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ABSTRACT

3-Hydroxy fatty acids (3-OH-FAs), derived from Gram-negative bacterial outer
membranes, have received recent attention for their potential as new terrestrial pH and
temperature proxies for palaeoclimate studies. However, it is not known whether 3-OH-
FAs based proxies can be developed and applied to the marine environment. Here we
analyze 3-OH-FAs from a latitudinal transect of marine surface sediments from the
North Pacific Ocean (12 °N to 61 °N with a mean annual sea surface temperature (SST)
range of 28.1 °C to 1.3 °C). The results show that distributions of 3-OH-FAs in marine
sediments yield overall higher abundances of anteiso 3-OH-FA homologues compared
to soils. Furthermore, 16S rRNA gene sequencing of the marine sediments and soils
shows the Gram-negative bacterial community is dominated by Proteobacteria (ca.
94%) at the phylum level. In contrast, in regional soils the Gram-negative bacterial
community is more diverse with significant contributions from Proteobacteria (ca.
50%), Acidobacteria (ca. 24%), Verrucomicrobia (6%), Bacteroidetes (6%) and other
phyla. These distinct genomic and molecular differences suggest distinctly different
aggregate compositions of bacteria that produce 3-OH-FA in the marine realm vs soils.
Moreover, we find that the ratio of anteiso to normal C,;3 3-OH-FA (RAN,;) measured
in surface sediments is highly correlated with mean annual SST throughout the
temperature transect (1.3-28.1 °C). When applied to a short sediment core from the East
China Sea, the SST changes reconstructed by the RAN;; proxy are comparable to
instrumental SST data. These findings demonstrate that RAN;; and potentially other, so
far undiscovered, proxies based on 3-OH-FAs have potential for environmental and

palaeoclimate applications in marine environments.
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1. Introduction

To better understand the climate system and to provide a palaeoclimatic context for
predictions of future rates of climate change, a wide range of environmental information
from both terrestrial and marine realms is required from palaeoclimate archives. The
determination of past sea surface temperatures (SSTs) is critical as SSTs are coupled to
general atmospheric circulation. SSTs are also one of the dominant controls on
microbial community composition and phytoplankton distribution in marine
environments and thus also higher tropic levels. During the past three decades, several

proxies based on lipid biomarkers have been proposed for reconstructing SST, inter alia:

the U§7 proxy based on long-chain alkenones (Cs7, Cs5 and Csg) (Brassell et al., 1986;

Conte et al., 2006; Rosell-Melé and Prahl, 2013; Tierney and Tingley, 2018), TEXgg
(TetraEther indeX of tetraethers consisting of 86 carbon atoms) based on isoprenoid
glycerol dialkyl glycerol tetraethers (isoGDGTs) (Schouten et al., 2002; Kim et al.,
2008, 2010), and the Long chain Diol Index (LDI) based on long chain diols
compounds (Rampen et al., 2012). These existing palacothermometers have been
widely applied to reconstruct SSTs at various spatial and temporal scales through the
Holocene (Moossen et al., 2015), Quaternary (Naafs et al., 2012; Lopes dos Santos et
al., 2013) and deeper time in the Cenozoic and Mesozoic (Herbert and Schuffert, 1998;
Bijl et al., 2013; Inglis et al., 2015; Herbert et al., 2016; Robinson et al., 2017; de Bar et

al., 2019).



However, environmental factors other than temperature (e.g., nutrients, seasonality,
export production depth, salinity, pH and biological source) may influence the above
biomarker proxies in certain contexts, especially in marginal basins and at warm or cold
extremes of the temperature calibrations (Kim et al., 2008, 2010; Trommer et al., 2009).

The U§7 proxy, derived from haptophytes has been widely applied to sediments

spanning the last 3.5 Ma (Herbert et al., 2010). Generally, alkenones reflect mean
annual SSTs except in regions with a shortened season for phytoplankton growth (Sikes
et al., 2005; Conte et al., 2006; Versteegh et al., 2007; Yamamoto et al., 2007; Rosell-

Melé and Prahl, 2013; Moossen et al., 2015; Tierney and Tingley, 2018). Factors that

could bias U§7 records away from mean annual SSTs include nutrient and light

limitation (Herbert, 2003), changes in the dominant species responsible for alkenone
production (Volkman et al., 1995), seasonality (Sikes et al., 1997; Moossen et al.,
2015), salinity (Fujine et al., 2006) and nutrient dynamics (Epstein et al., 1998; Eltgroth
et al., 2005).

TEXgs 1s broadly correlated to SST in extensive global core top calibrations (Kim
et al., 2008, 2010). However, there is evidence that TEXgs-based temperature estimates
can be influenced by seasonality (Herfort et al., 2006), non-thermal effects such as
water depth (Wei et al., 2011; Taylor et al., 2013; Herndndez-Sanchez et al., 2014; Seki
et al., 2014; Kim et al., 2015, 2016; Villanueva et al., 2015;), in situ GDGT production
in sediments (Lipp and Hinrichs, 2009; Zhang et al., 2011), sediment diagenesis
(Schouten et al., 2004), and catchment-derived isoGDGTs from Thaumarchaeota living
in soils (Weijers et al., 2006). Recent culture studies (Elling et al., 2015) have found
that there is not a common linear TEXg4 response to growth temperature in cultivated

strains of Thaumarchaeota. Eley et al. (2019) recently applied machine-learning tools



(e.g., Gaussian Process Emulators) to the isoGDGT global calibration dataset and found
a strong, underlying temperature-dependence, but also highlighted how fossil GDGT
distribution patterns differed significantly from the modern especially in the Eocene and
Cretaceous. Finally, the LDI index, derived from diols produced by microalgae, has
been applied to reconstruct SSTs throughout the Quaternary (Naafs et al., 2012;
Rodrigo-Gamiz et al., 2014). However, it appears to be of limited application to
marginal oceans where river input is predominant (Rampen et al., 2012; de Bar et al.,
2016). In addition, reconstruction of SSTs with multiple proxies in southeastern
Australia for the last ~135 ka revealed that the LDI-inferred temperatures are close to

the temperature of the warmest month, and TEXY to austral winter month SST and
U§7 to the mean annual SST (Lopes dos Santos et al., 2013). Overall, the existing

temperature proxies all come with their own strengths, but also with numerous caveats,
which makes accurate temperature estimation a continuing challenge for marine
sediments.

Gram-negative bacterially derived 3-hydroxy fatty acids (3-OH-FAs) are
commonly found in marine and terrestrial environments, including in marine particulate
organic matter and sediments (Wakeham, 1999, 2003; Wang et al., 2016), lake
sediments (Wang et al., 2016), speleothems (Wang et al., 2012, 2018), soils (Zelles et
al., 1995; Wang et al., 2016; Yang et al., 2016) and fresh snow (Tyagi et al., 2015). 3-
OH-FAs with carbon numbers from C; to Cgare mainly derived directly from the lipid
A component of lipopolysaccharide (LPS), the outer membrane of Gram-negative
bacteria (Cranwell, 1981; Raetz et al., 2007). Laboratory culture experiments show that
different Gram-negative genera and species produce differing 3-OH-FAs compositions

(Oyaizu and Komagata, 1983; Goossens et al., 1986; Hedrick et al., 2009; Wang et al.,



2018). Since both membrane lipid structure (Denich et al., 2003) and microbial
community composition (Bahram et al., 2018) respond to environmental changes, 3-
OH-FA homologs in environmental samples may encode information on environmental
parameters.

However, these biomarkers have been largely overlooked for palacoclimate
applications until recently (Wang et al., 2016, 2018; Huguet et al., 2019). Wang et al.
(2016) proposed novel terrestrial proxies based on 3-OH-FAs as independent pH and
temperature proxies based on altitudinal transects of soil samples from central China.
Two temperature proxies, RANs (the ratio of anteiso to normal Cs 3-OH-FA) and
RAN;/; (the ratio of anteiso to normal C; 3-OH-FA), show linear relationships with
mean annual air temperature (MAAT). Furthermore, a number of 3-OH-FA indices,
including the Branching Ratio and the negative logarithm of the Branching Ratio
(RIAN) — which quantify the proportion of iso and anteiso to the normal 3-OH-FAs —
were well correlated with soil pH, and show a linear correlation with the cyclization
ratio of branched bacterial GDGTs (CBT — a proxy for pH; Wang et al., 2016) in the
same samples. These proxies were recently applied to the HS4 stalagmite in central
China (Wang et al., 2018), representing the first palacoclimate application of 3-OH-FAs
and also, more generally, the first independent, biomarker-based, temperature and
hydrological reconstructions from a speleothem.

Thus 3-OH-FAs show potential for terrestrial palaecoclimate reconstruction.
However, whether the application of the existing 3-OH-FA based temperature and pH
proxies is feasible in marine systems is still unknown. Gram-negative bacteria are the
dominant prokaryotes in the ocean (Giovannoni, 2000) and 3-OH-FAs are found in

detectable abundance in marine particulate matter and sediments (Kawamura et al.,



1987; Wakeham, 1999, 2003). Therefore, it is reasonable to consider the possibility of
3-OH-FA based applications in the marine environment. In this study, we investigate 3-
OH-FA distributions along a marine latitudinal surface sediment transect. We utilize
16S rRNA analyses to place constraints on the biological source of 3-OH-FAs in the
marine sediments. Finally, we test existing terrestrial 3-OH-FA based proxies in marine
sediments and propose a novel 3-OH-FA based SST proxy, RAN 3, specifically for use

in marine environments.

2. Sampling and methods
2.1. Sampling

We collected 45 marine surface sediments across a latitudinal range from 12 °N to
61 °N. The transect encompasses seven different marginal seas (South China Sea, East
China Sea, Yellow Sea, Bohai Sea, Japan Sea/East Sea, Okhotsk Sea, and Bering Sea;
Fig. 1) and spans a diverse range of environmental settings from the tropics to regions
with seasonal sea-ice cover. Accordingly, the transect covers a wide range of mean sea
surface temperature (SST) from 1.3 °C to 28.1 °C. Sub-samples for geochemical
analyses were extracted from the surface 0—5 cm of box cores, collected from water
depths ranging from 7 m to 3960 m. In addition, a short box core B3 (29 cm;
27°19.056'N, 121°39.246' E; Fig. 1) was collected in July 2017 from the East China
Sea. The core surface was well preserved upon collection, and the upper water above
the sediment surface in the box corer was clear. After syphoning out the overlying
water, a core barrel was pushed into the box to remove a sub-core. Sediment in the sub-
core was extruded and sectioned at 1 cm intervals. Each sample was collected and

wrapped in pre-cleaned foil and sealed in a jar. In addition, soil samples (n = 3) and



marine sediments (n = 3) for genetic analysis were collected from Mt. Yujia (Wuhan)
and the South China Sea, respectively. All the samples were frozen at —20 °C before
further analysis.

For each sampling site, mean satellite SSTs were calculated using the recent 30-
year annual average (1981-2011) SSTs obtained from the World Ocean Atlas 2018
(WOA18), provided by the National Oceanographic Data Center, which computes SST
globally with a 1° spatial resolution. We also obtained instrumental mean annual and
seasonal SSTs since 1950 from NOAA for comparison with the B3 core from the East

China Sea (https://www.esrl.noaa.gov/psd/). To further explore environmental

influences on the distribution of 3-OH-FAs, we processed other parameters such as
water salinity, pH, nitrate, phosphate and silicate concentration over a period of 10 years
(from January 2008 to May 2018), obtained from the NOAA National Centers for
Environmental information with a 1° spatial resolution (Supplementary Data). All the
surface temperature and nutrient concentrations were downloaded from the website

(https://www.nodc.noaa.gov/OC5/woal 8/woal 8data.html).

2.2. Sediment dating

The ?'°Pb method was used for determining the chronology of the box core. 2!°Pb
measurements were performed using ORTEC HPGe detectors (GEM, Lo-Ax and GMX)
at the Nanjing Institute of Geography and Limnology. International standard reference
materials TAEA-133A, IAEA-327, and IAEA-375 were used to determine the energy,
efficiency, and mass calibration of each detector. Constant 2!°Pb activities in the lower

portion of the core are assumed to represent the ‘supported’ 21°Pb activity, and this


https://www.nodc.noaa.gov/OC5/woa18/woa18data.html

value was subtracted from total activity to yield excess 2!Pb activity (*'°Pb.y). The
accumulation rate was calculated using a constant initial concentration (CIC) model

(Oldfield et al., 1978).

2.3. Organic geochemistry
2.3.1. 3-OH-FAs analysis

Marine surface sediment samples (n = 45) were extracted using an optimized acid
digestion method (Wang et al., 2012). Specifically, 10 g of each sample was digested
using 3 M HCl at 130 °C for 3 h. The internal standard 3-hydroxytetradecanoic acid-
2,2,3,4,4-d5 (DL-3-hydroxymyristic acid) was added to each sample before digestion.
After cooling, the solutions were extracted by dichloromethane (DCM) 5 times, to
obtain the total lipid extract (TLE). The TLE was concentrated to 1-2 mL using a rotary
evaporator (Buchi R210, Switzerland) with a water heating bath at 38 °C and then dried
under a gentle N, flow. TLEs were methylated at 70 °C for 1.5 h by adding 2 mL BF;-
MeOH solution. The fatty acid methyl esters (FAMEs) were extracted using n-hexane,
and separated into non-OH-FAMEs and OH-FAME:s by activated silica gel column
chromatography by eluting with a mixture of solvents (n-hexane:ethyl acetate (98:2,
v/v)) and 100% ethyl acetate, respectively (Jenske and Vetter, 2008). The OH-FAMEs
were further derivatized with N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) at
70 °C for 1.5 h before analysis by GC—MS within 24 h. Care was taken at all stages,
when concentrating solvent fractions, to use a gentle N, flow to minimize any potential
loss of lower molecular weight fatty acids.

The 3-OH-FA fraction was analyzed with an Agilent 7890A gas chromatograph

and a 5975C mass spectrometer equipped with a DB-5MS fused silica capillary column



(60 m x 0.25 mm id.; 0.25 um film thickness). The GC oven temperature was
programmed from 70 to 200 °C at 10 °C min’!, then to 310 °C at 3 °C min’!, held at

310 °C for 47 min. Helium (99.999% pure) was used as the carrier gas and the gas flow
was 1.0 mL min!. The ionization energy of the mass spectrometer was set at 70 eV. The
3-OH-FAs were identified based on their mass spectra and relative retention times. The
3-OH-FAME TMS:i ethers show diagnostic fragment ions, m/z 175
([CH;]3Si0=CHCH,CO,CHs;)", due to the cleavage between C3 and C4, and [M—15]*
(base peak) which results from a loss of a CH; group (Eglinton and Hamilton, 1967;
Wang et al., 2016). The DL-3-hydroxymyristic acid shows the diagnostic fragment ion
m/z 178 ([CH3]3S10=CDCD,CO,CHj3)", containing three deuterium atoms in the

fragment.

2.3.2. isoGDGTs analysis

Surface sediment isoGDGT data had been published for four of the South China
Sea samples in Yang et al. (2018) and 12 of the East China Sea samples in Lii et al.
(2014). We measured isoGDGTs in 15 additional surface sediment samples and for the
B3 samples using the same method as Lii et al. (2014). Briefly, dry samples were
extracted using dichloromethane (DCM) and MeOH (9:1, v/v) using ultrasonication for
15 min (x4). The supernatants from each extraction were combined and concentrated,
using rotary evaporation to 1-2 mL of TLE. Then the TLE was transferred using DCM
to 8 mL vials and dried under N,. TLEs were separated over an activated silica and
anhydrous sodium sulfate column into nonpolar and polar fractions, using hexane and
MeOH, respectively. The polar fraction (containing GDGTs) was saponified with 0.5 M

KOH in MeOH at 70 °C for 2 h, then extracted (x5) with n-hexane. The polar fraction



was concentrated to 1-2 mL under N, and passed through a 0.45 um PTFE filter to
remove particulate matter.

The polar fraction was re-dissolved in 300 pL. n-hexane/isopropanol (99:1, v/v) and
spiked with a known amount of internal standard, C4s GTGT (Huguet et al., 2006).
GDGTs were analyzed using a high-performance liquid chromatography atmospheric
pressure chemical ionization-mass spectrometer (HPLC-MS; Agilent 1200 series, triple
quadrupole mass spectrometer) equipped with Masshunter qualitative software and an
auto-injector. Separation of GDGTs was achieved with an Alltech Prevail Cyano
Column (150 x 2.1 mm, 3 pm), the elution gradient and the MS conditions followed
Schouten et al. (2007). The isocratic elution was used for the first 5 min with 90% A
and 10% B, where A = n-hexane and B = n-hexane/isopropanol (9:1, v/v). The
following gradient was then used: 90:10 A/B to 82:18 A/B from 5 to 45 min. Between
samples, the column was washed with 100% B for 10 min and then equilibrated with
90:10 A/B, with a constant flow rate of 0.2 mL/min. Single ion monitoring (SIM) was
used, and compound quantification was performed by peak area integration of [M+H]*
in the extracted ion chromatogram, targeting m/z 1302, 1300, 1298, 1296, 1292
(common isoGDGT protonated molecular ions). The final results can only be
considered as semi-quantitative as we did not determine the relative response factors

between individual GDGTs and the internal standard.

2.4. DNA extraction and 16S rRNA gene sequencing
2.4.1. DNA extraction

The surface of the sediment samples was discarded to avoid contamination. Then,

0.5 g of each sample was subjected to DNA extraction using the CTAB/SDS method



(Niu et al., 2008). DNA concentration and purity were checked using a Nanodrop 2000
spectrophotometer (Thermo Scientific, Delaware, USA) and stored at —20 °C for further

analysis.

2.4.2. 16S rRNA gene sequencing

Total genome DNA was extracted using the CTAB/SDS method (Niu et al., 2008).
The 16S rRNA target genes for the V4 distinct regions were amplified using the primer
set 515F (5'-GTGCCAGCMGCCGCGGTAA-3") and 806R (5'-
GGACTACVSGGGTATCTAAT-3") for targeting DNA fragments longer than 300 base
pairs (Bergmann et al., 2011). DNA samples were processed by Beijing Novegene
Bioinformatics Technology Co. Ltd. (Beijing, China) for amplicon sequencing using the
[llumina MiSeq platform with the HiSeq PE250 system (Illumina, California, USA).
The forward primers contain a 6-bp error-correcting barcode unique to each sample.
The DNA was amplified following the protocol described previously (Caporaso et al.,

2011).

2.4.3. Bioinformatics and statistical analysis

For 16S rRNA gene sequencing data, pairs of reads from the original DNA
fragments were merged with fast length adjustment of short reads (FLASH) (Magoc and
Salzberg, 2011). Single-end reads were assigned to samples based on their unique
barcode and truncated by cutting off the barcode and primer sequence. Quantitative
Insights Into Microbial Ecology (QIIME) and UPARSE pipeline (Caporaso et al., 2010)
were used to filter the reads and to extract the operational taxonomic units (OTUs)

with > 97% similarity, respectively. Then, for each OTU, a representative sequence was
Yy, resp y P q



selected using Ribosomal Database Project (RDP) classifier to assign taxonomic
composition (Wang et al., 2007; Cole et al., 2009). OTU abundance information was
normalized using a standard with a sequence number corresponding to the sample with
the least sequences. Statistical analysis was based on the OUT taxonomic composition
and OUT abundance. We use localized BugBase software to predict bacterially relevant
phenotypes based on ribosomal 16S rRNA datasets. BugBase leverages pre-existing
database, annotation and framework data, along with manual curation to provide the
user with microbial phenotype predication at the organism level, including Gram
staining, oxygen tolerance, biofilm formation, pathogenicity, mobile element content

and oxidative stress tolerance (Ward et al., 2017).

2.5. Statistical analysis

Statistical analyses were performed to examine the relationship between 3-OH-FA
based indices and environmental parameters in both our new marine and previously
published soil datasets (Wang et al., 2016, 2018; Huguet et al., 2019). Principal
component analysis (PCA) was performed on the fractional abundance of 3-OH-FA
homologues to provide a general view of the variability within the distribution of 3-OH-
FAs between soils and marine sediments. The relationships between 3-OH-FAs and
environmental factors, such as SST, water depth, pH, salinity, and nutrient conditions,
were assessed by applying redundancy analysis (RDA). All statistical analyses were

conducted using the software Canoco 5.0.

2.6. Proxy calculations

With the exception of our newly proposed RAN ;3 index, all 3-OH-FA based indices



were calculated following Wang et al. (2016):

RAN;5 = a-Cs /n-C;5 3-OH-FA (1)
RAN,; = a-Cy7 /n-C;; 3-OH-FA (2)
RIN=//N €)
Branching Ratio = (/ + 4)/N 4)
RIAN = —log [({ + 4)/N] (5)
Branched Index = (I + A)/(I + A + N) (6)

Where a and n represent anteiso and normal 3-OH-FA, I represents the sum of all the

iso 3-OH-FAs, A represents the sum of all the anteiso 3-OH-FAs, and N represents the
sum of all the normal 3-OH-FAs.

1s0GDGT-based indices and inferred SST were calculated following Kim et al. (2008,
2010).

TEXgs= (GDGT-2 + GDGT-3 + Cren')/(GDGT-1 + GDGT-2 + GDGT-3 + Cren') (7)

TEX§s = log (TEXse) (8)
TEX%e = log((GDGT-2)/(GDGT-1 + GDGT-2 + GDGT-3)) 9)
SST =56.2 x TEXgs — 10.78 (n =233, R2=0.935) (10)
SST =68.4 x TEXH; +38.6 (n=255,R2=0.87) (11)
SST =67.5 x TEX§e +46.9 (n =396, R2 =0.86) (12)
3. Results

3.1. Sediment chronology

The 219Pb,, activity profiles for the B3 core collected from the ECS are shown in



Fig. 2. The ?!°Pb ages indicate that B3 has been accumulating sediments since ca. 1959
with a mean accumulation rate of 0.49 cm yr!. The accumulation rates agree well with
reported data from the adjacent ECS shelf (Chen et al., 2014; Xu et al., 2015; Lin et al.,
2016). The B3 core has accumulation rates slightly lower than observed in cores DZ18
and DZ41 collected from the Zhejiang-Fujian Coastal mud area (Chen et al., 2017),
which is consistent with B3 occupying a location in deeper water that is relatively

farther from the Yangtze River mouth (and thus fluvial inputs).

3.2. The concentration and distribution of 3-OH-FAs in marine sediments and core B3
3-OH-FA homologues, including normal, iso and anteiso 3-OH-FAs, were
detected in all marine surface sediments (Fig. 3). The total concentrations of 3-OH-FAs
range from 1.02 pg g! to 36.0 pg g!, with the highest concentration in the Bohai Sea,
and the lowest in the South China Sea. Generally, the 3-OH-FAs homologues ranged in
carbon number from C;, to C;3 with the even numbered C;,, C4 and C4 normal
homologues and the odd numbered C,s anteiso homologue typically abundant. n-C,4
was the dominant homologue, except for two samples in the Bering Sea, where the C,;
compound was slightly more abundant. Notably the odd numbered C,3,C;5 and Cy;
anteiso and iso isomers were more abundant than their normal counterparts. Moreover,
the C;3, Ci5 and C;7 homologues showed higher concentrations in the investigated
marine sediments, compared to previously studied soil samples (Wang et al., 2016,
2018; Huguet et al., 2019). In addition, the unsaturated C,g3 3-OH-FA was commonly

detected in the marine samples. The 3-OH-FA concentrations in core B3 varied from



5.75 10 9.65 pg g'! (e.g., within the range of concentrations measured in the surface
sediments of the ECS).

3-OH-FA based pH and temperature indices were calculated following equations
1-6. The pH indices showed significant variation down-core: Branching Ratio (0.34 to
1.28); Branched Index (0.25 to 0.56); RIAN (—0.11 to 0.47) and RIN (0.23 to 0.84). The
temperature proxies RAN;5s and RAN;; varied from 3.27 to 16.3 and 1.82 to 7.50,
respectively (Table 1). In core B3, values for these indices fluctuated over the past 57

years (Supplementary Data).

3.3. GDGT distributions in surface and core sediments

The isoGDGTs from both surface sediments and core B3 were measured and the
TEXgs values were calculated. The concentrations of isoGDGTs from the surface
sediments varied from 0.01 to 2.33 pg g'!. The isoGDGT based TEXgs values ranged
from 0.30 to 0.69, representing a temperature range from 6.0 °C to 27.8 °C when using
the global calibration (Kim et al., 2008). The concentration of isoGDGTs ranged from
12.8 t0 20.8 ng g!, with GDGT-0 and crenarchaeol being most abundant in the B3 core.
TEXgs values ranged from 0.54 to 0.59, yielding reconstructed TEXgs temperatures of
20.2-21.7 °C. TEX§s and TEX}s ranged from 0.23 to 0.27 and from 0.35 to 0.40,
respectively (Supplementary Data). The TEXg¢-based temperature calculated in B3
showed a similar trend with the estimates from core PN-2 (Lii et al., 2014) during the

last 57 years.

3.4. Statistical analysis



To examine which environmental factors influence 3-OH-FA distributions in
marine and soil samples, principal component analysis (PCA) on the fractional
abundances of 3-OH-FA homologues was performed. The first two components explain
69% of the variance, with the marine sediments and soils obviously clustered in
different biplots (Fig. 4A). On the first principal component (PC1, explaining 44% of
the variance) the loading of the marine and soil 3-OH-FAs fall in opposed quadrants,
with marine sediments in the right-hand quadrants.

In addition, we performed redundancy analysis (RDA) on the marine surface
sedimentary 3-OH-FAs. We used environmental factors, including surface water SST,
water depth, salinity, pH, nitrate, phosphate and silicate concentration as an exploratory
constraint on their influence on the distribution of 3-OH-FAs in the marine samples.
The results show that annual mean SST explains most of the variability in 3-OH-FAs
distributions, while other parameters, including pH, seemed to exert insignificant
influence on the distributions (Table 2). Although the pH in the marine environment had
statistically insignificant influence (p = 0.17) on the 3-OH-FA distributions (Table 2),
we include it with SST when exploring the influence of environmental factors on 3-OH-
FA based proxies (Fig. 4B), due to the known influence of pH on 3-OH-FAs in soil
samples (and because it is the second ranked factor after temperature). We found that
the pH proxies RIAN, Branching Ratio and RIN are loaded on the first axis of the RDA
(RDAL, explaining 32% of the variance), whereas the temperature proxies RAN;s and
RAN,; were loaded on the second axis of RDA (RDA2 (explaining 13% of the
variance, Fig. 4B). The RDA results show that the Branched Index, Branching Ratio,
RIN are negatively correlated with SST, while RIAN and TEXgs show a positive

relationship with SST.



4. Discussion
4.1. Distributions of 3-OH-FAs in soils and marine sediments

The distributions of 3-OH-FAs in soils from an altitudinal transect in China (Mt.
Shennongjia) were previously investigated and novel pH and temperature proxies were
proposed based on indices of normal, iso and anteiso 3-OH-FAs (Wang et al., 2016).
Recently, those 3-OH-FA based proxies were shown to be workable in further soil
transects from tropical and temperate climate regions (Huguet et al., 2019). However,
the correlative relationship between the 3-OH-FA based indices RAN;5 and RAN;; and
MAAT previously found in soil transects (Wang et al., 2016; Huguet et al., 2019) was
not replicated in our latitudinal transect of marine surface sediments, which covered a
large mean annual SST range (1.3-28.1 °C, Supplementary Fig. S1). The RAN;s and
RAN;,; values in the marine sediments show higher values than those in soils and do not
correlate with SST (Supplementary Fig. S1). These findings imply that these soil-based
proxies may be not applicable to marine environments for SST reconstruction, even in
marginal settings. Geochemically, this is due to the typical 3-OH-FA isomer fingerprint
we measured in marine sediments not having an analogue within the existing soil-based
calibrations (Wang et al., 2016; Huguet et al., 2019). Specifically, this is due to the
relatively higher abundances of the a-C,s and a-C,; isomers in the marine sediments vs
soils (Fig. 5A, B).

Furthermore, we explored the relative abundance of the summed anteiso vs
normal and iso 3-OH-FAs in marine sediments and soils (Fig. 5C, D), the results reveal
that the marine environment produces distinctly higher abundances (> 20% of total 3-

OH-FAs) of the anteiso 3-OH-FA isomers for most homologues. This is supported by



our PCA analysis, which shows the soil and the marine sediments clustering on
different sides in the PCA biplot (Fig. 4A). Consequently, we use a ternary plot to
further visualize the distributional differences of the marine vs published soil 3-OH-FAs
(Wang et al., 2016; Huguet et al., 2019). The results clearly highlight the different
distribution domains: soils contain relatively higher abundances of the higher molecular
weight homologues C;s.13 3-OH-FAs (ca. 25-60%), compared to marine samples (ca.
10-35%) (Fig. 6). Marine samples contain higher abundances of all anteiso homologues
(ca. 10-35%) compared to soil samples (ca. > 10%).

We further investigated correlations between the previously reported 3-OH-FA
based terrestrial pH proxies (Branching Ratio, Branched Index, RIAN and RIN) and sea
surface water pH (Fig. 7). The relationships were more apparent than for the
temperature proxies RAN;s and RAN;; but were relatively weak, which suggests that
the application of terrestrially derived 3-OH-FA based pH proxies is not suitable in the
marine environment. We note this relationship needs further investigation. The pH data
coverage in the WOA is much more sparse than for temperature, thus pH values in the
WOA likely contain greater errors and offsets compared to temperature data.
Additionally, the lack of a linear relationship may in part be due to the pH of ocean
surface waters being relatively stable and showing only a small range of variation, thus
3-OH-FAs producers may not be so sensitive in a limited pH range (7.4-8.2). Finally, it
is fundamentally hard to disentangle temperature from pH as environmental drivers in
the global ocean as the two parameters are broadly correlated (Supplementary Fig. S1),
due to colder water absorbing more CO,, driving the carbonate ion balance towards

more acidic values.



Interestingly, the four soil pH proxies showed stronger linear relationships with
SST rather than pH in our marine samples (Fig. 8), suggesting that 3-OH-FAs
distributions in marine environments are more broadly controlled by temperature,
whereas 3-OH-FAs distributions in soil are influenced by both temperature and pH
changes (where pH ranges are much greater). Indeed, our RDA results confirm that pH
did not significantly influence 3-OH-FAs distributions in the marine sediments (Table
2). Hence, distributions of 3-OH-FAs in marine vs soil environments are significantly
and distinctly different, and have differing responses to environmental factors. Thus

soil-derived 3-OH-FA based proxies are not applicable in marine environments.

4.2. Sources of 3-OH-FAs in soils and marine sediments

A number of terrestrial input proxies including TOC/TON (total organic carbon/
total organic nitrogen), hopanes and higher plant wax biomarkers, BIT (branched
isoprenoid tetraether index), TMBR (terrestrial and marine biomarker ratio) and bulk
and compound specific 8'3C have been used to constrain organic sources in marginal
seas (Hopmans et al., 2004; Pancost and Boot, 2004; Xing et al., 2014) and where
terrestrial inputs dominate can be used to reconstruct paleo-terrestrial environments.
Specifically, in the West Pacific region studies on the spatial pattern of terrestrial
proxies in the Yellow Sea, East China Sea and the Sea of Okhotsk indicate high
terrestrial organic matter inputs to this marginal region (Seki et al., 2014; Xing et al.,
2014, 2016; Yao et al., 2015).

Most of our samples are derived from marginal basins, with water depths less than
200 m (Table 1) and so it is possible that our marine surface sediment samples could

contain relatively high proportions of terrestrially sourced 3-OH-FAs. However, the



fingerprint of 3-OH-FA homologues in our soil and marine sediments show clear
differences in distributions (Figs. 4-6). Gram-negative bacteria, the biological
precursors of 3-OH-FAs, are the most abundant bacteria in the marine environment
(Giovannoni, 2000). Whatever the relative input of marine vs terrestrial 3-OH-FAs, the
observed difference in 3-OH-FA distributions (Fig. 6) suggests that the primary marine
3-OH-FA geochemical signature is not overprinted by terrestrial/soil 3-OH-FA derived
inputs.

3-OH-FA profiles in the marine water column have been previously investigated in
a number of oceanic settings, including the Black Sea, Gulf of Mexico, Equatorial
Pacific and North Sea (Kawamura et al., 1987; Wakeham, 1999, 2003). Wakeham
(1999) found that 3-OH-FAs were the most abundant hydroxy acid fraction, comprising
ca. 100% of total hydroxy fatty acids in marine particulate matter in the Black Sea. 3-
OH-FA concentrations were relatively high in the upper water column (top 30 m) and
decreased with increasing depth (Wakeham, 1999). Wakeham (1999) concluded that 3-
OH-FAs in the Black Sea reflected a direct biosynthetic origin by aqueous microalgae
and cyanobacterial LPS (as previously proposed by Matsumoto et al., 1988), including
possible contributions from anaerobic and methylotrophic bacteria (given the anoxic
conditions of deeper waters and sediments in the Black Sea). More generally, Gram-
negative bacteria, the biological precursors of 3-OH-FAs, are the most abundant
bacteria in the marine environment (Giovannoni, 2000). Brown et al. (2009) report that
both bacterial abundance and species richness are highest in the upper (10 m) of the
water column of the oligotrophic North Pacific compared to deeper waters (800 m and
4400 m). Ghiglione et al. (2007) and Liu et al. (2018) found complex relationships

between free-living and particle-attached bacterial community abundances at different



depths, but it is noteworthy that Liu et al. (2018) found significantly higher abundances
in the upper water column (75 m) of (free-living) Gram-negative alphaproteo-, cyano-
and particle-attached deltaproteo-bacteria. Thus, a dominant input of 3-OH-FAs in the
marine environment from precursor Gram-negative bacteria dwelling in the upper water
column is reasonable. We note that 3-OH-FA acids are also found in seagrasses
(Volkman et al., 1980; Gillan et al., 1984; Nichols and Johns, 1985; de Leeuw et al.,
1995), but we do not consider this as a viable dominant source beyond the littoral zone.
Our 16S rRNA results give additional direct evidence for different bacterial
precursor populations for the 3-OH-FAs measured in marine surface sediments vs soils.
In the SCS samples, Proteobacteria account for ca. 94% of all the Gram-negative
bacteria at the phylum level, followed by Bacteroidetes (Fig. 9). In sediments from
coastal (39 m) to deep basin (3960 m) sites in the SCS, the proportion of Proteobacteria
increases from 89% to 97%, which suggests a high contribution of Proteobacteria in
open marine settings. In soil samples, the Gram-negative bacteria are dominated by
Proteobacteria (ca. 51%) and Acidobacteria (ca. 24%). However, even though
Proteobacteria are the dominant Gram-negative bacteria in both our marine sediments
and soils (Fig. 9), the composition of Proteobacteria is different at the class level
(Supplementary Fig. S2). In marine sediments, Proteobacteria are dominated by
alphaproteobacteria and gammaproteobacteria, while in soils the Proteobacteria are
dominated by alphaproteobacteria, betaproteobacteria, gammaproteobacteria and
deltaproteobacteria (Supplementary Fig. S2). Cho and Giovannoni (2004) successfully
purified twelve Gammaproteobacteria, which are physiologically diverse heterotrophs,

from coastal and pelagic regions of the Pacific Ocean. The physiological characteristics



of Gammaproteobacteria in the marine environment and whether they are the primary
source of marine produced 3-OH-FAs requires further investigation.

In the soil environment, constraining the source of 3-OH-FAs is challenging due
to the relatively diverse and complex Gram-negative bacterial community. The most
abundant group, Proteobacteria (ca. 51%) may be the main source of 3-OH-FAs in
terrestrial environments. Indeed, Pseudomonas, a genus of Proteobacteria, yields 3-OH-
FAs in terrestrial systems, especially in cave soils, drip waters and stalagmites (Liu et
al., 2010; Sardar et al., 2015; Wang et al., 2018). However, due to the observed
differences in the distribution of 3-OH-FAs in soils and marine environments (Figs. 4-
6), we assume that soil 3-OH-FAs producers include inputs from different
Proteobacteria classes (Supplementary Fig. S2). In addition, contributions from
Acidobacteria (ca. 24%) in soils as a source of a proportion of the 3-OH-FAs cannot be
excluded. Acidobacteria are the most abundant Gram-negative bacterial community
except for Proteobacteria in soils (Fig. 9), which is mainly influenced by pH,
temperature and elevation (Shen et al., 2019). Acidobacteria have been suggested as a
potential source for bacterial GDGTs (brGDGTs) in soil environments (Sinninghe
Damsté et al., 2014). Interestingly, Wang et al. (2016) showed that the 3-OH-FA-based
temperature and pH indices have a good linear relationship with brGDGT-derived
proxies from the same altitudinal soil transect in central China. Whether this robust
linear relationship between the 3-OH-FA and brGDGT-based proxies represents similar
biological sources requires further analysis.

Overall, we present multiple lines of evidence which demonstrate different
distributions and sources of 3-OH-FAs in soils vs marine surface sediments. Our PCA

analysis (Fig. 4A) and ternary plot (Fig. 6) highlight that marine and soil 3-OH-FA



distributions are distinct, and specifically that marine sediments contain relatively
higher abundances of anteiso 3-OH-FAs and soils contain relatively higher abundances
of lower molecular weight 3-OH-FAs (C;(-C14; Fig. 6). The correlation between our 3-
OH-FA distributions (see RAN 3 below) with satellite SSTs and the observation of the
highest water column abundance of many Gram-negative bacterial groups and 3-OH-
FAs in the upper water column (Wakeham, 1999) supports a predominantly upper water
column origin (e.g., surface to deep chlorophyll maximum) for the marine sedimentary
3-OH-FA signal. We propose that this signal is mainly transported to sediments by
means of fecal pellet packaging, mineral ballast and aggregation into larger particles
(e.g., marine snow), since bacterial cells are too small and low in density to sink
independently.

Finally, the genetic evidence suggests that the 3-OH-FA producers in our marine
samples are mainly derived from alphaproteobacteria and gammaproteobacteria, while
in soils, alphaproteobacteria, betaproteobacteria, gammaproteobacteria,
deltaproteobacteria and acidobacteria present a more diverse population of possible 3-
OH-FAs producers (Supplementary Fig. S2). Much future work is required, including
characterization of particulate organic matter in the water column, mesocosms, culture
experiments and genetic analysis to constrain and decipher 3-OH-FA sources in

terrestrial and marine environments and in different geological archives.

4.3. RAN;; — a novel SST index based on 3-OH-FAs
In marine environments, bacterial communities may be affected by temperature,
salinity, water pH, redox conditions and nutrient conditions (nitrate, phosphate and

silicate concentrations). Our RDA analysis of marine 3-OH-FAs distributions and



environmental factors indicates that annual mean SST is the key factor controlling the
3-OH-FAs distributions (Table 2). We find marine samples contain higher abundances
of iso and anteiso C,3 3-OH-FAs compared with soils. Intriguingly, the abundance of
iso and anteiso Cy3 3-OH-FAs appears to vary systematically across the latitudinal
range of the sampled ocean basins (Fig. 3 and Supplementary Data). For example, the
iso and anteiso C;3 3-OH-FAs show lower abundances (ca. 5%) in the South China Sea
than in the mid-latitude Yellow Sea (ca. 10%) and the high-latitude Bering Sea (ca.
15%; Supplementary Data).

Here we propose a new proxy using the ratio of anteiso to normal C3 3-OH-FA
(RAN3), RAN|; defined as follows:
RAN; = a-C,3/n-C3 3-OH-FA (13)

From the RDA results, we find that RAN 3 ;s strongly influenced by SST (Fig. 4B).
Indeed, there is a strong exponential relationship between RAN;; and SST in our dataset
across a temperature range of 1.3 °C to 28.1 °C (Fig. 10A). RAN; values decrease with
increasing SST, with the lowest value in the South China Sea (0.73, 27.5 °C, 12.1 °N)
and highest value in the Bering Sea (7.09, 2.1 °C, 62.8 °N). This negative relationship
between RAN;; and SST is comparable to that of RAN;5 (RAN;;7) and MAAT in soils.
This common response of 3-OH-FAs to temperature likely reflects the same
fundamental mechanistic response of certain Gram-negative bacterial groups to
temperature change. Specifically, bacteria likely increase the proportion of anteiso 3-
OH-FAs with decreasing temperature in order to maintain membrane fluidity, as the
anteiso fatty acids have a notably lower melting point (ca. 30 °C) than both normal and
iso fatty acids (Kaneda, 1991; Suutari and Laakso, 1994). Interestingly, the RAN 3

proxy in soil samples shows no correlation with the MAATS from the published data



(Supplementary Fig. S1) (Wang et al., 2016, 2018; Huguet et al., 2019). This suggests
that different Gram-negative bacterial groups in marine sediments vs soils may use
different compounds in response to environmental changes. The RAN;; index seems to
be an independent marine temperature proxy, which is not greatly affected or
overprinted by terrestrial signals, even in marginal basins.

The GDGT-based TEXgs has been widely used as a temperature proxy in the
global oceans, showing a linear relationship over a wide range of temperatures
(Schouten et al., 2013). The RAN;;5 index in our dataset also shows an exponential
relationship with TEXge-derived SSTs in the same samples (R?=0.37, p <0.001, n=
31; Fig. 10B). The relatively lower correlation between the two proxies may be due to
the overestimate of temperatures by TEXs in lower-SST region, for example the Bering
Sea, where the SSTs are under 5 °C (Fig. 10B). Kim et al. (2010) suggested that the
relative abundance of the regio-isomer of crenarchaeol may not have a strong
correlation with lower SSTs. For more accurate estimates of SST, the TEXH; (the
logarithmic function of TEXg¢) and TEX}s (the logarithmic function excluding the
crenarchaeol regio-isomer) were promoted for calibration the SST in high and low
temperature regions, respectively (Kim et al., 2010). We explored these two temperature
proxies, as well as the RAN; with satellite SSTs in tropical (> 25 °C) and polar surface
sediments (< 6 °C), to test the application of RAN3 proxy. The results showed that the
calibration of TEX§ in higher temperatures (R2=0.53,n=7, p <0.001 ) is slightly
weaker than that of RAN;3 with SSTs (R2=10.69,n =7, p <0.001; Fig. 10C). Similarly,
the TEX§, showed a poor relationship with SSTs (R2=0.16, n = 10; Fig. 10D) under
6 °C (most being Bering Sea surface sediments). The complicated seasonal ocean

currents in the Bering Sea may partly explain the insensitivity of the GDGT-based



TEX5e to temperature changes (Grebmeier et al., 2006). In contrast, the RAN 3 presents
a strong relationship with SSTs (R? = 0.55, Fig. 10D), even at lower temperatures,
which highlights the potential of using RAN 3 as a temperature proxy in tropical to polar
oceans.

Thus, we propose an exponential relationship of RAN;; with SSTs and obtained
the following equations for temperature calibration.

SST =exp ” (3.75 — 0.47xRAN13) (R2=0.92, p < 0.001, RMSE = 2.55) (14)

We also calculated the residual SSTs (the temperature difference between
RAN;,; and observed satellite SSTs) (Fig. 11B). These residuals fall well within the
residual error lines except for several samples in tropical oceans, which may partly be
biased by the relative lower abundance of 3-OH-FAs in that regions. The good overall
performance of the RAN;; calibration, especially at the low end of the SST spectrum,
suggests the exponential calibration of RAN 3 could be a robust proxy for tropical and

polar ocean palaco-temperature reconstruction.

4.4. Comparison of a RAN,; based SST reconstruction with instrumental-era data.

Box core B3 contains a high-resolution marine record of climate since about
1959. We use this sedimentary record, which overlaps with the instrumental and
satellite era of climate observation, to test the application of the RAN,; temperature
proxy during the past 57 years. We calculated the mean annual SST at site B3 since the
1950s (mean temperature ca. 20.0 °C) (Fig. 12C). RAN,3 temperatures were
reconstructed using the exponential Eq. 14. Temperatures fluctuated from 16.6 °C to
23.3 °C (average 20.2 °C), during the past 57 years. The RAN 3 calculated SST trends

were remarkably close to instrumental SSTs, recording a longer-term temperature



increase from 1960 to 2017. Superimposed on this are sub-decadal fluctuations of ca.

4 °C, especially notable are oscillations during the 1970s to 1980s, and the persistent
SST increase from the 1990s (which are observed in the instrumental SSTs). In
addition, we compared our data with TEXgs data from the same core (B3 — this study)
and with published TEXgq data from proximal core PN-2 in the ECS (Lii et al., 2014).
The TEXHs-based temperatures ranged from 20.2 °C to 21.7 °C (average 21.0 °C; Fig.
12E). The average down-core TEXgs temperatures are statistically indistinguishable
from the RAN;3-SSTs (although slightly higher than the average instrumental and
RAN;,;-derived temperatures). However, in comparison to the RAN 3 proxy, TEXgs does
not reconstruct either the longer-term warming trend observed in the instrumental data
or the sub-decadal oscillations with the same fidelity (Fig. 12). As noted above the
RAN,;3-SSTs pick out strong sub-decadal changes, observed in the instrumental data
and likely related to El Nifio and La Nifia events, as well as the Pacific decadal
oscillation (PDO). In a positive phase the PDO brings warmer SSTs and MAAT (via the
strengthening of the Kuroshio current) to the East Asia (Wang et al., 2008; Yao et al.,
2018). This appears to be reflected in both our RAN;3-SSTs and the terrestrial
MBT/CBT-MAATs from the ECS (Fig. 12).

Both the relationship of RAN,j; to satellite SSTs in surface marine sediments and
the agreement between down-core derived SSTs and instrumental SSTs in core B3
suggest that RAN;; could be used to reconstruct temperature changes. Our results imply
that the highly seasonal inputs of terrestrial organic matter in the Western Pacific
marginal seas do not overprint marine 3-OH-FAs distributions and RAN3;-based mean

annual SSTs. Thus, the present study demonstrates both the first calibration of the 3-



OH-FA RAN; SST proxy and how this biomarker tool can reconstruct past SST signals

in marine sediments.

5. Conclusions

We investigated 3-OH-FA distributions in a marginal marine surface sediment
transect from the western North Pacific Ocean. We identified significantly different
distributions and sources of 3-OH-FAs in marine sediments vs soils via both
empirical/statistical and genetic analysis. Marine sediments contain higher relative
abundances of anteiso 3-OH-FAs. 3-OH-FAs producers in the marine environment are
likely alphaproteobacteria and gammaproteobacteria, while microbial producers in the
soil are likely a mix of alphaproteobacteria, betaproteobacteria, gammaproteobacteria,
deltaproteobacteria and acidobacteria. The soil temperature proxies RAN;5 and RAN;
showed no linear relationship with SST. We propose a new independent marine
bacterial temperature proxy, RAN;3;, which shows a strong exponential relationship with
satellite SSTs in our dataset. We suggest that the RAN;; signal originates with precursor
Gram-negative bacteria dwelling in the upper water column. We demonstrate that
RAN;;-derived temperatures from sediment core B3 agree with instrumental SSTs over
the last 57 years. Thus, the present study demonstrates both the first calibration of the 3-
OH-FA RAN;,; SST proxy and how this biomarker tool can reconstruct past SST signals

in marine sediments.
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Figure Captions

Fig. 1. Location of surface sediment sampling sites in the North Pacific, including the
South China Sea, the East China Sea, the Yellow Sea, the Bohai Sea, the Japan/East
Sea, the Okhotsk Sea, and the Bering Sea. The black dots denote the surface sediments.
The green star denotes the core sediment B3, the red triangle denotes the core sediment

PN-2 and the blue squares denote core sediments DZ28 and DZ41 from East China Sea.

Fig. 2. Profile of excess 2!1°Pb (>'°Pb,y) for core B3. Accumulation rates were

determined using best-fit linear methods to the slope of the line for the top 15 cm.

Fig. 3. Examples showing typical distributions of 3-OH-FAs from South China Sea,

Yellow Sea and Bering Sea.

Fig. 4. (A) PCA biplot of 3-OH-FAs distributions in soils and marine sediments. The
first principal component (PC1) explains 44% of the variation and the second principal
component (PC2) explains 27% of the variation. (B) RDA triplot based on 3-OH-FAs
proxies in marine sediments. The RDA1 explains 32% variation and the RDA2 explains

13% of the variation.

Fig. 5. Cross-plots of 3-OH-FA distributions in marine sediments (this study) and soils
from Mt. Shenongjia reported by Wang et al. (2016). (A and B) Plots highlighting the
differential distributions of anteiso and normal C,5 (C;7) 3-OH-FAs in marine sediments

and soils. (C and D) Plots highlighting the differential distributions of summed anteiso



3-OH-FAs in marine sediments and soils. (E and F) Extracted ion chromatogram (m/z

175) showing example distributions of 3-OH-FAs in marine sediments and soils.

Fig. 6. Ternary plot showing the distribution of 3-OH-FAs from marine sediments in
this study and soil samples reported by Wang et al. (2016, 2018) and Huguet et al.
(2019). The blue ellipse shows the domain of marine sediment distributions and the

orange ellipse shows the domain of terrestrial soil distributions.

Fig. 7. Cross-plots showing the relationship between 3-OH-FAs based pH proxies (A—
D, Branching Ratio, Branched Index, RIN and RIAN, respectively) and sea surface pH

(https://www.nodc.noaa.gov/OC5/woal 8/woal 8data.html).

Fig. 8. Cross-plots showing the relationship between soil 3-OH-FA based pH proxies

and annual mean SST in marine surface sediments.

Fig. 9. Phylum composition of Gram-negative bacterial communities for three soil
samples collected from Mt. Yujia and three marine surface sediments from different

water depths from the South China Sea.

Fig. 10. (A) Cross-plot showing the relationship between RAN;; and annual mean SST
in marine sediments. (B) Cross plot showing the relationship between RAN;5 and
TEXgs-derived temperatures in our dataset. (C and D) Cross plots showing the

relationship between temperature proxies (RAN 3, TEXH; and TEX}s) and mean annual

SSTs in (sub)tropical (> 25 °C) and (sub)polar oceans (< 6 °C).


https://www.nodc.noaa.gov/OC5/woa18/woa18data.html

Fig. 11. (A) Cross plots showing exponential relationship between RAN;; and mean

annual SSTs, and (B) the residual values between RAN;; estimated and satellite SSTs.

Fig. 12. Temporal variations in (A) PDO index (Yao et al., 2018), (B) Mean annual SST
anomalies from the 1950s to the present day for the ECS (Bao and Ren, 2014) and (C)
Instrumental mean annual SST for core B3 (gridded from NOAA) since the 1950s. (D)
RAN3-based SST in core B3 calculated using the exponential equation. The dashed line
shows the linear trend during the time period. (E) Mean annual SSTs derived from

TEXY, in core B3 and PN-2 (data from Lii et al. (2014)). (F) MAAT derived from

MBT/CBT from core DZ28 and DZ41 (Chen et al., 2018).



Tables

Table 1 Location, environmental parameters and 3-OH-FAs based proxies for marine surface sediments from the North Pacific Ocean.

Sample g\]“)mde i;‘l’gn)g““de Eg’th (S%T) ﬁ;‘ghmg E;:;hed RIAN  RIN RAN;;  RAN;;  RAN;,
S14-19 12.14 11060 2300 27.7 0.55 0.35 0.26 0.25 0.82 15.01 5.68
934-20 1219 109.75 155 27.5 0.34 0.25 0.47 0.24 0.73 3.45 1.82
ZSQDIS0  16.09 11731 3960 28.1 0.46 0.31 0.34 0.23 0.61 10.79 3.76
HS13 1996 11514 971 26.4 0.50 0.33 0.30 0.24 1.71 1634 683
STD33 2048  114.83 126 26.2 0.45 0.31 0.34 0.28 1.32 7.38 3.94
STD29 2112 11447 83 25.6 0.58 0.37 0.24 0.31 1.06 7.20 4.99
STD330  22.82 11854 39 25.4 0.43 0.30 0.36 0.30 1.21 5.38 2.78
A13-6 28.85  123.03 66 213 0.69 0.41 0.16 0.40 1.88 9.54 7.33
A12-6 2905 12315 69 21.1 0.70 0.41 0.16 0.41 1.49 7.52 451
Al1-6 2925 12322 68 20.9 0.61 0.38 0.22 0.35 2.20 12.71 5.47
All-5 2933 12298 67 20.6 0.71 0.42 0.15 0.45 1.64 8.60 5.30
A6-1 3105 12206 7 18.7 0.66 0.40 0.18 0.44 1.48 6.40 2.38
B6 3137 12212 15 18.5 0.56 0.36 0.25 0.37 1.95 6.29 4.68
BS 3137 12197 14 18.5 0.59 0.37 0.23 0.42 1.55 5.70 3.03
H29 3301 123.00 32 17.2 0.74 0.43 0.13 0.44 1.60 6.64 6.23
H25 3400 12359 71 16.7 0.76 0.43 0.12 0.41 1.60 9.74 6.83
H16 3500 121.66 46 15.6 0.86 0.46 0.06 0.46 1.74 9.30 6.32
HS4 3550 12231 53 15.3 0.79 0.44 0.10 0.41 1.83 9.79 6.88
HO4 36.00 12199 43 15.0 0.79 0.44 0.10 0.46 2.08 8.44 5.09
B35 3711 12122 30 143 0.88 0.47 0.06 0.52 2.11 8.51 5.69
BS04 3740 123.09 56 14.1 0.77 0.44 0.11 0.46 2.05 9.40 5.94
BI13 3789 12206 60 13.8 0.81 0.45 0.09 0.45 2.55 12.14 637
B72 37.94 12032 18 13.9 0.82 0.45 0.08 0.48 2.00 9.09 5.60
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B49

B58
LV55-25-2
LV53-20-2
LV53-18-2
LV55-44-2
LV55-29-2
LV55-12-2
LV55-18-2
14NB02
14NBO03
BSO01
BS02
BS03
NBO04
BS04
BMO07
BMO04
BMO05
BMO1

37.95
38.32
38.95
39.49
39.80
40.13
42.95
47.52
51.90
53.33
56.30
60.87
60.94
61.11
61.12
61.13
61.20
61.25
62.50
62.63
62.88
63.46

121.99
119.35
118.98
120.44
133.90
133.97
134.75
145.16
144.70
152.30
145.30
175.53
173.86
177.28
175.54
173.88
171.56
171.63
167.38
173.00
170.88
172.49

43
24
20
25
n.d.
1147
587
524
n.d.
730
n.d.
107
81
119
91
70
57
49
30
55
36
49

13.7
14.0
13.9
13.1
13.6
13.3
10.2
5.8
4.5
4.6
4.2
3.8
1.3
4.0
3.6
3.0
2.6
2.6
2.4
2.4
2.1
2.0

0.89
0.82
0.80
0.80
0.70
0.77
1.01
1.20
0.96
1.23
0.95
0.94
0.82
1.10
0.89
1.22
1.27
1.28
1.21
1.04
0.92
0.82

0.47
0.45
0.44
0.44
0.41
0.43
0.50
0.54
0.49
0.55
0.49
0.49
0.45
0.52
0.47
0.55
0.56
0.56
0.55
0.51
0.48
0.45

0.05
0.08
0.10
0.10
0.15
0.11
-0.01
-0.08
0.02
-0.09
0.02
0.03
0.09
-0.04
0.05
-0.09
-0.10
-0.11
-0.08
-0.02
0.04
0.08

0.56
0.53
0.48
0.50
0.35
0.40
0.58
0.71
0.58
0.84
0.59
0.56
0.47
0.65
0.52
0.68
0.73
0.71
0.76
0.60
0.59
0.52

231
1.97
1.95
1.90
2.95
3.08
3.93
4.14
4.62
3.63
4.69
4.79
5.99
5.39
6.21
7.05
5.71
5.58
6.39
6.98
7.09
6.01

8.89
7.23
8.62
8.34
13.55
14.17
10.73
9.62
9.00
7.99
10.12
8.72
4.67
7.67
8.57
8.57
9.91
7.28
10.03
10.22
7.50
3.11

6.69
4.46
4.96
4.80
6.66
7.50
7.04
6.71
6.81
6.78
6.00
6.42
4.26
5.00
4.69
5.72
5.88
5.29
6.15
5.04
5.78
2.21

n.d. means no data.



Table 2 (A) RDA results applied to the fractional abundance of 3-OH-FAs in the marine
sediments. The sum of all canonical eigenvalues is 0.46 and the total variance is 1.
Eigenvalue (1) is the proportion of the scores. A as % of the sum of all canonical
eigenvalues is obtained by multiplying by 0.46 with the variation explained by the first
two axes. (B) The results of the forward selection. “Explains %” means the proportion

of explanatory variables at a significance level of p < 0.05.

RDA A A as % of total A as A as % of sum of
axis Inertia cumulative %  all canonical
of total inertia  eigenvalues

A

1 0.32 32 32 74.3

2 0.13 13 45 91.7

B

Order Explanatory Explains % F Statistic p Value
variable

1 SST 30 10.3 0.002

2 pH 5 1.8 0.17

3 Salinity 23 0.8 0.52

4 Nitrate 4.3 1.6 0.2

5 Phosphate 1.6 0.6 0.59

6 Silicate 2.1 0.7 0.5

7 Water depth 0.9 0.3 0.88
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Highlights

e Distinctive distributions of 3-OH-FAs in marine surface sediments vs soils
e 16S rRNA analysis shows distinct bacterial populations in marine sediments

e We propose RAN ;3 as a new proxy for sea surface temperature reconstruction
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