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Abstract
The hypoxic phenomena of seawater have been found in the Changjiang esturay and its
adjacent area for several decades. To study organic matter degradation in seasonal hypoxic seawater, series of
stimulated incubation experiments with Skeletonema costatum in seawater under diﬀerent oxygen saturations
were conducted. By tracking variations of lipids originated from the alga, time-dependent concentrations
of neutral lipids (hexadecanol, otctadecanol, cholesterol, brassicasterol and phytol) and fatty acids (12:0,
14:0, 16:0, 16:1, 18:0, 18:1(9), 20:5 and 22:6) were obtained during three month of incubation. The results
indicate that residence time, oxygen saturation, bacterial community and the structure of lipids were key
factors controlling preservation and degradation of lipids in seawater. The degradation rate constants
calculated from multi-G model showed that under same oxygen saturation, algal fatty acid degraded faster
than neutral lipids, and unsaturated fatty acids degraded faster than saturated fatty acids. Our new discovery
showed that degradation rate constant had linear positive correlation with oxygen saturation of seawater,
indicating the critical role of oxygen on degradation of algal lipids in hypoxic seawater. The results of this
study will be helpful to understand organic carbon cycling in seawater and marine environment more deeply.
Future ﬁeld experiments and investigation should be conducted tracking control factors, especially the role
of oxygen saturation on organic matter degradation in natural environment.
Keyword: organic matter degradation; seasonal hypoxia; lipids; fatty acids; the Changjiang River estuary

1 INTRODUCTION
Organic matter degradation in seawater is an
important process in marine carbon and nutrient
cycle. Generally, organic matter degradation in
marine environments is aﬀected by physical, chemical
and biological processes, which can be considered as
internal and external factors. The internal factors
include the composition and structure of organic
matter (Sun et al., 2000; Ding and Sun, 2005; Vieler
et al., 2007) and the external factors includes redox
condition, light intensity, wind speed, temperature,
salinity, bioturbation, microorganism consumption

and etc. (Aller, 1984; Canﬁeld, 1994; Harvey et al.,
1995; Sun and Wakeham, 1998; Sun et al., 2002; Sun
and Dai, 2005; Dai and Sun, 2007, Pruski et al., 2017).
Redox condition, determined by oxygen saturation, is
among fundamental factors. However, the role of
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oxygen on organic matter degradation is still a
controversial issue. In earlier studies, the aerobic and
anaerobic degradation was similar (Foree and
McCarty, 1970; Jewell and McCarty, 1971; Otsuki
and Hanya, 1972a, b; Sun et al., 2004). For example,
Lee (1992) reported that the degradation rates of
organic matter had no clear distinction in aerobic and
anaerobic sediments in subsequent researches. On the
other side, series of later studies indicated that
existence of oxygen may promote organic matter
degradation (Emerson and Hedges, 1988; Sun et al.,
1997; Hartnett et al., 1998; Caradec et al., 2004; Lv et
al., 2010). Harvey et al. (1995) analyzed the alga
carbon under oxic and anoxic experimental
incubations and estimated the degradation rates
according to the multi-G model reported by Westrich
and Berner (1984). They found that oxic decomposition
of organic matter had much higher degradation rates
than those of anoxic decomposition. More recent
studies consider that existence of oxygen can promote
organic matter degradation, and anoxic condition is
favorable for organic matter preservation in sediment
(Ding and Sun, 2005a; Pan et al., 2014, 2017).
However, degradation and preservation of organic
matter in marine environment is complex, and data
accumulation about organic matter degradation is
very limited, especially in water column. The
mechanism, pathway and control factors about
organic matter degradation are still far away from
completely understanding.
In some coastal areas and estuaries, redox
condition keeps changing because of seasonal
hypoxia phenomena. In the Changjiang estuary, a
developing anoxic zone (around 122°35′E, 31°45′N)
has been observed in summer from the 1950s. The
annual cycle of hypoxia oﬀ the Changjiang estuary
has been reported by Wang et al. (2012). As the time
going on, the area is becoming wider and the hypoxia
situation deteriorates more seriously. The oxygen
saturation (a ratio of the concentration of dissolved
oxygen (O2) in the seawater to the maximum amount
of oxygen that will dissolve in the seawater at that
temperature and pressure under stable equilibrium)
has a large span ranging from over 100% on the
surface to about 25% at the 20–50 m of the water
column in August sectional survey (Liu et al., 2012).
Just like that, the Zhujiang (Pearl) River estuary is
also experiencing hypoxia in summer time since
1985. In these areas, coexistence of seasonal hypoxia
and red tide were occurred frequently and caused
serious ecological problems (Sun et al., 2008; Sun
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and Song, 2009). However, little research focuses on
the degradation of organic matter in the seasonal
hypoxic condition under various oxygen saturations.
Therefore, further research is necessary to investigate
organic matter degradation in the marine
environments with continuously changing oxygen
saturation.
To study organic matter degradation in marine
environment, tracking variations of lipids is a
frequently used method. In fact, organic compounds
in seawater include lipids, carbohydrates, amino acids
or proteins, humic substance (HS) and etc. They
undergo diﬀerent decomposition processes under
complex redox condition (Westrich and Berner,
1984). Compared with proteins and carbohydrates,
lipids are less reactive and more easily to be preserved
in various natural environment (Volkman et al., 1987;
Wakeham and Lee, 1993; Sun et al., 2004). Therefore,
lipids are considered as typical biomarkers in studying
organic matter degradation (Gagosian et al., 1983;
Derieux et al., 1998). In marine microalgae, lipids
have important physiological and metabolic functions.
For example, in algal cells, phospholipids are
fundamental component in cell membrane; and
triacylglycerols are used for metabolism as energy
storage substances. Because of structural diﬀerence,
lipids have various degradation activities even under
the same redox conditions. For example, Sun et al.
(2002) indicated that the oxic conditions accelerated
cell-associated lipids degradation. Ding et al. (2005)
conﬁrmed that fatty acids on membrane degraded
more easily than those on intracellular compounds
under anaerobic conditions. Although series previous
studies investigated degradation of lipids under
various redox conditions, their degradation in marine
environment with diﬀerent oxygen saturation is still
undocumented.
In this study, series of laboratory incubation
experiments with algae were conducted to simulate
organic matter degradation in seasonal hypoxic area
along China coast and estuaries with various oxygen
saturations. Skeletonema costatum, a typical red-tide
diatom in the hypoxic area, was selected for the
incubation experiments. Variations of lipids in the
experimental systems were tracked to evaluate the
eﬀects of oxygen saturation on organic matter
degradation in seasonal hypoxic seawater. This is the
ﬁrst study about lipid degradation in seawater under
various oxygen saturations, providing fundamental
results to understand organic carbon cycle in marine
environment more deeply.
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2 MATERIAL AND METHOD
2.1 Sampling and materials
The natural sea waters for laboratory incubation
were collected in October 2011 from P01 station
(122.72°E, 31.04°N) (Fig.1) nearby the estuary of the
Changjiang River during fall cruise of a 973 Project
(China) in the East China Sea. The seawater was
collected from the sea surface and bottom (50 m). The
surface water was oxic and the bottom water was
hypoxic (oxygen saturation was about 40%). The
mixture of the surface and bottom seawater (v/v 1:1)
was used for the experiment. The marine alga
Skeletonema costatum used for incubation
experiments is widely distributed along coastal China
as a typical red-tide algae (Sun et al., 2008; Sun and
Song, 2009). Skeletonema costatum was obtained
from the Marine Interface Chemistry Lab in the
Ocean University of China and continuously cultured
in 1-L conical ﬂask with f/2 medium at 20±0.5°C
(Yang et al., 2002; Urbani et al., 2005). The light-dark
cycle and luminous intensity were 12-h/12-h and
4 000 lx, respectively. After about two weeks, the alga
was collected at the end of exponential phase by
centrifugation and stored at -18°C for later incubation
experiment.
Before the experiment, all glassware, such as
500 mL ﬂask, 250 mL separating funnel, 50 mL
centrifuge tube, 20 mL glass tube, glass pipette,
100 mL and 500 mL beaker, 50 mL and 100 mL pearshaped bottle, 4 mL vial et al., was soaked by FL-70
detergent at least for 48 h, then orderly washed three
times by tap water, high purity water and Milli-Q
H2O. After drying in the oven at 100°C, the glassware
was put into the muﬄe furnace to remove residual
organic matter at 450°C for 6 h. Besides, the washed
plastics including plug and lid with Teﬂon material
was saved by burned aluminum-foil paper, and rinsed
three times by methanol, dichloromethane and
n-hexane before use.
2.2 Microcosm setup
Incubation experiments were conducted based on
series previous designed degradation experiments
(Lee, 1992; Sun et al., 1997; Sun and Wakeham,
1998; Sun et al., 2000, 2002; Ding and Sun, 2004,
2005a, b; Sun and Dai, 2005). The incubation
microcosm contained a series of 500 mL ﬂasks ﬁlled
with mixed seawater under diﬀerent oxygen
saturation. Every ﬂask had 200 mL seawater and
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Fig.1 Sampling station closed to the Changjiang River
estuary in the East China Sea

about 300 mg thawed algal cells (~90% water) (if
carbon account for 40% of algal dry weitht, the
concentration of fresh carbon in the seawater should
be 60 mg C/L). This biomass is constant with the
most serious situation of the red tide in the East China
Sea (The maximum concentration of POC in the
seawater was up to about 60 mg C/L (Lin, 2007) after
red tide season around the Changjiang estuary). All
ﬂasks were sealed with rubber plugs with inserted
glass pipes for gas exchange. Four series incubation
experiments were set up as anoxic, hypoxic and oxic
seawater with oxygen saturations of 0%, 25%, 50%
and 100% to simulate marine environment changing
from anoxic to oxic condition, respectively. The oxic
and anoxic sea water with 100% and 0% oxygen
saturation was obtained by bubbling pure air and N2
into it until liquid-gas balance, respectively. Mixture
gases with N2/air (v/v) ratios 1:1 and 3:1 were blown
into the incubation system to form hypoxic sea water
with oxygen saturations 25% and 50%, respectively.
A little CO2 was also purged into the sea water to
maintain pH value. During the incubation, the N2 and
mixture gases with a little CO2 were purged into the
seawater samples at least twice a day to stabilize the
oxygen saturations for anoxic and hypoxic sea water.
Pure air was continuously bubbled into oxic seawater
to keep 100% oxygen saturation. Preliminary
experiments conﬁrmed that oxygen saturations in the
incubation were stable by treating the sea water using
the described method. All ﬂasks were placed in an
incubator (GPX-250, Hunan, China) in dark at
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20±0.5°C, similar as the water temperature in summer
around the P01 station. The whole experimental
period was 90 days. At t=0, 5, 10, 17, 24, 35, 50, 70,
90 d, one ﬂask from each series were taken out from
the incubator, and the alga in the sea water was
separated by centrifugation (10 min, 2 500 r/min, Era
Beili GTR-16B centrifuge, Ding and Sun, 2005b) and
stored at -20°C for future treatment.
2.3 Lipid extraction
The method for lipid extraction was based on
published procedure (Sun et al., 1997). Brieﬂy, a
small part of alga (about 1/10) was heated at 100°C
for 24 h to measure algal water content. The residue
was ﬁrstly soaked with 10 mL methanol and vortexed
for 1 min. After that, the mixture was sonicated for
1–2 min, followed by centrifuging at 2 500 r/min for
10 min at 4°C. The supernatant was decanted from
centrifuge tube and transferred to separating funnel.
Then the residual was extracted with 3×10 mL
dichloromethane-methanol (2:1 v/v). During each
extraction, samples were vortexed for 1 min, sonicated
for 1–2 min and centrifuged for 10 min. Combined
extracts were partitioned into a methylene phase
formed by adding 5% NaCl solution in the separating
funnel. The organic phase was released to pyriform
ﬂask. In order to increase the eﬃciency of extraction,
the aqueous phase was re-extracted by 3×10 mL
dichloromethane and all organic phases were
transferred to the ﬂask. Recovery test indicated that
relative standard deviation of the extraction was
2.6% (Sun et al., 1997).
After evaporating the organic phase with a rotary
evaporator, the lipids in the ﬂask were rinsed by
3×1 mL 0.5 mol/L potassium hydroxide-methanol
solution and saponiﬁed at 100°C for 2 h. The neutral
lipids were extracted from the basic solution and the
fatty acids were extracted after addition of HCl
(pH<2) by 3×5 mL hexane, respectively. After rotary
evaporation, the neutral lipids were washed with
3×1 mL n-hexane and then transferred to 4 mL vial.
The hexane was blew-dried by pure nitrogen gas and
the neutral lipids were reacted with 100 μL BSTFA
(Bis(trimethylsilyl)triﬂuoroacetamide) in 200 μL
acetonitrile at 100°C for 2 h. The acetonitrile was
also blew-dried by pure N2 and the silylated neutral
lipids were stored at 4°C for future neutral lipid
analysis. The fatty acids solution was rotary
evaporated and the ﬂask was washed by 3×1 mL
10% BF3-methanol (RS-Supelco cat 33021) and 3×
1 mL methanol. After esteriﬁcation at 100°C for 2 h,
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the fatty acids were converted into fatty acid methyl
esters (FAMEs). The FAMEs was extracted by
3×5 mL n-hexane and dried with a rotary evaporator,
followed by 3×1 mL n-hexane rinsing and
transferring to 4 mL vial. The hexane in the vial was
blow-dried by pure N2, and the fatty acids were also
stored at 4°C for future analysis.
2.4 Lipid analysis
Gas chromatography-mass spectrometry (GC-MS)
and gas chromatography (GC) were used for
qualitative and quantitative analysis of lipids. Prior to
analysis, 50 μL 5α-cholestane (1 mg/mL in hexane)
and nonadcanoic acid methyl ester (2 mg/mL in
hexane) as internal standards for silylated neutral
lipids and FAMEs were added into the vials,
respectively. An Agilent 7890N GC-MS system
equipped with a 30 m×0.25 mm×0.25 μm column
(DB-5MS, Agilent) coated with phenyl arylene
polymer virtually equivalent to a (5%-phenyl)methylpolysiloxane was applied for lipid
identiﬁcation. The GC-MS operating conditions
were: injection volume 1 μL, mass range 50–550 amu,
ionizing energy 70 eV and ion source temperature
240°C. The carrier gas was helium. The oven
temperature gradient for neutral lipids was: 50–200°C
by 30°C/min and stayed at 200°C for 10 min, then
increased to 200–215°C by 5°C/min, continued to
215–220°C by 1°C/min and held at 220°C for 2 min,
then increased to 220–280°C by 10°C/min and stayed
at 280°C for 30 min. The oven temperature gradient
for fatty acids was: 30–200°C by 30°C/min, increased
to 200–215°C by 5°C/min, continued to 215–220°C
by 1°C/min, held at 220°C for 2 min, then increased
to 220–280°C by 10°C/min and stayed at 280°C for
4 min, and ﬁnally increased to 280–310°C by 20°C/
min and stopped at 310°C for 5 min. The neutral
lipids and fatty acids were identiﬁed based on their
MS proﬁle and retention time.
For quantitative analysis of lipids, an Agilent
6890N GC system with an automatic injector and a
ﬂame ionization detector (FID) was used. The neutral
lipids and fatty acids were separated by a 30.0 m×
250 μm×0.25 μm column (HP-5MS, Agilent) coated
with (5%-phenyl)-methylpolysiloxane copolymer.
The temperature gradient of the oven was the same as
the GC-MS temperature gradient. A Chemstation
Software was applied to quantify the identiﬁed lipids
by comparing their peak areas with the peak area of
the internal standards. The errors of peaks area and
retention time by the GC analysis was less than 3%.
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3 RESULT
Neutral lipid

Fatty acid

3.1 Lipids in S. costatum and in microcosm

9

In cultured S.costatum cells, ﬁve neutral lipids and
eight fatty acids were identiﬁed based on GC and GCMS proﬁles and their concentrations (based on dry
weight) in the algae were shown in Fig.2. As a whole,
the total concentration of the thirteen lipids was
39.17 mg/g dw (dry weight), account for approximately
4% of algal cell dry weight. Among ﬁve neutral lipids
(Fig.3a), concentrations of cholesterol and
brassicasterol were up to 0.50 mg/g dw and 0.68 mg/g
dw, respectively, higher than two normal fatty alcohols
(referred as alcohol below) and phytol. Concentration
of hexadecanol was the lowest (0.11 mg/g dw). The
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Fig.2 Concentrations (based on dry weight) of ﬁve neutral
lipids and eight fatty acids in S. costatum
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total concentration of the ﬁve neutral lipids was only
2.74 mg/g, a factor lower than that of fatty acids and
account for less than 7% of total lipids. The fatty acids
were the major components in the algal lipids,
including four saturated (12:0, 14:0, 16:0 and 18:0),
two monounsaturated (16:1 and 18:1(ω9)) and two
polyunsaturated (20:5 and 22:6) ones. Among them,
concentrations of 14:0, 16:0, 16:1 and 20:5 were all
higher than 5 mg/g dw and their relative percentage to
total fatty acids was about 90% (about 84% of total
lipids). The two most abundant fatty acids were 14:0
and 20:5, their concentrations were up to 9.30 mg/g
dw and 9.35 mg/g dw, respectively. As a comparison,
concentrations of 12:0 and 22:6 were as low as
0.40 mg/g dw and 0.41 mg/g dw, respectively. In the
cultured cells, bacterial speciﬁc fatty acids, such as
branched iso- and anteiso-15:0, were not detected,
indicating the culture was anxenic.
After mixing with collected hypoxic seawater, two
more fatty acids iso- and anteiso- 15:0 were detected in
the microcosm at the beginning of incubation (Fig.3b).
Concentrations of these two bacterial speciﬁc fatty

acids were 108.78 μg/L and 152.08 μg/L, respectively.
The occurrence of iso- and anteiso- 15:0 indicated
existence of active bacteria in the incubated microcosm.
3.2 Time dependent variations of neutral lipids
In general, variation patterns of all ﬁve algal neutral
lipids were similar under four diﬀerent oxygen
saturations during incubations (Fig.4). Their
concentrations declined signiﬁcantly after 2–3 weeks
and then decreased slowly until the end of incubation.
However, there were obvious diﬀerences among the
degradations of various lipids under four oxygen
saturations. By comparing concentrations of lipids
after 10-d and 90-d incubation with their initial
concentration, we calculated percentage of each
compound (including both neutral lipids and fatty
acids) remained in the algal residue at the two time
points (Table 1). After 10-d of incubation, except
octadecanol, more than 60% of the neutral lipids
remained in the seawater under anoxic condition.
With the existence of oxygen, most of alcohols
degraded but a large fraction of cholesterol,
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Fig.5 Variations of concentrations of algal fatty acids during incubations under four diﬀerent oxygen saturations
The points are experimental data and the curves are simulated results based on multi-G model.

brassicaterol and phytol were preserved in the
microcosms. After 90-d, hexadecanol, octadecanol
and phytol completely or almost completely
disappeared and more than 90% of the two sterols
degraded under 100% oxygen saturation, most of
alcohols degraded under all four oxygen saturations.
In hypoxic seawater (25% and 50% oxygen saturation)
and anoxic seawater, two sterols and phytol still
presented in signiﬁcant amounts (12.4% to 36.8%).
Expectedly, after 90-d of incubation, remained
fraction of each lipid in the seawater had negative
relationship with oxygen saturation.

3.3 Time dependent variations of algal fatty acids
Similar to neutral lipids, the concentrations of all
eight identiﬁed algal fatty acids, dropped dramatically
in the ﬁrst two weeks of incubation and then decreased
slowly, although there were some diﬀerences among
various oxygen saturations (Fig.5). Generally, with
increasing oxygen saturation, the algal fatty acids
degraded faster. After 10 days, less than 10% of all the
fatty acids remained in oxic seawater. More than 95%
of 16:1 and 20:5 degraded in the seawater under all
four oxygen saturations, but a large fraction (8.5%–
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Table 1 The percentages of preserved algal lipids in
seawater under four diﬀerent oxygen saturations
after 10-d and 90-d of incubation
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36.9%) of other six fatty acids remained in anoxic and
severely hypoxic seawater. As a whole, diﬀerence of
remaining fractions of fatty acids in 100% and 50%
oxygen saturation seawater were insigniﬁcant. After
three month of incubation, four unsaturated fatty
acids degraded completely and only a small amount
of saturated fatty acids remained in the seawater
under all four oxygen saturations. Unlike neutral
lipids, there was no obvious diﬀerence of preservations
of fatty acids under various oxygen saturations.
3.4 Time dependent variations of bacterial speciﬁc
fatty acids
Unlike the neutral lipids and algal fatty acids, two
bacterial speciﬁc fatty acids iso and anteiso-15:0
showed diﬀerent variation patterns under various
oxygen saturations during incubation in residue
(Fig.6). Under anoxic condition, concentration of iso
and anteiso-15:0 increased 40% and 32%, respectively,
to the maximum of their concentrations after 5-d of
incubation, and then declined very quickly in the next
10 days. After the dramatic declining, concentrations
of the two fatty acids varied with a ﬂuctuation pattern
at low level until the end of incubation. In hypoxic
seawater with 25% and 50% oxygen saturation,
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Fig.6 Variations
of
bacteria-speciﬁc
fatty
acid
concentrations during incubations under four
diﬀerent oxygen saturations

concentration of iso-15:0 varied similarly as under
anoxic condition. However, concentration of
anteiso-15:0 declined continuously from the
beginning to the end of the incubation under hypoxic
conditions. Under oxic condition, concentrations of
both iso- and anteiso- 15:0 kept decreasing to very
low levels until the end of incubation. Comparing to
the peaks of their concentrations, only about 2%–3%
of iso-15:0 and less than 0.6% of ante-iso 15:0 still
remained in residue after 90-d of incubation. Iso- and
anteiso- 15:0 were the only two bacterial fatty acids
identiﬁed in our incubation system. Time-dependent
variations of the bacterial fatty acids might reﬂect the
variation of bacterial biomass that inﬂuence
degradation of algal material during incubation.
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4 DISCUSSION
4.1 Lipids in S. costatum
Our data showed that the major fatty acids in S.
costatum were 14:0, 16:0, 16:1 and 20:5. This result
was constant with Suzuki and Matsuyama’s (1995)
record. They also detected small fractions of fatty
acid 18:0, 18:1 and 22:6 in the algae. In their culture,
the algae grew at 22°C under 100 μE m2/s (8 000 lux)
of cool-white ﬂuorescent illumination on a 12-h/12-h
light-dark cycle, similar as our culture. However, they
did not identify 12:0 in their culture. In fact, many
previous studies indicated that the existence of fatty
acid 12:0 in the algal cells might be related to artiﬁcial
sea water media. For instance, in Ukeles culture
medium (Sánchez et al., 1993) and Conway medium
(Servel et al., 1994), 12:0 was non-detectable. When
the algae grew in f/2 medium as we applied, 12:0 was
detected in triacylglycerol but not in phospholipids
(Popovich et al., 2012).
In our culture, total amount of neutral lipids in S.
costatum was much less than that of fatty acids. Lv et
al. (2010) also described similar results as ours. All
the ﬁve identiﬁed neutral lipids were typical lipid
compounds in the algae (Lv et al., 2010). In fact, the
two most abundant neutral lipids, brassicasterol and
cholesterol, were considered as the major fraction of
neutral lipids and account for over 50% of neutral
lipids in cultured S. costatum (Mohammady, 2004; Lv
et al., 2010). However, relative lipid compositions of
marine microalgae are dependent on their growth
condition, especially the culture medium and growth
phase (Hallegraeﬀ et al., 1991; Fidalgo et al., 1998;
Mohammady, 2004; Lv et al., 2010). Therefore,
proportions of various lipids in our culture diatom
were diﬀerent with previous studies. For example, in
Mohammady’s culture, the ratio between
brassicasterol and cholesterol in S. costatum was
about 4:1, but in our culture, this ratio was only about
1.4:1.
4.2 Preservation of lipids originated from S. costatum
The preservation percentages of lipids after short
term (10-d) and long term (90-d) incubation in
seawater are listed in Table 1. From the results, several
major factors should be considered controlling
preservation of lipids in seawater. The ﬁrst one is
degradation time, reﬂecting residence time of lipids in
seawater. Under the same oxygen saturation, much
more lipids were preserved in seawater after short
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time incubation than after long time incubation. The
second one is oxygen saturation. Our data showed
that with decreasing oxygen saturations, for all algal
lipids, their preservation percentages increased in the
seawater after 10-d and 90-d incubation in general.
The third one is chemical property of organic
compound. After 10-d incubation, more than 80%
fatty acids and alcohols disappeared under oxic and
hypoxic condition. However, much less sterols and
phytol degraded in the seawater at that period. At the
end of incubation, all fatty acids degraded almost
completely under oxic, hypoxic and anoxic conditions,
but a fraction of neutral lipids were still exist in the
microcosms, especially for sterols, indicating the
important role of chemical properties of lipids for
their preservation. This result is consistent with Pan et
al.’s (2017) study. In fact, which factors control
organic matter preservation in marine environments
is one of the most complex and controversial issues in
contemporary biogeochemistry (Hedges and Keil,
1999). Previous studies showed that after 2–3 months
of incubation, under oxic condition, algal lipids
degraded completely in seawater, but under anoxic
condition, 10%–40% of algal lipids still remained in
seawater (Sun et al., 2004). Our results are consistent
with their results regarding lipid degradation under
oxic and anoxic conditions. Many previous studies
showed that most of biosynthesised organic material
was mineralized to CO2 in seawater, while a small
fraction of the carbon ﬁxed by photosyntheis formed
recalcitrant dissolved organic matter and eventually
generated a large carbon reservoir in seawater (Jiao et
al., 2010). Our results indicate that due to the chemical
property diﬀerence of various algal organic
compounds, microorganism in seawater might have
preference to utilize diﬀerent compounds. Generally,
fatty acids widely distributed in both eukaryotic and
prokaryotic cells and similar enzymes are shared by
all the cells to synthesize and degrade fatty acids.
Therefore, the microorganism could utilize algal fatty
acids directly and easily as carbon and energy sources.
As a comparison, sterols naturally occur in eukaryotic
cells and their chemical feature are stable. In fact,
abiotic processes such as photooxidation and
autoxidation aﬀect sterol degradation and preservation
remarkably (Rontani and Marchand, 2000). With
stable chemical structure and dark incubation, both
biotic and abiotic degradattion for sterols were more
diﬃuclt in our microcosm. Then more sterols were
preserved in seawater and eventually transformed
into recalcitrant materials.

No.5

HE et al.: Degradation of lipids in hypoxic sea water

4.3 Degradation rate constants of algal lipids
Variations of concentrations of all identiﬁed lipids,
including both neutral lipids and fatty acids, showed
similar degradation pattern: initial fast decrease in the
ﬁrst 2–3 weeks followed by slower or little change till
the end of incubation. This variations pattern was
widely observed in many previous studies for organic
matter degradation and has been quantitatively
described by well-known multi-G model. The multi-G
model was modiﬁed from the G-model which was
ﬁrstly established by Berner (1964):
dGt/dt=kGt.
In the G-model, degradation of organic matter was
considered as whole. Gt is the concentration of total
organic matter. Organic matter degradation rate was
proportional to its concentration and degradation rate
constant k, which keeps constant in the whole
degradation process. However, the G-model did not
match the reality well due to complex organic matter
degradation in marine environment. In fact, in
sediment and seawater, various organic matter has
diﬀerent degradation rate due to the diﬀerence of the
biochemical activity, and varying environmental
factors, especially oxygen concentration. To overcome
the defect of the G-model, Westrich and Berner (1984)
developed multi-G model. In this model, diﬀerent
fractions of organic compounds are assumed to have
various reactivities and degrade independently at
distinct rates. The sum of individual degradation rates
of organic matter equal to the overall degradation rate
of the organic compounds, as shown by the following
equations:
Gt=ΣGi,

(1)

-dGi/dt=kiGi,

(2)

-(dGt/dt)=ΣkiGi,

(3)

where ki is the ﬁrst-order degradation rate constant of
fraction i; Gi is the concentration of fraction i, which
is considered as organic matter with similar activities;
-(dGt/dt) is the degradation rates of all fractions. From
Eq.2, ki=1/Δt(ln(Gi)0/(Gi) then Gi=(Gi)0exp(-kit).
Therefore,
Gt=ΣGi=(G1)0exp(-k1t)+(G2)0exp(-k2t)+…,
and (G1)0 and (G2)0 are initial concentrations of
fraction 1 and 2. Each fraction is considered as a pool
in multi-G model.
The validity of the multi-G model has been
conﬁrmed by many ﬁeld observation and laboratory
studies (Westrich and Berner, 1984; Sun and
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Wakeham, 1998; Ding and Sun, 2005). However,
even for one compound, ki keep decreasing with time
due to variations of controlling factors, such as
decreasing concentration of oxygen. Considering
variation of ki, Meddelburg (1989) developed power
model to describe organic matter degradation. In the
power model, ki is a function with time. Since at least
two points are necessary to determine the initial ki,
which may not reﬂect the reality and calculation
errors still occurs. To reduce the errors, initial ki need
to be adjusted frequently according to real conditions.
The adjustment causes complex calculation. In our
study, based on the preservation results, individual
lipids showed variable kinetic features during their
degradation course, indicating that even the same
type of molecules can degrade at diﬀerent rates.
Previous study also showed that lipid locating in
diﬀerent cellular regions and associating with diﬀerent
components, might have various degradation rate
constants (Ding and Sun, 2005a, b). It is reasonable to
assume that pool size of diﬀerent cellular components
varied under various oxygen saturations for diﬀerent
compounds. ki can be considered as a constant in
short time. Based on these assumptions and the
degradation pattern of the algal lipids in our study, to
avoid complex power model and simplify calculation
lipid degradation by using Eq.3, we test two-pool G
model to determine their degradation rate constants.
The Eq.3 was modiﬁed as:
-(dGt/dt)=k1G1+k2G2,

(4)

G0=(G1)0+(G2)0,

(5)

Gt=(G1)t+(G2)t.

(6)

To obtained k1 and k2 from the equations above,
more assumptions are necessary. If degradation of
both (G1)0 and (G2)0 match G-model, Eq.6 can be
expressed as:
Gt=(G1)0exp(k1t)+(G2)0exp(k2t).

(7)

Based on Eq.7, the assumption k1>>k2 was applied.
Under this assumption, the degradation rate was
determined by G1 pool in early degradation, and by G2
pool in late degradation. Therefore, the modeling
processes involved two steps to obtain initial k1 and k2
according to our data set: 1. plotting ln(Gt) vs.
incubation time (t), then the ﬁrst four point and the
last four point constructed two straight lines. The
slopes of the two straight lines were considered as the
initial k1 and k2. The intersection point of the two
straight lines was used to estimate relative pool size
based on Eqs.5 and 7; and 2. ﬁtting the original (Gt)
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Table 2 The degradation rate constants of algal lipids in
various incubation systems
Kav
Lipid

Oxygen saturation
0

25%

50%

100%

Hexadecanol

0.060 (0.98)

0.23 (0.97)

0.30 (0.99)

0.37 (0.99)

Octadecanol

0.12 (0.99)

0.16 (0.99)

0.18 (0.99)

0.28 (0.99)

Cholesterol

0.048 (0.97) 0.068 (0.98) 0.084 (0.99)

0.14 (0.99)

Brassicasterol 0.036 (0.98) 0.062 (0.99) 0.086 (0.98)

0.14 (0.99)

Neutral lipid

Phytol

0.025 (0.98) 0.048 (0.99) 0.070 (0.99) 0.096 (0.99)

Fatty acid
12:0

0.23 (0.99)

0.33 (0.99)

0.40 (0.99)

0.49 (0.99)

14:0

0.25 (0.97)

0..40 (0.99)

0.39 (0.99)

0.53 (0.99)

16:0

0.11 (0.97)

0.21 (0.99)

0.35 (0.99)

0.48 (0.99)

18:0

0.21 (0.99)

0.30 (0.99)

0.36 (0.99)

0.45 (0.99)

16:1

0.35 (0.99)

0.46 (0.99)

0.48 (0.99)

0.55 (0.99)

18:1(9)

0.29 (0.99)

0.34 (0.99)

0.38 (0.99)

0.47 (0.99)

20:5

0.47 (0.99)

0.53 (0.99)

0.58 (0.99)

0.61 (0.99)

22:6

0.34 (0.99)

0.43 (0.99)

0.47 (0.99)

0.56 (0.99)

The number in brackets are correlation indices of the simulated curves and
the experimental data.

data to the two-pool G model by modifying k1 and k2.
Based on the two-pool G model, the average
degradation rate constant of a lipid compound from
two diﬀerent pools is deﬁned as:
Kav=k1×f1+k2×f2,

(3)

where f1 and f2 are relative proportions of pool 1 and
pool 2 (f1=(G1)0/(Gt)0 and f2=(G2)0/(Gt)0. The Kav
reﬂected how fast a lipid compound degraded in the
microcosm as a whole during incubation period.
The simulated degradation curves based on the two
pool G-model that are plotted in Fig.4 (neutral lipids)
and 5 (fatty acids) matched the experimental data
very well (all correlation indices were higher than
0.97). All calculated Kav of various lipids are listed in
Table 2. Comparison of Kav showed several interesting
implications for degradations of the algal lipids under
various oxygen saturations. First, for each lipid,
degradation rate constants increased with increasing
oxygen saturations. Second, under the same oxygen
saturation, fatty acid degraded faster than neutral
lipids. Third, unsaturated fatty acid degraded faster
than saturated fatty acid.
4.4 Structural eﬀects on lipids degradation
Our results indicate that under the same oxygen
saturation in seawater, the degradation of lipids was

Vol. 36

strongly dependent on their structures. For the eight
algal fatty acids, unsaturated fatty acids degraded
faster than saturated fatty acids, in general, under the
same redox condition. Fatty acids in S. costatum
originate from two positions, namely from the
membrane and from the intracellular part of the cell
(Berge et al., 1995). In the intracellular fraction, the
main modality of fatty acids are triacylglycerol and
esters. In the membrane, fatty acids are bound with
glycerol, phosphoric acid or glucose to from complex
lipids with speciﬁc function, including phospholipids
and glycolipid. Thus, these lipids have diﬀerent
degradation behavior in various surroundings with
various structures (Ding and Sun, 2005). In a word,
based on common biochemical principles, cellassociated fatty acids decomposition had two major
steps: the ﬁrst is that the enzymes acted on ester bond
between fatty acids and other organic compound (e.g.
glycerol) to release fatty acids from structural
matrices, such as triacylglycerol, phospholipids and
etc., called enzymatic hydrolysis; the next is to further
degrade the released free fatty acids into some smaller
molecules by β-oxidation or other lipid oxidation
pathways (Sun et al., 2000; Ding and Sun, 2004). The
end product of lipid degradation is CO2 (Nealson and
Cox, 2012). The ﬁrst degradation step is complicated
because lipids and other organic macromolecules can
form diﬀerent compounds. The structure of these
componds are complexes and various kinds of
enzymes, such as lipase and phospholipase, are
required to degrade them. Thus, their degradate rates
are limited. The second step is relatively simple for
the plain and doubtless structure of fatty acids.
Unsaturation and chain lengths of free fatty acids
strongly controll the degradation rates. From Fig.7, it
proved that unsaturated fatty acids degraded faster
than the saturated ones at same redox conditions, like
16:0-16:1 and 18:0-18:1(9), which was identical with
other studies (Harvey and Macko, 1997; Sun et al.,
1997, 2000). The result of the incubation experiments
also showed that the short-chain saturated fatty acids
(12:0 and 14:0) were more labile than long-chain ones
(16:0 and 18:0) in seawater.
For the ﬁve neutral lipids, under the same redox
conditions, two alcohols had the highest degradation
rate constants, and sterols degraded faster than phytol
(Fig.7), which indicated the structures and chemical
properties of the ﬁve organic compounds had
remarkable inﬂuence on their degradation. The
alcohols convert into fatty acids through a series of
oxidation processes, which could be directly used by
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related to the position in the intracellular part. Phytol
is the product of side chain ester bond rupture on
chlorophyll that can be combined with protein and
polypeptide into macromolecular compound (Schoch
and Brown, 1987; Ding and Sun, 2005b) in plant or
algae cytoplasm. Therefore, the degradation process
of this compound was very complicated involving
many processes and enzymes (Louda et al., 1998).
The degradation of chlorophyll constantly produced
new phytol as the released phytol degraded, so phytol
decomposed slower as a whole. On the other hand,
based on our results, phytol and sterols were partially
preserved in the seawater under diﬀerent oxygen
saturation, which showed their degradation became
abnormally gentle trending into inert at the end of
incubation. The results of degradation constants
support Jiao et al.’s (2010) report that the preserved
organic matter after the bacteria utilization could be
stored at long term in seawater as inert dissolved
organic carbon, forming biological pump. The
undecomposed neutral lipids from S. costatum could
become the origin of the recalcitrant dissolved organic
matter (RDOM) in seawater.
4.5 The role of marine microbe on organic matter
degradation

0.6
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0
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20

40
60
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80
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Fig.7 Variations of Kav of algal lipids in the incubation
systems

various kind of microorganism or subject to the next
degradation procedure. As a result, alcohols
experience fast degradation rates. Sterols are
characteristic constituents of eukaryotic organisms
and absent from prokaryotes (Galea and Brown,
2009). Hopanoids are considered as sterol surrogate
in prokaryotes. Prokaryotes lack of enzymes for sterol
degradation and then should not utilize sterol as their
preferential carbon source with existence of other
more labile carbon sources. So their degradation rates
were slower. In addition, the cholesterol and
brassicaterol degradation rates were mostly the same
under the same oxygen saturation due to the same
heterocyclic structure (Rantani and Aubert, 1997).
Phytol is the most slowly degraded that could be

Microbes have double eﬀects in organic matter
degradation. Their growth can increase the amount
and types of organic matter, but they can also degrade
most macromolecular compounds as their carbon and
energy sources (Azam et al., 1983; Deming and
Baross, 1993). In this study, we detected two bacteriaspeciﬁc fatty acids iso and anteiso-15:0, which
indirectly indicate the bacteria abundance (Cranwell
et al., 1987; Wakeham and Beier, 1991). In diﬀerent
oxygen saturation incubation systems, the bacterial
community varies according to their respiration types,
such as aerobic, facultative anaerobic and strictly
anaerobic respiration, which result in development of
diﬀerent kinds of bacterial fatty acids (Parkes and
Taylor, 1983). Variations of bacterial fatty acids such
as iso and anteiso-15:0 reﬂect changes of bacteria
abundance and biomass. Ding and Sun’s results
(2005) showed the two fatty acids had similar
variation pattern in the same period under oxic and
anoxic conditions. In our study, the results indicate
that the sum of concentrations of iso and anteiso-15:0
increased signiﬁcantly in the ﬁrst week under
anaerobic conditions, and then dramatically decreased
during the second week (Fig.6), while it kept declining
under hypoxic and aerobic conditions with a rapid
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Table 3 The slopes and correlation coeﬃcients (R2) of linear
relationship between oxygen saturation and Kav of
the algal lipids
Lipid

Slope

R2

0.002 9

0.86

Neutral lipid
Hexadecanol
Octadecanol

0.001 6

0.98

Cholesterol

0.001 0

0.99

Brassicasterol

0.001 0

0.99

Phytol

0.000 7

0.98

12:0

0.002 5

0.96

14:0

0.002 7

0.99

16:0

0.003 7

0.97

18:0

0.002 3

0.97

16:1

0.001 8

0.89

Fatty acid

18:1(9)

0.001 8

0.99

20:5

0.001 4

0.90

22:6

0.002 1

0.97

decrease in the ﬁrst week. This result indicate that
high abundance of microbe contributed to faster
degradation of lipids at the beginning of incubation
under various redox conditions. However, although
bacteria were considered to play critical roles on
organic matter degradation (Harvey and Macko,
1997; Teece et al., 1998; Ding and Sun, 2005), no
simple relationship between bacterial biomass and
lipid degradation rate constant was detected duo to
the complexity of the degradation processes in this
study.
4.6 Abiotic degradation of lipids
Photooxidation and autoxidation are two typical
abiotic processes to degrade organic matter in marine
environment (Rontani et al., 2013). Since our
incubation was conducted in dark, there was no light
eﬀect on lipid degradation in the microcosm. Previous
study suggested that autoxidation, deﬁned as O2
spontaneous reacting with organic compounds,
proceeds by a three step radical chain: initiation,
propagation and temination, and mainly acts on
compounds with double bonds (Fossey et al., 1995;
Rontani et al., 2013). However, autoxidation seems to
be induced by homolytic cleavage (catalyzed by
redox-active metal ions) of photochemically produced
hydorperoxides. Therefore, it was diﬃcult to initiate
autoxidation in our incubation microcosm without
photooxidation (Rontani et al., 2014). Despite the
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diﬃculty, several evidences might indicate
autoxidation during the incubation period. First,
multi-double bond compounds (cholesterol and
brassicasterol) degraded much slower than alcohol
and fatty acids. Generally, the cyclic skeleton of this
kind of compounds is considered to relatively resistant
to bacterial mineralization (Gagosian et al., 1982;
Rontani et al, 2014) and then autoxidation should
play key role to degrade them. Second, under anoxic
condition, preservations of cholesterol and
brassicasterol were much higher than under oxic or
hypoxic condition, indicating the importance of
oxygen on autoxidation. The initiation of autoxidation
might depend on existed hydroperoxide in collected
seawater. However, we did not directly detect
autoxidative products of various lipids in our
experiment, more future work is necessary to evaluate
the eﬀect of abitic degradation on algal lipids.
4.7 Oxygen saturation as key factor controlling
lipids degradation
Figure 7 shows that there is a positive and highly
signiﬁcant linear relationship between oxygen
saturation and the average degradation rate constant
(Kav) for all lipids. Therefore, the average degradation
rate constants of all lipids could be expressed as
Kav=k×SO +Kan (k is the slope of the each line, SO is
the saturation of oxygen, and Kan is the degradation
rate constant of lipids under anoxic condition). The
slope of each line present the eﬀect of oxygen
saturation on the degradation of various lipids. High
slope value reﬂects that oxygen saturation aﬀects
lipid degradation more remarkably. The linear
relationship between oxygen saturation and
degradation rate constants of lipids suggested that
oxygen saturation was the critical factor that
determined redox condition of seawater and played
key role on controlling organic matter degradation.
All the slopes for various lipids were listed in
Table 3. The data indicate that oxygen saturation
aﬀect degradation of saturated fatty acids more
signiﬁcantly than that of unsaturated fatty acids. For
sterols, oxygen saturation had much lower impact on
their degradation as compared to fatty acids. Sterols
and unsaturated fatty acids are important constituents
of algal cell membrane (Ding and Sun, 2005a). The
diﬀerence of eﬀects of oxygen saturation on
degradation of lipids might reﬂect the location of
various lipids in algal cells. Previous study reported
that oxygen contributed to the decomposition of cellassociated lipids in the sediments, and their
2

2
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degradation rates had linear or nonlinear relationship
with oxygen exposure time (Sun et al., 2002).
Although series of studies conﬁrmed that complex
organic matter degraded faster under oxic condition
than under anoxic condition (Canﬁeld, 1994; Sun et
al., 2004; Ding and Sun, 2005), our results are the ﬁrst
report about the linear relationship between oxygen
saturation and degradation rate constants of various
lipids in seawater. These results suggest that although
microbial community were very complex and might
vary dramatically in oxic, hypoxic and anoxic
seawater, oxygen saturation could be considered as
the sole factor controlling degradation of various
organic compounds. In fact, biotic degradation of
lipids in seawater was conducted by various microbes.
This kind of biochemical process is similar for
diﬀerent microorganism. For example, β-oxidation of
fatty acids is a normal degradation process in all kinds
of organisms to generate acetyl-CoA and then entering
citric acid cycle to generate redox hydrogen. Oxygen
as most common electron acceptor in aerobic
respiration reacts with the redox hydrogen to form
water and produce ATP (Voet and Voet, 2011). From
this perspective, oxygen saturation in seawater might
determine aerobic respiration rate of whole microbial
community. On the other side, higher oxygen
saturation might generate more active oxygen radials
(Canﬁeld, 1994). Formation of oxygen radials might
promote abiotic degradation of organic double-bond
compounds and complex organic matter (Canﬁeld,
1994; Rontani et al., 2013, 2014). However, more
future work is necessary to investigate the mechanism
of oxygen saturation controlling organic matter
degradation in seawater.

5 CONCLUSION
This is the ﬁrst study on degradation of algal lipids
in seasonal hypoxic seawater. The results indicated
that residence time, oxygen saturation, and selective
utilization of lipids by microorganisms were key
factors controlling preservation of diﬀerent lipids in
seawater. The degradation of all algal lipids in
seawater could be well described by multi-G model.
Under same oxygen saturation, structural diﬀerences
of various lipids determine their degradation rate
constants in seawater. The positive linear relationship
of degradation rate constants and oxygen saturation
suggests the critical role of oxygen on organic matter
degradation in seawater. This study provided new
fundamental results for understanding organic carbon
cycling in seawater in varying redox condition.
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