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Abstract

Long-chain alkenones (LCAs) produced by phylogenetically classified Groups 1 and 3 Isochrysidales are increasingly used
for paleotemperature and/or paleosalinity reconstructions in oligohaline lakes and marine environments. However, there are
considerable difficulties in the paleoenvironmental interpretation of LCAs from Group 2 Isochrysidales thriving in saline
lakes. The biggest challenge lies in our poor understanding of the complexity and ecological niches of individual Group 2
subclades in saline lakes. Here, we perform comprehensive analysis of haptophyte-specific 18S rRNA sequences and distribu-
tions of LCAs, and long-chain alkenoates (LCEs) in surface sediments and suspended particulate matter (SPM) from 37 saline
lakes in northern China. These lakes span a large salinity gradient from 0.5 to 308%.. Combined with published genomic data
of Group 2 Isochrysidales, our phylogenetic analysis reveals three Group 2 subclades occupying distinct ecological niches: one
ice-related bloomer Group 2i and two warm-season bloomers Groups 2wl and 2w2. Group 2i, the earliest seasonal bloomer,
frequently co-occurs with Group 2wl in sediments from saline lakes with relatively low to intermediate salinity waters,
whereas Group 2w2 blooms in hypersaline waters. Based on existing data, Cs9.4 methyl alkenone is a chemotaxonomic bio-
marker for Group 2i. %C37.4 (relative abundance of Cj7.4 to the total C;; alkenones) values in the three Group subclades fol-
low the order: Group 2i > Group 2w2 > Group 2wl. The %C;7.4 in sediment cores of saline lakes does not directly record past
salinity changes, but instead reflects variable contributions in production by these three subclades. This could indirectly and
partially reflect overall salinity changes in some lakes dominated by Groups 2i and 2w1, but can be more complicated in lakes
dominated by other assemblages. For our sites, we also demonstrate that direct use of Cj; alkenone unsaturation indices
(Ug%, Ug%, and U§(7 ) for paleotemperature reconstructions in saline lakes is generally not feasible, except for cases where
alkenone-producing Isochrysidales are dominated by one single species/subclade and seasonal production effects can be cir-
cumvented. We propose two possible alternative proxies for paleotemperature reconstructions in saline lakes: 1) unsaturation
ratios of C4; and Cy4, alkenones, as these compounds are predominantly produced by a limited number of Group 2 species,
such as Isochrysis nuda (Liao et al., 2020); 2) C33Et/C36OEt ratio (ratio of Csg ethyl alkenones and Cs4 ethyl alkenoates),
which appears to have similar temperature sensitivity for Groups 2wl and 2w2, in lakes with no Group 2i inputs. Our study
provides new insights into the phylogenetic classifications of Group 2 Isochrysidales and their ecological/environmental
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niches, which are fundamental for more quantitative and rigorous applications of LCAs and LCEs in saline lakes as pale-

osalinity and paleotemperature proxies.
© 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Long-chain alkenones (LCAs) are a class of C35-Cy; di-,
tri- and tetra-unsaturated methyl (Me) and ethyl (Et)
ketones, with Cz7 methyl (Cs;Me) and Csg ethyl (CsgEt)
chain lengths appearing as the most common and abundant
alkenones in marine and lake environments (e.g., Brassell
et al., 1986; Zink et al., 2001; Chu et al., 2005; Conte
et al., 2006; Longo et al., 2018). They are exclusively pro-
duced by certain Isochrysidales species within haptophyte
lineages, such as Emiliania huxleyi and Gephyrocapsa ocean-
ica in open marine environments (e.g., Volkman et al.,
1980; Marlowe et al., 1984), non-calcifying Isochrysis
galbana, Ruttnera (Chrysotila) lamellosa, Isochrysis nuda,
and Isochrysis litoralis in saline lakes and/or coastal seas
(e.g., Sun et al., 2007; Nakamura et al., 2014; Zheng
et al., 2016, 2019; Liao et al., 2020), as well as the more
recently discovered (uncultured) species living in fresh and
oligohaline waters (D’Andrea and Huang, 2005;
D’Andrea et al., 2006; Theroux et al., 2010). Numerous lab-
oratory culture and natural sample studies have demon-

strated that Cs; alkenone unsaturation indices (U§(7, U;%,

and U?) have strong correlations with temperatures in cul-
tured Isochrysidales species (e.g., Prahl and Wakeham,
1987; Conte et al., 1998; Sun et al., 2007; Nakamura
et al., 2014; Zheng et al., 2016, 2019; Araie et al., 2018)
and in marine and certain lake environments (e.g., Zink
et al., 2001; Conte et al., 2006; D’Andrea et al., 2011,

2016; Longo et al., 2016). In particular, the U;%H values,
which exclude the di-unsaturated alkenone, strengthen tem-
perature correlations for some non-calcifying Isochrysi-
dales species (Zheng et al., 2016; Liao et al., 2020). These
unsaturation indices have been widely and successfully used
to reconstruct past sea surface temperatures (SST) for more
than 30 years (e.g., Brassell et al., 1986; Prahl and
Wakeham, 1987; Eglinton et al., 1992), and were subse-
quently adapted for application to lake sedimentary records
(e.g., Liu et al., 2006; D’Andrea et al., 2011; He et al., 2013;
Hou et al., 2016; Zhao et al., 2017; Longo et al., 2020).
Following the introduction of 18S rRNA sequencing
methods for Isochrysidales identification in sediment sam-
ples (Coolen et al., 2004), numerous phylogenetic analyses
have revealed that alkenone-producing Isochrysidales are
composed of three phylogenetically distinct groups: Group
1, Group 2, and Group 3 (Theroux et al., 2010; Longo
et al.,, 2016; D’Andrea et al., 2016; Araie et al., 2018;
Plancq et al., 2019; Yao et al., 2019). Group 1 Isochrysi-
dales contain two subclades (Richter et al., 2019): Group
la (formerly ‘“Greenland” subclade; D’Andrea et al.,
2006; Theroux et al., 2010) and Group 1b (formerly “EV”
subclade; Simon et al., 2013; Richter et al., 2019). These

Groups occupy different habitats, with Group 1 occurring
in freshwater/oligohaline lakes (defined here as
salinity < 6%o), Group 2 in brackish/saline lakes (salinity
> 6 %), coastal seas and/or sea ice environments, and
Group 3 in open ocean environments (Longo et al., 2016;
Yao et al., 2020; Wang et al., 2021). In freshwater lakes,
the distinctive Group 1-type LCAs produced by Group 1
Isochrysidales are characterized by the presence of tri-
unsaturated isomers with A'%?'2® (Cs;.5,) double bond
positions (in addition to the common AT142 (Cyy5,) In
Groups 2 and 3 Isochrysidales; Longo et al., 2013, 2016;
Dillon et al., 2016; Zheng et al., 2019). Group 1 LCAs have
great potential for quantitative reconstructions of cold sea-
son temperatures (Longo et al., 2018; Yao et al., 2019) due
to the maximum production of Group 1 LCAs during lake
ice melt and isothermal mixing (D’Andrea et al., 2011,
2016; Longo et al., 2018). In saline lakes, however, the
diversity of Group 2 Isochrysidales hampers the direct use
of alkenones as a paleotemperature proxy (Theroux et al.,
2010; Randlett et al., 2014). Both variable temperature cal-
ibrations for alkenones from different Group 2 species/
strains (e.g., Wang et al., 2015; D’Andrea et al., 2016;
Zheng et al., 2019) and different growth seasons of various
Group 2 genotypes (Zhao et al., 2018; Theroux et al., 2020)
contribute to the difficulty. In fact, two phylogenetically
distinct Group 2 genotypes (OTU 7 or Hap-A and OTU
8 or Hap-B; Theroux et al., 2010; Toney et al., 2012) have
been found to occur in some saline lakes in China and
North America (Theroux et al., 2010). They have different
bloom timings, with OTU 8 (Hap-A) blooming during
spring and OTU 7 (Hap-B) blooming during summer
(Theroux et al., 2020). However, the temperature sensitivi-
ties (i.e., slopes of temperature calibrations) of alkenone
unsaturation indices are similar for Hap-A and Hap-B
based on analysis of suspended particulate matter (SPM)
samples collected over the seasonal cycle (Toney et al.,
2010; Theroux et al., 2020). The seasonality of LCA pro-
duction thus creates additional complexities for quantita-
tive paleotemperature reconstructions using alkenone
unsaturation indices, but may also provide an opportunity
for understanding seasonality signals, as previously demon-
strated by Zhao et al. (2018). The shifts in production of
different season-blooming Group 2 species/subclades and
the resulting changes in %Cj37.4 (abundance of Cs;.4 relative
to the total C;; alkenones) have been interpreted as an
effective proxy for reconstructing winter-spring precipita-
tion, rather than temperature changes, in a sediment core
from Lake Gahai on the Qinghai-Tibetan plateau (Zhao
et al., 2018).

In addition to temperature, the ratios of different alke-
nones also have the potential to provide salinity informa-
tion. Recent studies have demonstrated that the RIKj3;
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(ratio of isomeric ketones of Cs5 chain length) index (Longo
et al., 2016) can be used as a reliable paleosalinity proxy in
oligohaline environments with mixed Groups 1 and 2
Isochrysidales (Kaiser et al., 2019; Yao et al., 2020, 2021;
Huang et al., 2021), due to the gradual transition from
Group 1 to Group 2 with increasing salinity (salinity <
~6 %o; Yao et al., 2020; note that this threshold value
may change slightly as Isochrysidales DNA data from lakes
is continually updated in the future). In saline lakes, %C37.4
index has been proposed as a salinity indicator on the
northern Qinghai-Tibetan Plateau, with higher %C;7.4 cor-
responding to lower salinity (Liu et al., 2008; 2011). How-
ever, it has subsequently been found that there is no
significant relationship between %C5;7.4 and salinity in other
saline lake regions, such as the interior of the United States
(Toney et al., 2010), northwestern China (Song et al., 2016),
Canada (Plancq et al., 2018), and mid-latitude Asia (He
et al., 2020). These observations suggest that the applica-
tions of LCAs as paleosalinity and paleotemperature prox-
ies in saline lakes are likely hampered by a major lack of
fundamental knowledge on the diversity and ecological/en-
vironmental niches of Group 2 clades/subclades.

In this study, we investigate LCA and long-chain
alkenoate (LCE) distributions, as well as their producer
18S rRNA sequences, in surface sediment and SPM sam-
ples collected from 37 saline lakes spanning a wide salinity
range (0.5-308%o0) throughout northern China. We combine
our data with previously published DNA sequences of
Group 2 Isochrysidales (Coolen et al., 2004, 2009;
Theroux et al., 2010; Hou et al., 2014; Araie et al., 2018;
Plancq et al., 2019; Wang et al., 2021) to classify Group 2
subclades phylogenetically. Our main objectives are to 1)
determine environmental controls on the ecological niches
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of different Group 2 subclades; 2) identify chemotaxonomic
signatures of LCAs and LCEs among different Group 2
subclades; 3) disentangle the potential factors influencing
paleotemperature and paleosalinity proxies based on LCAs
and LCE:s in saline lakes.

2. MATERIALS AND METHODS
2.1. Study sites and samples

We collected surface sediment and SPM samples from
37 saline lakes in northern China during the summer of
2017 (Fig. 1). Surface sediments were retrieved using a
grab-type sediment sampler (JSD-KH201), and the
top ~ 2 cm of the sediments (here defined as surface sedi-
ments) were collected and transferred to NASCO Whirl-
Pak bags for LCA and DNA analysis. SPM samples were
filtered through Whatman GF/F filter (0.7 pm)
using ~ 1-12L of lake water for LCA analysis. Another
set of SPM samples was filtered through Millipore
SVGPLI10RC Sterivex-GP filter (0.22 um) and then was
saved in cell lysis buffer for DNA analysis. All collected
samples were kept in a cooler with gel ice packs in the field.
Then the samples for DNA analysis were frozen at —80 °C
in the laboratory, and the samples for LCA analysis were
frozen at —20 °C in the laboratory. Water temperature,
pH, and salinity were measured simultaneously with a
HACH Hydrolab water analyzer in the field. Although
one-time measurements of salinity during the field cam-
paign cannot capture the full-scale seasonal variations in
our study lakes, our measured salinity could still be used
for comparison of saline lakes that span a large salinity
gradient.
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Fig. 1. Topographic map showing the sampling lake sites in northern China. Geographic information data are from the CGIAR Consortium
for Spatial Information (CGIAR-CSI), http://srtm.csi.cgiar.org/SELECTION/inputCoord.asp. The LCA-containing lakes are marked with

red circles and the lakes with no detectable LCAs are marked with black circles.
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2.2. LCA and LCE analysis

All Chinese saline lake samples for LCA and LCE analy-
sis were freeze-dried and extracted by sonication (3 x ) with
dichloromethane (DCM)/methanol (MeOH) (9:1, v/v). The
extracts were purified by column chromatography with silica
gel using n-hexane and dichloromethane (DCM), respec-
tively. The DCM fractions were further purified by column
chromatography with silver thiolate silica (Aponte et al.,
2013; Wang et al., 2019). A sequence of solvents (hexane:
DCM (2 ml, 2:1, v:v), DCM (1 ml), acetone (2 ml)) with
increasing polarity was used to separate compounds. All
LCAs and LCEs were retained in the acetone fractions
(Zhengetal., 2017; Wanget al., 2019). LCAs and LCEs were
then analyzed by an Agilent 7890 N GC system equipped
with a flame ionization detector (FID) and a Restek Rtx-
200 GC column (105 m x 250 pm x 0.25 um) at Brown
University, USA, as described by Zheng et al. (2017). Prior
to the analysis, a known amount of 18-pentatricontanone
was added to each sample as an internal standard for the
quantification of LCAs and LCEs. 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
320 °C (hold 25 min). The carrier gas (H,) was held at a con-
stant flow rate of 1.5 mL/min under the flow pressure
of ~ 38-70 psi. The 14 neutral fraction samples containing
LCAs from the surface sediments of Spanish saline lakes
(Pearson et al., 2008) were reanalyzed using the new GC
method (Zheng et al., 2017). Note that this fraction had been
saponified, which removed LCEs (Pearson et al., 2008).

The U3K7 (Brassell et al., 1986), Ug (Prahl and
Wakeham, 1987), U§(7” (Zheng et al., 2016), C37Me/CsgEt,
%C37.4 (Rosell-Melé, 1998), and %Cs9.4Me are calculated
as follows:

Uy = (Cy72 — C374) /(C372 + Caza + Caza) (1)
U%, = Cs72/(Caza + C313) (2)
UY = C313/(Cy3 + Ci74) (3)
Cy1Me/CssEt = (Cs7.0 + Ci7.3 + C37.4) / (Css2Et
+ Cis3Et + CaguFl) (4)
%C37.4 = (C37.4/(C372 + Ci37.3 + C374)) x 100 (5)
%C39.4Me = (Cy9aMe/(C9oMe + Csg3Me + CrguMe)) x 100
(6)

2.3. 18S rRINA analysis

DNA was extracted from ~ 0.5 g sediment subsamples
from the Chinese saline lakes using the FastDNA SPIN
Kit (MP Biomedicals, OH, USA) according to the manu-
facturer’s instructions. Procedures of extraction, amplifica-
tion, and cloning of DNA followed Yao et al. (2019). The
haptophyte-specific oligonucleotide primers (Prym-429F: 5
" -GCG CGT AAA TTG CCC GAA-3 ' ; Prym-887R: 5’
-GGA ATA CGA GTG CCC CTG AC -3 ') were used
for the amplification of targeted 18S rRNA (Coolen
et al., 2004). A blank control was included in all of the

above steps, which serves as a control for cross-
contamination during the experiments. The DNA experi-
ments were performed at State Key Laboratory of Biogeol-
ogy and Environmental Geology, China University of
Geosciences (Beijing), China.

All obtained DNA sequences were analyzed through
Basic Local Alignment Search Tool (BLAST) queries
against the National Center for Biotechnology Information
(NCBI) database (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
after removal of vector sequences. The operational taxo-
nomic units (OTUs) of all trimmed sequences were deter-
mined using the DOTUR software program (Schloss and
Handelsman, 2005) with a 98% similarity cut-off (Simon
et al., 2013; Yao et al., 2019). Representative sequences
for each OTU were chosen and aligned with reference hap-
tophyte sequences from the GeoBank database for phyloge-
netic tree construction. The neighbor-joining tree was
constructed using the molecular evolutionary genetics anal-
ysis (MEGA) software with 1000 bootstrap replications.
The representative sequences for each OTU in this study
have been deposited in GenBank (Accession numbers:
0OK298476-0K298479).

2.4. Statistical analyses

Based on the genomic data, logistic regressions between
Group 2 subclades and water chemistry parameters were
applied to determine the strength of environmental controls
on the presence and absence of different Group 2 subclades
using MATLAB. Redundancy analysis (RDA) was per-
formed using the Canoco software version 4.5, in order to
investigate environmental controls on the relative abun-
dance of different Group 2 subclades.

2.5. Meteorological data

Monthly temperature data for all sites in this study were
extracted from the WorldClim-Global Climate Database
(http://www.worldclim.org/version2; Fick and Hijmans,
2017) with 30 seconds (~1km?) spatial resolution using
the Senckenberg data extraction tool
(dataportalsenckenberg.de/dataExtractTool).

3. RESULTS
3.1. The 18S rRNA-based Isochrysidales identification

Of the 37 Chinese saline lakes investigated in this study,
surface sediment samples (n = 29) of 29 lakes and SPM
samples (n = 16) of 14 lakes contain detectable LCAs
(Tables S1 and S2). In the corresponding LCA-containing
samples, the Isochrysidales DNA sequences from 15 surface
sediment and 8 SPM samples are recovered using the
haptophyte-specific primers from Coolen et al. (2004)
(Table S3). The samples with no Isochrysidales DNA
amplification may have low abundance of Isochrysidales
DNA compared to the total community DNA and/or have
poor DNA preservation. We identify four OTUs, which are
defined as groups of DNA sequences with more than 98%
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similarity, from all obtained 577 alkenone-producing
Isochrysidales 18S rRNA sequences (Table S3). The two
OTUs are grouped with previously published OTUs 7 and
8 from some saline lakes in China and North America
(Theroux et al., 2010) at 98% similarity cut-off. Two new
OTUs are found in this study, and classified as OTUs 9
and 10. For the sediment samples, the OTUs 7, 8, and 9
are three common Isochrysidales genotypes and occur as
the assemblages of variable proportions (Fig. 2). The
OTU 10 is only found in two lakes (Balikun and Haiyan-
wan), with Balikun predominantly containing the genotype
(76%; Fig. 2). In the lake water samples collected in sum-
mer, we find the occurrence of three OTUs (OTUs 7, 9
and 10), with OTUs 7 and 9 being two common genotypes
(Fig. S1). However, we did not capture OTU 8§ in the sum-
mer lake water samples (Fig. S1).

We reconstructed the neighbor-joining phylogenetic tree
of haptophyte 18S rRNA sequences using the representa-
tive sequences for each OTU along with 97 haptophyte
DNA sequences from the NCBI and next-generation
sequencing (NGS) database (Fig. 3). Our phylogenetic
analysis includes the published 59 Group 2 DNA sequences
from natural samples (3 sediment cores from Ace Lake,
Black Sea, and Kusai Lake (Coolen et al., 2004, 2009;
Hou et al., 2014); 10 surface sediment samples (salinity:
1.67-25.2%0) from saline lakes (Table S4; Theroux et al.,
2010; Plancq et al., 2019); 3 surface sediment samples from
the Canadian Arctic Archipelago and 8 sea ice/water sam-
ples (Wang et al., 2021)) and representative isolated Group
2 species (I. galbana, I litoralis, 1. nuda, R. lamellosa, and
unclassified strain Shl, Sc2 and Dm2 (Araie et al., 2018)
and RCC5486 (Wang et al., 2021)). All of our defined
OTUs 7-10 are affiliated with Group 2 Isochrysidales.
The OTUs 7 and 10 are phylogenetically related to

Bayannaoer 2 (25)
Bayannaoer 1 (28)
Balikun (29)
Xiaochaidan (27)
Chagannaoer (29)
Bayantaohai (30)
Tuosu (30)
Dasugan (28)
Bagenaori (29)
Haiyanwan (22)
Daihai (30)
Qinghai (30)
Hongjiannao (28)
Xiarinaoer (29)
Xiaosugan (26)

0 20 40
Relative abundances of OTUs (%)

I galbana, I litoralis, and I nuda species, but the OTUs 8
and 9 are not closely related to any named Group 2 species.

3.2. LCA and LCE distributions in sediment and SPM
samples

Among the 29 alkenone-containing Chinese lakes (the 8
other lakes surveyed do not contain detectable LCAs in the
surface sediments) and 14 Spanish lakes (Table S1), the two
most abundant chain lengths, C3;Me and CsgEt alkenones,
display significant differences in distributions. C3;Me/CsgEt
ratios varied from 0.09 to 5.9 with a mean value of 1.2 for
sediment samples, and from 0.4 to 11.7 with a mean value
of 2.2 for SPM samples (Tables S1 and S2). %Cs;.4 varied
from 13.6% to 69.3% with a mean value of 39.2% for sedi-
ment samples, and from 12.6% to 56.0% with a mean value
of 32% for SPM samples (Tables S1 and S2). The alkeno-
ates are in significantly lower abundances (~72-98 % lower;
Table S1) than alkenones in all lakes studied. Lake Balikun
and Alahake contain relatively abundant extended chain
length, C4;Me and C4FEt alkenones (Liao et al., 2020).
Among all lakes, five oligohaline lakes (Lake Sayram, Bosi-
teng, Wulungu, Wuliangsuhai, and Aolunnarishi) contain
Cs; tri-unsaturated isomer with A'*?1?® double bond posi-
tions (Cs7.3p), With Cs;.3, abundance higher than Cs;.3
(Table S1), indicating admixture of Group 1 alkenones to
Group 2 (Longo et al., 2016, 2018; Yao et al., 2020;
Huang et al., 2021). Note that the relative abundances of
individual C;3; and Csg alkenones (relative to total Cs;
and Csg alkenones) in 10 oligohaline lakes (including the
five lakes mentioned above; salinity < 5%c¢) have been
reported by Yao et al. (2021) for establishing the lake
RIK37-salinity calibration.

Salinity

60 80 100

Fig. 2. (a) Relative abundances of the defined OTUs 7-10 in surface sediments of saline lakes in northern China. The number of recovered
LCA-producing Isochrysidales DNA sequences from each sample is shown in brackets.
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Fig. 3. Consensus neighbor-joining phylogenetic tree depicting 18S rRNA gene-inferred relatedness of haptophytes. Groups 1 and 3 are
shown collapsed. Bootstrap values greater than 50% are shown at nodes. The OTUs 7-10 in this study are highlighted in red, and the Group 2i
DNA sequences on the phylogenetic tree from Wang et al. (2021) are marked in blue.

4. DISCUSSION

4.1. Refined phylogenetic classifications of Group 2
Isochrysidales

Previous studies have found that there is high genetic
diversity in Group 2 Isochrysidales from saline lake surface
sediments (Theroux et al., 2010; Plancq et al., 2019) and

sediment cores (Coolen et al., 2004; Randlett et al., 2014).
Here we divided Group 2 Isochrysidales into two phyloge-
netically distinct clades based on our phylogenetic tree:
Group 2i (Ice lineage; Wang et al., 2021) and Group 2w
(Warm season lineage) (Fig. 3). They form two distinct
monophyletic groups supported respectively by 83% and
87% bootstrap values (Fig. 3). In our lake water samples
collected in the summer, all recovered DNA sequences are
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exclusively monopolized by Group 2w (Fig. S1), indicating
that the group blooms in the relatively warm season in lake
environments.

Group 2i subclade has been found in high latitude mar-
ine environments that experience seasonal sea ice coverage
and certain saline lakes with seasonal or perennial ice cover
(Wang et al., 2021). The spring-blooming OTU 8§ (or Hap-
A) from Lake George (Theroux et al., 2020) and other pub-
lished saline lakes (e.g., Medicine Lake, Pyramid Lake,
Skoal Lake, and Tso Ur; Theroux et al., 2010) as well as
our investigated lakes is clustered within this monophyletic
clade (Fig. 3). Typically, the published Antarctic Ace Lake
DGGE 3-5 from sediment core (Coolen et al., 2004) and
Canadian saline lake OTUs 6, 8, 15, 16, and 57 from sur-
face sediments (Plancq et al., 2019) also share the common
clade. We infer that the Group 2i commonly blooms in sal-
ine lakes in spring when lake water salinity is relatively low
as a result of increased runoff from snowmelt and low tem-
perature (hence low evaporation) (Zhao et al., 2018;
Theroux et al., 2020).

Our defined Group 2w contains two subclade Groups
2wl and 2w2, and the Group 2w2 occupies a monophyletic
group that branched within the Group 2w with 72% boot-
strap value (Fig. 3). The summer-blooming OTU 7 (or
Hap-B) from Lake George (Theroux et al., 2020) and other
published saline lakes (e.g., Medicine Lake, Pyramid Lake,
Skoal Lake, and Tso Ur; Theroux et al., 2010) as well as
our investigated lakes is clustered within Group 2wl,
whereas our newly found OTU 9 is affiliated with Group
2w2. Typically, the published Antarctic Ace Lake DGGE
1, 2 and 6 from sediment core (Coolen et al., 2004) and
the Canadian saline lake OTUs 9, 13, 29 and 38 from sur-
face sediments (Plancq et al., 2019) fall within the Group
2wl. Group 2w may commonly bloom during the warm
season in lake environments, given that our summer lake
waters also exclusively host the subclade (Fig. S1).

4.2. Chemotaxonomic differences for LCAs in Groups 2i,
2wl, and 2w2 subclades

We present the typical gas chromatograms of LCAs and
LCEs from surface sediments of 6 representative saline
lakes (Hongjiannao, Bagenaori, Xiaosugan, Haiyanwan,
Xiaochaidan, and Bayannaoer) dominated by Groups 2i,
2wl, or 2w2 subclades, respectively (Figs. 2 and 4). The
lakes with different Group 2 subclades, even with the same
subclades, can still show significant differences in LCA pro-
files, such as the relative ratios of C3;;Me and CsgEt alke-
nones (Fig. 4). However, the relative abundance of Cs;4
alkenone shows distinct differences. The lakes with domi-
nant Group 2i display the highest %Cs7.4 (62.6% + 3.2;
n = 2). These are followed in turn by those with the dom-
inant Groups 2w2 (46.1% =+ 4.2; n = 2) and 2wl (20.5%
+ 1.1; n = 2), respectively (Fig. 4). Hongjiannao and Bage-
naori with the dominant Group 2i show a remarkable pre-
dominance of Cs; alkenones over Csg alkenones, with high
abundance of Cj74 alkenone (Fig. 4a and 4b). The abun-
dant Cs7.4 alkenone may, in part, be due to relatively cold
temperatures experienced by the ice-related Group 2i.
Although Xiaosugan and Haiyanwan share the dominant

Group 2w1, they display significant differences in LCA pro-
files (Fig. 4c and 4d). The LCAs from Xiaosugan are dom-
inated by both C;73,Me and Csg3,Et alkenones, with
Css.3,Et being the most abundant (Fig. 4¢), which is similar
to those from most of the Spanish saline lakes (Pearson
et al., 2008). Whereas Haiyanwan features a profile primar-
ily composed of C;7.3,Me alkenone (Fig. 4d), which is very
similar to the LCA distributions from cultured Group 2wl
species I. galbana, I litoralis, and I. nuda (Liao et al., 2020).
Xiaochaidan and Bayannaoer with the dominant Group
2w2 contain almost the same abundances of Cs;.4 and
C37.3, alkenones (Fig. 4e and 4f), with higher Cs7.4 than that
in Group 2wl. However, no isolated Group 2 species are
closely related to Group 2w2 based on our phylogenetic
tree (Fig. 3). Hence our observed high Cs7.4 abundance in
Group 2w2 will require further confirmation from isolated
cultures.

4.3. Environmental controls on presence/absence of Groups
2i, 2wl, and 2w2 subclades

We classify the Group 2 DNA sequences from surface
sediments in our investigated saline lakes and other pub-
lished lakes (Theroux et al., 2010; Plancq et al., 2019) into
the three subclade Groups 2i, 2wl, and 2w2 based on our
phylogenetic tree (Fig. 3; Table S4). Of the 25 lakes, 13
lakes contain the assemblage of Groups 2i and 2wl, 4 lakes
contain the assemblage of Groups 2i and 2w2 (lower DNA
abundances of Group 2i in higher salinity environments), 6
lakes contain only one subclade, and two lakes contain a
main assemblage of Groups 2wl and 2w2 (Table S4). Note
that previously published saline lakes only contain the
assemblage of Groups 2i and 2wl in the relatively small
salinity range of 1.7-25.2%0 (Table S4; Theroux et al.,
2010; Plancq et al., 2019).

Combined with available water chemistry data (major
cations and anions) from these corresponding lakes
(Table S4; Wang and Dou, 1998; Galat et al., 1981; Sun
et al., 2007, Zhang et al., 2009, 2015; Wu et al., 2010;
Toney et al., 2012; Yang et al., 2013; Plancq et al., 2018,
2019), we performed an RDA using the relative abundances
of three subclades and environmental parameters (Fig. 5).
The RDA axes 1 and 2 together explain 76.1% of the vari-
ance in three subclades and 99.8% of the relationships
between three subclades and environmental parameters.
Axis 1 accounts for 59.3% of three subclade variances,
and Group 2w2 is positively correlated with salinity and
CI'. Group 2wl appears to have more preference for K
and sulfate. Interestingly, Group 2i is positively correlated
with abundances of Ca®", Mg*", and HCOj3, probably
due to increased supply of these ions derived from weather-
ing and erosion of carbonate minerals (e.g., calcite (CaCOs)
and dolomite (CaMg(COs3),) from the melt water inputs
during the spring season (Romero-Mujalli et al., 2018).
However, a number of potential factors (e.g., primer
annealing quality, suitability/specificity of primers, and
competition from other eukaryotes in lakes) can influence
the recovery of the targeted DNA sequences (e.g., Coolen
et al., 2004; Plancq et al., 2019; Yao et al., 2019). More
quantitative genomic studies across the entire seasonal cycle



Y. Yao et al./ Geochimica et Cosmochimica Acta 317 (2022) 472-487 479

43 4| 52

T

()

(d)

Relative Intensity

C,Me
a 37
C) e
3a
C,,OFt Gl
C,OMe 1 , . 3 |

Group 2i (100%)
Hongjiannao
MAAT: 6.5 C
Salinity: 5.4 %o
%C,, ... 60.3%

C,Me
I 4 3a
AN

Group 2i (97%)
Bagenaori
MAAT: 2.1 C
Salinity: 15.5 %o
%C,,,: 64.8%

AN

Group 2w1 (96%)
Xiaosugan
MAAT: 0.9 C
Salinity: 2.6 %o
%C,,.,: 19.7%

MAMULJLA—.,NM

Group 2w1 (100%)
Haiyanwan

MAAT: -0.5 C
Salinity: 11.6 %o
%C,,.,: 21.2%

Group 2w2 (100%)
Xiaochaidan
MAAT: 0.4 'C
Salinity: 60 %o
%C,, . 49.1%

N

Group 2w2 (100%)
Bayannaoer 1
MAAT: 2.1 C
Salinity: 156 %o
%C,,  43.1%

Retention Time

Fig. 4. Partial gas chromatograms showing typical distributions of LCAs and LCEs in surface sediments of Chinese saline lakes with

dominant Groups 2i, 2wl, and 2w2 subclades.

are needed to better define environmental controls on the
relative abundances of the three Group 2 subclades.

To further assess the environmental controls on the
presence/absence of Groups 2i, 2wl and 2w2, we performed
logistic regressions between the categorical presence/ab-
sence of three subclades and lake water chemistry parame-
ters using the reviewed dataset (Table S4). We define the
water chemistry parameters as relatively significant factors
when both p values of regression coefficients (B1 and B2)
for each water chemistry factor are less than 0.5
(Table S5). The presence/absence probability of Groups
2i, 2wl and 2w2 appears to be influenced by a combination
of salinity, Na™, CI', Cco7, especially salinity with the high-
est statistical significance as indicated by the lowest p values
(Table S5). Groups 2i and 2wl prefer to occur in the envi-
ronmental conditions with relatively low salinity and low

abundances of Na™, CI" and CO%", and Group 2i has higher
probability of presence than Group 2wl (Fig. 6). In con-
trast, Group 2w2 tends to occur in relatively high salinity
conditions with abundant Na™, CI" and CO3 (Fig. 6). Cul-
ture experiments using isolated species/strain of different
Group 2 subclades would help to further constrain their
salinity tolerance and preference for various cations and
anions.

Together, Groups 2i, 2wl and 2w2 subclades appear to
occupy different ecological niches (Fig. 7). The Group 2i
blooms the earliest in the spring. It frequently co-occurs
with warm season blooming Group 2wl in sediments from
lakes with low to intermediate salinity levels. Whereas
another warm season blooming Group 2w2 is well adapted
to hypersaline lakes (defined here as salinity > ~50%o)
(Fig. 6d and 7).
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4.4. Constraints on the application of %Cj37.4 as a salinity teau has led to the proposal that %Cs7.4 could be used as a
proxy salinity proxy on a regional scale (Table S6; Liu et al., 2008;
2011). However, culture experiments show that %Cjs7.4 is

The observed negative correlations between %Cs7.4 and positively correlated with salinity for I galbana and R.
salinity in saline lakes of the northern Qinghai-Tibetan Pla- lamellosa (Ono et al., 2012; Chivall et al., 2014; M’Boule
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Fig. 7. Conceptual figure showing the ecological/environmental niches and alkenone characteristics of Group 2 subclades.

et al., 2014), or little influenced by salinity for Group 2i
strain RCC5486 within the salinity range of ~ 10 to 40%o
(Wang et al., 2021). The influence of salinity on %Cs7.4 in
certain regional saline lakes can be attributed to shifts in
proportion of alkenones produced by different Group 2
species/clades during different seasons.

In saline lakes with moderate salinity (< ~30%o; exclud-
ing freshwater and oligohaline lakes with occurrence of
Group 1 Isochrysidales), Groups 2i and 2wl frequently
co-occur with each other (Table S4) and have a higher like-
lihood of presence than Group 2w2 (Fig. 6d). Given the
high C37.4 abundance of Group 2i (Fig. 4), the negative cor-
relation between %Cj7.4 and salinity in saline lakes of the
northern Qinghai-Tibetan Plateau, especially within the
salinity range of < ~30%o (Liu et al., 2008; 2011), can be
mainly attributed to a decreased relative contribution of
Group 2i (relative to Group 2w1) with increasing salinity.
Many saline lakes have much lower salinity in the spring
season due to snow melt, increased runoff and low temper-
ature (low evaporation). For example, Lake George salinity
in early spring is only ~ 1/7 of the peak summer salinity
(Theroux et al., 2020). Therefore, higher %Cs7.4 resulting
from a higher proportion of alkenones produced by Group
2i may fortuitously correlate with an overall lower average
lake salinity (which, unfortunately, is rarely accurately
monitored over the entire seasonal cycle). Such correlation
may depend on regional winter-spring precipitation and
snowmelt input to certain saline lakes with a predominance
of Groups 2i and 2wl. For example, in a sediment core
from Lake Gahai on the Qinghai-Tibetan plateau, %Cs7.4
shows a strong positive correlation with regional winter-
spring precipitation during the instrumental period, and
has been used to reconstruct winter-spring precipitation
during the past millennium (Zhao et al., 2018). Such a cor-
relation has been interpreted as the result of an increased
contribution of alkenones from Group 2i, when enhanced

winter-spring precipitation leads to a greater salinity
decrease and higher nutrient flux to Lake Gahai (Zhao
et al., 2018). Further studies on sediment records using
the combination of genomic and organic geochemical anal-
yses may provide a better understanding of the applicability
of %Cj37.4 in similar environmental settings.

In saline lakes with relatively high salinity (~30%o), the
likelihood of Group 2w2 dominance gradually increases
(> ~0.6; Fig. 6d), indicating that Group 2w2 would likely
outcompete Groups 2i and 2w1. Given that Group 2w2 also
contains relatively high Cs;4 abundance (Fig. 4), an
increased contribution of Group 2w2 would increase %
Cs37.4 in lake sediments as salinity continues to rise. This
is opposite to the trend observed in the relatively low-to-
intermediate salinity lakes of the northern Qinghai-
Tibetan Plateau (Liu et al., 2008; 2011). The enhanced
C37.4 alkenone has been observed in hypersaline environ-
ments from Mediterranean solar salterns (Lopez et al.,
2005) and Lake Gahai (Zhao et al., 2018). He et al.
(2020) have recently shown that %Cs;.4 values generally
decrease as salinity increases, but increase again when salin-
ity is higher than ~ 50%o in mid-latitude Asia. They inter-
preted the observed high Cs;4 abundance in the
hypersaline lakes to result from the contribution of spring
LCA production, as spring meltwater could lead to a signif-
icant decrease in lake water salinity, especially in shallow
(and small) lakes (He et al., 2020). Our statistical analyses
of DNA data, however, indicate that the spring-blooming
Group 2i has a very low likelihood of presence (< ~0.2)
in such hypersaline lakes (Fig. 6d). Therefore, in high salin-
ity lakes, input of alkenones from Group 2w2 could further
complicate the relationship between %Cs;.4 and salinity.
Specifically, %Cs37.4 would increase with increasing salinity
as Group 2w2 contribution increases in high salinity waters.
Thus, in lakes where alkenones are primarily produced by
Group 2wl and 2w2 Isochrysidales, the correlation between
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%C57.4 and salinity may have the opposite trend to that in
lakes where alkenones are primarily produced by Group 2i
and 2wl Isochrysidales.

4.5. Chemotaxonomic biomarker for the ice-related Group 2i

We carefully compared the LCA and LCE distributions
in surface sediments from 6 representative saline lakes,
where one of the Groups 2i, 2wl, and 2w2 subclades is
the dominate alkenone producer (Fig. 4). The lakes with
the dominant Groups 2wl and 2w2 do not contain Csg4
methyl (Cs9.4Me) alkenone, whereas the lakes with the
dominant Group 2i contain this compound (Fig. 4). Over-
all, %Cs9.4Me values synchronously increase with increas-
ing relative abundance of Group 2i DNA sequences in
the surface sediments of our study lakes (Fig. 8a), indicat-
ing that a greater contribution from Group 2i leads to
higher abundance of C;94Me alkenone in the sediments.
Importantly, the cultured Group 2i strain RCC5486
(Wang et al., 2021) also produces the abundant Czg.4Me
(Fig. 8b). In contrast, other Group 2w species (including
I galbana, I. litoralis, I. nuda, R. lamellosa, and unclassified

strain Sh1l, Sc2 and Dm?2 isolated from Canadian saline
lakes; Fig. 3) have not been observed to produce Cso.4Me
alkenone, even in relatively cold temperatures (4-10 °C)
(Fig. 8b, Table S7; Nakamura et al., 2014; Araie et al.,
2018; Zheng et al., 2019; Liao et al., 2020), with the excep-
tion of two data from I. nuda at 4 °C and I litoralis at 15 °C
producing trace amounts of Czg.4Me (Table S7; Liao et al.,
2020). The Cs94Me alkenone may thus be produced pre-
dominantly by Group 2i in saline lake environments. There-
fore, we propose that C39.4Me alkenone could be used as an
indicator for the contribution of Group 2i. Higher %
C39.4Me values may reflect a greater input of a spring (or
relatively cold season) temperature signal derived from
the Group 2i in lake sediments.

4.6. Potential summer temperature proxy based on the ratio
of alkenones and alkenoates

We compiled the previously published UX Ug, and

37
Ugl datasets from 11 cultured Group 2 species/strains
(Table S8; Sun et al., 2007; Nakamura et al., 2014; Araie
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et al., 2018; Zheng et al., 2019; Liao et al., 2020), SPM sam-
ples of Lake George and Lake Qinghai (Table S9; Toney
et al., 2010; Wang and Liu, 2013), and surface sediment
samples of globally distributed saline lakes (Table S10;
Chu et al., 2005; Pearson et al., 2008; Toney et al., 2010;
Liu et al., 2011; Zhao et al.,, 2014; Song et al., 2016;
Plancq et al., 2018; He et al., 2020). The U, U?;, and

U'3(7” values of each cultured Group 2 species/strain are sig-
nificantly correlated with growth temperatures, but the y-
intercepts and/or slopes for these temperature calibrations
are highly variable (y-intercept: —1.077— —0.158 for U3K7,
—0.599 ~0.0419 for UX, —0.08 —0.584 for UX ; slope:
0.0195-0.0473 for UL, 0.0016-0.0377 for U?;, 0.014 —
0.042 for Ug/ ; Figs. S2a-2c; Table S11). This indicates that
different Group 2 species, even strains, have very different
physiological responses to temperature variations. How-
ever, there are no relationships between U}, (U}, and
U'3<7”) values and temperatures for all compiled SPM and
surface sediment samples of global saline lakes, although
the linear correlation between U?7 and in situ water tem-

peratures is better than U}, and U3K7I for SPM samples from
Lake George (Figs. S2d-2i).
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We find that CsgEt/C3cOEt values of our SPM samples
are significantly correlated with in situ water temperatures
(Fig. 9b). In our compiled dataset from cultured Group 2
species (Table S8), CsgEt/C340Et values of two common
species R. lamellosa and I galbana also display similar
behaviors in their physiological response to temperatures
(Fig. 9a), and all Group 2 species show overall increase in
CagEt/C340Et with increasing temperature (Fig. S3). For
the surface sediments that integrate different seasonal pro-
duction of LCAs and LCEs, the presence of Csq.4Me alke-
none indicates that the spring (or relatively cold season)
temperature signal derived from Group 2i overprints the
LCA and LCE signatures. After excluding the samples with
Cs9.4Me, Cs3Et/C36OFEt values are correlated with both
MAAT and mean summer air temperatures (MSAT)
(Fig. 9c and 9d). Importantly, the correlation coefficient
(R% = 0.731) of C33Et/C3OEt with MSAT is stronger than
that (R*> = 0.414) with MAAT, indicating that CssEt/
C;360OEt better reflects the summer temperature signal
derived from Group 2w blooming in the relatively warm
season.

Therefore, we provide one potential solution for disen-
tangling mixed inputs from Group 2 subclades in sediment
records. The presence of Cio4Me alkenone in lake sedi-
ments would indicate that alkenone-inferred temperatures
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Fig. 9. C33Et/C360Et vs. temperatures from (a) cultured Group 2 species (Table S9; Nakamura et al., 2014; Zheng et al., 2019; Liao et al.,
2020), (b) SPM and (c and d) surface sediment samples of Chinese saline lakes in this study. The surface sediment samples that contain
alkenone isomers from mixed Group 1/2 Isochrysidales are not used for this analysis.
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contain the imprint of spring season temperature signal
derived from Group 2i Isochrysidales. Group 2i is com-
monly found in association with Group 2wl Isochrysidales
which blooms during the summer. The mixed alkenone pro-
duction by Group 2i and 2wl complicates the interpreta-
tion of inferred temperatures for two reasons: 1) the two
subclades bloom during different seasons and experience
different growth temperatures (i.e., Group 2i experiences
lower growth temperatures than 2wl); and 2) they yield dif-
ferent alkenone profiles and have large differences in tem-
perature calibrations (Figs. S2a-2¢). However, if the
sample does not contain Czy9.4Me (suggesting an absence
of Group 2i contribution), summer temperatures could be
reconstructed using CsgEt/C3cOEt.

Alternatively, unsaturation ratios of extended C4 Me
and C4,Et alkenones have recently been proposed as a sum-
mer/warm season temperature proxy in certain hypersaline
lakes (Liao et al., 2020). Systematic analyses of Isochrysi-
dales cultures demonstrate that common Group 2 species
(L galbana, I litoralis, I. nuda, and R. lamellosa) can all pro-
duce variable amounts of these extended alkenones. How-
ever, the amounts of C4Me and C4Et alkenones
produced by different Group 2 species are highly variable,
with I nuda producing 400 to 600% higher amounts than
other species. It is possible that extended C4Me and
C4,Et alkenones are mostly produced by a limited number
of warm season Group 2 species in saline lakes, particularly
those that are more adapted to relatively high salinity
waters (Liao et al., 2020). Thus, the use of unsaturation
ratios of C4;Me and Cy,Et alkenones for paleotemperature
reconstructions could reduce the impact of the species mix-
ing problem in saline lakes (Liao et al., 2020). For example,
C4Me and CyEt inferred temperatures using surface sedi-
ments from Lake Balikun and Alahake match closely with
instrumental summer season temperatures (Liao et al.,
2020), but Cj; alkenone-inferred temperatures are up to
18 °C colder. Therefore, if present in sufficient abundance
in sediments, C4;Me and C4Et alkenones are potentially
excellent candidates for reconstructing past warm season
temperatures.

5. CONCLUSIONS

In this study, we combine genomic, ecological and lipid
biomarker data to examine the underlying environmental
controls on LCAs and LCEs in saline lakes spanning a wide
range of salinity (0.5-308%0). We classify Group 2
Isochrysidales into three subclades: one ice-related Group
2i and two warm season-blooming Groups 2wl and 2w2.
Groups 2i and 2w flourish in relatively low to intermediate
salinity waters, whereas Group 2w?2 thrives in hypersaline
waters. We show that %Cs7.4 in saline lake sediments can-
not simply be used as a salinity proxy without taking into
consideration the assemblages of different Group 2 sub-
clades. Group 2i produces the highest relative abundance
of Cj7.4 alkenone, followed in turn by Groups 2w2 and
2w1 respectively. Depending on winter-spring precipitation
and snowmelt input, %C37.4 may occasionally record over-
all salinity changes (with higher %Cs;.4 corresponding to
lower salinity) in saline lakes with a dominance of Groups

2i and 2wl. However, in saline lakes where Group 2i is
absent, the relationship between %Cs7.4 and salinity can
be more complicated. For example, higher %C37.4 may cor-
respond to higher salinity in lakes with a dominance of
Group 2wl and 2w2.

Based on our compiled data, Cs9.4Me alkenone appears
to be a chemotaxonomic biomarker for Group 2i. The pres-
ence of Cz9.4Me alkenone in lake sediments indicates a pos-
sible influence of spring (or relatively cold season)
temperature signal derived from Group 2i. When sediment
samples containing Czg.4Me are excluded in the lakes stud-
ied, the CsgEt/C340FEt from surface sediments correlates
strongly to summer temperatures. We propose that
C3gEt/C360Et could be used to reconstruct past summer
temperature changes in samples that do not contain
Cs9.4Me alkenone. Alternatively, if C4; and C4, alkenones
are present in sufficient abundance for accurate measure-
ments, unsaturation ratios of C4; and Cy4, alkenones could
be used for summer temperature reconstructions in saline
lakes, as only a limited number of Group 2w species (such
as I. nuda) are known to produce large quantities of these
extended alkenones (Liao et al., 2020).
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