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ABSTRACT

TEX3gs has been increasingly applied for sea surface temperature reconstruction. This
proxy is derived from the relative distribution of glycerol dialkyl glycerol tetracthers (GDGTs).
Recently, however, increasing evidence showed that TEXgs could be affected by multiple
variables (e.g. seasonal or terrestrial input, methanotroph input). In this study, GDGTs and
TEXse were studied in water column and sediments of the Pearl River estuary and coastal South
China Sea. The results exhibited 1) unusually low TEXs¢-derived temperatures in the transitional
area, and 2) strong correlation between Ring Index (weighted average number of cyclopentane
rings in GDGTs) and Marine Group I (MG II) Euryarchaeota. Lipid and molecular DNA both
indicate that 1) archaeal community composition is the crucial factor to bias TEXse, and 2) MG
I synthesize ringed GDGTs, which may alter TEXg¢ in the transitional area. Our study warns

against using TEXge for interpretation of the (coastal) sediment record.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Sea Surface temperature (SST) and paleothermometry

Global warming is changing natural environments and human societies in diverse ways. The

global average surface temperature increased by 0.6+0.2 °C over the 20" century and accelerated

warming trend in the past two decades (IPCC, 2013, http://www.ipcc.ch). As the atmosphere

CO, concentrations have increased by over 100 ppm in comparison to its preindustrial levels

(IPCC, 2013, http://www.ipcc.ch), most of the global warming is attributed to the increasing

greenhouse gases caused by human activities. To have a better understanding of the
anthropogenic impact on climate change, scientists should provide more accurate climate records
to build and test models that are employed to predict future climate trends.

Sea surface temperature (SST) has an important role in the global climate system and may
influence a number of climatic processes. Our capability of foreseeing future climate change
benefits from what we can learn from the past climate patterns. Thus, determination of the paleo-
SST is of primary importance for the reconstruction of the natural climatic changes, modeling of
climate and reconstruction of ocean circulation. This can be achieved by modeling or assessed
with temperature proxies.

Several geochemical proxies for SST reconstruction have been proposed since the 1950s,

and they can generally be divided between proxies based on inorganic (calcite and opal shells



and sheletons) and organic remains (lipid biomarkers) (see Table 1 of Huguet, 2007). Since
chemical and/or physical factors may have significant impact on inorganic proxies, the organic
remains are proposed as a proxy to reconstruct the paleo-SST (Huguet, 2007). The first proxy,
U*'37, is built on the basis of the ratio of long-chain unsaturated ketones that are synthesized by
haptophyte algea (Brassell et al., 1986). However, the U* 37 can be affected by a series of
environmental factors, e.g. seasonality, depth habitat changes of the haptophytes, species
composition, signal accumulation through time, etc. (Herbert, 2003). In 2002, a second proxy,

TEXjs6, based on archaeal organic remains was proposed by Schouten et al. (2002).

1.2. TEXgs and archaeal membrane lipids

TEXjse (TetraEther Index of tetraethers consisting of 86 carbons) is a sea surface temperature
proxy based on the relative distribution of the cyclic moieties of glycerol dislkyl glycerol
tetracthers (GDGTs, Fig. 1.1), membrane lipids of the Thaumarchaeota (Schouten et al., 2002), a
group of microorganisms belonging to the domain of Archaea and occurring ubiquitously in the

occan.

1.2.1 Biological sources of GDGTs

Archaeal membrane lipids include a monolayer of glycerol dialkyl glycerol tetracthers
(GDGTs) containing 0-8 cyclopentane rings in their two biphytane moieties. One particular
GDGT, crenarchaeol (and its isomer), is only found in Group I Thaumarchaeota, which contains

4 cyclopentane moieties and 1 cyclohexane moiety (Sinninghe Damste et al., 2002). These



archaeal membrane lipids, ubiquitously present in natural environments, were firstly detected as
intact core lipids in 2000 (Hopmans et al., 2000).

The Thaumarchaeota contain tetraethers, which have been commonly recognized as the
predominant source of GDGTs in the ocean. Over the last two decades, Archaea have been
increasingly shown to play important roles in global carbon and nitrogen cycles and paleoclimate
reconstruction (Schouten et al., 2013). Planktonic marine Archaea are comprised of two
dominant groups — the Thaumarchaeota and Euryarchaeota. Thaumarchaeota, formerly classified
as Group I Crenarchaeota (Brochier-Armanet et al., 2008; Spang et al., 2010), have been
recognized as the main driver in ammonia oxidation in the marine (Konneke et al., 2005) and
terrestrial (de la Torre et al., 2008; Sinninghe Damste et al., 2012) environments. Recently,
Lincoln et al. (2014) show that planktonic Euryarchaeota (MG II) produce the same types of
archaeal tetraether lipids as do Thaumarchaeota. Their results have important implications for
environmental surveys of marine Archaea, and the use of their lipids for interpretation of the

sedimentary record.

1.2.2. GDGTs as a new temperature proxy

Archaeal membrane lipids can be well preserved in the environments and geological settings
for a long time (Kuypers et al., 2001) due to the stability of their structures. This chemical
feature helps to establish a series of proxies to reflect the variations in the environments.
Previous culture studies of hyperthermophilic Archaea had already indicated that the relative
number of cyclopentane moieties of GDGTs changed with growth temperature (Gliozzi et al.,

1983), i.e. the number of cyclopentane moieties increased with increasing temperature. This



temperature adaptation has also been detected in the GDGTs of Thaumarchaeota and forms the
basis of a new temperature proxy based on distribution of non-(hyper)thermophlic archaeal

membrane lipids in the ocean (Schouten et al., 2002; Eq. 1).

GDGT2+GDGT3+Cren.iso
TEXs6 = GpaT1+aDGTZ4GDGT3 +Creniso (OchoUten et al., 2002) - (Eq. 1)

This ratio was determined for a range of marine core top sediments and found to correlate
well with annual mean SST (Schouten et al., 2002) (Fig. 1.2). However, this is merely an
empirical correlation and there was no direct proof for a functional relationship between
temperature and TEXss. Wuchter et al. (2004) found that TEXgs is linearly correlated with
temperature and that changes in salinity and nutrients do not substantially affect the TEXs.

These initial results clearly show that TEXgs is a potentially useful SST proxy.

1.2.3. Calibrations of TEXge

The linear regressions of core-top TEXgs values versus sea surface temperatures enable us
to establish an empirical calibration making TEXse as a (paleo-) temperature proxy (Schouten et
al., 2002; Eq. 2). Superseded by a more extensive global core tope dataset (n = 228), Kim et al.
(2008) proposed a new calibration (Eq. 3), which was only applicable for SST between 5 and 30
°C. To make the calibration useable in polar regions, Kim et al. (2010) extended the global core
top dataset with core top from mainly polar oceans and improved the correlation that showed a
stronger relationship between lower temperature SST and TEXss (Eq. 4). Meanwhile, with
enrichment culture data, Kim et al. (2010) suggested a slightly modified form of TEXgs for
determining SST at temperature > 15 °C (Eq. 5).

SST = (TEXgs — 0.28)/0.015  (Eq. 2)



SST =56.2 x TEXs3c—10.8  (Eq. 3)

SST = 67.5 x (TEXss") + 46.9, TEXgs" = log[GDGT2/(GDGT1+GDGT2+GDGT3)] (Eq. 4)
SST = 68.4 x (TEXgs ) + 38.6, TEXgs " = log[TEXgs]  (Eq. 5)

For all these calibrations, Eq. 5 is well accepted as a more accurate equation to reconstruct the

paleo-temperature of low latitude ocean; Eq. 4 is better to be used in high latitude regions.

1.2.4. Problems with TEXge

With increasing application of TEXge in different environments, it has become evident that
temperatures derived from this proxy can be biased by several other variables (Schouten et al.,
2013) including 1) in situ production of GDGTs in sediments (Lipp and Hinrichs et al., 2009), 2)
input of GDGTs from the water column below the photic zone (Kim et al., 2012), 3) seasonal
variability (Leider et al., 2010), 4) terrestrial input (Weijers et al., 2006), and 5) selective
degradation of polar GDGTs (Schouten et al., 2012). Further bias of TEXgs may be attributed to
GDGTs produced from other groups of Archaea, such as Euaryarchaeota (Delong et al., 2006),
particularly the methanotrophic Archaea associated with gas hydrates (Zhang et al., 2011), or

group [.1b Thaumarchaeota of soil origin (Sinninghe Damsté et al., 2012).

1.3 The Pearl River and its estuary

The Pearl River, located in the subtropical or tropical zone with an annual mean air

temperature of 21-22 °C and annual rainfall of 1600-2300mm (Ji et al., 2011), is the second

largest river (~ 2214 km) in China and the 14" largest river in the world (Zhao et al., 1990; Cai et



al., 2008). The annual average river discharge ~ 330x10° m’yr"' and sediment deliver of ca. 90
Mt yr' (Zhao et al., 1990), with 80% during the wet season (Apr.- Sep.) and 20% during the dry
season (Oct.- Mar.). The Pearl River system drains to the north South China Sea via three
estuaries, Lingdingyang, Modaomen and Huangmaohai and is mainly formed by the confluence
of three principal tributaries, namely the West River, the North River and the East River.

Lingdingyang, the largest estuary of the Pearl River Estuary, coupling with the lower Pearl
River make up a complex river-estuarine system, with a length of ~ 130 km (40 km of the low
Pearl River and the 90 km of the estuary) and a width of 4-58 km (Cai et al., 2004; Rabouille et
al., 2008; Chen et al., 1994). The Pearl River estuary receives water from three sources,
freshwater from the Pearl River, oceanic water from the South China Sea and coastal water from
the South China Coastal Current (Chau and Wong, 1960; Williamson, 1970; Morton and Wu,
1975). In this region, a number of dynamical factors influence hydrodynamic processes and the
fate of organic matter, including bottom topography, freshwater discharge, winds, tides and
coastal currents that control hydrodynamic processes, circulation and distribution of the physic-
chemical parameters such as water pH or salinity. The gravitational circulation between estuarine
plume and salt wedge increases the complicacy of the hydrological environment.

The Pearl River estuary (PRE) and adjacent coastal waters display a typical spatial
variability of phytoplankton in summer: low biomass and productivity due to high dilution and
light limitation caused by high turbidity in the freshwater-dominated estuary; high biomass and
productivity at intermediate salinities in the estuarine/coastal plume; and reduced biomass and
productivity due to nutrient limitation in the oceanic dominated region (Yin et al., 2004). The
water in the PRE is significantly enriched with methane (Chen et al., 2008; Zhou et al., 2009).

C3 plants are the dominant vegetation type in this area (Yu et al., 2010). Anthropogenic activities



are strong in the PRE, which increases the ratio of N versus C in total organic matter (Harrison et

al., 2008).

1.4 Objective and outline of this thesis

The following thesis work aims is to better understand the environmental and biological
factors controlling the variability in TEXge in the Pearl River and its estuary by integrating
archaeal membrane lipids with 16S rRNA genes. Specifically I will address 1) the sources of
archaeal lipids in the water column and sediments; 2) the factors that may cause biases to TEXse
in the transitional zone; and 3) the relationship between Marine Group II Euryarchaeota and
GDGTs.

This thesis begins with an investigation of the distribution of TEXgs in the water column
and surface sediment collected from the lower Pearl River and its estuary (Chapter 2), where I
observe that an unusually low TEXgs-derived temperature occurred at the transitional area
between the Pearl River estuary and the coastal South China Sea. By analysis of archaeal
sequence, the change of archaeal community composition is proposed to me the predominant
factor controlling the variation of TEXgs in this region. However, as lacking of quatification
analysis of archaeal DNA, it is hard to identify the possible contributor to the offset of TEXss. To
that end, Chapter 3 presents a parallel analysis targeting archaeal tetracther lipids and Marine
Group I (MG IT) Euryarchaeota 16S rRNA gene, showing that MG II are able to produce
GDGTs with 1-4 cyclopentane moieties, which may eventually alter TEX3s to an unrealistic
value.

In summary, this thesis represents a comprehensive combination of organic geochemistry



and molecular DNA technique, with the ultimate objective of providing a new perspective on

interpretation of TEXge record in coastal and ocean environments.
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Fig. 1.1. Structures of archaeal core GDGTs described in the text.
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Abstract

TEXjs6, calculated based on the distribution of isoprenoid glycerol dialkyl glycerol
tetracthers (GDGTs), is used worldwide for paleotemperature reconstruction in marine and
lacustrine environments. Recently, however, increasing evidence showed that TEXgs could be
affected by multiple environmental variables. In this study, TEXgs was calculated for core and
polar GDGTs obtained from water column and surface sediments in the lower Pearl River and its
estuary. Together with previously published core GDGT data from the coastal and open South
China Sea (SCS), a comparison was made between TEXss-derived and satellite-based surface
water temperature, which showed a TEXgs-temperature minimum that is considerably lower than
winter satellite temperature in the transitional zone between the Pearl River estuary and the
coastal SCS. TEXgs showed significantly positive correlation with GDGT-2 and GDGT-3 in this
transitional zone, indicating that they are the primary compounds for the TEX3gs bias toward
cooler temperature. Lipid and molecular DNA data both indicate that the variation in archaeal
community composition rather than water depth or seasonality is likely the crucial factor causing
the deviation of TEXse in the transitional area. Our study has implications for studies in ancient
continental margins where unusually low TEXss temperatures may be observed in the geological

record.

Keywords: TEXse; Isoprenoid GDGTs; The lower Pearl River; Estuary; South China Sea
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2.1 Introduction

TEXjse 1s a (paleo-) sea surface temperature (SST) proxy based on the distribution of cyclic
moieties of isoprenoidal glycerol dialkyl glycerol tetracthers (GDGTs, Fig. 2.1) of archaeal
membrane lipids (Schouten et al., 2002). The calibration of TEXgs was made empirically using
marine core top sediments collected globally (Schouten et al., 2002; Kim et al., 2008, 2010). To
date, TEX3s has been applied to reconstruct paleo-SST in numerous cases (e.g. Liu et al., 2009;
Zhang et al., 2014). However, with increasing application of TEXse in different environments, it
appeared that the TEXs¢ value could be affected by factors other than temperature (as reviewed
in Pearson and Ingalls, 2013 and Schouten et al., 2013), such as 1) in situ production of GDGTs
in sediments (Lipp and Hinrichs, 2009; Liu et al., 2011; Dang et al., 2013), 2) input of GDGTs
from the water column below the photic zone (Kim et al., 2012a; Huguet et al., 2007), 3)
seasonal variability (Wuchter 2006; Herfort et al., 2006a; Leider et al., 2010), 4) terrestrial input
(Weijers et al., 2006; Herfort et al., 2006b, Zhu et al., 2011), and 5) preferential reservation of
polar GDGTs (Schouten et al., 2012; Lengger et al., 2012). Further bias of TEXss may be
attributed to GDGTs produced from other groups of Archaea, such as marine group II (Lincoln et
al., 2014) or methanotrophic (Weijers et al., 2011b; Zhang et al., 2011; Ho et al., 2014)
Euryarchaeota, or group 1.1b Thaumarchaeota of soil origin (Sinninghe Damsté¢ et al., 2012).

Recently, analysis of surface sediments from coastal South China Sea (SCS) off the Pearl
River (PR) estuary (water depth < 100 m) showed that TEXs¢-derived temperatures were
significantly lower than annual mean SST (Wei et al., 2011). This observation was confirmed by
subsequent studies of Ge et al. (2013), Zhang et al. (2013), and Zhou et al. (2014), which

examined the TEXss temperature in the sediments from the same geographic region. The latter
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two studies favored an interpretation of winter signal imprinted by the low TEXgs values. This
conclusion was supported by a previous study in the southern North Sea (Herfort et al., 2006a).
In contrast, Castafeda et al. (2010) proposed that the TEXss temperature in the coastal area of the
Mediterranean Sea reflected summer signal during the Holocene. Leider et al. (2010) found that
TEXjs6-derived temperatures for the nearshore sites were similar to winter SST; whereas, at the
most offshore sites, they were close to summer SST. In addition, several other investigations
indicated that the TEXgs-derived temperatures from the surface sediments of coastal seas
reflected temperature signals from different water depths (Lee et al., 2008; Lopes dos Santos et
al., 2010). Therefore, it remains unclear what is the predominant factor that controls the variation
of TEXse in the coastal marine environment (water depth < 200 m).

In this study we compared the distribution and abundance of archaeal membrane core lipids
(CL or CL-GDGTs) and polar lipids (PL or PL-GDGTs) in the suspended particulate matters
(SPM), surface sediments, and surrounding soils in the lower Pearl River and its estuary, and
then examined the factors controlling the TEXge signals in the estuary and coastal to open SCS
by combining our data with those from Zhang et al. (2013), Ge et al. (2013), and Wei et al.
(2011). Our results indicated that a TEXgs temperature minimum occurred in the transitional
zone between the PR estuary and coastal SCS. Together with molecular DNA data from SPM in
the surface water, we suggested that the variation in archaeal community composition might be
responsible for the unusually low TEXse. Our study warns against the applicability of the TEXgs
as a paleotemperature proxy for interpretation of low temperature events in ancient continental

margins.
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2.2 Material and Methods

2.2.1 Sampling

The sampling procedures and analytic methods for water chemistry were described in detail
in Zhang et al. (2012). Briefly, eighteen SPM samples and thirteen surface sediments were
collected from the lower Pearl River (10 stations) and its estuary (4 stations) (Fig. 2.2) in the
summer of 2010. SPM was collected from surface (ca. 1 m) of the lower Pearl River and from
surface (ca. 1 m) and near the bottom (ca. 4 — 17 m) of the PR estuary. About 3 — 27 L of surface
or bottom water were collected using a submersible pump and filtered onto ashed (450°C,
overnight) and pre-weighed glass-fiber filters (Whatman GF/F, 0.7 pym, 142 mm diameter)
(Table 2.1). The pH, temperature, and salinity were determined in situ by a Horiba instrument
(W-20XD, Kyoto, Japan) (Table 2.2).

Surface sediments (top ca. 10 cm) were collected using a grab sampler at all stations except
for the estuarine station PR-13 at which a sediment sample was not collected (Fig. 2.2; Table
2.1). Twenty soil samples (from the top 5-10 cm) were also collected from within the catchment
of the lower Pearl River and its estuary (Fig. 2.2).

All samples were frozen immediately in liquid nitrogen and kept at -80°C in the laboratory
before analysis. The same samples were used for simultaneous extraction of isoprenoid GDGTs
and branched GDGTs; the results for branched GDGTs were reported previously (Zhang et al.,

2012); in this study, we present the results of archaeal isoprenoid GDGTs.
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2.2.2 Analysis of archaeal isoprenoid GDGTs

Lipid extraction and separation of CL- and PL-GDGTs followed a modified Bligh and
Dyer extraction procedure described in Zhang et al. (2012). Briefly, five grams of freeze-dried
sediment or the cut pieces of a whole filter were extracted by sonication (10 min, 6X) with a
mixture of methanol, dichloromethane (DCM) and phosphate buffer (pH 7.4) (2:1:0.8, v/v/v).
The supernatants were combined and carefully evaporated to dryness under a steady stream of N,
at 35°C, re-dissolved in a small amount of n-hexane/ethylacetate (1:1,v/v) and separated into an
apolar fraction that contained core lipids (CL-GDGTs) and a polar fraction that contained polar
lipids (PL-GDGTs), using activated silica gel columns eluted sequentially with n-
hexane/ethylacetate (1:1, v/v) and methanol. PL-GDGTs were treated in the following manner:
half of the polar fractions (non-hydrolyzed polar fractions) were directly condensed, dissolved in
n-hexane/isopropanol (99:1, v/v), and filtered using a PTFE filter that had a pore diameter of
0.45 pm; the other half (hydrolyzed polar fractions) was hydrolyzed (24 h, 70°C) in 5%
HCl/methanol (V/V). DCM and MilliQ water were added, and the DCM fraction was collected
(repeated 4X). The DCM fraction was rinsed (6X) with MilliQ water in order to remove acid and
dried under N, gas. The hydrolyzed fraction was also re-dissolved in n-hexane/isopropanol (99:1,
v/v) and filtered through 0.45 um PTFE filters.

The analysis of non-hydrolyzed polar fractions is to determine any carryover of CL-
GDGTs into the polar fraction (Weijers et al., 2011a). In order to analyze PL-GDGTs as CL-
GDGTs, the polar fraction was hydrolyzed to cleave off the polar head groups (Pitcher et al.,
2009). Thus, the accurate yield of PL-GDGTs in the polar fraction needs to exclude any

carryover of CL-GDGTs from the hydrolyzed polar fractions. Because the total polar GDGTs
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were calculated based on the difference of yield between hydrolyzed and non-hydrolyzed polar
fractions, the precise composition of intact polar lipids was unknown. Thus, we used PL-GDGTs
(polar lipid GDGTs) instead of IPL-GDGTs (intact polar lipid GDGTs) as described in Zhang et
al. (2012).

All these fractions were analyzed using high performance liquid
chromatography/atmospheric pressure chemical ionization-tandem mass spectrometry
(HPLC/APCI-MS/MS), which was performed with an Agilent 1200 liquid chromatography
equipped with an automatic injector coupled to QQQ 6460 MS and Mass Hunter LC-MS
manager software using a procedure modified from Zhang et al. (2012) and Schouten et al.
(2007). Separation was achieved with a Prevail Cyano column (2.1 mm % 150 mm, 3 pm;
Alltech Deerifled, IL, USA) thermostated at 40°C. Injection volume was 5 pl. GDGTs were first
eluted isocratically with 90% A and 1% B for 5 min, followed by a linear gradient to 18% B in
45 min. Solvent was held for 10 min in 100% B and was then allowed to re-equilibrate in 90% A:
10% B over a period of 10 min. A represents n-hexane and B is a mixture solution of 90% n-
hexane and 10% isopropanol.

Detection was performed using positive ion APCI. The (M+H)" diagnostic of each core
isoprenoid GDGT (m/z 1302, 1300, 1298, 1296, 1294, 1292) was monitored via selected ion
monitoring (SIM) mode. The conditions for Agilent 6460 ion source were as follows: nebulizer
pressure 40 psi, vaporizer temperature 350°C, drying gas (N;) flow 5 L/min and temperature
250°C, capillary voltage 3 kV, corona 4 pA. All fractions were quantified by adding a known
amount of an internal C4¢ GDGT standard in the apolar and polar fractions (Huguet et al., 2006).
The detection limit for GDGTs was 0.001 ng.

Indices based on the relative abundance of GDGTs were calculated as follows:
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TEXgs = ((GDGT-2] + [GDGT-3] + [Cren.isol)/([GDGT-1] + [GDGT-2] + [GDGT-3] +
[Cren.iso]) (Schouten et al., 2002) (1)

TEXgs = log (TEXs6) (2)

SST = 68.4 xTEXygs  + 38.6 (Kim et al., 2010) (3)

with the GDGT numbers corresponding to the GDGT structures in Figure 2.1.

The calibrations of TEXss by Kim et al. (2010) were chosen in this study because of its
significant linear correlation with SST in the 15°C — 28°C range (cf. Fig. 14 of Schouten et al.,
2013) and lower standard error (< £2.5°C). On the other hand, using the latest calibration of
TEXs6 based on the core top sediments of < 200 m water depth (Kim et al., 2012a) would result
in unrealistic values that are lower than winter temperatures in surface water (Table A1 and
Table A2). The analytical error for TEXgs was better than £0.011 for all samples, which

corresponded to about +0.5°C according to Kim et al. (2010).

2.2.3 DNA analysis

DNA isolation and amplification. Four SPM samples were selected to investigate the
archaeal community composition along the lower Pearl River and its estuary, i.e. PR-4, PR-9,
PR-12, and PR-14 (Fig. 2.2). Bulk DNA was extracted from SPM samples using PowerSoil™
DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA). Archaeal 16S rRNA gene fragments
were amplified using primers Arch21F (5’-TTCCGGTTG ATCCYGCCGCCGGA-3’) and
Arch958R (5’-YCCGGC GTTGAMTCCAATT-3’) as previous described (DeLong, 1992). The
conditions for amplification of archaeal 16S rRNA genes were as follows: initial denaturation at

95°C for 3 min; 30 cycles of denaturing (1 min at 94°C), annealing (1 min at 55°C), and

23



extension (1.5 min at 72°C); and a final extension at 72°C for 10 min. The PCR products were
purified with a QIAquick PCR Purification kit (Qbiogene Inc., Irvine, CA).

Cloning analysis. The PCR product was ligated into the pMD-18T vector (TaKaRa) and
transformed into Escherichia coli DH5a competent cells. The transformed cells were plated on
Luria-Bertani plates containing 100 pg/ml of ampicillin, 80 pg/ml of X-Gal (5-bromo-4-chloro-
3-indolyl-B-D-galactopyranoside), and 0.5 mM IPTG (isopropyl-p-D-thiogalactopyranoside) and
incubated overnight at 37°C, Resulting PCR products were screened for correct size and purity
by 1% agarose gel electrophoresis.

Phylogenetic analysis. The 16S rRNA gene sequences were grouped into operational
taxonomic units (OTUs) with 3% distance cutoff with the DOTUR program (Schloss &
Handelsman, 2005). Sequence similarity searches were performed using the BLAST network
service of the NCBI database (http://www.ncbi.nlm.nih.gov/BLAST). The sequences were tested
for chimeras by using the Ribosomal Database Project Chimera-Check program and were
aligned with Clustal W (Thompson et al., 1997).

Accession number of nucleotide sequences. The sequences have been deposited in the

GenBank database under accession numbers: KP769447 - KP769519.

2.2.4 Satellite SST and air temperature

The satellite SST was obtained from the best SST (bSST) data sets from the NOAA

advanced very-high-resolution radiometer (AVHRR) (version 5.0;

http://pathfinder.nodc.noaa.gov) on a 4 km spatial resolution. Since the temperature

reconstructed from the SPM was a snapshot signal, the mean SST of the sampling month (July)
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was extracted and averaged from the daily mean bSST for 30 days of July of 2010 using
MATLAB. On the other hand, since the top ca. 10 cm sediments in the PR estuary were
estimated to represent 6 — 10 yr deposition (Strong et al., 2012), the annual mean SST and winter
mean SST used 8-year mean values of annual mean bSST (2003 — 2010) and monthly mean
bSST (December — February), respectively. The mean air temperature of the month of July was

30°C recorded near the city of Guangzhou (Liu et al., 2007).

2.2.5 Statistical analysis

Cluster analysis was performed on CL-GDGTs in the sediments from the lower Pearl River,

the PR estuary, and the coastal and open SCS using the base program in R 2.12.1. Data for

sediments from the coastal and open SCS were those of Wei et al. (2011), Ge et al. (2013), and

Zhang et al. (2013). The relative abundance of CL-GDGTs from all samples was imported into R

and the Euclidean method was used to compute the distance matrix and to generate a hierarchical

clustering tree. The linear regression analysis was performed by iPython Notebook.

2.3 Results and Discussion

2.3.1 CL- and PL-TEXgs temperatures in the lower Pearl River and soils

In the water column of the lower Pearl River, the CL-TEXs¢ temperatures (avg. 25.6 &

0.6°C, n = 10) were close to the satellite-based annual mean surface water temperature (SWT)
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(24.6 £ 0.1°C) (Fig. 2.3a). However, the PL-TEXg¢ temperatures (avg. 27.6 + 1.1°C, n=10) varied
between the satellite-based annual and July mean SWT (Fig. 2.3b).

In the sediments of the lower Pearl River, the CL-TEXgs temperatures (avg. 25.2 £ 1.0°C, n
= 10) varied around the annual mean SWT as well (Fig. 2.3¢c); however, the PL-TEXss
temperatures (avg. 20.2 £ 2.9°C, n=10) were below the annual mean SWT and fluctuated around
the winter mean SWT (20.4 + 0.1°C) (Fig. 2.3d; Fig. 2.4), which was in contrast to its fluctuation
above the annual mean SWT in the SPM samples in the lower Pearl River (Fig. 2.3b).

In summary, the average values of the CL-TEX3gs temperatures from either SPM or
sediment samples were all close to annual mean SWT in the lower Pearl River (Fig. 2.4);
whereas, the PL-TEXgs temperatures deviated from the annual mean SWT with the SPM samples
exhibiting about 3°C higher and the sediments 4°C lower than the annual mean SWT (Fig. 2.4).

The TEXss temperatures for soils from the catchment of the lower Pearl River and its
estuary were also calculated (using Eq. 3) in order to compare with the signals from the SPM and
sediment samples. On average, the TEXs values of the soil samples were significantly higher
than those of surface water and surface sediments from the lower Pearl River (Suppl. Table A1,
A2, and A3). When translating to temperatures, the CL-TEXgs temperatures (avg. 29.0 + 2.4°C, n
= 20) and PL-TEXjs temperatures (avg. 29.6 + 3.2°C, n = 20) in the soils were correlated well
with the July mean air temperature (30°C), both of which were 1°C — 8°C higher than those from
the surface water SPM and the surface sediments in the lower Pearl River (Fig. 2.4).

The significant difference in TEXgs temperatures between soils and the SPM samples (Fig.
2.4) indicates a substantial amount of in situ production of GDGTs in the lower Pearl River,
which is consistent with previous studies showing in situ production of crenarchaeol in the water

column of the Amazon River (Kim et al., 2012b; Zell et al., 2013a, b) and in the Yangtze River
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(Yang et al., 2013). Furthermore, the TEXgs temperature from PL-GDGTs in the SPM reflects
water temperature during the collecting season (July). This is in line with previous observation
that TEXse temperature in the Yangtze River appeared to have a good correlation with in situ
river temperature (Yang et al., 2013).

In contrast with the short time scale (ca. days or even months) of SPM in the water column,
sediments represent a relatively long time accumulation, i.e. ca. 6-10 yrs for our sediment
samples according to Strong et al. (2012). Hence, the CL- and PL-GDGTs in the surface
sediments of the lower Pearl River may have multiple sources, including: 1) terrestrial input
from surrounding soil, 2) vertical export from water column, 3) lateral transport from the upland,
or 4) in situ production in the surface sediment.

Here we assess each of the above potential sources. 1) The substantial difference in TEXgs
and the amount of total GDGTs between the surface sediments and soils (Fig. 2.4; Table 2.2)
suggest that soil input in the surface sediment may be insignificant. 2) Due to the similarity in
CL-TEXge temperature between the SPM and surface sediments, most CL-GDGTs in the
sediments are likely from the surface water. Yet, this interpretation cannot explain the offset of
PL-TEXjse temperature between the SPM and the surface sediments. 3) Strong et al. (2012)
suggested that most of terrestrial organic matter in the PR estuary were predominantly
contributed by the cooler upland region based on the evidence that annual mean air temperature
derived from the branched GDGTs-based proxies were cooler than a given annual mean air
temperature in the lowland Pearl River catchment. If that is the case, the PL-GDGTs in the
surface sediment of the lower Pearl River may be derived from a cooler upland region because of
the occurrence of low PL-TEXgs temperature (Fig. 2.3d & Fig. 2.4). This is counter intuitive as

the CL-GDGTs should also register this cooler signal from upland, which is not the case in this
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study (more discussion in the next section). 4) Since the PL-TEXgs temperatures in the sediments
were cooler than the annual mean SST even though sampling occurred in summer, it seems
reasonable to assume that the dominant component of PL-GDGTs may be from in situ
production in the sediments that are expected to have lower in situ temperature than the water
column.

Overall, our data suggest that CL-TEX3s in the surface sediment is unlikely to be influenced
by the relatively low abundance of PL-GDGTs produced in situ in the water column and surface
sediments (Table 2.2). Consequently, the CL-TEXss may have the potential to be employed as a

palaeothermometer in the surface sediment of the lower Pearl River.

2.3.2 CL- and PL-TEXgs temperatures in the PR estuary

Variations in TEXgs temperature in the SPM and the surface sediments of the PR estuary
were different from those in the lower Pearl River (Fig. 2.3). In the surface water of the PR
estuary, the CL-TEXss temperature fell between annual and winter mean SWT, whereas the PL-
TEXge temperature ranged between July and annual mean SWT (Fig. 2.3a & 2.3b). In the bottom
water, the CL-TEXg¢ temperature approached the winter mean SWT, whereas PL-TEXgg
temperature varied between annual and winter mean SWT (Fig. 2.3a & 2.3b). One exception was
the PL-TEXgs temperature at the station PR-11, which was close to the satellite-based July mean
SWT (Fig. 2.3b). Overall, the CL- and PL-TEXgs temperatures were consistently higher in the
surface water than in the bottom water in the PR estuary, with the lowest average value occurring

in the CL-GDGTs from the bottom water (Fig. 2.4).
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In the sediments of the PR estuary, the CL-TEXgs temperature tended to decrease from close
to the annual mean SWT at the station PR-11 to even slightly below the winter mean SWT at the
station PR-14 (Fig. 2.3¢). However, the PL-TEXss temperature varied between the annual and
winter mean SWT (Fig. 2.3d). Overall, CL- and PL-TEXgs temperatures were lower than the
annual mean SWT, with the former being even lower than the winter temperature toward the
open SCS (Fig. 2.4).

Comparison of CL- and PL-TEXjse in the SPM and the surface sediments of the PR estuary
indicates that the CL-TEXjs¢ signal in the surface sediments of the PR estuary is predominantly
contributed by the CL-TEXg¢ in the water column. The seaward station, PR-14, appeared to be
mainly contributed by CL-TEXgse signal in the bottom water (Fig. 2.3d), where, typically after the
station PR-12, the water column seemed to be stratified according to the salinity and the water
temperature (Table 2.2). This is consistent with previous interpretations that TEXgs signal in the
surface sediment was mainly from suspended particulate organic matter in the water column in
the southern North Sea (water depth < 50 m) (Herfort et al., 2006a), and that, with increasing
water depth, it even reflects the temperature of slightly deeper water in the Amazon shelf and
slope (Zell et al., 2014). Further evidence comes from the comparison of the abundance of CL-
and PL-crenarchaeol between the low Pearl River and its estuary. The abundance of crenarchaeol
from the surface sediment of the PR estuary (CL =279.7 + 345.6 ng/g, n =3; PL =33.4 + 38.7
ng/g, n = 3) was significantly higher than that from the lower Pearl River (CL =47.7 + 29.2 ng/g,
n=10; PL =6.6 + 3.3 ng/g, n = 10) (Table 2.2). This is consistent with the distribution of
crenarchaeol in the SPM, i.e. the crenarchaeol concentration from the SPM in PR estuary (CL =
11.4+£6.4ng/g,n=8; PL=16.3 + 14.6 ng/g, n = 8) was up to 10-times higher than those from

the lower Pear River (CL =5.7 £5.0 ng/g, n=10; PL = 1.6 + 1.2 ng/g, n = 10) (Table 2.2),
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implying that the archaeal lipids in the surface sediments of the PR estuary are predominantly

derived from the water column.

2.3.3 Possible mechanisms for the unusually low TEXjse in the transitional zone between the PR

estuary and the coastal SCS

In the coastal area of northern South China Sea off the Pearl River estuary (water depth <
200 m), the low temperature signals calculated based on the CL-TEXye in the sediments were
interpreted as impact of terrestrial input or reflecting winter temperature (Wei et al., 2011; Ge et
al., 2013; Zhang et al., 2013; Zhou et al., 2014). In order to determine the predominant factor(s)
causing a CL-TEXjse bias toward low temperature signal in the transitional zone between the PR
estuary and coastal SCS, the CL-TEXjs¢ values from this study, in combination with data sets
from Wei et al. (2011), Ge et al. (2013), Zhang et al. (2013), were plotted against water depth
(Fig. 2.5; Table 2.1). The results showed that TEXss temperature did not reflect winter SWT as
previous suggestions (Ge et al., 2013; Zhang et al., 2013; Zhou et al., 2014), but exhibited a trend
of discrepancy between the TEXss temperature estimates and the satellite-based winter
temperatures in the transitional zone (at water depth of ca. 20 — 30 m) (Fig. 2.5). Although the
TEXse temperatures from Zhou et al. (2014) were relatively higher than those from other studies
(Ge et al., 2013; Zhang et al., 2013) in the coastal SCS, which may result from different
sampling season and/or different methods of lipid extraction, they decreased from above the
winter SWT to below the winter SWT as well (Table 2.1 of Zhou et al., 2014), showing a similar
trend of discrepancy along the transitional zone (Fig. 2.5). However, in the open South China

Sea (water depth of 1000 — 4000 m), the TEXss temperature matched roughly the annual mean
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SST (Fig. 2.5). The inconsistency between TEXss temperature and winter SWT in the sediments
of coastal SCS suggests that seasonality seems unlikely to be a major factor controlling the
GDGT distribution at water depth < 200 m, particularly in the transitional zone between the PR
estuary and the coastal SCS.

In order to evaluate which compounds may give rise to the deviation of TEXgs (eqn. 1)
toward the transitional zone between the PR estuary and the coastal SCS, fractional abundances
(to total GDGTs) of the GDGT-1, GDGT-2, GDGT-3, and crenarchaeol regioisomer were
assessed. The deviation of TEXjse in the transitional zone was linearly correlated with the
fractional abundance of GDGT-2 and GDGT-3 (Fig. 2.6a & 2.6b) and reached the lowest points
at the water depth of 20 — 30 m (Fig. 2.6¢ & 2.6d). Compared with the data from the open South
China Sea (Wei et al., 2011; Ge et al., 2013), the fractional abundance of GDGT-2 was lower in
the transitional zone (Fig. 2.6c), whereas the fractional abundance of GDGT-3 in the whole
depth profile of the transitional zone was no less than that from the open South China Sea (Fig.
2.6d), suggesting that the GDGT-2 and GDGT-3 are key components causing the bias of TEX3s
in the transitional zone. Similar observations were made by Taylor et al. (2013) and Hernandez-
Sanchez et al. (2014) for other marine environments. On the other hand, the variation of GDGT-
1 and crenarchaeol regioisomer exhibited no correlation with TEXge in this region (data not
shown), suggesting that these two compounds may have little impact on the variation of TEXge in
the transitional zone.

The unusually low CL-TEXjse in the transitional zone is an important observation in our
study, which may be explained by four scenarios: 1) variation in CL-GDGT composition with
water depth; 2) terrestrial input of CL-GDGTs; 3) preferential diagenesis of GDGTs; and 4)

contribution of diverse members of the planktonic archaeal community. Regarding scenario 1,
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the TEXs¢ signal was not linearly correlated with water depth in the transitional zone (Fig. 2.5),
which indicates that water depth is not a key factor controlling the variation of CL-TEXss. For
scenario 2, the comparison in TEXgs temperature between surface sediments in the lower Pearl
River and its estuary and the soils (Fig. 2.4) has clearly indicated that terrestrial input had little
impact on the distribution of TEXgs in the sediments of the PR estuary, which is also
demonstrated by the low BIT values (< 0.2) in the estuarine station PR-14 and the seaward
coastal stations (Fig. 2.5). For scenario 3, although it is difficult to identify the degradation of
GDGTs in the transitional zone, a recent study showed that the PR estuary was not characterized
by extensive loss of organic matter through degradation (Strong et al., 2012). Furthermore,
previous studies indicated that the distribution of core GDGTs in the sediments was not
significantly affected by oxic degradation (Schouten et al., 2004; Kim et al., 2009; Turich et al.,
2013).

Scenario 4 concerns with the variation in GDGTs within different thaumarchaeotal
populations (e.g. fresh water vs. marine Thaumarchaeota) and the change in total archaeal
community composition (e.g. Euryarchaeota vs. Thaumarchaeota) (Taylor et al., 2013;
Hernandez-Sanchez et al., 2014 and refs. therein). The ratio of GDGT-2 to GDGT-3 ([2/3] ratio)
was significantly lower in the PR estuary and coastal SCS than in the open South China Sea (Fig.
2.6). A similar observation using global modern core-top sediments and SPM in the modern
water column was reported by Taylor et al. (2013). Hernandez-Sanchez et al. (2014) also noted
the increase of the [2/3] ratio with water depth in subsurface and deep water of southeast Atlantic
Ocean and suggested that this trend was related to the variation of thaumarchaeotal community

composition, which arises from the evidence of the linear correlations between the
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concentrations of core GDGT-2 & 3 and core crenarchaeol, a known biomarker of
Thaumarchaeota (Sinninghe Damsté et al., 2002).

In respect to the core lipids within the PR estuary, however, our data exhibited no
correlation between the concentrations of GDGT-2 & GDGT-3 and crenarchaeol (Table 2.3).
Even though both PL-GDGT-2 and PL-GDGT-3 in the PR estuary appeared to be correlated with
crenarchaeol to a certain degree, the correlation was not as strong as those exhibited in the lower
Pearl River (Table 2.3), where PL-GDGTs were suggested as in situ production in the water
column as discussed above. This indicates that Thaumarchaeota may not be the sole archaeal
source to govern the distribution of GDGTs in the PR estuary given the insignificant impact of
terrestrial input and preferential preservation.

Alternatively, the variation in archaeal community composition is likely the factor
contributing to the unusually low TEXss discrepancy in the surface sediments in the transitional
zone. This is supported by the cluster analysis based on the distribution of CL-GDGTs in the
sediments from different aquatic settings (Fig. 2.7). The cluster analysis identified four distinct
aquatic settings, including 1) fresh water group (lower PR); 2) estuarine group (the PR estuary);
3) shallow water group (coastal South China Sea); and 4) deep water group (open South China
Sea) (Fig. 2.7). The shallow water group (coastal SCS) was characterized by the highest
fractional abundance of crenarchaeol and inconsistently distributed crenarchaeol regioisomer,
whereas the estuarine group (the PR estuary) had a lower fractional abundance of crenarchaeol
than the shallow water group, but a higher fractional abundance of GDGT-0 (Fig. 2.7). We
hypothesize that changing characteristics of CL-GDGT distribution in the transitional zone
between coastal SCS and the PR estuary is probably driven by the change in archaeal community

composition.
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To further evaluate this hypothesis, 16S rRNA gene clone libraries were analyzed to
characterize the overall archaeal community in the surface water of the lower Pearl River and its
estuary (Fig. 2.8 & Table A4). We assume that CL-GDGTs in the surface sediments are
predominantly derived from the water column (Fig. 2.4). The results showed that the
predominant archaeal population in the river water was Methanosarcinales in the upper end of
the lower Pearl River (PR-9) and MCG in the lower end of the lower Pearl River (PR-4), which
were distinct from the PR estuary (PR-12 & PR-14) where MG 1.1a Thaumarchaeota
predominantly occurred in the water column (Fig. 2.8). Intriguingly, MG Il Euryarchaeota
notably increased by 15% from the estuarine station PR-12 to PR-14; whereas it was absent in
the riverine station PR-4 and PR-9 (Fig. 2.8). This is consistent with previous studies showing
that MG II predominantly occurred in the surface water of the Pearl River estuary (Liu et al.,
2014) and the Yangtze River estuary (Liu et al., 2011). Xie et al. (2014) further demonstrated
that salinity was the dominating factor controlling the change in archaeal community
composition and their ecological function in the sediments of the lower Pearl River and its
estuary based on the archaeal 16S rRNA gene from the surface sediments.

These results suggest that MG 11 Euryarchaeota may be another source in addition to
Thaumarchaeota for the GDGT pool in the PR estuary. A similar observation was made by
Turich et al. (2007) for other marine environments. Recently, Lincoln et al. (2014) presented
evidence indicating that MG II Euryarchaeota were significant contributors to the GDGT pool
(including crenarchaeol) in North Pacific Subtropical Gyre. Thus it is possible that MG 1II can be
a major source of GDGTs in the marine system where Euryarchaeota occur abundantly,
particularly in the coastal region (Pernthaler et al., 2002; Galand et al., 2010; Hugoni et al., 2013).

On the other hand, the lack of MG II based on the genetic analysis in the surface sediments of
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coastal stations (Wang et al., 2014) may indicate that these organisms predominantly live in the
water column and their DNA are decomposed after settling down in sediments, which thus
cannot be used as evidence for excluding the contribution of MG II to the GDGT pool in the
sediments at these locations. However, since none of the MG Il Euryarchaeota has been isolated,
their exact lipid profiles are unknown. Enrichment and isolation of MGII would be critical for

resolving this issue in future research.

2.4 Conclusions

This study presents the spatial distribution of CL- and PL-TEXse in the water column and
sediment from the lower Pearl River to the PR estuary and coastal and open South China Sea.
Terrestrial input of CL- and PL-GDGTs has little impact on the distribution and abundance of
CL- and PL-GDGTs in the lower Pearl River and the PR estuary. In the water column, CL- and
PL-GDGTs are largely from in situ production in the lower Pearl River and from a combination
of fresh water and seawater in the PR estuary. However, the small fraction of PL-GDGTs in
sediments does not seem to impact the distribution of CL-GDGTs. Thus, the CL-TEXg in the
surface sediments of lower Pearl River may have the potential to be used as a paleothermometer
in the lower Pearl River. GDGT-2 and GDGT-3 are crucial components toward unusually low
TEXge values in the transitional zone between the PR estuary and the coastal SCS (water depth
ranging 10 — 200 m), which may be contributed by non-thaumarchaeotal species, such as Marine
Group Il Euryarchaeota. Consequently low temperature events based on TEXs¢ in ancient

continental margins should be interpreted with extreme caution.
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Figure 2.1. Structures of archaeal core GDGTs described in the text.
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Fig. 2.2
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Figure 2.2. Map of sampling locations of the lower Pearl River and the PR estuary. Panel A
shows suspended particulate matter (SPM) samples from the water column of the lower Pearl
River (black solid circles, PR1 — PR10). Panel B shows SPM samples from the water column of
the PR estuary (black solid circles, PR11 — PR14). The surface sediment samples were collected
at the same locations at which SPM samples were collected except for the station PR-13. Soil
samples in the drainage basin of the lower PR and the PR estuary are shown in white squares.
This map is modified from Zhang et al. (2012) and permission has been obtained from The

Frontiers Publisher.
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Fig. 2.3
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Figure 2.3. Distance profiles of TEXss temperature compared to the satellite-based annual mean
SWT (yellow dashed line), satellite-based July mean SWT (blue dashed line), and satellite-based
winter mean SWT (green dashed line). A: CL-TEXss temperature from SPM in the surface water
(red solid line) and bottom water (red dashed line); B: PL-TEXjs temperature from SPM in the
surface water (red solid line) and bottom water (red dashed line); C: CL-TEXg¢ temperature in
the surface sediments (red solid line); D: PL-TEXgs temperature in the surface sediments (red
solid line). Triangular symbols are satellite-based temperatures at each sampling site; circular
symbols are TEXgs-derived temperatures. PR-11, PR-12, PR-13, and PR-14 are station names in
the Pearl River estuary. The distance profile starts from Guanghzou as 0 km; the lower Pearl

River is 40 km long from Guangzhou to Humen (Fig. 2.2).
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Fig. 2.4
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Figure 2.4. TEXgs-derived temperatures from SPM samples, surface sediments and soils in
comparison to satellite-based mean surface water temperatures (July, annual, and winter) and
monthly mean air temperature in July in the sampling area. Dashed line A: Monthly mean air
temperature in July (30°C); dashed line B: Satellite-based July mean water surface temperature
(28.78 + 0.04°C); dashed line C: Satellite-based annual mean water surface temperature (24.61 +
0.09°C); dashed line D: Satellite-based winter mean water surface temperature (20.49 + 0.16°C).

CL, core lipids; PL, polar lipids.
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Fig. 2.5
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Figure 2.5. The discrepancy between TEXgs temperature estimates (circles with station names)
and satellite-based WST/SST (triangle) in the sediments from the transitional zone. The
transitional zone is defined as an area from the PR estuary to the coastal SCS. The insert figure is
TEXjse temperatures from core-tope sediments in the open South China Sea plotted against water
depth. The horizontal purple bar represents the mean value of TEXgs temperatures in the surface
sediments of the lower Pearl River (R); the vertical purple bar represents the range of TEXgs
temperatures in the surface sediments of the lower Pearl River. BIT index (Branched and
Isoprenoid Tetraether index) was proposed to evaluate terrestrial soil organic matter contribution
to oceanic settings (Hopmans et al., 2004). The BIT data in the lower Pearl River (mean value,

yellow bar) and the Pearl River estuary (yellow square) are from Zhang et al. (2012); those in the
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coastal sea (yellow square) are from Zhang et al. (2013) and Ge et al. (2013). The detailed

sample information is in Table 2.1.
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Fig. 2.6
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Figure 2.6. Relationships between the fractional abundance of GDGT-2 and GDGT-3 and CL-
TEXj3s (A, B) and the distribution of fractional abundance of GDGT-2 and GDGT-3 versus water
depth (C, D). Red solid circles represent sediments from the transitional zone (between estuary
and the coastal SCS); yellow solid circles, river surface sediments; blue solid circles, core-tope
sediments from the open SCS; solid line, linear regression of data from the transitional zone. The
sediment data in the river and the estuary are from this study; the other sediment data (coastal
and open SCS) are from Zhang et al. (2013), Ge et al. (2013), and Wei et al. (2011). The detailed

sample information is in Table 2.1.
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Fig. 2.7
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Figure 2.7. Cluster analysis of the relative abundance of core GDGTs in the sediments from the
lower Pearl River and its estuary, coastal SCS, and the open SCS. The data in the river and the
estuary are from this study. The other data (coastal and open SCS) are from Wei et al. (2011)
(HQO8-48PC, MDO05-2894, MD05-2896, MD05-2398, MD05-2900, MD05-2902, MD05-2903,
MDO05-2905), Ge et al. (2013) (A3, CF6, CF8, CF11, CF14, CF15, E407a, E422, E501, E504,
E505), Zhang et al. (2013) (AS, A6, A7, A8, A9). The detailed sample information shows in
Table 2.1. The yellow highlight area represents the transitional zone. The structures of the

GDGTs as in Figure 2.1.
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Fig. 2.8
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Figure 2.8. The distribution of archaeal community composition based on 16S rRNA gene clone
libraries from the lower Pearl River to the coastal SCS. PR-9 and PR-4 were from surface water

of the lower Pearl River; PR-12 and PR-14 were from surface water of the PR estuary.
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Table 2.1

Table 2.1. Basic information on geographic coordinates, water depths, volumes of water filtered

(for SPM samples), and intervals of sediment samples from the lower Pearl River, the Pearl

River estuary, and the coastal and open South China Sea (SCS).

Sample ID Sampling Date Latitude (N) Longtitude (E)  Water Depth (m) SPM (L) Sediment (cm) Reference
Lower Pearl River
PR-1* Jul. 2010 22°47.126' 113°37.812' 8 3 surface sedi. (0-10%) This study
PR-2 Jul. 2010 22°49.036' 113°36.926’ 3 3 surface sedi. (0-10) This study
PR-3 Jul. 2010 22°50.339' 113°35.086’ 15 6 surface sedi. (0-10) This study
PR-4 Jul. 2010 22°52.225' 113°32.462' 12 7 surface sedi. (0-10) This study
PR-5 Jul. 2010 22°54.392' 113°35.234' 12 7 surface sedi. (0-10) This study
PR-6 Jul. 2010 22°54.790' 113°33.809’ 8 7 surface sedi. (0-10) This study
PR-7 Jul. 2010 22°58.252' 113°33.147' 7 7 surface sedi. (0-10) This study
PR-8 Jul. 2010 22°02.916 113°31.388’ 6 7 surface sedi. (0-10) This study
PR-9 Jul. 2010 22°03.478' 113°29.645’ 15 8 surface sedi. (0-10) This study
PR-10 Jul. 2010 22°59.787' 113°31.842' 7 8 surface sedi. (0-10) This study
Pearl River estuary
PR-11 Jul. 2010 22°42.967 113°40.119" 5 SW*®: 10 surface sedi. (0-10) This study
BW: 10
PR-12 Jul. 2010 22°35.698' 113°42.594’ 10 SW: 11 surface sedi. (0-10) This study
BW: 11
PR-13 Jul. 2010 22°16.270 113°41.921" 15 SW: 16 na.’ This study
BW: 10
PR-14 Jul. 2010 22°00.270’ 113°41.986’ 18 SW: 21 surface sedi. (0-10) This study
BW: 27
Coastal SCS
AS Aug. 2009 21.0° 115.0° 102 n.a. downcore (24) Zhang et al. (2013)
A6 Aug. 2009 21.25° 114.7° 89 n.a. downcore (34) Zhang et al. (2013)
A7 Aug. 2009 21.5° 114.5° 73 n.a. downcore (20) Zhang et al. (2013)
A8 Aug. 2009 21.8° 114.2° 45 n.a. downcore (48) Zhang et al. (2013)
A9 Aug. 2009 22.0° 114.0° 33 n.a. downcore (52) Zhang et al. (2013)
A3 Aug. 2009 21°50.525' 114°23.163’ 52 n.a. core top (0-5) Ge et al. (2013)
E501 Aug. 2007 18°59.995' 110°41.835" 65 n.a. core top (0-5) Ge et al. (2013)
E504 Aug. 2007 19°0.102' 111°18.096’ 131 n.a. core top (0-5) Ge et al. (2013)
E505 Aug. 2007 18°59.897' 111°29.029' 154 n.a. core top (0-5) Ge et al. (2013)
Open SCS
CF 11 Aug. 2007 19°43.341’ 114°34.477 1050 n.a. core top (0-5) Ge et al. (2013)
CF 14 Aug. 2007 19°54.256' 115°12.971" 1120 n.a. core top (0-5) Ge et al. (2013)
CF 15 Aug. 2007 19°59.581" 110°41.837' 1300 n.a. core top (0-5) Ge et al. (2013)
CF 8 Aug. 2007 18°1.908’ 111°3.710 1548 n.a. core top (0-5) Ge et al. (2013)
E407 Aug. 2007 18°29.810’ 112°0.017 1800 n.a. core top (0-5) Ge et al. (2013)
CF6 Aug. 2007 22°0.316' 119°30.060 2441 n.a. core top (0-5) Ge etal. (2013)
E422 Aug. 2007 18°0.341" 112°0.793’ 2456 n.a. core top (0-5) Ge et al. (2013)
MD05-2894 Apr./Mar. 2010 7°2.25' 111°33.11" 1982 n.a. core top (<5) Wei et al. (2011)
MD05-2896 Apr./Mar. 2010 8°49.50 111°26.47 1657 n.a. core top (<5) Wei et al. (2011)
MDO05-2898 Apr./Mar. 2010 13°47.39' 112°11.03’ 2395 n.a. core top (<5) Wei et al. (2011)
MD05-2900 Apr./Mar. 2010 14°23.33' 110°41.47' 1455 n.a. core top (<5) Wei et al. (2011)
MD05-2902 Apr./Mar. 2010 17°57.07" 114°57.33’ 3697 n.a. core top (<5) Wei et al. (2011)
MD05-2903 Apr./Mar. 2010 19°27.32' 116°15.15 2066 n.a. core top (<5) Wei et al. (2011)
MDO05-2905 Apr./Mar. 2010 20°08.17" 117°21.61" 1647 n.a. core top (<5) Wei et al. (2011)
HQO08-48PC Apr./Mar. 2010 16°57.513' 110°31.581" 1474 n.a. core top (<5) Wei et al. (2011)

PR, the Pearl River, which is followed by station numbers. The sampling stations are shown in Fig. 2.
""SW" or "BW" means "surface water" or "bottom water", respectively.
° Approximately 10 cm. See text for more details.

9Not available.
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Table 2.2

Table 2.2. Temperature (Temp.), pH, salinity (Sal.), and concentrations of total GDGTs and
crenarchaeol for suspended particulate matters (SPM) in the water column and surface sediments
collected from the lower Pearl River and its estuarya. The GDGTs from soil within the

catchment of the lower Pearl River and its estuary are also included. All the lipid data are from

this study.
, Temp. Sal. GDGTs_SPM (ng/)¢ GDGTs_Sediments (ng/g) GDGTs_Soil (ng/g)

Sample ID (°C) pH (%) CL CL-Cren. PL PL-Cren. CL  CL-Cren. PL PL-Cren. Sample ID CL CL-Cren. PL PL-Cren.
Lower Pearl River PR-Soil-1 8.7 5.6 2.6 0.6
PR-1 298 52 0.0 71.0 179 729 43 196.2 63.7 146.6 10.9 PR-Soil-2  45.7 273 35 0.1
PR-2 304 54 00 353 103 542 2.9 67.2 327 705 7.4 PR-Soil-3  322.5 111.0 141.9 21.0
PR-3 30.1 53 00 288 52 435 1.5 2342 1063 139.4 13.1 PR-Soil-4 433 254 3.2 0.1
PR-4 303 57 0.0 145 49 15.8 1.9 26.2 11.6 147 1.7 PR-Soil-5  30.2 12.5 6.4 0.7
PR-5 302 52 00 154 33 219 0.9 60.0 21.8  89.1 43 PR-Soil-6  16.8 7.1 3.5 0.6
PR-6 303 52 0.0 235 33 319 0.9 333.7 80.2 353.1 7.7 PR-Soil-7 5.0 2.0 0.7 0.1
PR-7 302 52 00 237 57 319 1.3 202.0 30.9 300.8 5.1 PR-Soil-8  12.0 5.0 23 0.6
PR-8 302 54 00 702 35 703 0.9 357.4 34.8 446.9 4.4 PR-Soil-9 335.7 1789  19.1 1.7
PR-9 307 58 0.0 199 1.7 403 0.8 332.6 36.0 533.7 5.6 PR-Soil-10  83.3 21.6  16.8 1.9
PR-10 313 58 0.0 155 15 408 0.6 4243 58.8 544.8 6.0 PR-Soil-11 7.1 4.1 1.7 0.4
Pearl River Estuary PR-Soil-12  36.7 13.0 8.5 1.0
PR-11 S 301 63 01 76 3.0 9.2 2.7 66.4 402 209 5.4 PR-Soil-13  662.9 234 1847 0.3
B 300 63 01 74 27 8.8 22 PR-Soil-14  38.1 14.6 6.8 1.1

PR-12 S 31.0 6.7 00 224 136 36.0 8.7 228.6 1229 827 17.2 PR-Soil-15 834 559 134 6.7
B 280 73 22 379 173 641 362 PR-Soil-16  68.0 43.6 5.4 0.4

PR-13 S 305 74 08 74 46 265 165 nal na. na. n.a. PR-Soil-17 5.1 2.7 3.4 1.0
B 287 73 20 264 166 613 365 PR-Soil-18  71.7 356 11.2 49

PR-14 S 30.1 81 1.5 106 72 154 104 1119.0 6759 189.8 71.6 PR-Soil-19  29.2 5.6 4.1 0.9
B 242 76 3.6 41.1 264 313 17.1 PR-Soil-20 273 13.6 5.7 1.9

“Temperature, pH, and salinity are from Zhang et al. (2012).

°PR, the Pearl River, which is followed by station numbers; the letter "S" or "B" after station number means "surface” or "bottom", respectively. The sampling
stations are shown in Fig. 2.

°CL, total core GDGTs; CL-Cren, Core Crenarchaeol; PL, total polar GDGTs; PL-Cren, Polar Crenarchaeol.

“Not available.
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Table 2.3

Table 2.3. Linear regression analysis between the abundances of GDGT-2 or GDGT-3 and

crenarhcaeol for core lipids (CL) and polar lipids (PL). PR, the lower Pearl River; PRE, the Pearl

River estuary.

CL PL
PR (n=10) PRE (n=278) PR (n=10) PRE (n=238)
GDGT-2 R 0.98 0.17 0.98 0.73
& r’ 0.96 0.03 0.97 0.54
Crenarchaeol P-value 0.000 0.689 0.000 0.038
GDGT-3 R 0.97 0.02 0.94 0.79
& r’ 0.93 0.00 0.89 0.62
Crenarchaeol P-value 0.000 0.962 0.000 0.020
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CHAPTER 3°
CONTRIBUTION OF MARINE GROUP Il EURYARCHAEOTA TO CYCLOPENTYL
TETRAETHERS IN THE PEARL RIVER ESTUARY AND COASTAL SOUTH CHINA SEA:

IMPACT ON TEX3s PALEOTHERMOMETER

2 Wang, J.X., C.L. Zhang, W. Xie, Y.G. Zhang, P. Wang. Submitted to Biogeosciences, 07/15/2015.
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Abstract

TEXg6 (TetraEther indeX of glycerol dialkyl glycerol tetracthers (GDGTs) with 86
carbon atoms) has been widely applied to reconstruct (paleo-) sea surface temperature (SST).
While Marine Group I (MG I) Thaumarchaeota have been commonly believed to be the source
for GDGTs, Marine Group II (MG 1) Euryarchaeota have recently been suggested to contribute
significantly to the GDGT pool in the ocean. However, little is known how the MG II-derived
GDGTs may influence TEXse in marine sediment record. In this study, we characterize MG II-
produced GDGTs and assess the likely effect of these tetraether lipids on TEXsgs. Analyses of
core lipid (CL-) and intact polar lipid (IPL-) based GDGTs, 454 sequencing and quantitative
polymerase chain reaction (qPCR) targeting MG II were performed on suspended particulate
matter (SPM) and surface sediments collected along a salinity gradient from the lower Pearl
River (river water) and its estuary (mixing water) to the coastal South China Sea (seawater). The
results showed that the community composition varied along the salinity gradient with MG II as
the second dominant group in the mixing water and seawater. qQPCR data indicated that the
abundance of MG II in the mixing water was three to four orders of magnitude higher than the
river water and seawater. Significant linear correlations were observed between the gene
abundance ratio of MG II vs. total archaea and the relative abundance of GDGTs-1, -2, -3, or -4
as well as the ring index based on these compounds, which collectively suggest that MG II may
actively produce GDGTs in the water column. These results also show strong evidence that MG
II synthesizing GDGTs with 1-4 cyclopentane moieties may bias TEXge in the water column and
sediments. This study highlights that valid interpretation of TEXgs in sediment record,

particularly in coastal oceans, needs to consider the contribution from MG Il Euryarchaeota.
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3.1 Introduction

TEX3s is a popular temperature proxy in paleoclimatological studies (Schouten et al., 2013;
Pearson and Ingalls, 2013). It is based upon relative distribution of isoprenoid glycerol dialkyl
glycerol tetraethers (GDGTs; see Fig. S1 for structures) (Schouten et al., 2002), which
ubiquitously occur in marine and terrestrial environments. The global core-top calibrations of
TEXjse are empirically correlated with annual mean sea surface temperature (SST) (Schouten et
al., 2002; Kim et al., 2008, 2010; Tierney and Tingley, 2014), with the assumption that the
majority of sedimentary GDGTs are produced by planktonic Thaumarchaeota (Schouten et al.,
2002; Kim et al., 2008). However, mounting evidence indicates anomalies or discrepancies in
TEXse-derived SST in coastal seas and open ocean, which have been interpreted as additional
contribution of GDGTs from, such as, terrestrial input (e.g. Weijers et al., 2006), subsurface (e.g.
Lee et al., 2008) and/or marine sediment production (e.g. Liu et al., 2011).

A great deal of efforts has been made to assess TEXgs accuracy in marine and lake
sediments. For example, TEXss values are cautioned when branched and isoprenoid tetracther
(BIT) index > 0.2 (Zhu et al., 2011), ratio of GDGT-2/crenarchaeol > 0.4 (Weijers et al., 2011b),
Methane Index > 0.5 (Zhang et al., 2011), ratio of GDGT-0/Crenarchaeol > 2 (Blaga et al., 2009),
or %GDGT-2 > 45 (Sinninghe Damsté¢ et al., 2012). Recently, based on assessment of the
relationship between the weighted average number of cyclopentane rings in all GDGTs (ring
index, RI) and TEXge from the published core-top sediments, Zhang et al. (in review) established
a significant correlation between TEXgs and RI, given by RI = 3.32"‘(TEX86)2 —0.77*TEXg¢ +
1.59 (= 20 ~ 0.3). This relationship reflects the physiological adaptation of marine archaea by

synthesizing GDGTs with more rings (higher RI values) when their ambient environment is
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warm (high TEXss values). Deviations from this relationship suggest that temperature is no
longer the dominant factor governing the GDGT distribution under the circumstances when the
response of GDGTs to temperature is different from the modern analog as defined by the global
core-top dataset.

The TEXgs-related GDGTs (GDGT-1, -2, -3, and crenarchaeol regioisomer) in marine
water column are commonly derived from the Marine Group I (MG 1) Thaumarchaeota (e.g.
Schouten et al., 2008; Pitcher et al., 2011a), as it is one of the dominant groups of planktonic
archaea in the ocean (Karner et al., 2001). In particular, crenarchaeol, containing one
cyclohexane and four cyclopentane moieties, is considered as a specific biomarker for MG I
Thaumarchaeota (Sinninghe Damsté et al., 2002; Schouten et al., 2008). Marine Group 11
Euryarchaeota are another abundant planktonic archaea inhabiting predominantly coastal water
and (near) surface water of open oceans (e.g. Delong et al., 1992; Galand et al., 2010; Hugoni et
al., 2013). Recently, this cosmopolitan group has been suggested to be another major source of
GDGTs (including crenarchaeol) in the ocean (Lincoln et al., 2014a), which supported an earlier
hypothesis about GDGT-producing MG II (Turich et al., 2007); however, concrete evidence,
such as culturing study focusing on MG II, has been lacking (Schouten et al., 2014; Lincoln et al.,
2014b).

Because of the absence of MG 1I enrichments or cultures, little is known about the
characteristic of the MG II-produced GDGTs in water column and how these tetraethers might
bias TEXgs in marine sediment. Recently, unusually low TEXss values in the estuarine and
coastal region of South China Sea (SCS) are hypothesized to relate to the production of GDGTs
by MG II Euyarchaeota (Wang et al., 2015). However, the lack of direct link between archaeal

lipids and DNA prevented the drawing of a more concrete conclusion.
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In this study, we investigate the archaeal community compositions, present the distribution
of TEXs6 and Ring Index (RI), and evaluate the relationship between MG II and core lipid (CL-)
and intact polar lipid (IPL-) based GDGTs in the suspended particulate matter (SPM) and surface
sediments collected along a salinity gradient from the lower Pearl River (PR) and its estuary to
the coastal South China Sea. Our goal was to test the hypothesis that a large portion of the
isoprenoid GDGTs are produced by MG 11 Euryarchaeota, which might influence the
applicability of TEXgs in coastal marine environments where MG II are abundant. In addition to
total CL-GDGTs, total IPL-GDGTs obtained through acid hydrolysis (IPL-H or total IPL), and
IPL-GDGTs with only phosphate head groups from base hydrolysis (IPL-OH or phospho IPL),
were also examined in order to better correlate with the qPCR data of MG Il Euryarchaeota and
total Archaea. The results indicate that MG II may produce GDGTs having 1-4 cyclopentane
moieties. Contribution of the MG II-produced GDGTs with more cyclopentane rings appears to
bias TEXgs, shown by their GDGT distribution deviating from the RI-TEXjs¢ relationship
identified from the global core-top dataset used for TEXgs-SST calibration (Zhang et al., in
review). As a result, the TEXg¢-derived temperature in these samples significantly deviates from
the actual SSTs. Our results have important implications for a better understanding of the
production of marine GDGTs, and the use of TEXgs as a paleothermometer for probing past

changes of climate.
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3.2 Material and Methods

3.2.1 Sample collection

The sampling locations and sampling information for SPM and surface sediments are
shown in Figure 1 and Table 1, respectively. SPM samples (n = 18) and surface sediments (n = 8)
were collected along a salinity gradient from the lower Pearl River and its estuary to the coastal
South China Sea in the summer of 2011. River water SPM samples were collected from the
surface (station R1 to R6) and the bottom (station R1 and R2) of the water column in the lower
Pearl River. Mixing water SPM samples were collected from three water layers (surface, middle
and bottom) and from three tidal periods (high tide, slack tide and low tide) at station M located
in the PR estuary. Seawater SPM samples were collected from four water layers (surface,
subsurface, middle and bottom) at station S in the coastal SCS (Fig. 1). The depth of the
sampling layers in the water column is given in Table 1. About 4 to 103 liters of water were
filtered onto ashed (450°C, overnight) glass-fiber filters (Whatman GF/F, 0.7 um, 142 mm
diameter) using an in situ submersible pump. The pH, temperature, and salinity were determined
in situ by a Horiba instrument (W-20XD, Kyoto, Japan) (Table 1).

Surface sediments (top ca. 10 cm) were collected at all stations using a grab sampler (Fig. 1;
Table 1). All samples were frozen immediately in liquid nitrogen and kept at -80°C in the

laboratory before analysis.
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3.2.2 GDGT analysis and indices

GDGT extraction and separation. The SPM samples (n = 18) and surface sediments (n = 8)
were freeze dried and extracted using a modified Bligh and Dyer method (Blight and Dyer,
1959); the separation of core lipids and intact polar lipids followed the procedure described in
Weijers et al. (2011a). Briefly, the total lipid extract (TLE) was obtained by extraction (10 min
each, 6 times) of SPM (1 filter) or sediments (5 g) with a single-phase solvent mixture of
methanol, dichloromethane (DCM) and phosphate buffer (2:1:0.8, v/v/v; pH 7.4). The TLE was
separated over an activated silica gel column eluted with n-hexane/ethylacetate (1:1, v/v) and
methanol for CL and IPL, respectively. For GDGT quantification, a known amount of an internal
C46 GDGT standard was added into the CL fraction or IPL fraction (Huguet et al., 2006).

The polar head groups were cleaved off through hydrolyzation, which allows indirect
analysis of IPL as CL (Pitcher et al., 2009; Weijers et al., 2011a). Briefly, 1/3 IPL fraction (non-
hydrolyzed IPL fractions) was directly condensed; another 1/3 IPL fraction was hydrolyzed (2 h)
in 1.5 N HCI in methanol, which is called acid-hydrolyzed IPL fraction (IPL-H). DCM and
MilliQ water were added, and the DCM fraction was collected (repeated 4 times). The DCM
fraction was rinsed (6 times) with MilliQ water in order to remove acid and dried under N2 gas.
The last 1/3 IPL fraction was subjected to base hydrolysis (2 h) in a IN KOH in methanol/H20
mixture (95:5, v/v), which is called base-hydrolyzed IPL fraction (IPL-OH). The recovery of
IPL-OH was similar to that of IPL-H. Together with the condensed CL fraction, the four
fractions were dissolved in n-hexane/isopropanol (99:1, v/v), and filtered using a PTFE filter that
had a pore diameter of 0.45 um. The analysis of non-hydrolyzed IPL fractions is to determine

any carryover of CL into the IPL fraction. IPL-H reflects total IPL, which includes both
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phosphate head groups and glycosidic head groups; IPL-OH represents the IPL with phosphate
head group only (phospho IPL) (Weijers et al., 2011a).

GDGT analysis. GDGTs from all treatments were analyzed using high performance liquid
chromatography/atmospheric pressure chemical ionization-tandem mass spectrometry
(HPLC/APCI-MS/MS), which was performed with an Agilent 1200 liquid chromatography
equipped with an automatic injector coupled to QQQ 6460 MS and Mass Hunter LC-MS
manager software using a procedure carried out in the same way as described by Zhang et al.
(2012). Separation was achieved by using a Prevail Cyano column (2.1 mm x 150 mm, 3 pum;
Alltech Deerifled, IL, USA) with n-hexane (solvent A) and a mixture of n-hexane/isopropanol
90/10 (v/v) (solvent B). The (M+H)+ ions of each core isoprenoid GDGT (m/z 1302, 1300, 1298,
1296, 1294, 1292) was monitored via selected ion monitoring (SIM) mode (Schouten et al.,
2007).

Indices based on the fractional abundance of GDGTs were calculated as follows:

TEXsg6 = ((GDGT-2] + [GDGT-3] + [Cren.iso])/([GDGT-1] + [GDGT-2] + [GDGT-3] +
[Cren.iso]) (Schouten et al., 2002) (1)

Ring Index1 (RI1) = ([GDGT-1]+2*[GDGT-2]+3*[GDGT-3]+4*[Cren.]+4*[Cren.iso])/100
(Zhang et al., in review) (2)

Ring Index (RI) = ([GDGT-1]+2*[GDGT-2]+3*[GDGT-3]+4*[GDGT-
4]+4*[Cren.is0])/100 (3)
with the GDGT numbers corresponding to the GDGT structures in Fig. B1. Note that RI1 is
originally proposed by Zhang et al. (in review), which is defined as the weighted average number
of cyclopentyl rings in GDGTs (the six-ringed moiety in crenarchaeol is thus not included in the

equation of RI1). RI is modified from RI1, in which the fractional abundance of crenarchaeol is
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replaced by GDGT-4 in order to eliminate the influence of crenarchaeol on weighted average

number of cyclopentane rings in GDGTs (see section 3.2 for more details).

3.2.3 DNA analysis

DNA Extraction and qPCR of archaeal 16S rDNA. The SPM samples (n = 12) and surface
sediments (n = 3) from station R1 (river water), station M (mixing water), and station S
(seawater) were selected for the DNA analysis. The frozen filters were washed 3 times by
phosphate buffered saline (pH 7.4). The supernatants were centrifuged under 11000 g for 10 min.
The sediments were collected and transferred into the FastDNA SPIN Kit tubes (MP Biomedical,
OH, USA). The DNA was extracted following the protocol of FastDNA SPIN Kit. The DNA
samples were dissolved with a final elution in 100ul de-ionized water and were preserved at -80 °C
until further processing. The quantitative PCR primers were Arch 334F (5’
ACGGGGCGCAGCAGGCGCGA3’) /Arch 518R (5 ATTACCGCGGCTGCTGG 3°) for
archaeal 16S gene quantification (Bano et al., 2004) and GII-554-f (5’
GTCGMTTTTATTGGGCCTAA3’) and Eury806-r (5 CACAGCGTTTACACCTAG 3’) for
MG II 16S gene quantification (Massana et al., 1997; Teira et al., 2004). The qPCR analysis of
this gene was performed at 95°C for 30 s and 40 cycles at 94°C for 30 s, 55°C for total Archaea
(53°C for MG II) for 30 s and 68°C for 1 min.

454 sequencing. SPM samples (n = 3), which respectively represent river water, mixing
water and seawater, are selected to conduct pyrosequence targeting archaeal 16S rDNA.
Different from qPCR primers, we chose the primers targeted on longer sequences to get more

confident phylogenetic composition of those samples. The primer were Arch 344F (5’
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ACGGGGCGCAGCAGGCGCGA 3°) / Arch_915R (5 GTGCTCCCCCGCCAATTCCT 3°)
(Gantner et al., 2011). The pyrosequencing was conducted on the Roche GS FLX + (454) system
by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). We use the Mothur (version
1.29.2) (Schloss et al., 2009) to filter the raw pyrosequencing data. The selected sequences were
analyzed using QIIME standard pipeline (Caporaso et al., 2010). Taxonomy was assigned using
the Ribosomal Database Project (RDP) classifier 2.2 (minimum confidence of 80%) (Cole et al.,

2009).

3.2.4 Satellite-derived surface water temperature (SWT)

The satellite-derived SWT was derived from the data sets on a spatial resolution of 4-km
from the NOAA advanced very-high-resolution radiometer (AVHRR) (version 5.2;
http://www.nodc.noaa.gov/SatelliteData/pathfinder4km/) according to Wang et al. (2015). The
June mean SWT was obtained from the daily averaged values of 30 days in June 2011 (sampling
month) using MATLAB. The annual mean SWT and winter mean SWT represent 8-years mean
values of annual mean temperature (2004 —2011) and monthly mean temperature (December —
February), respectively, as the surface sediment (top ca. 10 cm) collected in this study may

represent a deposition of 6 — 10 yr based on an estimation from Strong et al. (2012).

3.2.5 Statistical analysis

Cluster analysis was performed on CL-GDGTs and phospho IPL-GDGTs in the SPM

samples collected from the lower Pearl River, the PR estuary and coastal South China Sea using
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the base program in R 2.12.1. The fractional abundance of GDGTs from all samples was
imported into R and the Euclidean method was used to compute the distance matrix and to
generate a hierarchical clustering tree. The linear regression analysis was conducted from
iPython Notebook. The Canoco software (version 4.5) was used to perform the redundancy
analysis (RDA), which was to assess the relationship between archaeal tetraether lipids, GDGT-

based indices and environmental parameters.

3.3 Results and Discussion

3.3.1 Archaeal community compositions

The phylogenetic classification of archaeal sequences exhibited that methanogens were the
predominant group in the fresh water (station R1) and MG I Thaumarchaeota mainly occurred in
the salty water (stations M & S) (Fig. 3.2). A significant proportion of MG II Euryarchaeota was
present at station M in the PR estuary and station S in the coastal SCS; whereas it was absent at
station R1 in the lower Pearl River (Fig. 3.2). These results are in agreement with the previous
observations showing that MG I Thaumarchaeota and MG II Euryarchaeota dominated in
planktonic archaeal communities in the marine-influenced region of the Pearl River estuary (Liu
et al., 2014; Wang et al., 2015), the Yangtze River estuary (Liu et al., 2011), and the Jiulong
River estuary (Hu et al., 2015). This is also supported by cluster analysis based on fractional
abundances of CL- and phospho IPL-GDGTs in the water column along the salinity gradient, as
GDGT-0 and Crenarchaeol were the dominant archaeal tetraether lipids in the river water and

mixing/sea water, respectively (Fig. B2). The overwhelming change in archaeal community
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composition from the lower Pearl River to the PR estuary was suggested to be predominantly
controlled by salinity (Xie et al., 2014). Since the purpose of this study was to explore how MG
IT influenced TEXse in the water column and surface sediments, the following results and

discussion focus on the PR estuary and coastal SCS where MG II are present.

3.3.2 TEXj6-derived temperature and Ring Index

The TEXjs-derived temperature was calculated based on the calibration of Kim et al. (SST
= 68.4*log (TEXse) + 38.6; 2010). The results exhibited that CL-TEXgs temperatures from either
SPM or surface sediments were close to the satellite-based annual mean SWT in the lower Pearl
River and its estuary; whereas those from the coastal SCS were lower than the winter mean SWT
(Fig. 3). The correspondence between the CL-TEXgs temperature in the SPM and sediment along
the salinity gradient indicates that the TEXsc signal in the sediment is predominantly from water
column, which is consistent with previous studies in the PR estuary (Wang et al., 2015) and other
coastal settings (Herfort et al., 2006; Zell et al., 2014).

Total IPL-TEXgs temperatures in the water column were consistently below either June
mean SWT or in situ instrumental measurements, although the sampling season was summer
(Fig. 3). In the PR estuary and coastal SCS, the phospho IPL-TEXss (IPL-OH-TEX3s) was lower
than the total [PL-TEXgs (IPL-H-TEXjse); whereas, it was very close to the CL-TEXys (Fig. 3;
Table 1). Since phosphate head groups can be degraded faster than the glycosidic head groups,
the phospho IPL is considered to be a better reflection of the living microbes (Harvey et al., 1986;
Schouten et al., 2010); on the other hand, the CL may be mostly derived from the easier

degrading phospho IPL, thus causing their TEXss values to be similar. Furthermore, in the same
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study area, variation in TEXgs has been suggested to attribute to the change in archaeal
community composition in the water column, in which the unusually low TEXgs-derived
temperature in the coastal SCS was speculated to link to MG II Euryarchaeota (Wang et al.,
2015).

Since the TEX3gs can be influenced by factors other than temperature as shown in Fig. 3, the
Ring Index was proposed to be able to evaluate the accuracy of TEXgs in the marine sediments
(Zhang et al., in review). Here, the CL- and IPL-TEXgs values were plotted against RI (RI;, eq. 2)
using the SPM and surface sediments in this study and from previous studies (Wei et al., 2011;
Ge et al., 2013; Zhang et al., 2013; Wang et al., 2015). The results exhibited that SPM and
surface sediments from the open South China Sea were predominantly assembled within the RI;-
TEXgs -confined zone (RI; = 3.32*(TEXgs) Z — 0.77*TEXge + 1.59, + 26 = 0.3; Zhang et al., in
review); whereas, the majority of samples from coastal SCS and the PR estuary fell outside the
calibration zone (Fig. 4). Furthermore, all the SPM samples in the mixing water and seawater
were scattered above the confined zone (Fig. 4), suggesting that ring index values in the PR
estuary and coastal SCS were unexpectedly elevated. This implies that more cyclopentane-
containing GDGTs seem to contribute to the GDGT pool in the water column of the PR estuary
and coastal SCS.

To further assess the distribution of RI in the SPM and to explore other contributor(s) to the
cyclopentyl GDGT pool in the study area, mean values of CL-, total IPL-, and phospho IPL-RI
were examined (Fig. 5). Note that crenarchaeol was excluded from the ring index calculation (RI,
eq. 3) in order to limit its overwhelming influence on the index. The re-defined RI equation
makes it more sensitive to the variation of cyclopentane-containing GDGTs that may be

contributed from other archaeal group(s). This is also in agreement with the cluster analysis
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based on the same dataset, showing that the GDGTs with 1-4 cyclopentane moieties belonged to
the same cluster group (Fig. S2). Compared with the river water and seawater, the highest ring
index value for either CL (avg. 0.39 + 0.08) or IPL (avg. 0.48 + 0.07 for total IPL; avg. 0.47 +
0.10 for phospho IPL) occurred at station M in the mixing water (Fig. 5; Table 1), with the PR
estuary (station M) appears to be a hot spot of the additional input of GDGTs with cyclopentane
moieties. Further confirmation comes from the comparison of the fractional abundance of the
CL- and phospho IPL-GDGTs in the cluster analysis, showing that the sum of the GDGTs with
1-4 cyclopentane moieties in the mixing water cluster was significantly higher than that from the
seawater cluster or river water cluster (Fig. S2). In the mixing water station, the mean values of
total [IPL-RI and phospho IPL-RI had no significant difference; and both were higher than the
CL-RI (Fig. 5). However, in the seawater station, the total IPL-RI (0.34 + 0.07) was more
elevated than the phospho IPL-RI (0.22 + 0.01) and the CL-RI (0.24 &+ 0.04) (Fig. 5). This
distribution pattern of RI at station S in the seawater corresponded to the TEXgs-temperature
distribution in the SPM and sediments (Fig. 3), suggesting that cyclopentane-containing GDGTs
appear to be able to alter TEXs record in the water column, or even in the surface sediment,

where the vertical transportation of GDGTs from the water column predominantly occurs.

3.3.3 Relationship between MG II and cyclopentane-containing GDGTs

The abundances of MG Il Euryarchaeota 16S rRNA gene and total Archaea 16S rRNA

gene were examined in the SPM and surface sediments of the river water (station R1), mixing

water (station M), and seawater (station S) (Table 1). In the water column, the abundance of MG

IT 16S rRNA gene in the mixing water station averaged 5.4 + 6.5 X 10® copies L' (n = 5), which
g g
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was three orders of magnitude higher than that in the river water (avg. 1.5 +2.1X 10’ copies L,
n = 2) and seawater (avg. 1.8 +3.0X 10’ copies L', n = 3) (Fig. 5). In the surface sediment,

however, no significant difference in the abundance of MG II was observed (Table 1). Although
it is unclear what factors exactly control the distribution of MG Il Euryatchaeota in the water
column and sediments, salinity apparently played an important role (Table 1) and perhaps
competition for nutrients (e.g. ammonium and phosphate; Fig. S3) ought to be considered as well.

Furthermore, the ratio of the abundances of MG Il Euryarchaeota 16S rRNA gene to total
Archaea 16S rRNA gene ([MG II]/[Archaea] ratio) in the mixing water station (avg. 0.23 £ 0.08,
n = 5) was significantly higher than that in the seawater (avg. 0.09 + 0.07, n = 3); yet, the [MG
IT]/[ Archaea] ratio in the river water was negligible (avg. < 0.0001) (Fig. 5). This observation
further confirms that the PR estuary (mixing zone, salinity avg. 16.6) is a hot spot for the
occurrence of MG Il Euryarchaeota along the salinity gradient from the low Pearl River to the
coastal SCS.

The above observations provide the opportunity to evaluate the relationship between Ring
Index and MG II. On one hand, the presence of (more labile) phospho IPL-GDGTs (Table 1)
implies that in situ production of isoprenoid GDGTs occurs in the water column along the Pearl
River and its estuary to the coastal SCS. The elevated value of phospho IPL-RI in the mixing
water, thus, indicates that higher relative proportions of GDGTs with 1-4 cyclopentane moieties
were produced in situ in the PR estuary by the source microorganism(s). On the other hand, the
MG II 16S rRNA gene copy numbers and the [MG II]/[Archaea] ratio follow practically
identical patterns with the distribution of the CL- and IPL-RI along the salinity gradient (Fig. 5).
Linear regression analysis then confirmed the positive relationship between phospho IPL-derived

RI and the [MG II]/[Archaea] ratio along the salinity gradient (R*=0.61, P < 0.01; Fig. 6f).

73



Therefore, it is reasonable to hypothesize that MG II Euryarchaeota preferentially synthesize
GDGTs with 1-4 cyclopentane moieties in this region, resulting in an elevated value of RI.
However, since no more samples to quantify the abundance of MG I Thaumarchaeota in this
study, further work will focus on comparing the proportion of cyclopentane-containing GDGTs
contributed between MG I and MG II in water column and sediment.

The correspondence between MG Il Euryarchaeota and RI in the water column along the
salinity gradient is an important observation in this study. To further constrain the characteristic
of MG Il Euryarhcaeota-produced GDGTs, linear regression analysis was conducted between
fractional abundance of GDGTs and [MG II]/[Archaea] ratio in the SPM along the salinity
gradient. In respect to the RI-related GDGTs (Eq. 3), our data exhibited a significantly positive
linear correlation between [MG II]/[ Archaea] ratio and the fractional abundance of phospho IPL-
based GDGT with 1-4 cyclopentane moieties (Fig. 6a-d); whereas it appears to be less correlated
with the fractional abundance of crenarchaeol regioisomer (Fig. 6¢). Similar trends of the linear
correlations were also shown between [MG II]/[ Archaea] ratio and the CL- and total [IPL-GDGT
with 1-4 cyclopentane moieties, with a less significant correlation between [MG II]/[ Archaea]
ratio and total IPL-based crenarchaeol regioisomer (Table 2). In contrast, with respect to
phospho IPL-based GDGT-0 or crenarchaeol, our data exhibited no correlation between [MG
IT]/[Archaea] ratio and the fractional abundance of these membrane lipids (Fig. 6g, h; Table 2).
Crenarchaeol has been proved to be a biomarker of MG I Thaumarchaeota (Schouten et al., 2008,
2012; Pitcher et al., 2011a, b). Although MG II were suggested to be another source of
crenarchaeol in the ocean (Lincoln et al., 2014a), our study shows the absence of a significant
correlation between the distribution of MG II and crenarchaeol (Fig. 6h), suggesting that MG II

may not be a major source of crenarchaeol in Pearl River estuary.
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On the other hand, comparison of the slopes and the R* values of the regression equations
(Fig. 6a-e) show that GDGT-1 has a stronger correlation with MG Il Euryarhcaeota in the study
area. If MG II preferentially synthesize GDGT-1, additional contribution of the GDGT-1 to the
water column of the PR estuary and the coastal SCS is capable of causing a substantial decrease
of the TEXgs value. Moreover, Wang et al. (2015) suggested that the decreased ratio of GDGT-2
to GDGT-3 contributes to the offset of TEXg in the surface sediments of this area; on the
contrary, the increased ratio of GDGT-2 over GDGT-3 in the deep-water column seems to be
responsible for a warm bias of TEXse-derived temperature in other marine environments (Taylor
et al., 2013; Hernandez-Sanchez et al., 2014). A recent study by Kim et al. (2015) suggested that
the co-variation of an increase in GDGT-2 & crenarchaeol regioisomer and a decrease in GDGT-
1 & GDGT-3 altered TEXs¢-derived temperature toward higher values in the deep-water surface
sediments of the Mediterranean Sea. Considering the above, along with the new observations in
this study (Fig. 5 & 6), it seems feasible that planktonic Euryarchaeota bias TEXs¢ by changing
the distribution of TEXgs-related GDGTs (especially the GDGTs with 1-3 cyclopentant rings) in

the estuary and coastal area.

3.4 Conclusions

This study assesses the relationship between GDGTs with cyclopentane moieties and MG 11
Euryarchaeota along a salinity gradient from river water to seawater. The correlation between
the percentage of MG II over total archaeal population and GDGT-1, -2, -3, or -4 as well as RI
implies that MG II can produce GDGTs with 1-4 cyclopentane moieties. The production of

GDGTs from MG II changes the proportion of ringed GDGTs in the total GDGT pool, which
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may bias TEXge. On the other hand, apparent evidence shows that MG II Euryarchaeota do not
seem to be a significant source of crenarchaeol. However, validation of the production of

GDGTs by MG II may have to wait until a pure culture is available.
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Figure 3.1. Map showing location of sites (dark circle) in the lower Pearl River (PR), the PR
estuary, and coastal South China Sea (SCS). Abbreviations: R, River water, which is followed by
the station #; M, mixing water; S, seawater. The station S includes four water layers (surface,
subsurface, middle, and bottom). The station M includes three water layers (surface, middle and
bottom). The surface water of the station M were also collected at the high tide, slack tide, and

low tide period. The station R1 and R2 include two water layer (surface and bottom). Surface

sediments were collected at each sampling sites.
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Fig. 3.2
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Fig. 3.2. The distribution of archaeal community composition based on 454 sequencing along the
salinity gradient at the lower Pearl River (river water, station R1), The PR estuary (mixing water,

station M), and coastal South China Sea (seawater, station S).
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Fig. 3.3. Mean values of TEXs¢-derived temperatures in SPM and surface sediments from the
lower Pearl River (R), the PR estuary (M), and coastal SCS (S). CL, core lipids; IPL-H, intact
polar lipid based upon acid hydrolysis; IPL-OH, intact polar lipid based upon base hydrolysis.
Dashed lines A, June mean surface water temperature (SWT) (28.4 + 0.07°C); dashed line B, in
situ instrumental temperature (29.1°C, in the river water; 28.2°C in the mixing water and
seawater); dashed line C, annual mean SWT (24.71 £ 0.11°C); dashed line D, winter SWT (20.54

+0.10°C).
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Fig. 3.4
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Fig. 3.4. TEXs¢ of the SPM samples and surface sediments plotted against RI1. The blue dashed
line represents the RI-TEXgq calibration from Zhang et al. (in review). The SCS SPM/sediments
and coastal SCS SPM/sediments (black points) are from Wei et al. (2011), Ge et al. (2013),

Zhang et al. (2013), and Wang et al. (2015). The colored points are from this study.
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Fig. 3.5
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Fig. 3.5. Distribution of the mean values of the Ring Index (bars) calculated from CL, IPL-H and

IPL-OH, the abundance of 16S rRNA genes (purple marked line), and the ratio of MG II 16S to

Archaeal 16S (green marked line) along the salinity gradient from the river water to seawater.

Individual value is shown in Table 3.1.
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Fig. 3.6
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Fig. 3.6. Fractional abundance (%) of GDGTs, RI, and ratio of GDGT-2 to GDGT-3 vs. the ratio
of MG II 16S to Archaeal 16S. SPM samples collected from the lower Pearl River, the PR

estuary, and the coastal SCS.
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Table 3.1

Table 3.1. Basic information, abundance of isoprenoid GDGTs, TEXss, Ring Index, and 16S

rRNA gene for suspended particulate matters (SPM) in the water column and surface sediments

collected from the lower Pearl River, the Pearl River estuary, and coastal northern South China

Sea. Basic information includes location, sampling date, water depth, temperature (Temp.), and

salinity (Sal.).

Sample Longitude (E) Latitude (N) Sampling date Depth® TerxllpA Sal.  pH iGDGTs (ng/l)* TEX4 Ring Index (RI) Archacal 165 MGII 165

D" (mm/dd/yyyy)  (m) () CL IPL-H IPL-OH CL IPL-H IPL-OH CL IPL-H IPL-OH

River water SPM

R1_sur  113°34.249' 22°52.647' 06/21/2011 15 29.7 02 725 188.6  201.5 16.7 0.59 050 0.57 0.19 0.15 0.12 2.1E+09  3.0E+05
R1_bott 113°34.249"  22°52.647' 06/21/2011 6.0 296 02 725 2213 1281 8.9 0.60  0.56 0.54 0.16  0.12 0.15 3.6E+08  1.2E+03
R2 sur  113°36.680"  22°56.338’ 06/21/2011 1.5 290 0.1 695 648 825 6.8 0.56  0.42 0.49 0.16  0.15 0.11 - -
R2 bott 113°36.680'  22°56.338' 06/21/2011 6.0 29.0 0.1 690 266.6 4265 27.9 0.60 045 0.38 0.14  0.10 0.12 - -
R3 113°28.726"  23°04.339' 06/22/2011 15 294 0.1 7.46 79.8  150.2 8.0 0.57 041 0.38 0.07  0.09 0.14 - -
R4 113°33.507"  22°58.409' 06/22/2011 1.5 29.6 02 728 19.1 30.6 33 0.63 057 0.37 026 0.13 0.20 - -
RS 113°29.941"  22°53.588' 06/22/2011 1.5 285 0.1 728 200 304 2.0 0.61 048 0.35 0.37  0.40 0.34 - -
R6 113°33.088"  22°44.811' 06/22/2011 1.5 278 0.1 692 49.1 21.8 1.2 0.62  0.68 0.53 0.15  0.19 0.25 - -
Mixing water SPM

M_It 113°45.098"  22°27.206' 06/18/2011 1.5 - - 259 105.0 24 0.66  0.55 0.53 0.52 047 0.43 2.0E+07  6.1E+06
M_st 113°45.098'  22°27.206' 06/18/2011 L5 - - 353 97.3 1.4 0.58  0.65 0.60 0.36  0.61 0.61 1.3E+09  3.1E+08
M_ht 113°45.098" 22°27.206' 06/18/2011 1.5 - - 219 86.8 28 0.59 056 0.55 043 046 0.38 6.9E+07  1.2E+07
M_sur 113°45.098"  22°27.206' 06/18/2011 15 287 11.1 8.03 18.9 67.0 1.9 0.58  0.60 0.63 036 044 0.65 - 7.2E+07
M mid  113°45.098"  22°27.206' 06/18/2011 5.0 283 156 793 102.6 73.4 52 0.61 0.64 0.59 035 047 0.36 6.0E+09  7.9E+08
M _bott  113°45.098"  22°27.206' 06/18/2011 9.0 27.6 230 789 1074 767 6.0 0.56  0.60 0.58 0.30 042 0.38 5.1E+09  1.6E+09
Sea water SPM

S_sur 113°70.448"  22°05.165' 06/15/2011 1.5 29.6 295 8.63 1.1 0.7 0.1 0.52  0.65 0.58 028 0.39 0.22 1.0OE+05  4.8E+03
S_subs  113°70.448"  22°05.165' 06/15/2011 5.0 295 297 8.64 2.1 1.1 0.1 0.56  0.63 0.58 0.27 033 0.24 3.1E+06  5.3E+05
S_mid 113°70.448"  22°05.165' 06/15/2011 10.0 286 317 845 12.6 13.5 0.6 049  0.55 0.50 020 024 0.23 9.8E+04  4.4E+03
S_bott 113°70.448"  22°05.165' 06/15/2011 18.0 254 337 792 214 9.6 0.7 0.53 059 0.49 020 039 0.21 - -
Sediment

Sedi-R1  113°34.249"  22°52.647' 06/21/2011 8.0 - 746 4618 1428 9.5 0.58 037 0.30 027 038 0.41 2.8E+10  1.2E+06
Sedi-R2  113°36.680 " 22°56.338' 06/21/2011 7.0 - 768 6875 2892 17.0 056 035 0.31 023 022 0.26 - -
Sedi-R3  113°28.726" 23°04.339" 06/22/2011 9.0 - 729 800.3 2335 19.6 0.57 043 0.36 015 023 0.30 - -
Sedi-R4  113°33.507" 22°58.409" 06/22/2011 7.0 - 1750 881.0 149.7 9.7 0.58 0.51 0.38 033 075 0.62 - -
Sedi-R5  113°29.941"  22°53.588' 06/22/2011 8.0 - 758 6217 842 7.3 0.62 052 0.37 033 0.66 0.43 - -
Sedi-R6  113°33.088"  22°44.811" 06/22/2011 8.0 - 7.66 1202 1038 6.2 0.67 035 0.42 042 0.65 0.74 - -
Sedi-M  113°45.098' 22°27.206" 06/18/2011 12.0 - 7.60 2004 67.7 23 0.62 052 0.50 038  0.69 0.42 1.L1IE+10  1.7E+06
Sedi-S 113°70.448" 21°95.165" 06/15/2011 20.0 - 740 5003.6 267.3 20.8 0.50  0.64 0.50 0.19 0.73 0.34 1.3E+10  4.8E+06

“R, River (the lower Pearl River), which is followed by the station numbers; sur and bott represent surface water and bottom water. M, Mixing water (the Pearl River estuary); It, low tide; st, slack tide; ht,
high tide; mid means middle layer water. S, Sea water (northern South China Sea); subs represents subsurface water.

"For the SPM samples collected from the water column, the depth is referred to the sampling water depth; For the sediments, the depth indicates the river water depth.

¢CL, core lipids; IPL-H, intact polar lipid (IPL) derived core lipids upon acid (H) hydrolysis; IPL-OH, IPL-derived core lipids derived upon base (OH) hydrolysis.

d_, data are not available or not examined.
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Table 3.2

Table 3.2. Regression analysis between the ratio of MG I116S to Archaeal 16S and the fractional

abundance of GDGTs, RI, and the ratio of GDGT-2 to GDGT-3.

16S Ratio vs. CL? 16S Ratio vs. IPL-H 16S Ratio vs. IPL-OH
R?>  Pvalue R>  Pvalue R?>  Pvalue

wGDGT-0 043 0.04 0.47 0.03 0.44 0.04
wGDGT-1 0.52 0.02 0.63 0.01 0.68 0.00
wGDGT-2 0.54 0.02 0.47 0.03 0.53 0.02
wGDGT-3 043 0.04 0.54 0.02 0.57 0.01
wGDGT-4 0.52 0.02 0.62 0.01 0.51 0.02
%Cren. 0.32 0.09 0.39 0.05 0.30 0.10
%Cren.1so 0.48 0.03 0.02 0.72 0.35 0.07
RI 0.54 0.02 0.61 0.01 0.61 0.01

GDGT 2/3 0.16 0.25 0.34 0.08 0.06 0.49

168 ration, the ratio of MG II 16S to archaeal 16S. CL, core lipdis; IPL-H, intact polar
lipids derived upon acid hydrolysis; IPL-OH, intact polar lipids derived upon base
hydrolysis.
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CHAPTER 4

SUMMARY

Reconstruction of paleo-sea surface temperature (SST) is of primary importance for the
study of paleoclimate changes, paleo-ecological variation, and ocean circulation. In the last
decade, TEXgs (TetraEther indeX of glycerol dialkyl glycerol tetraethers (GDGTs) with 86
carbons) has been a popular temperature proxy in paleoclimate studies. Although the global core-
top calibrations of TEXse are empirically correlated with annual mean SST, mounting evidence
indicates anomalies or discrepancies in TEXgs-derived SST in the coastal seas and open ocean.
The main objective of this thesis was to constrain the predominant factor controlling the
variation of TEXse in the estuary and coastal region of South China Sea (SCS). To do this we
focused on 1) finding the source of archacal GDGTs, 2) investigating the archaeal community
compositions and 3) evaluating the relationship between archaeal lipids and molecular DNA in
the water column and surface sediments of the lower Pearl River and its estuary.

Regarding the source of archaecal GDGTs, the results suggested that terrestrial input of
archaeal tetraether lipids has little impact on the distribution and abundance of GDGTs in the
lower Pearl River and its estuary. In situ production of archaeal lipids predominantly contributes
to the GDGT pool in the water column and sediments in this region. Vertical transportation plays
a dominant role in the export of GDGTs from water column to the surface sediments.

The archaeal community composition is overwhelmingly changed from the lower Pearl

River to the PR estuary, with methanogens and Marine Group I (MG I) Thaumarchaeota being
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the predominant groups, respectively. A significant proportion of Marine Group II (MG II)
Euryarchaeota was present in the PR estuary and coastal SC. This is consistent with the cluster
analysis based on the fractional abundances of GDGTs in the water column of the lower PR and
its estuary, which showing that GDGT-0 and crenarchaeol predominantly distributed in the river
water end and salty water end, respectively. The quantitative polymerase chain reaction (QPCR)
of MG II and total Archaea suggests that the PR estuary is a hot spot for the occurrence of MG II
Euryarchaeota along the salinity gradient from the low Pearl River to the coastal SCS.

The unusually low TEXgs in the transitional zone from the PR estuary to the coastal SCS is
an important observation in this study. The accuracy of TEXss can be assessed by Ring Index
(RI), which is significantly correlated with the ratio of MG II Euryarchaeota to total Archaea.
GDGT-2 and GDGT-3 are crucial components to contribute to the discrepancy between TEXge-
derived temperature and satellite-based temperature. Linear correlation between the TEXgs-
related GDGTs (GDGT-1, -2, -3) and [MGII]/[Archaea] ratio strongly suggests that a significant
proportion of cyclopentane moieties-containing GDGTs (GDGTs with 1-4 rings) can be
produced by MG II Euryarchaeota, another abundant planktonic archaea inhabiting
predominantly (near) surface water of coastal and open ocean. These MG II-produced tetraether
lipids may alter the GDGT pool in the water column and surface sediments. This mechanism
may further influence TEXse in the sediment record.

Our study implies that low temperature events based on TEXjs in ancient continental
margins should be interpreted with extreme caution. MG II-produced GDGTs provide an
alternative interpretation for the TEXgs anomalies or discrepancies in sediment record. Moreover,
cultivation techniques focusing on MG II will be necessary to substantiate the conclusion

proposed in this thesis.
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APPENDICES

A. SUPPLEMENTAL TABLES IN CHAPTER TWO

Table Al

Table Al. Fractional abundance of archaeal isoprenoid GDGTs, TEXse, and TEXgs-derived

temperatures for SPM samples collected from the water column of the lower Pearl River and the

Pealr River estuary.

Sample ID* Fractional abundance of archaeal isoprenoid GDGTs (%) . TEXy  TEXe" SST-TEXg" SST-TEXy" Sat-Ann.  Sat-Jul.  Sat-Win.
GDGT-0 GDGT-1 GDGT-2 GDGT-3 GDGT-4 Cren® Cren.iso.” (°C,20109)  (°C,2012°) (°C) (°C) (°C)
Lower Pearl River - core lipids
PR-1-CL 64.8 34 3.7 1.6 0.6 252 0.6 0.63 -0.20 25.11 19.91 24.58 28.80 20.58
PR-2-CL 60.0 3.6 4.1 1.7 0.7 292 0.6 0.64 -0.20 25.20 19.99 24.63 28.76 20.50
PR-3-CL 74.8 24 2.7 1.2 0.5 17.9 0.4 0.64 -0.20 25.12 19.92 24.54 28.76 20.35
PR-4-CL 53.8 4.1 4.5 1.9 1.2 33.8 0.7 0.63 -0.20 25.09 19.90 24.68 28.76 20.50
PR-5-CL 70.4 2.7 29 1.2 0.7 21.7 0.4 0.63 -0.20 2497 19.80 24.63 28.76 20.33
PR-6-CL 80.1 1.8 22 1.0 0.5 14.1 0.3 0.65 -0.18 25.95 20.59 24.68 28.76 20.50
PR-7-CL 67.5 2.7 3.1 1.3 0.8 24.0 0.4 0.64 -0.19 25.39 20.14 24.51 28.76 20.40
PR-8-CL 92.6 0.8 0.8 0.4 0.3 5.0 0.2 0.65 -0.19 25.77 20.44 24.53 28.73 20.43
PR-9-CL 85.8 1.6 1.9 1.0 0.6 8.7 0.4 0.66 -0.18 26.45 20.99 24.53 28.73 20.43
PR-10-CL 86.5 1.1 1.1 0.7 0.6 9.7 0.3 0.67 -0.18 26.61 21.12 2451 28.76 20.40
Pearl River estuary - core lipids
PR-11-CL N 47.5 4.7 5.0 2.0 1.2 38.8 0.8 0.62 -0.20 24.63 19.53 24.61 28.80 20.54
B 494 45 4.8 2.0 1.4 37.1 0.8 0.63 -0.20 24.78 19.65
PR-12-CL S 37.1 6.3 6.2 23 1.4 45.7 1.0 0.60 -0.22 23.59 18.69 24.64 28.84 20.36
B 253 6.2 4.5 1.8 0.7 60.9 0.6 0.53 -0.28 19.61 15.52
PR-13-CL S 22.0 6.6 5.4 22 1.4 61.7 0.6 0.56 -0.25 21.16 16.76 24.77 28.84 20.64
B 218 6.6 4.7 22 1.3 62.8 0.6 0.53 -0.28 19.66 15.56
PR-14-CL S 13.1 6.6 7.0 2.5 2.0 68.3 0.6 0.61 -0.22 23.69 18.77 24.78 28.88 20.95
B 224 6.0 4.7 1.5 0.6 64.2 0.6 0.53 -0.27 19.86 15.71
Lower Pearl River - polar lipids
PR-1-PL 87.7 1.8 1.7 1.5 0.9 59 0.6 0.67 -0.17 26.82 21.28 24.58 28.80 20.58
PR-2-PL 88.3 1.8 1.6 14 0.9 54 0.6 0.66 -0.18 26.39 20.93 24.63 28.76 20.50
PR-3-PL 922 1.2 1.2 0.9 0.6 35 0.4 0.68 -0.17 27.00 21.43 24.54 28.76 2035
PR-4-PL 78.5 2.5 2.6 1.9 1.5 12.1 0.9 0.69 -0.16 27.41 21.75 24.68 28.76 20.50
PR-5-PL 92.2 0.9 1.1 0.8 0.6 4.0 0.4 0.71 -0.15 28.53 22.65 24.63 28.76 20.33
PR-6-PL 93.8 0.9 1.0 0.7 0.4 2.8 0.3 0.70 -0.16 27.96 22.19 24.68 28.76 20.50
PR-7-PL 922 0.8 1.1 0.8 0.6 4.2 0.3 0.73 -0.14 29.29 2325 2451 28.76 20.40
PR-8-PL 96.7 0.6 0.6 0.5 0.3 1.2 0.2 0.66 -0.18 26.16 20.75 24.53 28.73 20.43
PR-9-PL 95.1 0.7 0.8 0.7 0.5 2.0 0.3 0.72 -0.14 2891 2295 24.53 28.73 20.43
PR-10-PL 95.7 0.7 0.7 0.6 0.4 1.6 0.3 0.68 -0.17 27.05 21.46 24.51 28.76 20.40
Pearl River estuary - polar lipids
PR-11-PL S 56.1 3.7 5.1 2.6 23 292 1.0 0.70 -0.16 27.96 22.19 24.61 28.80 20.54
B 61.4 3.1 4.5 2.4 23 252 1.1 0.73 -0.14 29.11 23.11
PR-12-PL. N 59.2 5.1 5.1 2.7 2.0 24.1 1.8 0.65 -0.18 26.03 20.65 24.64 28.84 20.36
B 234 72 5.8 2.9 33 56.5 0.9 0.57 -0.24 21.99 17.42
PR-13-PL S 15.5 7.1 7.0 3.1 43 62.3 0.7 0.60 -0.22 23.64 18.74 24.77 28.84 20.64
B 21.2 7.9 5.0 2.7 2.9 59.6 0.7 0.51 -0.29 18.84 14.90
PR-14-PL. S 9.7 59 8.8 3.5 3.9 67.5 0.8 0.69 -0.16 27.54 21.86 24.78 28.88 20.95
B 259 6.7 6.8 2.8 1.9 54.8 1.1 0.62 -0.21 24.24 19.22

“PR, the Pearl River, which is followed by station numbers; the letter "S" or "B" after station number means "surface" or "bottom", respectively. CL, core lipid; PL, polar lipid. The sampling

stations are shown in Fig. 2.

® Cren., Crenarchaeol; Cren.iso., Crenarchaeol regioisomer.

“The calibration is from Kim et al. (2010) or Kim et al. (2012).

9Sate-Ann, satellite-based annual mean surface water temperature; Sate-Jul, satellite-based July mean surface water temperature; Sate-Win, satellite-based winter mean surface water

temperature.
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Table A2

Table A2. Fractional abundance of arhcaeal isoprenoid GDGTs, TEXse, and TEXgs-derived

temperatures for the surface sediments collected from the lower Pearl River and the Pearl River

estuary.
Sample ID* Fractional abundance of archaeal isoprenoid GDGTs (%) . TEXy  TEXg" SST-TEXy," SST-TEXg' Sat-Ann.  Sat-Jul.  Sat-Win.
GDGT-0 GDGT-1 _ GDGI-2 __ GDGT-3 _ GDGT-4 Cren” Cren.iso.” (°C,2010°)  (°C,2012°) (°C) (°C) (°C)
Lower Pearl River - core lipids
PR-1-CL 56.0 39 4.6 1.6 0.8 325 0.6 0.63 -0.20 25.01 19.83 24.58 28.80 20.58
PR-2-CL  36.6 5.0 5.7 2.0 1.2 48.7 0.7 0.63 -0.20 24.76 19.63 24.63 28.76 20.50
PR-3-CL 38.7 57 58 22 1.5 454 0.6 0.60 -0.22 23.48 18.61 24.54 28.76 20.35
PR-4-CL 37.3 6.0 7.6 2.7 1.5 442 0.8 0.65 -0.19 25.84 20.49 24.68 28.76 20.50
PR-5-CL  48.1 4.9 6.9 2.1 1.1 36.3 0.6 0.66 -0.18 26.45 20.98 24.63 28.76 20.33
PR-6-CL 66.1 3.4 39 1.5 0.7 24.0 0.4 0.63 -0.20 24.65 19.54 24.68 28.76 20.50
PR-7-CL 774 22 3.0 1.1 0.7 153 0.3 0.67 -0.17 26.73 21.21 2451 28.76 20.40
PR-8-CL 85.0 1.7 1.9 0.9 0.5 9.7 0.2 0.64 -0.19 25.29 20.06 24.53 28.73 20.43
PR-9-CL 82.6 2.1 23 1.1 0.8 10.8 0.3 0.63 -0.20 25.08 19.89 24.53 28.73 20.43
PR-10-CL 79.3 23 24 1.1 0.7 13.9 0.3 0.62 -0.21 24.43 19.37 24.51 28.76 20.40
Pearl River estuary - core lipids
PR-11-CL  21.7 5.7 7.0 2.5 1.7 60.6 0.8 0.64 -0.19 25.56 20.27 24.61 28.80 20.54
PR-12-CL 30.8 6.1 5.6 2.0 1.1 53.8 0.6 0.58 -0.24 2227 17.64 24.64 28.84 20.36
PR-14-CL 252 6.4 4.5 1.7 1 60.4 0.7 0.52 -0.29 19.00 15.02 24.78 28.88 20.95
Lower Pearl River - polar lipids
PR-1-PL 82.8 39 2.8 1.7 0.9 74 0.6 0.57 -0.25 21.67 17.16 24.58 28.80 20.58
PR-2-PL 719 55 22 2.1 1.2 10.5 0.6 0.47 -0.32 16.40 12.94 24.63 28.76 20.50
PR-3-PL 76.3 5.8 43 23 1.2 9.4 0.7 0.56 -0.25 21.22 16.80 24.54 28.76 20.35
PR-4-PL 71.7 6.9 43 2.9 1.6 11.6 0.9 0.54 -0.27 20.41 16.15 24.68 28.76 20.50
PR-5-PL 86.1 4.1 23 1.5 0.8 4.9 0.4 0.51 -0.29 18.60 14.71 24.63 28.76 20.33
PR-6-PL 92.2 2.6 1.5 0.9 0.4 22 0.2 0.50 -0.30 18.14 14.34 24.68 28.76 20.50
PR-7-PL 94.6 1.3 1.1 0.7 0.4 1.7 0.1 0.60 -0.22 23.63 18.73 24.51 28.76 20.40
PR-8-PL 94.7 1.7 13 0.9 03 1.0 0.1 0.57 -0.24 21.99 17.41 24.53 28.73 20.43
PR-9-PL 95.6 1.7 0.6 0.7 0.3 1.0 0.2 0.46 -0.33 15.75 12.43 2453 28.73 20.43
PR-10-PL  95.2 1.2 0.9 0.9 0.4 1.1 0.2 0.62 -0.21 24.31 19.27 24.51 28.76 20.40
Pearl River estuary - polar lipids
PR-11-PL 512 73 7.4 39 2.8 26.1 12 0.63 -0.20 24.92 19.76 24.61 28.80 20.54
PR-12-PL 60.3 7.5 55 2.7 2.0 20.8 12 0.56 -0.25 21.22 16.80 24.64 28.84 20.36
PR-14-PL __ 36.9 7.5 73 3.1 3.1 40.9 1.2 0.61 -0.22 23.77 18.84 24.78 28.88 20.95

“PR, the Pearl River, which is followed by station numbers. CL, core lipid; PL, polar lipid. The sampling stations are shown in Fig. 2.

® Cren., Crenarchaeol; Cren.iso., Crenarchaeol regioisomer.

“The calibration is from Kim et al. (2010) or Kim et al. (2012).

dSate-Ann, satellite-based annual mean surface water temperature; Sate-Jul, satellite-based July mean surface water temperature; Sate-Win, satellite-based winter mean surface water
temperature.
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Table A3

Table A3. Fractional abundance of arhcaeal isoprenoid GDGTs, TEXge, and TEXgs-derived

temperatures for soil samples collected within the catchment of the lower Pearl River and the

Pearl River estuary.

Sample ID* Fractional abundance of archaeal isoprenoid GDGTs (%) TEXg TEXg! SST-TEX "
GDGT-0 GDGT-1 GDGT-2 GDGT-3 GDGT-4 Cren® Cren.iso.” (°C, 2010°)
Core lipids
PR-Soil-1-CL 6.7 5.5 7.5 4.5 0.3 64.1 11.4 0.81 -0.09 32.30
PR-Soil-2-CL 15.0 6.0 8.3 43 4.1 59.8 2.5 0.72 -0.15 28.67
PR-Soil-3-CL 53.5 2.6 4.1 1.8 2.0 344 1.5 0.74 -0.13 29.50
PR-Soil-4-CL  21.7 49 7.5 2.7 3.1 58.7 1.6 0.70 -0.15 28.18
PR-Soil-5-CL 36.0 6.4 7.0 3.5 1.7 414 4.0 0.69 -0.16 27.75
PR-Soil-6-CL 279 7.7 9.5 7.2 3.4 42.5 1.8 0.71 -0.15 28.24
PR-Soil-7-CL 36.9 6.4 7.0 3.8 1.1 404 4.5 0.70 -0.15 28.18
PR-Soil-8-CL 23.8 7.9 9.9 8.6 53 41.3 29 0.73 -0.14 29.23
PR-S0il-9-CL  28.6 2.4 6.6 2.9 4.0 533 22 0.83 -0.08 33.05
PR-Soil-10-CL 51.3 8.0 8.7 3.9 1.5 259 0.6 0.62 -0.21 24.56
PR-Soil-11-CL 15.0 7.3 8.8 5.8 1.4 57.7 3.6 0.71 -0.15 28.59
PR-Soil-12-CL 442 6.7 8.7 3.0 1.2 354 0.9 0.65 -0.19 25.88
PR-Soil-13-CL 93.5 1.0 0.9 0.5 0.3 3.5 0.2 0.62 -0.21 24.17
PR-Soil-14-CL 37.1 6.7 7.7 4.7 24 38.3 3.1 0.70 -0.16 27.94
PR-Soil-15-CL 7.9 5.7 6.6 5.6 4.1 67.0 32 0.73 -0.14 29.21
PR-Soil-16-CL 9.9 4.6 9.0 4.0 4.0 64.2 44 0.79 -0.10 31.58
PR-Soil-17-CL 27.0 4.8 6.2 5.3 0.9 53.4 2.6 0.75 -0.13 29.94
PR-Soil-18-CL 79 7.5 13.0 10.6 4.8 49.6 6.6 0.80 -0.10 32.01
PR-Soil-19-CL 61.0 49 6.0 49 24 19.3 1.7 0.72 -0.14 28.84
PR-S0il-20-CL 11.9 7.3 12.9 7.5 4.5 49.8 6.0 0.78 -0.11 31.36
Polar lipids
PR-Soil-1-PL 16.6 2.9 30.7 9.5 6.5 22.6 11.2 0.95 -0.02 36.99
PR-Soil-2-PL  44.0 9.6 25.4 7.7 9.8 1.9 1.1 0.78 -0.11 31.21
PR-Soil-3-PL 777 1.5 2.7 1.2 1.0 14.8 1.1 0.77 -0.11 30.78
PR-Soil-4-PL 57.0 6.8 35 12.4 16.9 3.1 0.3 0.70 -0.15 28.20
PR-Soil-5-PL 55.5 9.5 7.8 9.0 5.4 10.5 2.3 0.67 -0.18 26.58
PR-Soil-6-PL  43.5 12.3 12.6 9.2 0.1 17.9 44 0.68 -0.17 27.13
PR-Soil-7-PL 28.4 5.1 8.6 15.1 13.5 16.2 13.1 0.88 -0.06 34.72
PR-Soil-8-PL 35.0 8.8 14.3 11.7 0.0 27.7 2.5 0.76 -0.12 30.60
PR-Soil-9-PL 69.3 3.0 3.9 0.8 12.1 9.2 1.6 0.68 -0.17 26.95
PR-Soil-10-PL 60.5 6.4 9.4 6.6 2.5 11.2 32 0.75 -0.13 30.04
PR-Soil-11-PL 19.9 6.3 6.6 8.8 26.6 24.8 7.5 0.78 -0.11 31.40
PR-Soil-12-PL 57.8 8.7 10.7 5.3 5.5 11.3 1.2 0.66 -0.18 26.45
PR-Soil-13-PL 95.1 1.5 1.9 0.7 0.5 0.2 0.1 0.63 -0.20 25.08
PR-Soil-14-PL 46.0 12.0 13.1 10.1 0.2 15.7 2.7 0.68 -0.16 27.33
PR-Soil-15-PL 16.0 10.3 6.8 8.5 2.6 49.9 6.1 0.67 -0.17 2691
PR-Soil-16-PL 25.5 12.8 12.4 16.0 19.9 8.2 5.5 0.73 -0.14 29.07
PR-Soil-17-PL 322 8.6 7.7 4.4 9.4 29.9 8.5 0.71 -0.15 28.25
PR-Soil-18-PL 11.9 7.7 13.5 10.7 3.7 433 9.5 0.81 -0.09 32.47
PR-Soil-19-PL 26.7 53 14.5 16.1 9.1 22.1 6.7 0.88 -0.06 34.66
PR-S0il-20-PL 14.3 15.3 16.9 7.1 1.9 33.8 11.0 0.70 -0.16 27.84

PR, the Pearl
® Cren., Crenarchaeol; Cren.iso., Crenarchaeol regioisomer.
“The calibration is from Kim et al. (2010).
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Table A4

Table A4. Archaeal diversity indices from filters in EPR.

Station No. of clones No. of OTUs C% H 1/D J Sace S chaol
EPR4 42 23 59.52 2.91 19.13 85.63 71.95 69.33
EPR9 61 30 67.21 3.09 22.59 307.50 73.66 93.33
EPR12 85 10 94.11 1.08 1.84 15.00 19.47 15.00
EPR14 73 9 94.52 1.03 2.02 8.00 7.89 7.00
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B. SUPPLEMENTAL FIGURES IN CHAPTER THREE

Fig. B1
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Fig. B1. Structures of archaeal core GDGTs described in the text.
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Fig. B2
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Fig. B2. Cluster analysis based on the relative abundance of CL- and phospho IPL-GDGTs.
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Fig. B3
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Fig. B3. RDA analysis based on the distribution of GDGTs and environmental parameters.
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