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ARTICLE INFO ABSTRACT

Associate Editor-Liz Minor Long-chain alkenones (LCAs) produced by Group 1 Isochrysidales from freshwater lakes feature a highly specific
profile with almost the same abundances of two Cg; tri-unsaturated alkenone isomers. Their unsaturation ratios
have been proposed to have great potential for cold-season paleotemperature reconstructions. However, recent
study based on the next-generation sequencing has found that there is high level of genetic diversity in Group 1
Isochrysidales, with two main subclades Groups la and 1b. It is still unclear whether variable mixtures of
different Group 1 subclades can significantly affect the LCA-based paleotemperature proxies in freshwater lake
sediment records. Here we investigated LCA distributions and haptophyte-specific 18S rRNA sequences from a
sediment core in Tuofengling Tianchi (a freshwater volcanic lake) of northeastern China using a combination of
lipid biomarker and next-generation sequencing analyses. We recover 386 amplicon sequence variants (ASVs)
from the studied sediment samples, 11 of which are affiliated with the LCA-producing Isochrysidales. Our
phylogenetic analysis identifies that all LCA-producing Isochrysidales belong to Group 1 phylotype (Groups la
and 1b subclades included), with Group 1a being the dominant subclade in most samples. The phylotype is
strongly supported by the LCA evidence of two Cgy tri-unsaturated alkenone isomers, with RIK3; (ratio of
isomeric ketones of Czy chain length) of ~ 0.57-0.60. Groups 1a and 1b in our sediment core display significant
downcore variations in the relative abundances, with Group la ranging from 32% to 100%. However, such
highly variable mixtures are not a dominant factor in affecting the values of LCA-based on temperature proxies
(U3K7, U3K8Et, and R3b) in our sediment core. Our study provides the sedimentary evidence that Group 1 LCAs
elude species-mixing effects and highlight the potential importance of Group 1 LCAs from freshwater lakes in
quantitatively reconstructing past temperature changes.
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1. Introduction

Long-chain alkenones (LCAs) are a series of C35-C42 methyl or ethyl
ketones with 2-4 double bonds which are produced by certain Iso-
chrysidales algae within haptophyte lineages. They have been found to
extensively occur in the world’s oceans (e.g., Marlowe et al., 1990;
Conte et al., 2006) and various lake environments (e.g., Zink et al., 2001;
Chu et al., 2005; Pearson et al., 2008; Toney et al., 2010; Longo et al.,
2016, 2018; Plancq et al., 2018; Yao et al., 2019, 2022; Sawada et al.,
2020). Based on haptophyte phylogenetic analysis, numerous studies
have divided LCA-producing Isochrysidales into three groups: Group 1
thriving in freshwater lakes, Group 2 in brackish/coastal marine envi-
ronments, and Group 3 in open marine environments (Theroux et al.,
2010; D’Andrea et al., 2016; Longo et al., 2016; Kaiser et al., 2019;
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Plancq et al., 2019; Yao et al., 2019). Group 1 Isochrysidales contain two
main subclades: Groups 1a and 1b (Richter et al., 2019), but their spe-
cies/strains have not been successfully isolated for laboratory culture.
Group 2 Isochrysidales have recently been divided into three main
subclades: Groups 2i, 2wl and 2w2 (Yao et al., 2022), and include
named species Ruttnera (Chrysotila) lamellosa, Isochrysis galbana, Iso-
chrysis litoralis and Isochrysis nuda (e.g., Sun et al., 2007; Nakamura
et al., 2014; Zheng et al., 2016, 2019; Liao et al., 2020). Group 3 Iso-
chrysidales include two named species Emiliania huxleyi and Gephyr-
ocapsa oceanica (Volkman et al., 1980, 1995; Sawada et al., 1996; Conte
et al., 1998) with high genetic similarity.

The unsaturation ratios of LCAs (U%, and U§;) are important tools for
paleotemperature reconstructions, with higher degree of unsaturation
corresponding to lower temperature. These proxies have been exten-
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Fig. 1. (a, b) The geographical location of Tuofengling Tianchi in this study. (c) Contour map showing the location of Tuofengling Tianchi sediment core and the

surrounding geographic information.

sively and successfully used to reconstruct past sea surface temperatures
in numerous paleoclimatic and paleo-oceanographic studies (e.g.,
Brassell et al., 1986; Prahl and Wakeham, 1987; Eglinton et al., 1992).
However, compared to open marine environments, saline lakes harbor
multiple LCA-producing Group 2 species/subclades, with different
temperature sensitivities and growth seasons (Theroux et al., 2010,
2020; Yao et al., 2022). In particular, the Group 2i subclade blooms in
spring, whereas Groups 2wl and 2w2 bloom in summer (Theroux et al.,
2020; Yao et al., 2022). This creates significant difficulties in widespread

applications of UY, and U§7 for continental paleotemperature
reconstructions.

In freshwater lakes, LCAs produced by Group 1 Isochrysidales have
been proposed to have great potential for quantitative continental
paleotemperature reconstructions (Longo et al., 2016, 2018; Yao et al.,
2019). They have maximum production during lake ice melt and
isothermal mixing (D’Andrea et al., 2011, 2016; Longo et al., 2018) and
mainly record cold season temperature signals (Longo et al., 2018; Yao

et al,, 2019). The Group 1 LCAs contains a series of specific tri-
unsaturated isomers (such as Cs37.3, and Csg.3pEt) that are absent in
Groups 2 and 3 Isochrysidales (Longo et al., 2013, 2016; Zheng et al.,
2019). Based on the ratios of tri-unsaturated isomers, RIK3; and RIK3gg
(ratios of isomeric ketones; RIK) indices have been proposed as
chemotaxonomic indicators for input of Group 1 Isochrysidales in lake
sediments (Longo et al., 2016), and have been successfully applied to the
sedimentary records from two oligohaline lakes of China (Yao et al.,
2020, 2021) and Black Sea (Huang et al., 2021). Previous studies using
the haptophyte-specific primers from Coolen et al. (2004) for the tar-
geted DNA amplification have found that Group 1 Isochrysidales include
a limited number of dominant genotypes in globally distributed fresh-
water lakes (Theroux et al., 2010; D’Andrea et al., 2016; Plancq et al.,
2018; Yao et al., 2019; Wang et al., 2019a). However, using next-
generation sequencing with a pair of universal eukaryote and
haptophyte-specific primers (Egge et al., 2013), Richter et al. (2019)
found high levels of genetic diversity in Group 1 Isochrysidales from
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Fig. 2. Consensus neighbor-joining phylogenetic tree depicting 18S rRNA gene-inferred relatedness of haptophytes. Groups 2 and 3 are shown collapsed. Bootstrap

values greater than 50% are shown at nodes.

some freshwater lakes in Alaska, Iceland and Germany, with two main
subclades Group 1a (S-Oligotypes 1a) and Group 1b (S-Oligotypes 1b).
This raises a critical question: can variable mixtures of different Group 1
subclades in lake sedimentary records significantly affect Group 1 LCAs-
based paleotemperature proxies?

In a series of freshwater volcanic lakes in northeastern China, Yao
et al. (2019) have demonstrated the widespread occurrence of Group 1
LCAs. Here, we collected a short sediment core from Group 1 LCA-
containing Tuofengling Tianchi (a freshwater volcanic lake; Yao et al.,
2019) of northeastern China, and used a paired analysis of lipid
biomarker and next-generation sequencing to determine the downcore
LCA distributions and haptophyte 18S rRNA. Our main objectives are to:
(1) classify phylogenetically Group 1 subclades in the sediment core
samples, and (2) verify whether temperature proxies based on Group 1
LCAs are not affected by the mixing effects of different Group 1
genotypes.

2. Materials and methods
2.1. Study sites and samples

Tuofengling Tianchi (47°27'N; 120°38'E; ~1100 m a.s.l.) is located
in the Arxan-Chaihe volcano area on the Greater Khingan Mountains of
northeast China (Fig. 1). It is currently a freshwater crater lake (salinity
measured on July 2016 is 0.02 ppt; Yao et al., 2019) with the maximum
water depth of ~30 m and lake area of 0.23 km? (Yao et al., 2019). The
region lies on the northern boundary of the modern East Asian Summer
Monsoon (EASM). The modern climate is characterized by strong sea-
sonality, with a warm and humid summer and a cold and dry winter. The
mean annual air temperature (MAAT; 1979-2013) is about -2.6 °C, the
mean annual precipitation is 440 mm (MAP; 1970-2013; Karger et al.,
2017).

We collected a 38 cm sediment core from Tuofengling Tianchi at a
water depth of ~15 m in July 2017 (Fig. 1b). The core above 28 cm was
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Fig. 4. The relative abundances of Groups 1a and 1b DNA sequences and total C, N, S from our Tuofengling Tianchi sediment core along depth variation.

sub-sampled at 1 cm intervals, and the samples below 28 cm were sub-
sampled at 5 cm intervals. All samples were analyzed for LCA analysis,
and 16 samples were selected for DNA analysis. The sediment samples
for DNA analysis were frozen at —-80 °C and the sediment samples for
LCA analysis were frozen at —20 °C in the laboratory.

2.2. Methods

2.2.1. DNA analysis

DNA of 16 sediment core samples was extracted using the FastDNA®
Spin Kit for Soil (MP Biomedicals, USA) according to manufacturer’s
instructions. The DNA extract was checked on 1% agarose gel, and DNA
concentration and purity were determined with NanoDrop 2000 UV-vis
spectrophotometer (Thermo Scientific, Wilmington, USA). The hyper-
variable region V4 of the haptophyte 18S rRNA gene were amplified
using a primer pair (universal eukaryote forward primer 528Flong: 5'-

GCGGTAATTCCAGCTCCAA-3' and haptophyte-specific reverse primer
PRYMO1+7: 5'-GATCAGTGAAAACATCCCTGG-3' (Egge et al., 2013)) by
an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The PCR
amplification of 18S rRNA gene was performed as follows: initial
denaturation at 95 °C for 3 min, followed by 40 cycles of denaturing at
95 °C for 30 s, annealing at 60 °C for 30 s and extension at 72 °C for 45 s,
and single extension at 72 °C for 10 min, and end at 10 °C. The PCR
mixtures contain 4 pl 5 x FastPfu buffer, 2 pl 2.5 mM dNTPs, 0.8 pl
forward primer (5 pM), 0.8 pl reverse primer (5 pM), 0.4 pl FastPfu
polymerase, 0.2 pl BSA, 10 ng template DNA, and finally ddH,0 (double
distilled H20) up to 20 pl. PCR reactions were performed in triplicate.
The PCR product was extracted from 2% agarose gel and purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City,
CA, USA) according to the manufacturer’s instructions and quantified
using a Quantus™ fluorometer (Promega, USA). Purified amplicons
were pooled in equimolar and paired-end sequenced on an Illumina



L. Wang et al.

Relative Intensity

Retention Time

(b) ;4
B —M
201 2

I 'R

C,,Me C,Et C,Me

37

30

Fractional Abundance (%)

Fig. 5. (a) Partial gas chromatograms of LCAs from Tuofengling Tianchi sedi-
ment core at the depth of 18 cm and 23 cm. (b) Average fractional abundances
of LCAs in all Tuofengling Tianchi sediment core samples.

1.0F T IR -

@ TFL (this study) -
O Groupl

@® Groupll
00F i

0.0 0.2 0.4 0.6 0.8 1.0
RIK3gEt

Fig. 6. RIK3; and RIK3gEt indices distinguish Group 1 from Group 2 LCAs. Red
circles represent the LCA data from our Tuofengling Tianchi sediment core,
light blue circles represent the published Group 1 LCA data (Longo et al., 2016,
2018; Yao et al., 2019), and green circles represent the published Group 2 LCA
data (Nakamura et al., 2014; Araie et al., 2018; Zheng et al., 2019; Liao et al.,
2020). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Organic Geochemistry 172 (2022) 104483

MiSeq PE300 platform (Illumina, San Diego, USA).

After demultiplexing, the resulting sequences were merged with
FLASH (v1.2.11) (Magoc and Salzberg, 2011) and quality filtered with
fastp (0.19.6) (Chen et al., 2018). Then the high-quality sequences were
de-noised using DADA2 (Callahan et al., 2016) plugin in the Qiime2
(version 2020.2) (Bolyen et al., 2019) pipeline with recommended pa-
rameters, which obtains single-nucleotide resolution based on error
profiles within samples. DADA2 denoised sequences are usually called
amplicon sequence variants (ASVs). Taxonomic assignment of ASVs was
performed using the Blast consensus taxonomy classifier implemented in
Qiime2 and the SILVA reference database.

2.2.2. LCAs analysis

The samples for LCAs analysis were freeze-dried and were extracted
three times by sonication with dichloromethane (DCM)/methanol
(MeOH) (9:1, v/v). The total lipid extracts were then separated by col-
umn chromatography with silica gel using n-hexane, DCM, and MeOH,
respectively. The DCM fractions were further purified by column chro-
matography with silver thiolate silica (Wang et al., 2019b). Using a
sequence of solvents (hexane/DCM (4:1, v/v, 2 ml), acetone (2 ml)) with
increasing polarity, all LCA compounds were eluted in the acetone
fractions. All LCAs were analyzed using an Agilent 8890 GC system with
a flame ionization detector (FID) and a Restek Rtx-200 GC column
(105 m x 250 pm x 0.25 pm) at Xi’an Jiaotong University, China. He-
lium was used as the carrier gas, and the column flow rate was 1.5 ml/
min. The following GC-FID oven program was used: initial temperature
of 50 °C (hold 2 min), ramp 20 °C/min to 255 °C, ramp 3 °C/min to
310 °C (hold 30 min).

The LCA indices U, (Brassell et al., 1986), Us;Et (“Et” refers to ethyl
ketone), R3b (Longo et al., 2018), RIK3; and RIK3gEt (Longo et al., 2016)
were calculated as follows:

C37:2 - C37:4

Uk = @
77 Caza + (Cy750 + Cazap) + Ca7a

CsgaEt — CagyEt

USEt = Cig2Et + (Caga,Et + CagapEt) + CagaEt @
R e e Y
RIK, = % “)
RIKEt = % )

where the “a” and “b” subscripts refer to the A7,14,21 andA14,21,28 tri-
unsaturated LCAs, respectively.

2.2.3. Element and radiocarbon analysis

The contents of three major elements (C, N, and S) in 14 samples
were detected by the CHNS mode of the Vario EL Cube elemental
analyzer. The samples were catalytically oxidized in a high temperature
and oxygen-rich environment, and the combustion produces CO3, Nj,
SO,, CO and other gases. The generated gas mixture was separated by
gas chromatography and quantified using a thermal conductivity de-
tector after eliminating interferences. Helium was used as carrier gas
and purge gas, and the oxygenation time was 80 s. Two sets of standards
were measured, and the standard deviations of C, N, and S were less than
0.001%.

Total organic carbon (TOC) of two sediment samples at the depths of
28 cm and 38 cm was measured for radiocarbon dating by acceleration
mass spectrometry (AMS) at Xi’an AMS Center, China.
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Fig. 7. Relative abundance of Group 1a DNA sequences (relative to total Group 1 DNA sequences) vs RIK37, RIK3gEt, U§7, U§8Et, and R3b in our Tuofengling Tianchi

sediment core samples.
3. Results and discussion

3.1. 18S rRNA-based Isochrysidales identification and phylogenetic
classifications

We selected 16 sediment samples of our sediment core for PCR
amplification using the primers described in Egge et al. (2013), and all
samples yielded positive amplification with the targeted DNA band
productions (Supplementary Fig. S1). We sequenced the 18S rRNA se-
quences from the 16 samples using next-generation sequencing (Sup-
plementary Table S1). A total of 386 amplicon sequence variants (ASVs)
were recovered from all the samples studied (Supplementary Table S1).
Among them, 366 ASVs belong to the Eukaryota and 20 ASVs do not
correspond to any known sequences referenced within the SILVA data-
base. Of the 366 ASVs within the Eukaryota, 11 ASVs belong to the LCA-
producing Isochrysidales (ASV8, 193, 343, 230, 306, 237, 245, 364,
284, 293, 359; Supplementary Table S2). However, two sediment sam-
ples (TFL19 and TFL27) did not contain the 11 LCA-producing Iso-
chrysidales ASVs despite positive PCR amplification (Supplementary
Table S2). This may be due to very low relative abundance of Iso-
chrysidales DNA compared with the total targeted Eukaryota in the two
samples.

We reconstructed a phylogenetic tree using the 11 ASVs of the LCA-
producing Isochrysidales along with 69 Isochrysidales DNA sequences
from the NCBI GenBank database (Fig. 2). We divided Group 1 Iso-
chrysidales into two phylogenetically distinct clades Group la and
Group 1b based on our phylogenetic tree, which are supported respec-
tively by 76% and 88% bootstrap values (Fig. 2). All of 11 ASVs are
affiliated with Group 1 Isochrysidales. 5 ASVs (ASV8, ASV245, ASV306,
ASV343, and ASV364) belong to the Group la clade, and 6 ASVs
(ASV284, ASV230, ASV359, ASV293, ASV237, and ASV193) belong to
the Group 1b clade.

Using the primers from Coolen et al. (2004) for the Isochrysidales
DNA amplification, Group 1a (formerly “Greenland” subclade; D’ Andrea
et al., 2006) has been found to extensively occur in globally distributed
freshwater lakes, including Greenland (D’Andrea et al., 2006), Canada
(Theroux et al., 2010), Norway (D’Andrea et al., 2016), Japan (Plancq
et al., 2018), northeastern China (Yao et al., 2019), and Alaska (Wang
et al., 2019a). However, due to primer mismatch, Simon et al. (2013)
only amplified Group 1b (formerly “EV” subclade) from the investigated
freshwater lakes in France. Importantly, recent studies (Plancq et al.,
2019; Richter et al., 2019) have found that both Group 1a and Group 1b
clades can be recovered using another pair of different primers from
Egge et al. (2013) and next-generation sequencing.

Here we also found the occurrence of both Group 1la and Group 1b
clades in our sediment core using the primers from Egge et al. (2013)
(Fig. 2). Our next-generation sequencing yield high phylogenetic di-
versity in Group 1 Isochrysidales, with 11 Group 1 ASVs. In most of our
samples, Group 1a, especially ASV8, is the dominant clade (Fig. 3a). In
particular, the samples of 1, 5, 17, 21, 28-33 cm depth only contain
Group la ASV8 based on our recovered DNA sequences. ASV abun-
dances display significant downcore variations, but LCA distributions
have no obvious changes along the depth (Fig. 3). The relative abun-
dance of Group 1a generally decreases from the surface sediment to the
depth of 11 cm, followed by an overall increase with increasing depth,
which is not consistent with changes in major element C, N, and S
(Fig. 4).

3.2. LCA distributions in sediment core

Our sediment core spans ~980 years based on two 1C ages (Sup-
plementary Table S3). We analyzed LCA distributions from 30 sediment
samples of our sediment core, and all samples contain abundant C3; and
Csg alkenones (Fig. 5b). C37 alkenones have the highest abundance,
accounting for more than 50%, followed by C3gEt and C3gMe alkenones.
The distributions of LCAs are highly consistent in all samples (Fig. 3b
and 5b) and display the characteristics of Group 1-type alkenones, with
the presence of the tri-unsaturated isomer Cgy.3p, and Csg.spEt, as well as
CsgMe (Fig. 5a; Longo et al., 2016).

RIK37 and RIK3gEt have been proposed as taxonomic indicators for
the relative contribution of Group 1 Isochrysidales, with 0.51-0.60 for
RIK3; and 0.1-0.6 for RIK3gEt indicating dominant Group 1 (Longo
et al., 2016, 2018). The reliability of the proxies has been further veri-
fied by Yao et al. (2019) by a combination of 18S rRNA and LCA dis-
tributions in freshwater volcanic lakes of northeastern China. We
followed the approach from Longo et al. (2018) to differentiate Group 1
alkenones from Group 2 using RIK3; and RIK3gEt (Fig. 6). To evaluate
more reliably the chemotaxonomic classification, we used more alke-
none data, including 104 Group 1 alkenone data (Supplementary
Table S3; Longo et al., 2016, 2018; Yao et al., 2019) and 98 Group 2
alkenone data (Supplementary Table S4; Nakamura et al., 2014; Araie
et al., 2018; Zheng et al., 2019; Liao et al., 2020). In our sediment core
samples, RIK3; ranges from 0.573 to 0.607 with an average value of
0.587, and RIK3gEt ranges from 0.260 to 0.366 with an average value of
0.310 (Fig. 6). All samples fall within the proposed range of Group 1
LCAs (Fig. 6), indicating that the LCAs of our sediment core are pro-
duced predominantly by Group 1 Isochrysidales. This is further sup-
ported by our 18S rRNA results (Figs. 2 and 3a).
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Fig. 8. Correlations among three alkenone temperature indices (UY,, UEt,
and R3b) in our Tuofengling Tianchi sediment core samples.

3.3. The LCA indices and Group 1 subclades

In addition to RIK3; and RIK3gEt as taxonomic proxies (Longo et al.,
2016, 2018), Group 1 UY,, U5Et, and R3b have been proposed as
temperature proxies for cold-season temperature reconstructions (Longo
et al., 2018; Yao et al., 2019). Especially in the sediments with mixed
Groups 1 and 2 LCAs, R3b still reflects the cold-season temperature
signal from Group 1, because Csy.3, and Csg.3pEt likely have no contri-
butions from Group 2 producers (Longo et al., 2018). However, it is still
unclear whether variable mixtures of different Group 1 subclades can
significantly affect these proxies.

Previous studies have hypothesized that Group 1 alkenones may not
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be affected by species-mixing effects, mainly due to the general consis-
tency of the responses of Group 1 alkenones to temperature changes as
seen in lake suspended particulate matter (SPM) and surface sediments
of Northern Hemispheric freshwater lakes (Longo et al., 2016, 2018). In
our sediment core samples, the distributions of LCAs show high con-
sistency with depth (Fig. 3b), despite high diversity in DNA ASVs and
their variable changes (Fig. 3a). The two main subclades Groups 1a and
1b also display significant downcore variations (Fig. 4). We plotted two
figures showing the changes in alkenone indices, including RIKjy,
RIK3gEt, Uy, USEt, and R3b, against the relative abundance of Group
la (Fig. 7). We find that the changes in these alkenone indices do not
respond to increasing Group la abundance (Fig. 7), and there are poor
correlations between Group 1a abundance and the five alkenone indices
(Supplementary Fig. S2). Thus, we suggest that the shifts in Groups 1la
and 1b may not be the dominant factor in affecting the values of these
alkenone indices in our sediment core.

Recent study has found that the relative abundances of Groups la
and 1b are highly variable in northern Alaskan lake water samples at
different sampling depths and times (Richter et al., 2019). However, the
U%;, USEt, and R3b values of SPM samples from these Alaskan lakes are
still strongly correlated with in situ water temperatures (Longo et al.,
2016, 2018; Supplementary Fig. S3). These results, together with our
sediment core data, provide evidence that Group 1 alkenones may be
unaffected by the species-mixing effects. We suggest that the alkenone
distributions from the two main subclade Group la and Group 1b may
have similar behaviors in response to temperature changes. Future
studies focused on the isolation and culturing of Group 1 subclades
would provide further evidence of their response to ecological
conditions.

3.4. Correlations among alkenone temperature proxies

Group 1 alkenone-producing Isochrysidales have been demonstrated
to bloom during the spring transitional season in various freshwater
lakes (D’Andrea et al., 2011, 2016; Longo et al., 2018; Richter et al.,
2019). The lake water temperatures at that time are dependent on lake
ice thickness in the winter and spring and the timing of spring thaw
(Longo et al., 2018; Yao et al., 2019), which is primarily affected by
winter-spring air temperature changes (Longo et al., 2020; Richter et al.,
2021). The colder winter-spring air temperatures can result in thicker
lake ice, which exerts lasting effects on the spring lake temperatures
through the duration of ice melt and the delaying of late-spring (or
summer) lake surface warming (Longo et al., 2020). Although U§7,
UKSEt, and R3b values of SPM samples from the northern Alaska fresh-
water lakes have good correlations with in situ lake water temperatures
(Longo et al., 2016, 2018; Supplementary Fig. S3), they display different
behaviors in surface sediments from Northern Hemispheric freshwater
lakes in response to seasonal temperature changes (Yao et al., 2019).
The U%, and UX;Et well reflect the changes in mean air temperature of
the spring isothermal season (Longo et al., 2018; Yao et al., 2019),
whereas in the relatively warm regions with the mean winter tempera-
ture higher than ~-20 °C, R3b appears to more sensitive to winter air
temperature changes (Yao et al., 2019). This may be associated with lake
ice thickness controlled by winter temperatures and associated lake light
intensity in the growing season of Group 1 Isochrysidales (Yao et al.,
2019). Higher light intensity under thinner lake ice (warmer winter
temperatures) may trigger the earlier growth of Group I Isochrysidales
even in the winter, possibly leading to a more sensitive response of the
R3b to winter temperatures in the relatively warm regions (Yao et al.,
2019).

In our sediment core, UX, values are strongly correlated with U%Et
R? = 0.882; Fig. 8c), whereas R3b values have poor (but negative)
correlations with UX, and U%Et (R? = 0.056 and 0.205; Fig. 8a, b). We
hypothesize that these differences among the correlations may mainly
be contributed to different responses of these indices to seasonal
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temperatures. During early spring growth season (early growth of Group
1 Isochrysidales; Longo et al., 2018) with relatively cold lake water
temperatures, Group 1 Isochrysidales may respond to lake water tem-
peratures at that time by primarily adjusting the ratio of two isomers
Csg.spEt and Csy.3p. The lake temperature changes during the early
spring growth season may depend on maximum lake ice thickness that is
mainly determined by winter temperatures (Yao et al., 2019). This may,
in part, explain our observed correlation between R3b and winter tem-
perature from surface sediments of Northern Hemispheric freshwater
lakes when the mean winter temperature is >~-20 °C (Yao et al., 2019).
Whereas during the Group 1 bloom period of the spring transitional
season with relatively warm lake water temperatures, Group 1 U, and
UKEt better record the lake water temperatures at that time (Longo
et al., 2018; Yao et al., 2019). Further, we analyzed the correlations
between spring and winter temperatures (1953-present) from the Arxan
weather station near our study site. Winter temperatures show a positive
correlation with spring temperatures (Supplementary Fig. S4). Thus, our
observed negative correlations of R3b with U, and UXEt in our sedi-
ment core cannot be fully explained by the potential different season-
ality of these proxies.

Alternatively, the regional mean winter temperature in Tuofengling
Tianchi is ~-21 °C (1979-2013; Yao et al., 2019), and R3b becomes
relatively insensitive to the changes in the cold-season temperatures in
such cold environment setting (Yao et al., 2019). The R3b proxy in our
sediment core may be complicated by other unknown environmental
variables. Further studies involving a systematic SPM sampling and lake
water chemistry measurements in Tuofengling Tianchi throughout the
Group 1 growth season may help explain such divergence of these
temperature proxies in sediments.

4. Conclusions

We found genetic diversity in alkenone-producing Isochrysidales in a
sediment core from Tuofengling Tianchi (freshwater volcanic lake) in
northeastern China, with 11 ASVs all of which belong to Group 1 Iso-
chrysidales. Consistent with DNA results, the LCA distributions display
typical characteristic of Group 1 Isochrysidales-producing LCAs with
RIK37 0of 0.51-0.60. We divided 11 ASVs into two main subclades Groups
la and 1b based on our reconstructed phylogenetic tree. Our combina-
tion of DNA and LCA results indicates that the LCA-based temperature
proxies UX,, USEt, and R3b are not significantly affected by the variable
mixtures of two Group 1 subclades. However, the reason for our
observed poor correlations of R3b with U§, and U%Et in our sediment
core may be further revealed by sampling a series of SPM and lake water
samples of the freshwater volcanic lakes throughout a seasonal cycle of
Group 1 Isochrysidales growth.
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