course of a seasonal cycle in Lake George, North Dakota, using a combined approach of DNA sequencing and
alkenone lipid characterization. Field sampling revealed a nonoverlapping haptophyte succession, with both an
early and late season haptophyte bloom event. Culturing experiments demonstrated that the two haptophyte
species responsible for these blooms had statistically similar alkenone-temperature responses, although the
culture-based calibrations were distinct from the in situ calibration. Bloom timing of each haptophyte species
corresponded to surface-water temperatures that differed by more than 10°C, revealing that changes in bloom
intensities for each species will skew the sediment-inferred temperatures to a different stage of the growth sea-
son. These results highlight the importance of accounting for bloom timing when interpreting alkenone-derived
temperatures in sediment cores, especially in lakes that experience large seasonal fluctuations in water column

temperature and salinity.

For more than three decades, long-chain alkenones produced
by haptophyte algae have provided climate scientists with a
glimpse into ancient aquatic environments (Brassell et al. 1986;
Prahl and Wakeham 1987). The relative proportions of di-(Cs7.,),
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tri-(Cs7.3), and tetra-(Csy.4) unsaturated alkenones are known to
reflect algal growth temperatures and form the basis of the U,
paleotemperature proxy (Marlowe et al. 1984; Brassell et al.
1986). The modified UX, proxy (Prahl et al. 1988) omits the

tetra-unsaturated alkenones and is widely used for interpreting

marine paleoclimate records, and the recently defined U%/

(Zheng et al. 2016) omits the di-unsaturated alkenones and
was developed for use in freshwater and brackish water.
Alkenone production is restricted to haptophyte algae in the
order Isochrysidales and alkenone-producing species have been
categorized into three main groups based on phylogenetic rela-
tionships and commonly associated habitats (Theroux et al. 2010;
Longo et al. 2016). Group I alkenone-producing haptophytes
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(hereafter, Group I) have been found in fresh and oligohaline lakes
(Theroux et al. 2010; Simon et al. 2013; Longo et al. 2016), and are
believed to only occupy environments with salinities lower than
~5 psu (Longo et al. 2016). Group II alkenone-producing
haptophytes (Group II) are common in brackish and saline lakes
and coastal environments, and Group III alkenone-producing
haptophytes (Group III) are common in open ocean marine envi-
ronments (Theroux et al. 2010; Longo et al. 2016). Group III
haptophytes include the cosmopolitan species Emiliania huxleyi
and its close relative Gephyrocapsa oceanica, both responsible for
producing the majority of marine alkenones (Volkman et al.
1980; Marlowe et al., 1984; Volkman et al. 1995). Alkenones pro-
duced by Group I haptophytes differ structurally from those pro-
duced by Group II and III and are characterized by the unusual
alkenone double bond positional isomers (Longo et al. 2013; Dil-
lon et al. 2016), allowing for rapid identification of Group I
haptophytes by alkenone profile.

A narrow phylogenetic range in marine alkenone-producers
allows for the application of a universal U%, calibration for sea
surface temperature reconstructions, a calibration that was
first developed empirically through culture work (Brassell et al.
1986; Prahl and Wakeham 1987) and later validated with a
global core-top survey (Miiller et al. 1998; Conte et al. 2006).
For freshwater environments where Group I haptophytes have
been identified, namely a series of arctic lakes in Greenland
(D’Andrea et al. 2011) and Alaska (Longo et al. 2016), studies
have found a uniform species occurrence that allows for a consis-
tent temperature calibration to be applied in individual lakes. In
Lake BrayaSg, Greenland, for example, an in situ U%, calibration
derived from a single haptophyte species matched a downcore
alkenone profile spanning 6000yr (Theroux et al. 2010, 2012;
D’Andrea et al. 2011). The BrayaSo sediment record presents
an ideal environment for an alkenone-based paleotemperature
reconstruction wherein a single in situ-derived index calibra-
tion can be applied back through time (D’Andrea et al. 2006,
2011; Theroux et al. 2010, 2012).

In contrast, brackish and saline lake environments have been
shown to harbor multiple Group II haptophyte lineages, compli-
cating the applicability of a universal calibration. Like their
marine and freshwater counterparts, alkenone unsaturation ratios
in Group II haptophytes display excellent linear relationships to
growth temperatures when cultured individually (Versteegh et al.
2001; Sun et al. 2007; Toney et al. 2010; Theroux et al. 2013;
Nakamura et al. 2016; Zheng et al. 2016; Araie et al. 2018). How-
ever, when multiple species co-occur in an environment, each
species may require a separate UX, calibration, as well as a mea-
sure of relative abundance or productivity to detangle mixed
alkenone signatures. For example, surface sediment DNA
sequencing in Ace Lake, Antarctica (Coolen et al. 2004) and
lakes on the Tibetan plateau and Great Plains of the United
States (Theroux et al. 2010; Toney et al. 2012) revealed multi-
ple, co-occurring haptophyte populations. In the Black Sea
(Coolen et al. 2009), alternating alkenone profiles in downcore
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sediment horizons suggested fluctuations in dominant haptophyte
populations, likely responding to variations in sea surface salinity.

The central rationale for the current study stems from our
previous investigations of alkenones and haptophyte species in
brackish Lake George, North Dakota. DNA sequencing efforts
in Lake George revealed the presence of two distinct alkenone-
producing haptophyte species, designated Hap-A and Hap-B
(Theroux et al. 2010; Toney et al. 2012). Hap-A is a close rela-
tive of haptophytes from Ace Lake, Antarctica and the cultured
species Isochrysis galbana 8701 and newly resolved Tisochrysis
lutea CCAP927/14 (Theroux et al. 2010; Bendif et al. 2013).
Hap-B is a close relative of cultured haptophyte Ruttnera
(Chrysotila) lamellosa (Theroux et al. 2010). The Lake George in
situ water column alkenone calibration revealed a strong linear
relationship to temperature (Toney et al. 2012; Zheng et al.
2016), although the contribution of alkenones from each of
the two haptophyte species remains unknown. To this end,
we developed this study to better understand the influence of
multiple alkenone-producing haptophyte species on a single
alkenone sediment record.

We hypothesized that the seasonal timing of haptophyte spe-
cies blooms can strongly impact the interpretation of the
resulting lake sediment record. To gain an improved understand-
ing of the timing and provenance of haptophyte-derived
alkenones, our study aims to: (1) determine the timing of blooms
for the two different haptophyte species in Lake George over a
seasonal cycle, (2) identify co-occurring eukaryote populations to
better understand bloom triggers, and (3) compare the tempera-
ture sensitivities of the two haptophyte species using in situ
water column samples and laboratory cultures. To achieve these
goals, we sampled the 2011 Lake George water column during
the haptophyte spring/summer bloom and analyzed the geo-
chemical and biological signatures of the bloom. We used high-
throughput DNA sequencing and culture manipulations to gauge
haptophyte succession and alkenone production. Our study
provides the first comprehensive in situ analysis of haptophyte
species succession during a lacustrine bloom event and
uncovers how seasonal amplitude is imprinted in the lake
sedimentary record.

Methods

Site description

Lake George (46.74°N, 99.49°W) is situated in the Northern
Great Plains in ND, U.S.A. (Fig. 1). Lake George has a maximum
depth of 60 m and an average salinity of 9.72 ppt, both of which
contribute to its well-preserved lake sediment records (Eisenlohr
and Sloan 1968; Fritz 2011), in addition to an average pH of 8.98
(Toney et al. 2010). Glacial retreat formed the lake over 12,000 yr
ago, and the lake’s salinity is likely maintained by input from deep
sources of saline groundwater (Fritz 2011). Lake George sits atop the
Hell Creek, Fox Hills and Pierre formations of the Upper Cretaceous
(Whitehead 1996), and sources its high sulfate concentrations
(7370 mg L") from the oxidation of pyrite in the Pierre shale.
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Fig. 1. Map of North Dakota and Lake George (inset) with sampling location indicated by a star.

Bloom sampling

From April through July 2011, we sampled the waters of Lake
George bimonthly to gauge haptophyte populations and
alkenone abundance throughout the course of the spring and
summer seasons. We collected water using a Van Dorn water
sampler at 0, 5, and 10 m depths. From each depth, we collected
1 L each for DNA analysis, alkenone analysis, and geochemical
analyses. For alkenone analysis, we filtered 1 L of water onto a
precombusted (550°C) Whatman GF/F 0.7-um, 47-mm glass
fiber filter (GE, Marlborough, MA) and kept it frozen at —20°C
until analysis. For DNA analysis, we filtered a liter of lake water
onto a 0.2-um Sterivex™ filter (Millipore, Billerica, MA, U.S.A.),
flooded the filter with Puregene lysis buffer (Qiagen, Valencia,
CA, US.A), and froze it at —20°C until processing. For geochem-
ical analyses, we filtered water through a 0.2-um Whatman
Nucleopore polycarbonate filter (GE, Marlborough, MA) to
remove microbes and particulate matter and stored samples at
—20°C until processing.

Geochemical analysis

We used a YSI 85 sonde (YSI Life Sciences, Yellow Springs,
OH) to measure lake water temperature, pH, dissolved oxygen
(DO), and conductivity in situ. We measured nitrate, nitrite, and
phosphate from 0.2 ym-filtered water using a Westco Smartchem
200 Discrete Analyzer (Brookfield, CT) at Brown University,
RI. Cation and anions were analyzed at the Barnstable County
Department of Health and Environment Laboratory (Barnstable,
MA) using an Agilent ICP-MS EPA (Method 200.8) and a Perkin
Elmer Flame Atomic Absorption Spectrometer (Waltham, MA).

Hap-A enrichment culture U%, calibration
We initiated a sediment enrichment culture after Toney
et al. (2012) by overlaying 50 g Lake George surface sediment
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in a sterile glass beaker with 2 L of 0.2-um filtered Lake George
water amended with {/2-Si nutrients (Guillard 1975). We grew
the sediment enrichment culture in a 4°C incubator with a
24:0 light:dark light regime using full-spectrum lighting (Full
Spectrum Solutions, Jackson, MI). Haptophytes preferentially
metabolize more unsaturated alkenones when in the dark and
the constant illumination was used to avoid a degradation bias.
After 4 weeks, we subsampled the enrichment culture superna-
tant and separated this subculture into < 3, 3-5, and 5-10 ym
size fractions using Millipore Isopore cellulose nitrate filters
(Billerica, MA). We filtered each size fraction onto a 44-mm
GFF Whatman filter for alkenone analysis and kept the filter at
—20°C until extraction. We detected alkenones in only the
< 3 pm fraction and used this fraction for a temperature manip-
ulation experiment.

We grew the < 3 um subcultures in sterile glass culture tubes
in 0.2 ym-filtered Lake George water amended with f/2-Si nutri-
ents (Guillard 1975). We grew the cultures in volumes of 50 mL
at 5°C, 10°C, 15°C, 21°C, and 24°C under 24:0 light:dark regime
using a full-spectrum light. All cultures were inoculated with
approximately 8000 cells mL™' after a 2-week acclimation to
growth temperature. The cultures were sampled biweekly for cell
counts and cell concentrations were determined using a hemocy-
tometer to ensure the cultures were maintained in the logarith-
mic growth phase. At the end of 3 weeks, we harvested 50 mL of
culture for alkenone analysis by filtering onto a 44-mm GFF
Whatman filter and freezing the filter at —20°C until extraction.

Culture studies to determine Hap-B U%, calibration

We achieved a clonal culture of haptophyte Hap-B (#A12,903,
Roscoff Culture Collection RCC4060, Ruttnera cf. lamellosa)
through cell isolation with sterilized glass pipettes. We grew this
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clonal culture in glass vials in 0.2-um filtered Lake George water
amended with f/2-Si nutrients (Guillard 1975) at 5°C, 10°C,
15°C, 21°C, and 24°C under 24:0 light:dark regime using a full-
spectrum light (Maxum™ 5000 bulb, BlueMax, Jackson, MI).
The cultures were sampled biweekly for cell counts and cell con-
centrations were determined using a hemocytometer to ensure
the cultures were maintained in the logarithmic growth phase.
At the end of 3 weeks, we harvested the cultures for alkenone
analysis.

Alkenone extraction and analysis

Alkenone filters were freeze-dried before analysis and extracted
using three 20-min bursts of sonication in dichloromethane. We
ran the total lipid extracts on an Agilent 6890 plus Gas Chromato-
graph Flame Ionization Detector (Santa Clara, CA) for detection
and quantification of alkenones. Two quantification standards
(n-C36 and n-Cs; alkanes) were added to all samples before being
injected from an autosampler into a 112°C cooled injection
system-programmed temperature vaporizer inlet operated in sol-
vent vent mode. After the initial vent, the inlet was ramped at
12°C min~" to 240°C, held isothermally for 5 min, ramped again
at 12-320°C, and held isothermally for 2 min before cryogenic
cooling. The oven began at 90°C for 2 min, was ramped at
40°C min~! to 255°C, at 1-302°C, and at 10-325°C where it was
held isothermally for 20 min. Hydrogen was used as a carrier gas,
and the column was a 60 m, 0.32 mm internal diameter, 0.10-ym
film DB-1 with a 5 m fused guard column (DB-1 Agilent
Duraguard). Analytical accuracy was tracked via the injection of
laboratory UX, standard of known temperature and equaled

+0.042 UK, units (+0.1°C). Outlier data points were identified
using Cook’s distance as implemented in the stats packages in
the R program (R Core Team 2013).

DNA extraction and sequencing

We extracted the Sterivex DNA filters using a Gentra Puregene
Cell Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. Genomic DNA was further purified using
the MoBio PowerClean Kit (MoBio, Carlsbad, CA) to remove poly-
merase chain reaction inhibitors. We quantified total extracted
genomic DNA vyields using a NanoDrop nucleic acid spectropho-
tometer (Thermo Scientific, Wilmington, DE).

For ion torrent (IT) sequencing of Lake George water
samples, we performed genomic DNA amplifications using
eukaryotic-specific primers 1380F/1389F and 1510R that target
the 18S rRNA gene variable V9 region (Amaral-Zettler et al.
2009). We then ligated both barcodes and adapters to these V9
amplicons. We sequenced the amplicons using an Ion Torrent
Personal Genome Machine with bidirectional sequencing at
the Life Technologies facility. Minimum information about a
marker gene sequence (MIMARKS) compliant data (Yilmaz
et al. 2011) are deposited in NCBI's Sequence Read Archive
(SRA: SRP144759), and sample metadata are included in
Supporting Information Table S3. Operational taxonomic units
(OTUs) for Hap-A and Hap-B can be found under GenBank
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accession numbers MN176134 and MN176135, respectively.
We additionally sequenced the Hap-B culture isolate (#A12,903)
to link both the field and culture Hap-B sequences (Supporting
Information Methods). This additional Hap-B OTU can be found
under accession number MN176143.

Sequence bioinformatics

Ion torrent DNA sequence reads were trimmed and
screened for quality after Huse et al. (2007), including the
paired end information as a measure of accuracy. Sequences
were eliminated if they did not contain full forward and
reverse primer sequences, or if they contained greater than
one ambiguous base pair (N). We clustered the sequences at
97% similarity using SLP-PWAN (Huse et al. 2010) into OTUs.
For each OTU, we selected a representative sequence to assign
taxonomy. To assign taxonomy, we used the Global Align-
ment for Sequence Taxonomy (GAST) algorithm (Huse et al.
2008) and an in-house reference sequence database. We elimi-
nated singleton OTUs with only one sequence representative.
Our finished data set consisted of 1,018,154 sequence reads
distributed across 3750 OTUs.

Results

Eukaryotic community during the bloom events

We identified 220 unique eukaryotic OTUs in the Lake
George water column. Of these, copepod, ciliate, cercozoan,
and chlamydomonad-related OTUs were the most abundant
amplicon sequences recovered from all depths (Supporting
Information Table S2). In both the surface waters and at 5 m
depth, copepod, as well as Chlamydomonas, Fragilariaceae, and
Uroglena OTUs were the numerically most abundant. A cope-
pod was the most abundant OTU at 10 m depth, as well as an
apicomplexan and the haptophyte Paviova, a member of the
Haptophyta that does not produce alkenones.

Seven haptophyte OTUs were recovered from all samples,
four from the Pavlovales, two from Isochrysidales, and one
from the Prymnesiales (Supporting Information Fig. S2).
Across all samples, Pavlovales were numerically the most
abundant haptophyte reads, with Isochrysidales abundant
primarily in the surface waters. The two putative alkenone-
producing haptophyte OTUs (Euk_03_47 and Euk_03_52)
were designated Hap-A and Hap-B after previous sequencing
work from Lake George cultures (Toney et al. 2012). Hap-A
reads were most abundant in the surface waters on Day
10, although they exhibited greater abundance earlier in the
season at 5 m and 10 m depths, suggesting a transit from sur-
face sediments to the surface waters (Fig. 2). Hap-B reads
increased at 0 m through the latter half of the sampling period
(Fig. 2), with an apex at Day 42, and few numbers at either
5 or 10 m depth. No other haptophyte species exhibited a sim-
ilar bimodal distribution in the water column throughout the
season (Supporting Information Fig. S2). Given the concentra-
tions of Hap-A and Hap-B in the water column, we defined
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Peak I as spanning days 1-24 when Hap-A is dominant, and
Peak II as spanning days 25-52 when Hap-B was domi-
nant (Fig. 2).

Peak I and Peak II eukaryotic communities showed a clear
separation in species membership (Fig. 3a). An indicator spe-
cies analysis (Supporting Information Methods) revealed an
enrichment in Hap-A and alveolates during Peak I (Supporting
Information Table S2). Hap-B was an indicator species for Peak
11, along with a Pavlova OTU and a few uncultured eukaryotes
(Supporting Information Table S2). This analysis also revealed
that there were almost no indicator species for depth, whereas
salinity and temperature yielded multiple indicator species
(Supporting Information Table S2). Multiple chlamydomonad
OTUs were associated with low salinities (0-4 ppt). Low tem-
peratures (1-6°C) saw an enrichment in alveolates and a
Prymnesiales haptophyte, while Hap-B was an indicator spe-
cies for the upper temperature range (13-19°C). At the upper
temperatures, there was also an enrichment in a Pavliova OTU
and a few stramenopile OTUs. The mid-temperature range
(6-13°C) saw only a few indicator species, namely a diatom
OTU and ciliate OTUs. Of the most abundant protistan species,
Cryomonadida, Chlorophyta, and Hap-A species peaked during
the late spring, whereas Bacillariophyta and Chrysophyceae
OTU peaks preceded the Hap-B Peak II. Ciliate OTUs were the
only other dominant group to peak synchronously with Hap-B
sequences (Supporting Information Fig. S1).

Early blooming Hap-A was positively associated with Chlo-
rophyta, Cercozoa, Chytridiomycota, Bacillariophyta OTUs
and a few ciliate species, and weakly correlated to Dinophyta
OTU abundances. Hap-A was strongly negatively associated
with Hap-B, a Planomonas micra OTU (Euk_03_70), multiple
Heterokontophyta and Cryptophyte OTUs, and a ciliate and
Ochrophyta OTU (Supporting Information Fig. S6). In con-
trast, Hap-B was positively associated with the P. micra OTU,
as well as Heterokontophyta OTUs that were negatively associ-
ated with Hap-A, in addition to several Ochrophyta and
Opisthokonta OTUs. Hap-B was strongly positively associated
with an unknown Cryptophyte OTU (Euk_03_20). Hap-B was
negatively associated with numerous Chlorophyta OTUs,
Cercozoan OTUs, and Eustigmatophyta and Bacillariophyta
OTUs. Temperature, DO, calcium, and magnesium concentra-
tions were responsible for shaping the Hap-A and Hap-B abun-
dances, while temperature, salinity, and pH played a role in
shaping the entire eukaryote community (Supporting Infor-
mation Table S4).

Fig. 2. Lake George haptophyte and water chemistry conditions during
sampling period, including rarefied IT sequence read counts of Hap-A and
Hap-B throughout the seasonal cycle at 0, 5, and 10 m depths and Lake
George water column temperature, salinity, Cs;-alkenones, nitrate, and
phosphate water column concentrations throughout the sampling period
at 0, 5, and 10 m depths. Peak | and Peak Il as indicated.
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Fig. 3. (a) Nonmetric multidimensional scaling analysis and (b) average
linkage clustering of all OTUs.

Water chemistry during bloom

Throughout the 2011 sampling period, Csz; alkenones
reached concentrations of over 2400 ng L' (Fig. 2), on par
with concentrations observed during an Arctic lake haptophyte
bloom (Theroux et al. 2012), but almost an order of magnitude
lower than previously reported concentrations in Lake George
(Toney et al. 2010). The C3; alkenone concentrations peaked at
Day 10 (Peak I) and Day 37 (Peak II) in the surface waters,
although the Peak II concentrations were an order of magni-
tude higher than the Peak I concentrations (Fig. 2). Tetra-
unsaturated alkenones dominated the water column alkenone
signature at almost all time points and all depths, except for
Peak II surface waters that were dominated by tri-unsaturated
alkenones (Supporting Information Table S1).

The water column experienced a gradual warming over the
course of the sampling period, ranging from 5°C after ice-melt
to 25°C in late July. Salinity plateaued in the first half of the
summer and exhibited a second peak in the latter half of the
seasonal cycle at all depths (Fig. 2). The lowest concentrations
of nitrate and phosphate on Day 24 corresponded to the lowest
alkenone concentrations in the water column and the break
period between the two alkenone concentration peaks. Nitrate
and phosphate concentrations were positively correlated with
each other, and nutrient concentrations at 0 and 5 m depth
also mirrored alkenone concentrations in Peak II (Supporting
Information Table S3). Nitrate, phosphate, and DO were the
only environmental variables that segregated by depth, while
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multiple variables, including pH, DO, salinity, and tempera-
ture, were significantly different between Peak I and Peak II
(ANOVA, p < 0.05) (Supporting Information Table S6).

In situ alkenone distributions and U%, calibration

Combining the Lake George 2011 water temperatures and
alkenone concentrations yielded an in situ Lake George UX,
calibration defined by the equation:

U%, =0.0271T - 0.74 (1)
where UI3<7 is the concentration of (Cz7.,-C37.4)/(C37.0+
C37.3+C37.4) and T is temperature in °C. This calibration had
an R? value of 0.68 and a root mean squared error (RMSE) of
3.7°C (Fig. 4a) and had both a slope and y-intercept within
one-hundredth of the Lake BrayaSg in situ calibration (0.025
and —0.779 respectively; D’Andrea et al. 2011). The largest
scatter in the U%, calibration occurred around 10°C, with con-
tributing alkenones at this temperature sourced from both
Peak I and Peak II periods (Fig. 4a). Separating the Peak I and
Peak II calibration data points did not improve the calibration,
and Peak I data points alone did not yield a positive, linear U%,
calibration (Fig. 4a). The recently reported UL, index resulted
in a slightly improved calibration, reaffirming the minimal
influence of the Cj;., alkenone (Fig. 4b). Separating the U§7
calibrations by depth revealed the strongest calibrations at
0 and 5 m (Supporting Information Fig. S4). As expected, the
percentage of Cs74 alkenones decreases as temperature
increases, and likewise showed a weak negative relationship
with salinity (Supporting Information Fig. S5).

Culture studies and U , calibrations

We attempted various isolation techniques to culture the
two putative alkenone-producing haptophytes from Lake
George (Theroux et al. 2010; Toney et al. 2012). We cultured
Hap-A in an enrichment culture with other microbial consortia
present, but we were unable to grow it as a pure, axenic culture.
The size fractionation experiment determined that Hap-A cells
were < 3 ym in size, qualifying it as a picoplankter for at least a
portion of its growth cycle (Fig. 5). The Hap-A enrichment cul-
ture alkenones had a dominant Cj;.4 signature at low tempera-
tures (Table 1) and yielded a U%, calibration defined as:

U, =0.037T-0.76 (2)
with an R? value of 0.95 and a RMSE value of 1.6°C. Cultures of
Hap-B (#A12,903) grew successfully at all temperatures and
demonstrated a characteristic increase in saturated alkenones
with increasing temperatures (Table 1). Additional sequence
data from the Hap-B culture covering a great portion of the 18S
gene (GenBank #MN176143) allowed us to confirm the identity
of the Hap-B environmental sequence (GenBank #MN176135),
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Fig. 4. U5, calibrations for the Lake George field and culture alkenones.
(@) U%, calibrations for Lake George 2011 in situ calibration separated by
Peak | and Peak Il, Hap-A<3 um culture, and Hap-B isolate #A12,903. (b)
As in (@) but with U%J calibration.

with which it shared 99% sequence identity (vs. 96% with Hap-A
sequence #MN176134). Hap-B cells experienced a shift in mor-
phology between the low and high temperatures, with a dominant
Ruttnera-like (colonial) stage in the cooler temperatures and a
lamellose (possessing layered sheaths) stage in the warmer temper-
atures (Fig. 5). The Hap-B U%, culture calibration is defined as:

U%, = 0.0279T-0.59 (3)
with an R? value of 0.95 and a RMSE of 1.6°C. The Hap-A and
Hap-B calibration curves are statistically identical and can be
explained by a single curve with a composite U%, calibration as:

UX, =0.0326 T-0.67 (4)

This composite culture-based calibration has an R? value of
0.92 and RMSE of 1.9°C. For both the Hap-A and Hap-B
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manipulation experiments, the fastest growth rates were
observed at 15°C and alkenone per cell concentrations were
highest at the coldest temperatures and lowest growth rates
(Table 1).

Discussion

Haptophyte bloom successions

Lacustrine haptophyte blooms have been linked to ice-off
irradiance levels following spring thaw (Toney et al. 2010; The-
roux et al. 2012), similar to known triggers for annual marine
blooms (Tyrrell and Merico 2004). The Lake George haptophyte
bloom event began upon lake ice-off, with cool surface waters,
low salinities, and low nutrient concentrations throughout the
water column. Temperature and salinity gradually increased over
the course of the seasonal cycle, resulting in increased water col-
umn stratification and nutrient concentration variability across
the three sampling depths (Fig. 2). Across almost all sampling
days, the 10 m depth water samples had higher concentrations
of dissolved nitrate and phosphate, suggesting that nutrients
were being sourced from the surface sediments during water col-
umn mixing or phototrophs were exhausting available nutrients
in the upper photic zone.

While haptophyte viruses are known to play a key role in the
termination of marine bloom events, less is known about poten-
tial haptophyte-eukaryote syntrophic or antagonistic interac-
tions during bloom events. Lake George Hap-A abundances
showed a strong positive correlation with Chlamydomonas spe-
cies (Supporting Information Table S2), a motile, photosynthetic
green alga that could be responding to the lack of stratification
and limited nutrient concentrations of the late spring epilim-
nion. Hap-A abundances are also positively correlated with
chytrid fungi (Euk_03_505, Euk _03_67), known aquatic decom-
posers that can operate as algal parasites (Ibelings et al. 2004).
Hap-B abundances were negatively correlated with phosphate
concentrations and positively correlated with a Diacronema
(Pavlovales) haptophyte (Euk_03_140), species of which have
been shown to possess a competitive advantage to other algae
during low phosphate conditions (Fernidndez-Rodriguez et al.
2015). Future studies focused on experimental manipulations
of the Lake George microbial consortium will help to better
resolve these potential correlative or causative microbial inter-
actions and to determine if Hap-A and Hap-B species exhibit
competitive exclusion when cultured in tandem.

Haptophyte physiology

Previous culturing efforts revealed that an increase in irradi-
ance levels triggered the excysting of Hap-A cells from surface
sediments in sediment enrichment cultures (Toney et al. 2012).
In contrast, Hap-B was grown from surface-water isolations
(Toney et al. 2012; this article). A similar transition in domi-
nant haptophyte was observed in enrichment culture experi-
ments, with a shift from Hap-A alkenone profiles to Hap-B
profiles after approximately 8 weeks (Toney et al. 2012). This ex
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Fig. 5. Gas chromatograms of alkenone traces from Hap-A and Hap-B cultures. (a) Alkenone traces for Hap-A sediment enrichment culture at 5°C and
size fractionation experiment indicating the source of tetraunsaturated alkenones in the < 3 um fraction. (b) Hap-B strain #A12, 903 alkenones and mor-

phology at 5°C and 21°C. Scale bar = 10 um.

situ behavior mirrors the in situ bloom timing of the two
haptophyte species: Hap-A bloomed in situ when there was an
increase in light intensity following ice-off and waters were still
at lower salinities and temperatures, and experiencing density-
driven mixing. Hap-B cells arrived a few weeks later (Fig. 2),
when temperatures were warmer and salinities were higher. In
general, Hap-A read counts were negatively associated with tem-
perature and salinity, while Hap-B read counts were positively
associated with temperature, salinity, and negatively associated
with nitrate and phosphate concentrations (Supporting Informa-
tion Table S3).

The size fractionation experiment performed in this study
revealed that Hap-A cells may be picoplanktonic for at least a
portion of their life cycle (Fig. 5). Picoplankton are often found
in oligotrophic waters, their high surface area to volume ratio
an advantage in low nutrient conditions (Vaulot et al. 2008).
However, Hap-A read counts were positively correlated with
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nitrate and phosphate concentrations, potentially sourced from
the surface sediments during early season density-driven
mixing. In contrast, Hap-B cells were negatively correlated with
nutrient concentrations and appeared later in the season when
nutrient concentrations were more limited. The abundance of
Cs37.4 alkenones observed during the Hap-A bloom and in the
Hap-A cultures may suggest an ecological advantage: more
unsaturated alkenones accumulate and are rapidly metabolized
under nutrient-limited conditions (Epstein et al. 2001; Prahl
et al. 2003; Eltgroth et al. 2005), which may explain Hap-A syn-
thesizes these compounds and can survive extended periods of
hibernation in surface sediments.

Culture-based calibrations

In agreement with previously reported E. huxleyi, G. oceanica,
and I. galbana cultures, both Hap-A and Hap-B cultures had their
lowest growth rates and highest alkenone concentrations at 5°C
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Table 1. Hap-A enrichment culture and Hap-B pure culture cell counts and alkenone concentrations for the U¥;, and U¥';; calibration experiments.

Final C37
alkenones

Final
cell count

(cell mL™")

C37:3 c37:2

c37:4
(ng L_1) (ng L_1) (ng L_1) C37.4 (%)

C37 alkenones/

Growth rate

us, US, Kk divd™!

K
U37

cell (pg)

(ngL™")

(divd™)

Temp. (°C)

0.13
0.29
0.41
0.27
0.29
0.01
0.27
0.33
0.22
0.23

-0.64 0.16 0.28 0.09

-0.34 0.00 0.66 0.20

0.69
0.34
0.21

491
0.07

2636

6929
7876
5139
2119

0.17
0.03
0.00
0.05
0.03
3.30
0.04
0.01
0.07
0.01

1.0E+04
2.3E+04
2.4E+04

6.0E+04

0.126
0.289

5
10
15
21

Hap-A

15,465
16,337
27,009

8.0E+05

-0.10 0.15 0.76 0.28

-0.02 0.06 0.93 0.19

0.12

2813

5.1E+06
6.4E+05

0.405

1586
3612

3.1E+04
2.3E+04

0.275

0.16 0.95 0.20

0.04
0.50
0.37

0.19

18,385
16,375
13,779
12,855
15,067
2649

0.289 8.0E+05

24

-0.49 0.02 0.50 0.01
-0.30 0.10 0.61

251
1515
1951

16,363

3.3E+04
2.4E+04

1.0E+04
6.4E+05

0.014

5
10
15
21

Hap-B

0.19

8831

0.275

-0.09 0.13 0.78 0.23

-0.05 0.06 0.89 0.15

0.07

3583
1861
3

1.8E+04
1.8E+04
3.7E+03

1.6E+06

2.5E+05

0.332

0.10
0.10

884
640

0.216

0.19 0.88 0.16

67

3.1E+05

0.229

24
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(Conte et al. 1998; Theroux et al. 2013). Haptophyte cultures are
known to accumulate intercellular stores of alkenones during sta-
tionary growth phase and to metabolize these alkenones after
being placed in the dark (Epstein et al. 2001; Eltgroth et al. 2005;
Theroux et al. 2013), suggesting that alkenones serve as energy
storage molecules (Epstein et al. 2001; Eltgroth et al. 2005). The
accumulation of alkenones at low temperatures and low growth
rates, as observed in our haptophyte cultures, is hypothesized to
be the result of photosynthetic energy input exceeding the
cell’s capacity for growth and division (Roessler 1990). Growth
rate and temperature are often conflated variables in algal batch
cultures and therefore the effect on U%, values by increasing
temperature and growth rate can be compounded (Popp et al.
1998). However, there was no consistent relationship between
growth rate and U, calibration across the temperature manip-
ulation experiments in this study (Table 1).

Consistent with patterns observed in Lake George haptophyte
enrichment cultures (Toney et al. 2012), the UI3<7 calibrations
from cultures reported in this article are offset to higher tem-

peratures than the in situ U, calibration (Fig. 4a). This offset
may be the result of artificially high growth rates afforded by
nutrient-rich culture conditions, which would result in more
saturated, or “warmer,” alkenone signatures (Popp et al.
1998). In contrast to previous culturing efforts (Toney et al.
2012), the Hap-A size-fractioned enrichment culture and the
monoculture Hap-B were able to synthesize alkenones at tem-
peratures >20°C, although both cultures exhibited a growth
optimum at 15°C (Table 1). Both cultures saw a decrease in
alkenone/cell concentrations with an increase in growth rate,
which has implications for paleoclimate record interpreta-
tions, as discussed below.

While Hap-A produced dominant Cs7.4 alkenones at 5°C, the
Cs7.3 alkenones were dominant at warmer temperatures. This con-
trasts with the alkenone signature observed in situ during the Peak I
portion of the seasonal cycle, when only Hap-A reads were detected
(Fig. 2). As mentioned above, the abundance of more-saturated
alkenones in the isolate cultures may be a result of nutrient-replete
culture conditions, which could artificially decrease the abundance
of Cs7.4 isomers that occur naturally during bloom conditions at
similar temperatures (Fig. 4a). The Hap-A and Hap-B U’3<7 calibra-
tions, which ignore Cs;.4 alkenones, did not show a relation-
ship between alkenone unsaturation and temperature in
either Hap-A or Hap-B cultures from this study, reaffirming
the importance of incorporating the Cs;.4 alkenone when cali-
brating haptophytes with naturally abundant Cj7.4 (Theroux
et al. 2013).

Additionally, a previously published culture-based calibra-
tion for an R. lamellosa isolated from Lake George resulted in a
calibration (U%, = 0.059 T—1.20, Zheng et al. 2016) that was
distinct from the Hap-B isolate calibration from this study
(Eq. 3). However, it is worth noting that the haptophyte strain
isolated in this work (GenBank MN176143) and in the Zheng
et al. (2016) study (KT819761) share 98% sequence similarity,
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suggesting that intraspecific differences may be responsible for
variability in culture-based calibrations, even when strains are
maintained under similar growth conditions.

In situ calibrations

The 2011 Lake George in situ calibration (Eq. 1) yielded a cali-
bration that was similar, although still distinct, to the Lake George
2008 in situ calibration reported previously (U%, = 0.0169T
—0.825; Toney et al. 2012), indicating a higher y-intercept
and steeper slope for the 2011 calibration reported in this
study. These differences between the 2008 and 2011 Lake
George in situ calibrations may reflect natural variability in
cell physiology response to earlier/later ice-off, average air
temperatures, and nutrient fluctuations. We recalculated the
UX, for each individual sampling depth (Supporting Informa-
tion Fig. S5) and found the strongest correlation between temper-
ature and U%, at 0 and 5 m depths, suggesting most alkenones
are produced in the upper portion of the photic zone. The
largest scatter in the 2011 Lake George in situ U%, calibration
occurred at 10°C, the temperature at which the dominant,
blooming haptophyte transitioned from Hap-A to Hap-B phy-
lotypes (Fig. 4a).

Implications for paleosalinity inferences

Previous studies have suggested the use of the Cs7y4
alkenone as a paleosalinity proxy (Rosell-Melé 1998; Liu et al.
2011), with an inverse relationship between salinity and tetra-
unsaturated alkenone abundance. In aquatic systems like Lake
George, temperature and salinity are often confounding vari-
ables, both experiencing dramatic shifts throughout a seasonal
cycle. In this study, we observed a concurrent increase in tem-
perature and salinity in the later part of summer season. The
relative proportion of tetraunsaturated alkenone was inversely
related to salinity (Supporting Information Fig. S5), although
this relationship becomes insignificant when the influence of
temperature on Cs74 abundance is removed (Supporting
Information Table S5). While salinity may have been responsi-
ble for triggering the shift from Hap-A to Hap-B populations,
the relationship between Cs;.4 abundance and salinity is not
strong enough to warrant an independent paleosalinity proxy
that is decoupled from temperature.

Implications for paleotemperature reconstructions

The majority of Lake George downcore sediments are domi-
nated by Cs;.4 alkenones (Toney et al. 2012). Based on
the results of our study, the few downcore sediments with
C37.3-dominant alkenone signatures may be the result of envi-
ronmental conditions favoring Hap-B productivity, such as
warmer water temperatures or higher salinities. During the
2011 Lake George haptophyte bloom, the Peak II, Hap-B-
dominated surface waters experienced higher concentrations
of C3; alkenones than those observed during the Hap-A-
dominant Peak I (Fig. 2). This result is surprising, given a
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sediment record that is dominated by Cs;.4 alkenones. There
are few scenarios that could result in a C3;., dominant sedi-
ment record: (1) Hap-A cells were more productive in previous
bloom seasons, resulting in greater Cs;.4, deposition in the sed-
iment record, or (2) Hap-B cells were subject to greater grazing
pressure and their alkenone signatures were not preserved in
the sediment record. It is unlikely that the Cj;.4-dominant
sediment record is the result of alkenone production by Hap-A
cells while still in the surface sediments, as this mode of pro-
duction would result in a steady, cold-water alkenone signa-
ture, in addition to the fact that surface sediments are out of
the photic zone and the haptophyte cells would be forced to
metabolize, as opposed to synthesize, their alkenones. Regard-
ing the possibility of below-ice alkenone production, previous
studies in Lake George (Toney et al. 2010) and Lake BrayaSg,
Greenland (D’Andrea et al. 2011) did not detect alkenone pro-
duction in the water column or export to the surface sedi-
ments while the lakes were ice-covered, supporting the
conclusion that alkenone production occurs primarily during
the ice-free bloom season. There is also the possibility that
Hap-A cells in the sediments are able to photosynthesize in
shallow regions of the lake, with these alkenones being later-
ally transported via resuspension and transport (as in Eadie
et al. 2008). The production of alkenones in shallow waters
with on-average warmer temperatures is another potential sce-
nario that should be considered when establishing the prove-
nance of alkenones deposited in lake surface sediments.

This study is the first to demonstrate a shared U%, between
genetically distinct haptophytes in a single lake and offers an
optimistic outlook for lake paleotemperature reconstruction in
the presence of multiple alkenone-producing haptophytes. As
observed in this study, both haptophyte cultures demon-
strated a decreasing alkenone/cell concentration with increas-
ing growth rates, indicating that alkenone concentrations in
sediment records are not necessarily indicative of haptophyte
growth rates. Bloom timing, alkenone/cell concentrations,
and alkenone export to the surface sediments are all key vari-
ables in dictating the eventual composition of the alkenone
sediment record.

Conclusions

This study provides new insights into lacustrine haptophyte
physiology, ecology, and bloom conditions. As evidenced by a
shift in both alkenone and DNA signatures in the water col-
umn, the Lake George seasonal cycle consisted of two subse-
quent haptophyte blooms by two separate haptophyte species.
Haptophyte species Hap-A was the dominant haptophyte
during the spring Peak I bloom event, when water alkenone
signatures were dominated by Cj7.4 alkenones. The summer
bloom event was characterized by the presence of the Hap-B
species and water alkenone signatures dominated by Cs;.3
alkenones. While the exact environmental triggers for the
bloom events remain unclear, the spring thaw may induce the
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excysting of Hap-A, while temperature, salinity, and stratifica-
tion shifts may support the transition to Hap-B dominance in
the surface waters. Culture-based U%, calibrations for the two
haptophyte species in Lake George were statistically identical and
biased to higher U, values, potentially the result of artificially
nutrient-rich conditions in culture. Alkenone-based tempera-
ture reconstruction from lake records must therefore consider
the multifactor influence of haptophyte bloom timing, succes-
sion, strength, and preservation when interpreting these valuable
paleoclimate archives. Future studies into the environmental
and biological triggers of lake-dwelling haptophyte blooms will
help to better refine our understanding of the seasonality of
alkenone production and its influence on the paleotemperature
record.
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