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ARTICLE INFO ABSTRACT

Associate Editor-Elizabeth Minor Alkenoates and alkenones are polyunsaturated long-chain esters and ketones produced by members of the Iso-
chrysidales, an order of haptophyte microalgae. Based on phylogenetic data, members of Isochrysidales have
been classified into three groups, with each group showing major differences in preferred growth environments
(e.g., salinity). Systematic identification of chemotaxonomic differences among the three groups of Isochrysidales
is thus important for paleoenvironmental reconstructions and disentangling mixed alkenone temperature signals.
Here, we systematically examined alkenone/alkenoate profiles in culture samples of Group 2 and Group 3 Iso-
chrysidales and environmental sample of Groupl Isochrysidales. Using GC columns with stationary phases of
contrasting polarities, we discovered for the first time C3; and Csg ethyl alkenoates (C37OEt and C3gOEt) in Group
2 and/or 3 Isochrysidales, extending the longest alkenoate chain length of C3¢OEt in previous publications. We
show that Group 3 Isochrysidales only produce C370FEt, whereas Group 2 Isochrysidales produce both C370Et and
C3g0Et alkenoates. Because Group 1 Isochrysidales do not produce alkenoates, C3gOEt are specific biomarkers for
Group 2 species. The identification of C370Et and C3gOEt in sediments from saline lakes and Chesapeake Bay
where sequences of Group 2 DNA have been recovered further validates the use of C3gOEt as a Group 2-specific
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1. Introduction

Alkenoates and alkenones are polyunsaturated long-chain esters and
ketones produced by the Isochrysidales, an order of haptophyte micro-
algae. For nearly 40 years, unsaturation ratios (UX,) of alkenones have
been widely used for paleo-sea surface temperature (SST) re-
constructions (e.g., Brassell et al., 1986; Rosell-Melé and Comes, 1999;
Tzanova and Herbert, 2015).

Based on 18S rRNA sequencing data, the Isochrysidales has been
divided into three distinct phylogenetic groups, with each group
showing major differences in preferred growth environments (Theroux
et al., 2010): Group 1 in freshwater and oligohaline environments
(Longo et al., 2018), Group 2 in saline lakes (Theroux et al., 2010, 2020;
Randlett et al., 2014; Araie et al., 2018) and marginal ocean environ-
ments (Kaiser et al., 2019), and Group 3 in open ocean areas (Miiller
et al., 1998; Zheng et al., 2019). The preference of the three Iso-
chrysidales groups for different salinity is well illustrated in the Baltic
Sea whose salinity stretches from near 0 to 35 ppt over ~ 2000 km, with
Group 1 found in the surface sediments of the freshest waters, Group 3
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near open ocean and Group 2 in between (Kaiser et al., 2019). It is
therefore possible to assess past salinity changes based on changes in
Isochrysidales assemblages, as illustrated recently in salinity re-
constructions in Black Sea for the past 16,000 years (Huang et al., 2021)
and Lake Sayram for the past 3000 years (Yao et al., 2020).
Identification of mixed alkenone productions in ocean (Kaiser et al.,
2019; Wang et al., 2021) and lake sediments (Wang et al., 2019; Yao
et al., 2020) is also important for selecting proper temperature proxies
and calibrations for paleotemperature studies. For example, in the case
of mixed alkenone production from Group 2 and 3 Isochrysidales,
unsaturation ratios of C3g methyl (C3gMe) alkenones may provide more
reliable temperature reconstructions than UY,, as Group 2 Isochrysidales
generally do not produce Csg methyl alkenones (Zheng et al., 2019).
Reconstruction of past Isochrysidales group changes using ancient
DNA in sediment cores has been carried out successfully in aquatic
systems with anoxic bottom waters and/or in low temperature envi-
ronments where DNA could be well preserved in sediments of Holocene
age (Coolen et al., 2004; D’Andrea et al., 2011). However, relatively
poor preservation potential of DNA in ancient sediments presents major
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challenges to this approach, especially in environments of variable
bottom water oxygenation and in warmer environments.

Therefore, examination of characteristics in alkenone/alkenoate
profiles represents the most convenient and reliable method to identify
alkenone producers. Zheng et al. (2019) summarized the major
chemotaxonomic differences in alkenones and alkenoates among the
three Isochrysidales groups. These differences include the presence of
double bond positional isomers of Czy.3Me alkenones in Group 1 alke-
nones (Dillon et al., 2016), and the lack of production of C3gMe and
C3oEt alkenones in Group 2 alkenones which are abundant in Group 3
alkenones. However, demonstration of Group 2 alkenone production in
environments with Group 3 alkenones is still challenging, due to the lack
of Group 2-specific alkenone or alkenoate biomarkers. We recently
demonstrated that C41Me and C4oEt alkenones are Group 2-specific
biomarkers (Liao et al., 2020). However, the relative abundances of
C41Me and C42Et alkenones can be exceedingly low in certain Group 2
Isochrysidales, making their detection challenging for natural sediment
samples.

In this study, we report the first discovery of extended chain length
C370Et and C3gOEt alkenoates in an extensive suite of Group 2 and 3
Isochrysidales culture samples. We performed culture experiments and
examined alkenone/alkenoate profiles for multiple species/strains to
investigate their production in different groups of Isochrysidales. We
also analyzed sediment samples from Lake Van, Lake Fryxell and the
Chesapeake Bay to examine the presence/absence of C3;0FEt and C3gOEt
in natural environments. 18S rRNA gene sequencing was performed on
one of the Chesapeake Bay sediments to verify the application of C3;OEt
and C3gOEt alkenoates as chemotaxonomic characters in differentiating
different groups of Isochrysidales.

2. Materials and methods
2.1. Culture experiments

The following six Isochrysidales cultured in this study were pur-
chased from various algal culture collections: Group 3 Gephyrocapsa
oceanica (G. oceanica) strains RCC3483 and RCC6484 and Group 2 strain
RCC5486 isolated from sea ice (recently classified as Group 2i, Gérikas
Ribeiro et al., 2020, Wang et al., 2021) from the Roscoff Culture
Collection, Group 3 Emiliania huxleyi (E. huxleyi) strains NIES1312 and
NIES3366 from the National Institute for Environmental Studies, Group
3 E. huxleyi strain CCAP920/8 from the Culture Collection of Algae and
Protozoa.

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 k/2 medium (Guillard, 1975). Group 2i strain RCC5486 was
cultured at 31 ppt at 6 °C and 15, 21, 26, 31, 38 ppt at 3 °C, G. oceanica
RCC3483 and RCC6484 at 29 °C, E. huxleyi NIES1312 at 9,12 and 15 °C,
NIES3366 at 3, 9 and 15 °C, CCAP920/8 at 3 °C. /2 medium for
RCC5486, NIES1312, NIES3366, CCAP920/8 as well as k/2 medium for
RCC3483 and RCC6484 were prepared from seawater collected from
Vineyard Sound, Woods Hole, MA, USA at a salinity of 32 ppt (filtered
using 0.2 pm Whatman nylon membrane filter and then autoclaved).
Cultures were grown under a light:dark cycle set at 16:8. The light in-
tensity was 140 pE m2 s~ except for E. huxleyi NIES1312 and
NIES3366 which used a light intensity of 17 pE m~2 s™1. Cultures ex-
periments were performed in 165 mL medium.

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

To obtain additional alkenone/alkenoate profiles from a diversity of
Isochrysidales species, we concentrated and re-examined previously
characterized culture samples from Group 2 species Ruttnera lamellosa
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(R. lamellosa) (CCMP1307), Isochrysis galbana (I. galbana) (CCMP1323),
Tisochrysis lutea (T. lutea) (CCMP463), Isochrysis nuda (I. nuda)
(RCC1207) and Isochrysis litoralis (I. litoralis) (AC-18) and Group 3 spe-
cies E. huxleyi (Van556) (Zheng et al., 2019; Liao et al., 2020). Because
there is currently no culture of Group 1 Isochrysidales available, surface
sediment sample from Lake Braya S¢ in Greenland was re-analyzed to
represent alkenone profiles for Group 1 species (Longo et al., 2016; Liao
et al., 2020).

2.2. Sediment samples

We analyzed alkenone and alkenoate profiles of the following sedi-
ment samples: two sediment samples from a 217 m core drilled at hole D
of Ahlat Ridge site of Lake Van by the International Continental Drilling
Program (ICDP) PALEOVAN project in 2010 (Litt et al., 2012), four
surface sediment samples from Chesapeake Bay collected in 2017 and
one surface sediment sample from Lake Fryxell collected in 2010
(Supplementary Table S1).

2.3. Analysis of alkenones and alkenoates

Analysis of culture samples and sediment samples followed the
procedure reported in Liao et al. (2020). Filters of culture samples were
freeze-dried overnight and then sonicated three times with dichloro-
methane (DCM, 3 x 30 min, 20 mL each time) for lipid extraction.
Sediment samples were extracted using an accelerated solvent extractor
(Dionex ASE 200) with dichloromethane/methanol (9:1, v/v). Total
extracts of culture samples and sediment samples were divided into
three fractions using silica gel (230-400 mesh, 40-63 pm) in glass pi-
pettes and eluted with hexane, DCM and methanol. Alkenones and
alkenoates were in the DCM fraction.

DCM fractions (including samples after hydrogenation) were then
analyzed by gas chromatography-flame ionization detection (GC-FID,
Agilent 7890B) and gas chromatography-electron ionization-mass
spectrometry) (GC-MS, Agilent 7890B interfaced to a 5977 Inert Plus
MSD) equipped with non-polar HP-1MS columns (30 m x 250 pm x
0.25 pm film thickness). 18-Pentatriacontanone was used as an internal
standard. 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 at 1.1 min. The flow rate (constant flow mode)
was 1.5 mL/min. The initial oven temperature was 40 °C for 1 min, then
increased to 255 °C at 20 °C/min, then increased to 300 °C at 1 °C/min,
then increased to 320 °C at 10 °C/min and held for 30 min. For the
analysis by GC-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 at 1.1 min. The flow rate
(constant flow mode) of helium carrier gas was 1.5 mL/min. The initial
oven temperature was 40 °C for 1 min, then increased to 255 °C at 20 °C/
min, then increased to 300 °C at 1 °C/min, then increased to 320 °C at
10 °C/min and held for 30 min. Samples were analyzed under full-scan
mode (m/z 50 to 650), selected ion monitoring mode at m/z 88, or at m/z
88, 101, 157, 578 and 592. The source temperature was 230 °C. The
electron ionization energy was 70 eV.

The mid-polarity poly(trifluoropropylmethylsiloxane) column has
recently been found to provide much better resolution between alke-
noates and alkenones than a non-polar GC column (Zheng et al., 2017).
We thus tested the separation performance of our alkenone/alkenoate
samples on a GC-FID equipped with a mid-polarity RTX-200 column
(105 m x 250 pm x 0.25 pm film thickness), following settings reported
in Zheng et al. (2017).

2.4. Hydrogenation of alkenones and alkenoates

All culture and sediment samples examined in this work were first
analyzed directly using GC-FID (and GC-MS when needed), and
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Fig. 1. Gas chromatograms showing the distribution of alkenones and alkenoates for I. nuda RCC1207 cultured at 4 °C. These analyses were performed with (a) a
non-polar HP-1MS column and (b) a mid-polarity RTX-200 column following GC parameters reported previously (Zheng et al., 2017). Compounds I, II, III, IV refer to

C37.30Et, C37.00Et, C35.30Et and Csg.2OEt, respectively.

subsequently hydrogenated. The purpose of hydrogenation is to avoid
coelutions and more accurately determine the concentration (and
presence or absence) of alkenoates with extended chain lengths (Section
3.3, Supplementary Table S1). For hydrogenation, sample was evapo-
rated to dryness, and then dissolved in acetone solution. ~ 7 mg of
platinum oxide was added as catalyst. The solution was bubbled with
hydrogen gas for 3 h at room temperature. After the reaction finished,
the sample was dried and purified with silica gel (230-400 mesh, 40-63
pm) in glass pipettes with hexane, DCM and methanol. Alkenones and
alkenoates were in the DCM fraction.

2.5. Saponification

To further confirm the existence of the ester group in the newly
discovered alkenoates with extended chain lengths, saponification was
performed on the hydrogenated sample of I. nuda RCC1207 cultured at
10 °C (Supplementary Fig. S3). The disappearance of alkanoates after
saponification supports the presence of ester functional groups. For
saponification, the sample was evaporated to dryness, and then dis-
solved in ~ 1 mL of 1 M KOH methanol:water (95:5, v/v) solution. The
solution was heated for 3 h at 65 °C. After the sample had cooled to room
temperature, ~1 mL of 5% (w/v) NaCl solution was added. The solution
was then acidified to pH 2 with HCl and extracted with 3 x 1 mL hexane.
The sample was finally dried and purified with silica gel (230-400 mesh,
40-63 pm) in glass pipettes with hexane, DCM and methanol. Alkanones

and alkanoates were in the DCM fraction.

2.6. DNA sequencing

We selected one surface sediment sample with surface water salinity
at 24.3 ppt (36.99°N, 76.17°W) in Chesapeake Bay for next-generation
DNA sequencing, following the same method as described in Wang
et al. (2021). In short, the 18S rRNA gene was amplified by adapted
versions of Haptophyta-specific primer pair 528Flong and PRYMO1 + 7
(F: GCGGTAATTCCAGCTCCAA, R: GATCAGTGAAAACATCCCTGG)
(Egge et al., 2013), and sequenced on an Illumina MiSeq using a V2 600-
cycle kit (San Diego, CA). Assembled sequences were compiled into
different Amplicon Sequence Variants (ASVs) and compared with
existing sequences in NCBI GenBank through the Basic Local Alignment
Search Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Isochrysidales
from surface sediment were archived in NCBI GenBank with accession
number MT658506 and MW692054-MW692060.

3. Results and discussion

3.1. GC retention times of di- and tri-unsaturated Cs;OFEt and C3gOEt
alkenoates on HP-1MS and RTX-200 columns

No previous studies have revealed the presence of alkenoates with
chain lengths longer than C360OFEt (summarized in Zheng et al., 2019).
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Fig. 2. Mass spectra of (a) Cz.30Et from I. nuda RCC1207 at 4 °C with a RTX-200 column, (b) C36.20Et from T. lutea CCMP463 at 20 °C with a RTX-200 column, (c)
C37.30Et from I. nuda RCC1207 at 4 °C with an HP-1MS column, (d) Cs7.20Et from E. huxleyi CCAP920/8 at 4 °C with a RTX-200 column, (e) C3g.30Et from I. nuda
RCC1207 at 4 °C with an HP-1MS column and (f) C3g.2O0Et from T. lutea CCMP463 at 20 °C with a RTX-200 column. Double bond positions of C3;OEt and C3gOEt are

assumed to be the same as C36OEt (Lopez and Grimalt, 2006; Zheng et al., 2017).

Difficulties in finding these compounds mainly lie in their relatively low
concentrations, and extensive co-elutions with Czg to C4p alkenones
(Fig. 1). We analyzed our samples using two different GC stationary
phases: (1) non-polar poly(dimethylsiloxane) HP-1MS (Fig. 1a) and (2)
mid-polarity poly(trifluoropropylmethylsiloxane) RTX-200 (Fig. 1b).
Neither GC column can resolve all extended alkenoates from alkenones,
but the offset in retention for alkenones and alkenoates between the two
columns permits adequate chromatographic resolution for discovering
the extended alkenoates. Non-polar HP-1MS column provides complete
resolution of Csg.30Et (compound III) from C4oEt alkenones and
partially resolves C37.30Et (compound I) from C3gMe alkenones. How-
ever, co-elutions between Cs37.20Et (compound II) and Cgzg.3Me, and
between C3g.20Et (compound IV) and Cy4.3Et are observed (Fig. 1a). On
the other hand, C37.20Et (compound II) and C3g.2OEt (compound IV) can
be partially resolved from alkenones when a mid-polarity RTX-200
column was used (Fig. 1b).

3.2. Mass spectra of extended chain length alkenoates

Obtaining high-quality mass spectra for all four extended chain
length alkenoates was challenging. Two different GC columns were used
on carefully selected samples to obtain maximal chromatographic res-
olution and minimize co-elution (Fig. 1). Clean mass spectra for C3;.30Et
(compound I, Fig. 2c) and Csg.30Et (compound III, Fig. 2e) were

obtained by using the non-polar HP-1MS column on the culture sample
of I. nuda RCC1207 at 4 °C. Good-quality mass spectra for Csy.2O0Et
(compound II, Fig. 2d) and Cgg.2OEt (compound IV, Fig. 2f) were ob-
tained by using the mid-polarity RTX-200 column on the culture sample
of E. huxleyi CCAP920/8 at 4 °C and T. lutea CCMP463 at 20 °C,
respectively.

Mass spectra of C3;OEt and C3gOFEt (compounds I to IV) show the
same fragmentation patterns as C3OEt alkenoates (Fig. 2). The mass of
molecular ions in C37.30Et (compound I, m/z 572, Fig, 2¢) and C3g.30Et
(compound III, m/z 586, Fig. 2e) are 14 and 28 amu higher than the ion
in C36.:30Et (m/z 558, Fig. 2a), indicating the additional CHy and CaHy4
groups in these novel compounds. Importantly, C3;0Et and C3gOFEt
(compound I to IV) feature [M—45]" ions, consistent with the frag-
mentation patterns in Cgg,30Et and C3e.20Et due to a loss of a CH3CH50
fragment (Fig. 2a,b).

3.3. Mass spectra of hydrogenated alkenoates

Hydrogenation of samples and subsequent analysis with the HP-1MS
column allows full resolution of Csy ethyl and Csg ethyl alkanoates from
alkanones (Fig. 3a). On the other hand, analysis of hydrogenated sample
with the RTX-200 column still shows significant co-elutions (Supple-
mentary Fig. S1). Notably, mass spectra of C3;OEt and C3gOEt alka-
noates allow conclusive identifications by comparison of their mass
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analysis was performed on GC-FID equipped with a non-polar HP-1MS column. Mass spectra of hydrogenated C350Et (b), C3,0Et (c) and C3g0Et (d) obtained from
culture sample of I. nuda RCC1207 at 10 °C analyzed with a non-polar HP-1MS column.
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Fig. 4. Gas chromatograms showing the distribution of alkanones and alka-
noates for hydrogenated culture sample of I. nuda RCC1207 at 10 °C. These
analyses were performed by GC-MS under: (a) full scan mode, (b) selected ion
monitoring at m/z 88 and (c) selected ion monitoring at summed m/z 88, 101,
157, 578, 592 with a non-polar HP-1MS GC column.

spectra with shorter chain length homologues (Fig. 3b-d).

After hydrogenation, C360Et, hydrogenated Cs7OEt (compound V)
and hydrogenated C3gOEt (compound VI) all show significant increases
of relative intensities for molecular ions (10% before hydrogenation to
93% after hydrogenation on average). These three molecules have ions
at [M—29]" due to a loss of ethyl group and [M—43]" ions due to a loss
of propyl fragment (mechanism in Supplementary Fig. S2a). Mass
spectra of CggOEt, C370Et and C3gOEt alkanoates contain high abun-
dances of ions at m/z 88 (C4HgO5), 101 (CsHyO5) and 157 (CoH170-),
which are characteristic for ethyl esters (Sun and Holman, 1968). Ions at
m/z 88 are produced through McLafferty rearrangement (Supplemen-
tary Fig. S2b). Generation of ions at m/z 101 and m/z 157 involves a
corresponding hydrogen shift process (Supplementary Fig. S2¢,d). The
existence of an ester group in the hydrogenated C37OEt (compound V)
and C3gOEt (compound VI) alkanoates was further evidenced by the
removal of these compounds after saponification (Supplementary
Fig. $3).

3.4. Detection of Cs70Et and C3gOEt alkanoates with GC-MS selected ion
monitoring

Mass spectra of hydrogenated C3;OEt and C3gOEt alkanoates contain
high abundances of rare fragment ions related to the ester group (m/z
88, 101, 157) and molecular ion peaks (m/z 578 for C3;OEt and 592 for
C3gOEt). This allows detection under selected ion monitoring mode to
increase the detection limit and sensitivity. Especially, the even mass ion
at m/z 88 caused by McLafferty rearrangement is characteristic for ethyl
esters but generally small or absent in mass spectra of other molecules in
natural products. Selected ion monitoring of m/z 88 greatly reduces the
relative peak areas for alkanones and decreases the detection limit of
ethyl esters to 8.8 pg (Fig. 4b). In comparison, the detection limit was
570 pg for ethyl esters under full scan mode (Fig. 4a). The addition of
more characteristic ions related to the ester group (m/z 101, 157) and
molecular ion peaks (m/z 578 for C3yOEt and 592 for C3gOEt) further
decreases the detection limit to 6.1 pg, but also with more non-target
peaks shown in the mass chromatogram (Fig. 4c).
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Fig. 5. Gas chromatograms showing the distribution of alkanones and alkanoates for different groups of Isochrysidales after hydrogenation. Group 2 samples include;
(a) culture samples of I. nuda RCC1207, (b) L litoralis AC18, (c) R. lamellosa CCMP1307, (d) I. galbana CCMP1323, (e) T. lutea CCMP463 and (f) Group 2i L sp.
RCC5486. (g) Lake Braya S¢ sediment sample shows representative alkenone profiles for Group 1 species. Group 3 samples include culture samples of: (h) E. huxleyi
NIES1312, (i) E. huxleyi NIES3366, (j) E. huxleyi Van556, (k) G. oceanica RCC3483 and (1) G. oceanica RCC6484. These analyses were performed on GC-FID equipped

with a non-polar HP-1MS column.

3.5. C3y0Et and C3gOEt alkenoates as biomarkers for different groups of
Isochrysidales

Different groups of Isochrysidales differ in the production of C3;OEt
and C3gOEt alkenoates. Group 1 Isochrysidales do not produce alke-
noates (Fig. 5g; Zheng et al., 2019). The C3;0Et alkenoate was found in
culture samples of both Group 2 (I nuda, I litoralis, R. lamellosa,
L galbana, T. lutea and one Group 2i strain, Fig. 5a—f) and Group 3
(E. huxleyi and G. oceanica, Fig. 5h-1) Isochrysidales. Among Group 2
Isochrysidales, I. galbana has the highest ratio of C3;OEt/C3;Me
(0.53%), with the lowest ratio in R. lamellosa (0.04%). C370Et/C3yMe
ratios of Group 3 E. huxleyi (0.82%) are on average 17 times higher than
those of G. oceanica (0.05%) (Supplementary Fig. S4a). Notably,
different strains of E. huxleyi also vary on the ratios of C3;O0Et/C3;Me:

E. huxleyi Van556 shows the highest ratio (1.37%), followed by
E. huxleyi NIES1312 (0.90%) and lowest ratio in E. huxleyi NIES3366
(0.21%). C3gOEt alkenoates were only found in samples of Group 2
Isochrysidales, with the highest C3gOEt/C3yMe ratio in R. lamellosa
(0.87%) and lowest ratio in T. lutea (0.08%) (Supplementary Fig. S4b).
Collectively, our data suggest that the presence/absence of C3;0Et and
C3gOEt permits differentiation among three groups of Isochrysidales: no
alkenoates in Group 1 species, only C3;0Et in Group 3 species and both
C370Et and C3gOEt in Group 2 species. C3gOEt alkenoates could thus be
used as biomarkers to identify the alkenone/alkenoate contribution
from Group 2 Isochrysidales in settings where Group 1 and 2 mix (e.g.,
Yao et al., 2020), and Group 2 and 3 mix (e.g., Kaiser et al., 2019; Huang
et al., 2021).

Among three groups of Isochrysidales, only Group 2 Isochrysidales
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produce extended chain length alkenones (C4;Me and C42Et) (Liao et al.,
2020) and alkenoates (C3gOEt) (Supplementary Fig. S5b), but generally
do not produce C3gMe and CszoEt alkenones that are abundant in both
Group 1 and Group 3 Isochrysidales (Supplementary Fig. S5a,c). Thus,
production of extended chain length alkenones and alkenoates in Group
2 species may help compensate for their lack of shorter-chain CggMe and
CsoEt alkenones (Liao et al., 2020).

Alkenoates are thought to be more susceptible to diagenetic degra-
dation than alkenones (Grimalt et al., 2000). For example, Teece et al.
(1998) show that alkenoates degrade preferentially relative to alkenones
in anaerobic conditions during a laboratory simulation experiment.
However, alkenoates were found, along with alkenones, in 6-million-
year-old sediments from the Japan Trench (Brassell et al., 1980; Mar-
lowe et al., 1984), indicating that alkenoates are also diagenetically
fairly stable biomarkers. Alkenoates are rarely reported in previous
studies, mainly because during the sample processing, sediment extracts
are often saponified to remove alkenoates to avoid coelutions and to
obtain a more accurate measure of alkenone unsaturation indices (e.g.,
Miiller et al., 1998; Randlett et al., 2014). However, when mid-polarity
GC columns are used (Longo et al., 2013), major alkenones and alke-
noates are well separated from each other hence saponification may no
longer be necessary. A combined study of both alkenones and alkenoates
can thus provide important information regarding production from
different groups of Isochrysidales in natural samples.

3.6. Influence of salinity and temperature on the production of Cs,OFEt
and C3gOEt alkenoates

We performed preliminary experiments to investigate the influence
of salinity on the production of C3;OEt and C3gOEt for the Group 2i
strain RCC5486. For both C3,0Et and C3gOFEt alkenoates, we observed a
decreasing Cs7OEt and Cs3gOEt ratio relative to Cs3yMe alkenones at
higher salinities. From 15 to 38 ppt, C37OEt/CgyMe ratio decreases by
44% and C3gOEt/C3yMe ratio decreases by 38% (Supplementary
Fig. S6). However, a salinity change from 15 to 38 ppt had no significant
influence on the growth rates for the Group 2i strain RCC5486 (Sup-
plementary Fig. S7). This suggests changes in C370Et/C3;Me or C3gOEt/
CsgyMe ratios may not be caused by growth rate changes at different
salinity levels. More study is needed to understand the factors control-
ling the changes in the C3;0Et/C3;Me or C3gOEt/C3yMe ratios at
different salinity.

The influence of temperature on the production of C3yOEt and
C3gOEt varies among different species/strains. For all strains of Group 3
E. huxleyi (NIES1312, NIES3366, Van556), ratios of C37OEt alkenoates
relative to CgyMe alkenones decrease with increasing temperatures,
similar to the trend of C3cOEt and C3s0Me alkenoates as reported pre-
viously in cultures of E. huxleyi and G. oceanica (Conte et al., 1998) and
ocean suspended particulate matter samples (Conte and Eglinton, 1993).
For Group 2 species, however, we didn’t observe an obvious correlation
between temperature and ratios of C3;OEt relative to C3yMe. On the
other hand, ratios of C3gOEt/C3yMe increase with increasing tempera-
tures for I nuda, but with decreasing temperatures for I. galbana. No
obvious correlation was found between C3gOFt ratios and temperatures
for T. lutea, R. lamellosa and I. litoralis. Different correlations between
alkenoate ratios and temperatures among Group 2 species were also
found for C3¢0Et and C3sOMe alkenoates (e.g., with increasing tem-
perature, I. nuda and I. litoralis have higher ratios of C350Et/C3;Me while
I galbana and T. lutea have lower ratios of C350Et/C37Me).

3.7. Detection of C3gOEt in sediment samples and comparison with DNA
data

We selected sediment samples containing demonstrated Group 2
Isochrysidales, in order to validate the extended chain length C3gOEt
alkenoates as Group 2 biomarkers. These samples included four surface
sediments from Chesapeake Bay, one sample from Lake Fryxell and two
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Fig. 6. Gas chromatograms showing the distribution of alkanones and alka-
noates for hydrogenated downcore sample from: (a) Lake Van at 4.865 m below
lake floor (mblf), (b) surface sample from Lake Fryxell and (c) surface sample
from Chesapeake Bay. Presence or absence of C3;OEt and C3gOEt was deter-
mined using selected ion monitoring mode at m/z 88 with a non-polar HP-1MS
column (Supplementary Fig. S8).

downcore samples from Lake Van. Lake Van and Lake Fryxell have been
previously examined for 18S rRNA in sediment and/or water column
samples. In both Lake Van and Lake Fryxell, only sequences of Group 2
Isochrysidales were recovered (Jaraula et al., 2010; Randlett et al.,
2014). We carried out additional next-generation DNA sequencing on
one of the Chesapeake Bay sediments with the highest surface water
salinity (24.3 ppt). We identified eight Amplicon Sequence Variants
(ASVs) (Supplementary Table S2). Four ASVs detected shared 99.44% to
100% identity with I. galbana CCAP 949/1. The remaining ASVs shared
99.72 to 100% identity with E. huxleyi RCC6856. This suggests a mixed
alkenone/alkenoate production from Group 2 and 3 Isochrysidales in
this Chesapeake Bay sample. The surface water salinity of other Ches-
apeake Bay samples ranges from 15.4 to 16.8 ppt (Supplementary
Table S1). Based on distribution characteristics of Isochrysidales in the
Baltic Sea (Kaiser et al., 2019), Group 2 species should also contribute to
the production of alkenones and alkenoates in these Chesapeake Bay
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samples within this salinity range.

Analysis of alkenone and alkenoate profiles in sediments is consistent
with DNA sequencing results: we identified C3gOEt alkenoates in all
sediment samples examined (Fig. 6, Supplementary Table S1). Lake
Fryxell surface sediment has 0.31% C3gOEt/CsyMe. Lake Van samples on
average have 0.42% C3gOEt/C3yMe. The Chesapeake Bay samples on
average have 1.88% C3gOEt/C3y;Me. On the other hand, C3;OEt was
identified in nearly all sediments except two samples from Chesapeake
Bay due to their low alkenone/alkenoate concentrations (Supplemen-
tary Table S1). In the Chesapeake Bay sample containing DNA sequences
of both Group 2 and Group 3 Isochrysidales (Fig. 6¢), mixed production
by Group 2 and Group 3 Isochrysidales can be readily identified based
on alkenone and alkenoate profiles. The presence of C3gOEt (0.35%
relative to C3yMe) suggests production from Group 2 Isochrysidales. The
contribution from Group 3 Isochrysidales can be determined based on
the relatively high ratios of C3gMe and CsoEt over C3yMe alkenones
(Supplementary Fig. S5, Supplementary Table S1). Collectively, our data
from culture samples and sediment samples suggest C3gOEt is a robust
biomarker for identifying the Group 2 contributions in saline lakes and
estuaries.

4. Conclusions

We report the first discovery and structure identification of extended
chain length C37OEt and C3gOEt alkenoates in Group 2 and/or Group 3
Isochrysidales based on extensive culture samples. Importantly, these
extended chain length alkenoates can serve as specific biomarkers to
differentiate inputs from all three groups of Isochrysidales: Group 1
species do not produce alkenoates, Group 2 species produce both C3;0Et
and CsgOEt, and Group 3 species only produce Cs;OEt. Therefore,
C3gOEt alkenoates are specific biomarkers for Group 2 Isochrysidales.
The application of C3gOEt as Group 2 biomarkers is further confirmed by
its presence in sediment samples from Lake Fryxell, Lake Van and
Chesapeake Bay where sequences of Group 2 DNA have been recovered.
GC-MS detection sensitivity of extended alkenoates in sediment samples
can be greatly enhanced under selected ion monitoring mode using
characteristic McLafferty rearrangement ion at m/z 88, or summed m/z
88, 101, 157, 578 and 592 fragment ions on hydrogenated ketone/ester
fractions.
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