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A B S T R A C T   

The percentage of C37:4 alkenone relative to total C37 alkenones (C37:4%) in northern high-latitude ocean waters 
and surface sediments, which can be up to 77%, has been recently found to correlate strongly with annual mean 
sea ice coverage. Genomic data and culture experiments suggest these high percentage of C37:4 alkenones may be 
mainly attributed to the production by Group 2i Isochrysidales, because the cosmopolitan Isochrysidales, Emi-
liania huxleyi (recently renamed to Gephyrocapsa huxleyi) typically does not produce significant amount of C37:4 
alkenone in laboratory cultures. However, the presence of significant amounts of C38 methyl alkenones in high- 
latitude ocean sediments and suspended particulate samples suggests possible contributions from G. huxleyi as 
well. Here we performed the first culture experiments on G. huxleyi strain NIES3366 from the Chukchi Sea. This 
strain was isolated from the coldest and highest latitude ocean waters known for G. huxleyi strains so far. 
NIES1312 from the Bering Sea was also cultured under identical conditions for comparison. We show that, in f/2 
growth media, NIES3366 was capable of producing unusually large amounts of C37:4 alkenone reaching 12.8% at 
12 ◦C and up to 20% between 6 ◦C and 9 ◦C. In comparison, NIES1312 only produced 3.6% C37:4 at 12 ◦C. Our 
results suggest that Arctic strains of G. huxleyi may have also contribute to the inventory of the high-C37:4 
alkenone profile in northern high-latitude oceans. Importantly, however, when NIES3366 was grown in 10 times 
lower nutrient (f/20) at 12 ◦C, the C37:4% decreased by ~ 50% (to 6%), indicating a strong impact of nutrients on 
the production of C37:4 alkenone. In contrast, salinity levels had a negligible impact on the percentage of C37:4 for 
both strains, indicating an absence of a physiological effect of salinity. We also demonstrate that at low tem-
peratures, tetra-unsaturated alkenones must be included for calculating unsaturation indices to achieve strong 
linear correlation with temperatures for NIES3366, a feature contrary to other G. huxleyi strains isolated from 
mid- and low- latitude oceans. Our findings provide a refined mechanistic explanation for the application of 
alkenone C37:4% as a quantitative sea ice proxy in high-latitude oceans.   

1. Introduction 

Alkenones are polyunsaturated long-chain ketones produced by the 
Isochrysidales, an order of haptophyte algae. For nearly 40 years, 
unsaturation ratios based on the linear correlation between temperature 
and degrees of unsaturation of C37 methyl (C37Me) alkenones have been 
widely used for paleo-sea and lake surface temperature (SST) re-
constructions (Brassell et al., 1986, 2004; Prahl and Wakeham, 1987; 
Rosell-Melé and Comes, 1999; Bendle and Rosell-Melé, 2007; Randlett 
et al., 2014; Longo et al., 2020). Isochrysidales has been classified 
phylogenetically into three different groups (Theroux et al., 2010; Longo 

et al., 2016; Wang et al., 2021; Yao et al., 2022), with salinity being the 
key environmental variable separating their habitats. Group 1 occurs in 
fresh and oligohaline waters with elevated pH, Group 3 in open ocean 
with a narrow salinity range, whereas Group 2 has a wide salinity range 
in saline lakes and marginal oceans (Longo et al., 2016; Yao et al., 2019, 
2022). Alkenone distributions produced by the three groups of Iso-
chrysidales differ significantly (Zheng et al., 2019), with one distinct 
feature that Group 3 species generally do not produce significant 
amounts of tetra-unsaturated alkenones (Prahl and Wakeham, 1987; 
Conte et al., 1998; Bendif et al., 2019; Zheng et al., 2019). Here the 
Group 3 species include Gephyrocapsa oceanica and Emiliania huxleyi, 
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with the latter being recently renamed to Gephyrocapsa huxleyi or 
G. huxleyi (Bendif et al., 2019). 

However, sedimentary alkenones in northern high-latitude oceans 
often display unusually high relative abundance of C37:4 and major de-
viations of UK′

37-inferred temperatures from annual mean SSTs (Rosell- 
Melé, 1998; Rosell-Melé and Comes, 1999; Bendle and Rosell-Melé, 
2004; Prahl et al., 2010; Rosell-Melé et al. 2011; Méheust et al., 2013; 
Filippova et al., 2016; Tierney and Tingley, 2018; Max et al., 2020). For 
example, samples from the northern Japan Sea (Ishiwatari et al., 2001), 
Okhotsk Sea (Harada et al., 2008), Bering Sea (Harada et al., 2003), 
Nordic Sea (Bendle and Rosell-Melé, 2004; Bendle et al., 2005) show 
unusually high abundances of the C37:4 alkenone, ranging from 20% to 
77% of total C37 alkenones. Such high C37:4 alkenone abundances are 
generally absent in waters and sediments from mid- to low- latitude 
ocean areas or from culture samples of Gephyrocapsa huxleyi and 
Gephyrocapsa oceanica (Prahl and Wakeham, 1987; Conte et al., 1998; 
Müller et al., 1998). 

Literature explanations for the unusually high C37:4 alkenone profiles 
observed in high-latitude ocean areas have been vague and sometimes 
contradictory: e.g., physiological response of G. huxleyi to varied salin-
ities/nutrient regimes (Rosell-Melé, 1998; Bendle et al., 2005), existence 
of other unidentified alkenone producers (Bendle et al., 2005), and 
oceanic advection of alkenones (Rosell-Melé and Comes, 1999; Fili-
ppova et al., 2016). In particular, empirical correlations between sea 
surface salinity (SSS) and C37:4% (lower SSS correlates with higher 
C37:4%) have been observed in the Nordic and Bering Seas in both water 
column samples and sediments (Rosell-Melé, 1998; Sicre et al., 2002; 
Sikes and Sicre, 2002; Harada et al., 2003, 2012; Bendle and Rosell- 
Melé, 2004; Bendle et al., 2005). However, physiological effects of 
salinity on the production of C37:4 have not been supported by culture 
experiments (Conte et al., 1998; Zheng et al., 2019). 

Recently, Wang et al. (2021) recovered abundant DNA sequences of 
one type of Group 2 Isochrysidales (named 2i, with i referring to ice) in 
seawater, sea ice and sediment samples from Arctic regions (Wang et al., 
2021). They are also found in ice-covered coastal regions such as the 
Baltic Sea (Enberg et al., 2018; Kaiser et al., 2019) and in saline lakes 
that experience seasonal or perennial ice cover (Jaraula et al., 2010; 
Plancq et al., 2019; Wang et al., 2021; Yao et al., 2022). Seasonal time 
series samples of Group 2i Isochrysidales show a bloom in spring season 
soon after ice melt in Lake George, North Dakota (Theroux et al., 2020), 
suggesting Group 2i may be well adapted to grow in low temperature 
aquatic environments with at least seasonal ice cover. Importantly, a 
cultured Group 2i strain (Roscoff collection number 5486) was isolated 
directly from sea ice producing ~ 80% C37:4 at 3 ◦C, with the C37:4% 
insensitive to salinity changes (Wang et al., 2021), as well as tempera-
ture changes (Liao and Huang, 2022). Thus, Group 2i Isochrysidales may 
be primarily responsible for the unusually high C37:4 alkenone observed 
in high-latitude oceans. In fact, Wang et al. (2021) found a strong cor-
relation between C37:4% in surface sediments and water column par-
ticulate samples and sea ice concentrations, and proposed that C37:4% 
can be used as a quantitative proxy for past sea ice coverage. 

The proposed Group 2i production of high amount of the C37:4 
alkenone in northern high-latitude oceans, however, cannot satisfacto-
rily explain the presence of significant amount of C38 methyl ketones 
(C38Me) in the samples (Wang et al., 2021), as Group 2 Isochrysidales 
generally produce little C38Me (Zheng et al., 2019). Is it possible that the 
high abundance of C37:4 alkenone in northern high-latitude oceans is 
produced, at least partially, by G. huxleyi which make abundant C38Me 
(Prahl and Wakeham, 1987; Conte et al., 1998; Zheng et al., 2019)? Are 
there certain strains of G. huxleyi, particularly those isolated from high- 
latitude oceans, that can produce relatively large amounts of C37:4 at low 
temperatures? So far, the highest C37:4% produced by cultured G. huxleyi 
is from strain B92/21 isolated from subarctic Norwegian fjord: ~ 10% at 
6 ◦C (Conte et al., 1998; Zheng et al., 2019). This number is, however, 
still much lower than many samples found in the Nordic and Bering seas, 

and hence could not properly explain the unusually high C37:4% 
observed in northern high-latitude oceans. 

This research is motivated by the availability of a Chukchi Sea strain 
of G. huxleyi, NIES3366 (Saruwatari et al., 2016). This strain was iso-
lated from the coldest ocean site (shipboard temperature 5.73 ◦C at the 
time of sampling) ever for G. huxleyi and the only one from the Arctic 
Ocean at 70.6 ◦N latitude (Saruwatari et al., 2016). Our objective was to 
determine the maximum C37:4% that can be produced by this strain, 
especially at low temperatures. Another strain of G. huxleyi NIES1312 
isolated from Bering Sea at 56.0◦N latitude was grown in parallel for 
comparison, so that we could better examine the strain-to-strain dif-
ferences in alkenone profiles under identical growth conditions. To 
better understand how different environmental variables may affect 
C37:4% production, we also grew NIES3366 and NIES1312 at two levels 
of nutrients (f/2 and f/20) and three different salinities (21, 26, 31 parts 
per thousand (ppt, or g/kg)). Notably, this is the first time that the effect 
of salinity on C37:4% was experimentally tested for G. huxleyi, probably 
because most of the cultured G. huxleyi strains in the past simply did not 
make significant amounts of C37:4 alkenone for such experimental 
comparison. 

2. Materials and methods 

2.1. Culture experiments 

Gephyrocapsa huxleyi (G. huxleyi) strains NIES1312 isolated from 
Bering Sea (56.0◦N, 170.0◦W, isolated in October 2002, monthly SST for 
October was 7.25 ◦C based on 2001 World Ocean Atlas data, Stephens 
and Levitus, 2002) and NIES3366 isolated from Chukchi Sea (70.6◦N, 
168.0◦W, isolated during R/V MIRAI Arctic Ocean research cruise in 
October 2010, shipboard temperature during isolation was at 5.73 ◦C) 
were purchased from the National Institute for Environmental Studies 
(Japan) (Saruwatari et al., 2016). At the sampling location for 
NIES3366, the annual mean SST is 0.58 ◦C with average June, July, 
August, September and October SSTs of 0.83, 3.59, 4.73, 3.44, 1.54 ◦C, 
respectively (2001 World Ocean Atlas data, Stephens and Levitus, 
2002). The region is covered by sea ice from November to June, and has 
an average ice cover of 79% in 2010 (NOAA/NSIDC Climate Data Re-
cord of Passive Microwave Sea Ice Concentration, Version 3, spatial 
resolution of 25 km × 25 km; Peng et al., 2013). In contrast, at the 
sampling location for NIES1312, the annual mean SST was 5.16 ◦C with 
average June, July, August, September and October SSTs of 5.58, 7.91, 
8.96, 8.56, 7.25 ◦C, respectively (2001 World Ocean Atlas data; Ste-
phens and Levitus, 2002). The region was ice-free in 2002 when this 
strain was collected (NOAA/NSIDC Climate Data Record of Passive 
Microwave Sea Ice Concentration, Version 3, spatial resolution of 25 km 
× 25 km; Peng et al., 2013). 

Culture growth conditions and harvest procedures followed those 
reported in Liao et al. (2020). All species/strains were acclimatized for 
two weeks before the start of corresponding culture experiments with f/ 
2 (or f/20) medium (Guillard, 1975), which was prepared from seawater 
collected from Vineyard Sound, Woods Hole, MA, USA at a salinity of 31 
ppt (filtered using 0.2 μm Whatman nylon membrane filter and then 
autoclaved). To study the influence of temperature on alkenone profiles, 
G. huxleyi NIES1312 was cultured at 9, 12, 15, 18, 21 ◦C at 31 ppt, while 
G. huxleyi NIES3366 was cultured at 0, 3, 6, 9, 12, 15, 18, 21 ◦C at 31 
ppt. For both strains, only one culture experiment was performed at each 
temperature with no replication because the effect of temperature on 
alkenone profiles has been shown to be consistent and reproducible over 
a broad range of temperatures (Conte et al., 1998; Zheng et al., 2016, 
2019; Liao et al., 2020). Because the effect of salinity on alkenone 
profiles in Isochrysidales species is generally very small (e.g., Chivall 
et al., 2014; Liao and Huang, 2022), culture experiments of G. huxleyi 
NIES3366 and NIES1312 at 21, 26, 31 ppt salinity levels and 12 ◦C 
temperature were performed in triplicate. 

To study the influence of nutrient concentration on alkenone 
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profiles, culture experiments of G. huxleyi NIES1312 and NIES3366 at 
12 ◦C with f/20 medium were also performed in triplicate. 12 ◦C was 
selected as the temperature for salinity and nutrient studies as this is the 
temperature where both strains show relatively fast growth and 
NIES3366 shows high C37:4% (~ 13%). We did not observe growth for 
either G. huxleyi strain at 12 ◦C when the salinity was lower than 21 ppt 
(i.e., 6 and 15 ppt) or higher than 31 ppt (i.e., 35 ppt) and the strain 
NIES1312 when the temperature was lower than 9 ◦C at 31 ppt (i.e., 3 ◦C 
and 6 ◦C). The culture experiment for G. huxleyi NIES3366 at 0 ◦C was 
performed using a self-made ice bath device, as also used in the culture 
experiments of Group 2i RCC5486 at 0 ◦C (Liao and Huang, 2022). 
Cultures were grown under a light:dark cycle set at 16:8h. The light 
intensity was 17 μmol m−2 s−1 as both G. huxleyi strains prefer low 
growth light intensities. All cultures experiments were performed in 165 
mL of culture medium. 

Cultures were harvested at early stationary phase (monitored using 
hemocytometer counts (Hausser Scientific, PA, USA)) by filtering onto 
0.7 μm glass fiber filters (Merck Millipore, MA, USA). All filters were 
wrapped in aluminum foil and immediately frozen at –20 ◦C for further 
extraction and analysis (Zheng et al., 2016; Liao et al., 2020, 2021, 
2022). 

2.2. Analysis of alkenones 

Analysis of culture samples followed the same procedure reported in 
Liao et al., 2020, 2021. Filters of culture samples were freeze-dried 
overnight and then sonicated three times with dichloromethane (20 
mL DCM, 3 × 30 min) for lipid extractions. Total extracts of culture 
samples were divided into three fractions using silica gel (230–400 
mesh, 40–63 μm) in glass pipettes, and eluted with hexane, DCM and 
methanol. Alkenones were in the DCM fraction. 

DCM fractions were then analyzed on GC-FID (Gas chromatography- 
flame ionization detection) (Agilent 7890B) and GC–EI-MS (Gas chro-
matography–electron ionization-mass spectrometry) (Agilent 7890B 
interfaced to a 5977 Inert Plus MSD) equipped with an RTX-200 column 
(105 m × 250 μm × 0.25 μm) (Zheng et al., 2017). For the analysis by 
GC-FID, the carrier gas was hydrogen. Samples were injected under 
pulsed splitless mode at 320 ◦C. The initial pulse pressure was 35 psi for 
the first 1 min. Then the purge flow to split vent was 35.0 mL min−1 at 
1.1 min. The flow rate (constant flow mode) was 1.5 mL min−1. The 
initial oven temperature was 50 ◦C for 2 min, then increased to 255 ◦C at 
20 ◦C min−1, then increased to 320 ◦C at 3 ◦C min−1 and held for 35 min. 
For the analysis by GC–EI-MS, samples were injected under pulsed 
splitless mode at 320 ◦C. The initial pulse pressure was 35 psi for the first 
0.5 min. The purge flow to split vent was 50 mL min−1 at 1.1 min. The 
flow rate (constant flow mode) was 1.6 mL min−1. The initial oven 
temperature was 40 ◦C for 1 min, then increased to 255 ◦C at 20 ◦C 
min−1, then increased to 315 ◦C at 3 ◦C min−1 and held for 35 min. 
Samples were analyzed in full-scan mode. The source temperature was 
230 ◦C. The electron ionization energy was 70 eV. The mass range was 
from m/z 50 to 650. Quantification of alkenones was performed using 
GC-FID. To achieve accurate quantification, concentration of alkenones 
was adjusted to achieve baseline resolutions of all alkenone peaks 
(Supplementary Fig. S2-3, S8-9). Analytical error for quantifying alke-
none unsaturation ratios using GC-IFD has been reported to be ~ 0.01 
(for UK′

37) or ~ 1% equivalent for individual alkenones (Prahl et al., 1988; 
Dubois et al., 2009). 

2.3. DNA sequencing 

To ensure that there were no other Isochrysidales species in the 
culture experiments, DNA sequencing was performed on filters of cul-
ture samples of G. huxleyi NIES3366 at 3 ◦C and 15 ◦C as well as 
G. huxleyi NIES1312 at 15 ◦C. Sequencing was performed by Jonah 
Ventures, Boulder, CO, USA, (https://jonahventures.com/) following 

procedures reported in Wang et al. (2021). 
Only one ESV (deposited in GenBank, accession number OK430883) 

based on 18S rRNA was identified using the recovered sequences from 
samples of both G. huxleyi NIES1312 and NIES3366, confirming there is 
no other Isochrysidales species in our culture experiments. 18S rRNA 
was not sufficient to distinguish between different species in Group 3 
due to their low nucleotide substitution rate (Bendif et al., 2014). A 
representative neighbor-joining tree was constructed using the molec-
ular evolutionary genetics analysis (MEGA) software with 1000 boot-
strap replications (Supplementary Fig. S1). 

3. Results and discussion 

3.1. Growth rates and cell densities at different temperatures, salinities 
and nutrients 

The response of growth rates and cell densities of G. huxleyi 
NIES3366 and NIES1312 to different temperatures shows large differ-
ences (Fig. 1a,c; Table 1). While both NIES3366 and NIES1312 achieved 
the highest cell densities and growth rates at 15 ◦C to 18 ◦C, NIES3366 
displays much greater tolerance to low growth temperatures (Fig. 1). 
Specifically, NIES3366 was able to grow at 3 ◦C or 6 ◦C, despite low 
growth rates (the growth rates of NIES3366 at 3 ◦C or 6 ◦C were only ~ 
40% of the growth rate at 15 ◦C, Table 1) and long duration (~ 2 
months) required to reach stationary phase. NIES1312, in contrast, did 
not grow at or below 6 ◦C. NIES3366 also shows extremely slow growth 
at 0 ◦C (0.02 d-1). Once below the optimal temperature at 15 ◦C, growth 
rates and maximal cell densities of NIES1312 also declined much faster 
than NIES3366, with maximal cell densities at 9 ◦C and 12 ◦C being only 
23% of that at 18 ◦C. The maximal cell density increased from 15 ◦C to 
18 ◦C by 146% for NIES1312 (3.9 × 106 to 9.6 × 106 cell mL−1) but only 
by 1% for NIES3366 (7.6 × 106 to 7.7 × 106 cell mL−1), respectively. All 
these data indicate G. huxleyi strain NIES3366 isolated from colder 
ocean waters is much better adapted to growth in colder conditions. 
Therefore, the growth characteristics of G. huxleyi can differ greatly 
between different strains, with those isolated from colder settings better 
adapted to growth in colder temperatures, and vice versa. 

Despite NIES3366′s ability to grow in relatively low temperatures, 
we note that the Group 2i strain RCC5486 has far greater preference for 
growth at exceedingly low temperatures and is a psychrophile (Liao and 
Huang, 2022). The Group 2i RCC5486 isolated from sea ice displays 
remarkably fast growth rate at 0–6 ◦C, which is opposite to NIES3366 
whose growth is severely impeded under these low temperatures. The 
preference for exceedingly low growth temperatures of Group 2i 
RCC5486 is further exemplified by its inability to grow at 10.5 ◦C and 
12 ◦C (Liao and Huang, 2022), which is much lower than the optimal 
growth temperature of 15–18 ◦C for G. huxleyi NIES3366. All these re-
sults demonstrate Group 2i strain RCC5486 is, among all three Iso-
chrysidales grown in parallel, the most adapted to growth in cold 
temperatures. Thus, the association of Group 2i with sea ice and the fact 
that it blooms during winter and spring is likely dictated by its prefer-
ence for low temperatures (i.e., it is a psychrophile). We note that the 
seasonal Isochrysidales successions observed in saline lakes have 
already shown that Group 2i Isochrysidales peaked in the water column 
during the early spring soon after melting of lake ice (Theroux et al., 
2020). 

At 12 ◦C, growth rates of NIES3366 were at 0.16 d-1 for both 26 ppt 
and 31 ppt, whereas growth rates of NIES1312 were at 0.09 and 0.08 d-1, 
respectively (Fig. 1b,d; Table 1). However, the growth rate of NIES1312 
was ~ 90% higher at 21 ppt than at 31 ppt (Table 1). Higher growth rate 
at lower salinity has also been observed elsewhere for G. huxleyi. For 
example, growth rate of G. huxleyi B92/21 at 24.9 ppt was 109% higher 
than that at 35.1 ppt at 15 ◦C (Schouten et al., 2006). At 18 ◦C, G. huxleyi 
G4 showed ~ 100% faster growth at 20 ppt than at 27 ppt (Fisher and 
Honjo, 1989). Our preliminary data suggest G. huxleyi strains can 
effectively grow in a broad salinity range between 21 ppt and 31 ppt and 
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growth rate is generally higher at lower salinity levels. 
On the other hand, decreasing the nutrient concentrations by 10-fold 

(using f/20 instead of f/2 culture media) greatly decreased the maximal 
cell densities for both NIES3366 and NIES1312 strains (Fig. 1; Table 1). 
Interestingly however, growth rates showed an increase from 0.16 to 
0.21 d-1 for NIES3366, and 0.08 to 0.15 d-1 for NIES1312 when f/2 
growth medium is replaced by f/20 medium (or 10 times lower nutri-
ents). Increase of growth rates at lower nutrient concentrations has 
previously been observed in culture experiments of G. huxleyi PML92/11 
(Langer and Benner, 2009), suggesting G. huxleyi is well adapted to 
growth in relatively low nutrient waters. 

3.2. Effect of temperature on C37:4% for G. huxleyi NIES3366 and 
NIES1312 

NIES1312 and NIES3366 exhibit marked differences in their pro-
duction of tetra-unsaturated alkenones. NIES1312 is akin to common 
G. huxleyi strains isolated from mid-latitude oceans, producing ~ 3–4% 
C37:4 at 9 ◦C (no growth at 6 ◦C and lower temperatures; Conte et al., 
1998; Zheng et al., 2019). In contrast, NIES3366 displays a remarkable 
ability to produce large amounts of C37:4 alkenone (Fig. 2a). Specifically, 
NIES3366 produced 11–15% C37:4 between 12 ◦C and 15 ◦C and 21% to 
24% C37:4 between 6 ◦C and 9 ◦C. We note that the growth rates of 
NIES3366 slowed dramatically at 0–6 ◦C (Fig. 1), but our results did 
show that this alga is physiologically capable of producing even higher 
amounts of C37:4% (34% at 3 ◦C and 51% at 0 ◦C) than the C37:4% at 
higher temperature (Fig. 3). In comparison, the highest C37:4% among all 
published G. huxleyi culture studies was found for Norwegian fjord strain 

B92/21 grown at 6 ◦C using f/2 media, with 10.3% C37:4 (Conte et al., 
1998). 

Despite the high C37:4% observed for NIES3366 at low growth tem-
perature in culture, it is questionable whether such alkenone contribu-
tions could be realistically produced by Arctic G. huxleyi strains in 
natural settings. NIES3366 was isolated at a time with unusually warm 
sea surface temperatures of 5.73 ◦C in October 2010 (Saruwatari et al., 
2016). At 6 ◦C, it took nearly-two months to reach stationary phase with 
relatively low maximal cell densities in our culture experiments (Fig. 1). 
Considering that the monthly mean SST of August and September in 
Chukchi Sea regions are 4.73 ◦C and 3.44 ◦C, respectively (2001 World 
Ocean Atlas data, Stephens and Levitus, 2002), i.e., lower than 5.73 ◦C, 
the actual average growth rate and productivity may be quite low (note 
that culture experiments of NIES3366 were performed in f/2 media with 
nutrient-replete conditions, in the absence of competition from other 
algae). In order to test how nutrients might affect the production of C37:4 
alkenone by NIES3366, we carried out additional growth experiments at 
lower nutrient conditions. 

3.3. Effect of nutrient concentration on C37:4% production for G. huxleyi 
NIES3366 and NIES1312 

We found that C37:4% decreased dramatically from 13% to 6% for 
NIES3366 and from 4% to 0.6% for NIES1312 when nutrient concen-
trations were decreased 10-fold (Fig. 2b,d; Supplementary Fig. S6). Our 
results indicate that nutrients can strongly affect the production of tetra- 
unsaturated alkenones in G. huxleyi with high concentrations favoring 
high C37:4%. Notably, the concentrations of NO−

3 (88.2 μmol/kg), SiO2 

Fig. 1. Growth curves for G. huxleyi NIES3366 (a) and NIES1312 (b) at different temperatures. Growth curves for G. huxleyi NIES3366 (c) and NIES1312 (d) at 
different salinities/nutrient concentrations. 
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(10.6 μmol/kg) and PO3−
4 (3.6 μmol/kg) in our f/20 medium were still 

higher (up to 58 times for NO−
3 ) than corresponding ocean concentra-

tions (e.g., average concentrations for NO−
3 , SiO2 and PO3−

4 in particulate 
organic matter (POM) samples of Bering Sea were at 1.5, 9.2 and 0.40 
μmol/kg) (Harada et al., 2003). Our data suggest NIES3366 may pro-
duce much lower C37:4% alkenones in natural Arctic Ocean 
environments. 

Our results from nutrient experiments show opposite trends to those 
observed in the Bering Sea (Harada et al., 2003). In POM samples from 
the Bering Sea where up to 41% C37:4 has been reported, lower NO−

3 , 
SiO2 and PO3−

4 nutrient levels are correlated with higher (rather than 
lower) C37:4%, although there is no significant correlation between NH+

4 
concentration and C37:4%. (Supplementary Fig. S7). Nutrient limitation 
experiments have previously been performed on Group 2 Isochrysidales 
including I. nuda, I. litoralis and I. galbana (Versteegh et al., 2001; Liao 
et al., 2020). In all cases, C37:4% increased for Group 2 species (I. nuda, 
I. litoralis and I. galbana) at lower nutrient concentrations (Versteegh 
et al., 2001; Liao et al., 2020), consistent with the trend in POM samples 
from the Bering Sea (Harada et al., 2003). 

In separate experiments, we have shown that Group 2i Isochrysidales 
is capable of producing ~ 79% of C37:4 and can readily thrive at 

Table 1 
Average daily growth rates and final cell density for NIES3366 and NIES1312 
cultured at different temperatures/salinities/nutrient concentrations.  

Temperature 
(◦C) 

Medium Salinity 
(ppt) 

Average 
growth 
rates (d-1)a 

Initial 
cell 
density 
(104 

cell/mL)  

Highest 
cell 
density 
(106 cell/ 
mL)  

NIES3366      
21 f/2 31  0.15 48  5.5 
18 f/2 31  0.20 25  7.7 
15 f/2 31  0.22 6.2  7.6 
12 f/2 31  0.16 18  2.7 
12 f/2 26  0.16 17  2.5 
12 f/2 21  0.15 14  1.8 
12 f/20 31  0.21 6  0.6 
9 f/2 31  0.16 12  3.7 
6 f/2 31  0.07 2.2  0.6 
3 f/2 31  0.09 0.6  1.8 
0 f/2 31  0.02 2.3  0.2 
NIES1312      
21 f/2 31  0.20 52  7.1 
18 f/2 31  0.22 24  9.6 
15 f/2 31  0.25 5.4  3.9 
12 f/2 31  0.08 27  2.2 
12 f/2 26  0.09 8  1.2 
12 f/2 21  0.15 2  1.2 
12 f/20 31  0.15 9  0.5 
9 f/2 31  0.14 14  2.3 

a: μ = (ln(N)−ln(N0))/t, where N is the highest cell density, N0 is the initial cell 
density, t is the duration of culture experiment (Schouten et al., 2006).  

Fig. 2. Gas chromatograms showing the distribution of alkenones and alkenoates for G. huxleyi NIES3366 with f/2 medium (a), f/20 medium (b), and G. huxleyi 
NIES1312 with f/2 medium (c) and f/20 medium (d) at 12 ◦C. Numbers above each peak represent the number of C––C double bonds in corresponding alkenones 
or alkenoates. 

Fig. 3. Influence of temperature on C37:4% for G. huxleyi NIES3366 and 
G. huxleyi NIES1312. GC chromatograms of the corresponding alkenone profiles 
are shown in Supplementary Figs. S2, S3. 
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exceedingly low growth temperatures of 0–6 ◦C (Liao and Huang, 2022). 
Combined with the exceedingly high C37:4% (up to 77%) observed in 
natural ocean samples (Bendle et al., 2005), it is possible Group 2i Iso-
chrysidales are the main producers of high C37:4 alkenones in the 
northern high-latitude oceans. However, when conditions are suitable, 
e.g., at unusually warm SSTs and favorable nutrient levels, Arctic strains 
of G. huxleyi like NIES3366 can also occasionally bloom and produce 
significant amount of alkenones. The sedimentary alkenones could thus 
be constituted by a combined production by Group 2i Isochrysidales and 
Arctic strains of G. huxleyi in variable percentages, which would explain 
the wide range of C37:4% observed in high-latitude ocean samples, as 
well as the presence of significant amount of C38 methyl ketones. 

We note DNA sequences of Group 2i species were not found in 
seawater samples from the Chukchi Sea and Bering Sea, despite up to 
41% of C37:4 being reported (Harada et al., 2003; Endo et al., 2018; 
Wang et al., 2021). The absence of Group 2i DNA is likely due to bias in 
sampling dates, as seawater samples in the Bering Sea and Chukchi Sea 
used for DNA sequencing were collected during summer months (Endo 
et al., 2018; Wang et al., 2021). Group 2i Isochrysidales, however, are 
likely to bloom in the cold season around the time of sea ice melt (Wang 
et al., 2021), or soon after lake ice melt in saline lakes (Theroux et al., 
2010). Collection of DNA samples in summer may have thus missed 
Group 2i species. 

3.4. Influence of salinity on C37:4% for G. huxleyi NIES3366 and 
NIES1312 

In POM samples from the Bering and Nordic seas, a significant in-
crease of C37:4% was observed with a slight decrease in salinity (e.g., for 
Bering Sea, C37:4% increased by over 20% when salinity decreased from 
32 ppt to 30 ppt) (Harada et al., 2003, 2012; Bendle et al., 2005). 
Salinity thus remains as one potential factor that may physiologically 
influence the production of C37:4 alkenone profiles by G. huxleyi strains. 

Our culture experiments at different salinities are the first time that 
the effect of salinity on the production of C37:4 has been examined for 
G. huxleyi species. In both cases, the effects were quite small, compared 
to the observed changes in ocean samples (Fig. 4; Supplementary 
Figs. S8 and S9). From 31 to 21 ppt, average C37:4% increased slightly for 
G. huxleyi NIES1312 from 3.64 ± 0.04% to 5.49 ± 0.72% (Fig. 4). On the 
other hand, salinity change from 31 to 21 ppt slightly decreased C37:4% 
from 12.85 ± 1.56% to 10.08 ± 1.46% for G. huxleyi NIES3366 (Harada 
et al., 2003, 2012; Bendle et al., 2005). A number of previous studies 

have shown C37:4% produced by Group 2 Isochrysidales also decreases 
slightly or changes little with decreasing salinity levels (Chivall et al., 
2014; Wang et al., 2021). On the other hand, suspended particulate 
matter (SPM) samples collected from the Nordic Sea (Bendle et al., 
2005) and Bering Sea (Harada et al., 2003) showed that C37:4% 
increased by 13.4% and 11.7% per salinity unit decrease, respectively. 
The amplitude of change observed in the SPM samples far exceeds those 
observed in our culture experiments (< 3% C37:4% change across a 10 
ppt salinity gradient; Fig. 4). For NIES3366, the direction of change (i.e., 
lower salinity corresponds to lower C37:4%) is also opposite to the field 
observations. Therefore, our experimental data do not support the idea 
of a physiological effect of salinity on C37:4 production by both G. huxleyi 
and Group 2 species. 

3.5. Correlations between alkenone unsaturation proxies and 
temperatures for G. huxleyi NIES3366 and NIES1312 

In contrast with other G. huxleyi strains for which UK′

37, the most 
widely used alkenone temperature proxy that is derived from the rela-
tive percentage of tri- and di- unsaturated C37 methyl ketones, i.e., UK′

37 =

C37:2/(C37:2 + C37:3), provides better linear correlations than UK
37 in 

laboratory cultures (Prahl and Wakeham, 1987; Zheng et al., 2016, 
2019): both G. huxleyi NIES3366 and NIES1312 yield higher R2 values of 
UK

37 than UK′

37 (Fig. 5a,b, e.g., for NIES3366, R2 = 0.94 for UK
37, 0.82 for 

UK′

37). This is consistent with the observations of POM samples from the 
Nordic Sea (Bendle and Rosell-Melé, 2004; Bendle et al., 2005), and 
those from laboratory cultures of Group 2 species (Zheng et al., 2016). 
Notably, for G. huxleyi NIES3366, UK′

37 changed little from 0 ◦C to 6 ◦C 
(0.09 to 0.11), showing a much lower slope than the global core top 
calibration (Müller et al., 1998). Such small changes in UK′

37 have also 
been previously observed for G. huxleyi G1779 isolated from the Iceland 
Basin between 6 ◦C and 9 ◦C (0.09 to 0.12) (Conte et al., 1998; Zheng 
et al., 2019). We note that UK′

37 values for Group 2i Isochrysidales 
RCC5486 below 9 ◦C fall in a similar range and also display little change 
as temperature decreases (Liao and Huang, 2022; Supplementary 
Fig. S10). In the global core top calibration, UK′

37 values are also insen-
sitive to temperature changes below ~ 8 ◦C (Conte et al., 2006). Such 
behavior of UK′

37 values at low temperatures may partially explain the 
abnormally high UK′

37-reconstructed SSTs in high-latitude oceans (Bendle 
and Rosell-Melé, 2004; Bendle et al., 2005; Tierney and Tingley, 2018). 
Our data suggests UK

37 is likely a better proxy than UK′

37 for temperature 
reconstructions in high-latitude ocean regions. 

UK′′
37 has recently been found to provide better linear correlations 

than UK
37 and UK′

37 for Group 2 species (Zheng et al., 2016). Because 
NIES3366 showed unusually high production of C37:4 and higher R2 of 
UK

37 than UK′

37, similar to Group 2 species (e.g., I. nuda/litoralis/galbana) 
(Zheng et al., 2019; Liao et al., 2020), we also examined the temperature 
calibrations of UK′′

37 for G. huxleyi strains cultured in this work (Fig. 5c). 
For NIES3366, UK′′

37 (R2 = 0.91) provides comparable R2 value as UK
37 (R2 

= 0.94), which are both higher than the R2 values of UK′

37 (R2 = 0.82). 
Interestingly, while G. huxleyi NIES1312 only produces trace amount of 
C37:4 alkenone, UK′′

37 provides the best linear correlations (highest R2 =
0.97) among three C37 proxies examined. Collectively, our data suggest 
both UK

37 and UK′′
37 may provide better temperature reconstructions than 

UK′

37 in high-latitude oceans. 
However, the application of C37-based proxies for temperature re-

constructions in high-latitude oceans may be limited to regions without 
seasonal ice cover (or relatively warm regions). This is because Group 2i 
species flourish in cool environments which can also contribute to the 
overall C37 alkenone productions, thus biasing the proxy values. 
Notably, alkenone profiles for Group 2i RCC5486 change little in 0, 3, 6 
and 9 ◦C culture experiments, with average UK

37, UK′

37 and UK′′
37 values at 

Fig. 4. Influence of salinity on C37:4% for G. huxleyi NIES3366 and G. huxleyi 
NIES1312 from 21 ppt to 31 ppt at 12 ◦C. GC chromatograms of the corre-
sponding alkenone profiles are shown in Supplementary Figs. S8, S9. 

S. Liao et al.                                                                                                                                                                                                                                     



Organic Geochemistry 177 (2023) 104539

7

–0.77 ± 0.05, 0.098 ± 0.01 and 0.19 ± 0.04, respectively (Liao and 
Huang, 2022). These index values are much lower than the corre-
sponding values of NIES3366/NIES1312 in all samples studied in this 
work, except for UK′

37 (Group 2i and NIES3366 have similar UK′

37 values; 
Supplementary Fig. S10). Temperature reconstructions using C37 prox-
ies including C37:4 alkenone (i.e., UK

37 and UK′′
37 ) may thus result in a re-

cord biased towards lower temperatures in the presence of Group 2i 
species, if a calibration based on G. huxleyi as the primary alkenone 
producer is used. With mixed alkenone production from Group 2i and 
Group 3 species, proxies based on C38Me alkenones are of particular 
significance, as Group 2 generally do not produce (or only produce trace 
amounts of) C38Me alkenones (Zheng et al., 2019; Novak et al., 2022). 

Similar to all C37-based proxies, proxy values of UK′

38Me of NIES3366 
change little for temperatures equal to or < 6 ◦C (Fig. 5e). UK

38Me, on the 
other hand, shows the highest R2 values among C38Me proxies examined 
for both NIES3366 and NIES1312 (Fig. 5d–f, e.g., for NIES3366, R2 =
0.91 for UK

38Me, 0.83 for UK′

38Me and 0.80 for UK′′
38Me). UK

38Me may thus be 
more suited than UK′

38Me for paleotemperature reconstructions. It is also 
important to note that among three unsaturation indices based on C38Me 
alkenones (UK

38Me, UK′

38Me and UK′′
38Me), changes in salinity and nutrient 

levels have the smallest impact on UK′′
38Me values (Supplementary Fig. S1, 

S12). Therefore, in environmental settings with large variations in 
nutrient and salinity levels, UK′′

38Me may also have important advantages 
over UK

38Me and UK′

38Me. 

4. Conclusions 

We demonstrate, for the first time, that an Arctic Ocean strain of 
Gephyrocapsa huxleyi, NIES3366, is capable of producing substantially 
higher amounts of tetra-unsaturated alkenones in nutrient-replete cul-
tures (12% C37:4 at 15 ◦C, 34% C37:4 at 3 ◦C) than all previously cultured 
G. huxleyi strains. In contrast, the G. huxleyi strain NIES1312 isolated 
from the Bering Sea, produces much lower amounts of C37:4 (3.1% C37:4 
on average). Our results suggest that G. huxleyi strains isolated from 
colder ocean sites are intrinsically more likely to produce larger amounts 

of C37:4 alkenone (and other tetra-unsaturated alkenones) than strains 
isolated from warmer oceans. Both NIES3366 and NIES1312 show 
highest growth rates and cell densities at 18 ◦C, much higher than the in 
situ sea surface temperatures where these strains were isolated (5.73 ◦C 
for NIES3366, 7.25 ◦C for NIES1312). However, the Arctic strain 
NIES3366 still has much higher tolerance for low growth temperatures 
than Bering Sea strain NIES1312, with the latter failing to grow at 6 ◦C, 
whereas the former is capable of growth between 3 ◦C and 21 ◦C. 
Nevertheless, the growth rates and stationary phase cell densities of 
NIES3366 are quite low at 6 ◦C, and especially 3 ◦C and required ~ 2 
months to reach stationary phase in both cases. 

In addition, we found nutrient levels in our culture experiments had 
a strong influence on the production of C37:4 for both NIES3366 and 
NIES1312 strains. Reducing nutrient level by 10-fold (f/2 to f/20 me-
dium) decreased C37:4 production from 13% to 6% for NIES3366, and 
from 4% to 0.6% for NIES1312 at 12 ◦C. In natural settings with 
competition from other algae and much lower nutrient levels, it is 
possible that C37:4% produced by NIES3366 would decrease further. The 
effect of salinity on C37:4%, on the other hand, is minimal. Overall, our 
data suggest that; (1) the productivity of NIES3366 at low temperatures 
(≤ 6 ◦C) is likely low and may not be primarily responsible for the 
observed high C37:4 in high-latitude oceans, and (2) the observed in-
crease in C37:4% as salinity decreases in Nordic and Bering Sea samples 
cannot be attributed to the physiological effects of salinity on the pro-
duction of alkenones by Isochrysidales. 

The observed C37:4% in natural samples from Nordic and Bering seas 
ranges from 0% to 77%, with the maximal value greatly exceeding the 
maximal C37:4 production by NIES3366 even at low temperatures (e.g., 
< 6 ◦C) and nutrient-replete conditions. Considering that Group 2i Iso-
chrysidales thrive in low temperatures (0–6 ◦C), and produce high 
C37:4% (70–80%), regardless of growth temperatures and salinities (Liao 
and Huang, 2022), the high (and highly variable) range of C37:4% 
observed in POM and surface sediment samples in the Bering Sea and 
Nordic Sea is best explained by a predominant production by Group 2i 
Isochrysidales, supplemented by certain Arctic strains of G. huxleyi. Such 
combined production also readily explains the high C37:4% as well as the 

Fig. 5. Temperature calibrations of UK
37 (a), UK′

37 (b), UK′′
37 (c), UK

38Me (d), UK′

38Me (e) and UK′′
38Me (f) for G. huxleyi NIES3366 and G. huxleyi NIES1312. Due to little changes 

in UK′

37 and UK′

38Me values for G. huxleyi NIES3366 below 6 ◦C, linear regressions were performed using data from 6 ◦C to 21 ◦C only. 
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presence of variable amounts of C38 methyl ketones in northern high- 
latitude ocean POM and sediment samples. 

Unsaturation indices that exclude tetra-unsaturated alkenones (e.g., 
UK′

37, UK′

38Me) display considerable curvature (flattening) at low growth 
temperatures for the two G. huxleyi strains NIES3366 and NIES1312 in 
our laboratory cultures. The best linear regressions between unsatura-
tion indices and growth temperatures are obtained for UK and UK′′

indices that take into consideration of tetra-unsaturated alkenones. 
Because Group 2i Isochrysidales produce little C38 methyl ketones 
(Zheng et al., 2019), UK

38Me, rather than UK′

38Me, may provide an excellent 
paleothermometer capable of disentangling the mixed alkenone inputs 
in high-latitude ocean sediments. 
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