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Abstract—To understand the effects of intracellular structural associations on degradation of algal chloropig-
ments, we conducted a series of microcosm experiments by incubating Emiliania huxleyi cells (a marine
haptophyte) in natural oxic and anoxic seawaters collected from a stratified water column in the Cariaco Basin.
The incubated cell detritus were sequentially treated with two buffer solutions to separate pigment components
into soluble and insoluble fractions. By using non-denaturing gel electrophoresis, several chlorophyll-
complexes, free chlorophyll, and another unknown chlorophyll-containing component were further separated
from the soluble fraction. The chlorophyll-complexes included those bound with high molecular weight
core-proteins (CP-I and CP43�CP47) and low molecular weight polypeptides (LHC-I and LHC-II) in the
cellular photosystems PS-I and PS-II. Overall pigment recovery from these fractions and gel bands was well
equivalent to the total amount from direct acetone extraction of the cells. We followed the time-dependent
concentration changes of chlorophyll-a (Chl-a), phaeophorbide-a (Ppb-a), and phaeophytin-a (Ppt-a) in all
fractions and complexes to estimate the degradation rate constants of chloropigments in natural oxic and
anoxic seawaters. Our experimental results demonstrated that the intracellular structural associations had
important influences on degradation of chloropigments under different redox conditions. In general, total Chl-a
degraded faster (�4X) in oxic seawater than in anoxic seawater. However, the rate differences between oxic
and anoxic conditions varied among the fractions and complexes. Degradation rate constants of Chl-a in
soluble fraction were much higher (�10X) than those in insoluble fraction under both oxic and anoxic
conditions. Chl-a bound with the complexes in PS-II appeared to be more reactive (�2X) than that in PS-I
under oxic conditions but the difference in degradation rate constants between two photosystems became
indistinguishable under anoxic conditions. Variations of Ppb-a in different fractions and complexes during
incubation showed different patterns, implying that cellular Chl-a could degrade through two different
pathways: (1) internal degradation into Ppb-a within insoluble pool and polypeptide complexes; and (2)
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release first from protein complexes and followed by external degradation. Copyright © 2005 Elsevier Ltd
1. INTRODUCTION

Carbon cycling is one of the most important factors affecting
global climate change (Berger and Keir, 1984; Ikeda and Ta-
jika, 2003). Phytoplankton production and its degradation in
marine systems consist of a biologic pump, driving carbon
cycling in water column and sediments (Keely and Brereton,
1985; Pedersen and Calvert, 1990; Harvey et al., 1995). Studies
of carbon cycling have been greatly advanced by refined
knowledge on the variations of individual organic compounds
(biomarkers) in marine systems (Wakeham and Beier, 1991;
Sun et al., 1991; Squier et al., 2002). For example, chloro-
phyll-a (Chl-a), a major pigment in almost all phytoplankton
species, is commonly used as biomass index while its primary
derivatives (phaeopigments), which are produced during vari-
ous biochemical processes, have been often used as indicators
to examine organic matter degradation (Welschmeyer and
Lorenzen, 1985; Carpenter et al., 1986; Furlong and Carpenter,
1988; King and Repeta, 1994). More Chl-a degradation prod-
ucts were also found in recent sediments due to diagenetic
processes (Schaeffer et al., 1993; Ocampo and Repeta, 1999;
Ocampo et al., 1999). However, the degradation mechanisms of
Chl-a, especially in variable environments, have not been com-
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pletely understood (Hendry et al., 1987; Keely and Maxwell,
1991; Chen et al., 2003).

Previous studies have shown that natural cell-associated
Chl-a degraded differently under variable redox conditions
(Sun et al., 1993a, 1993b; Bianchi et al., 2000). The Chl-a
degraded faster and more completely under oxic conditions
than under anoxic conditions. There was always a significant
proportion of Chl-a remaining stable under anoxic conditions.
However, when free Chl-a tracers were incubated in oxic and
anoxic sediments, the difference between oxic and anoxic deg-
radation processes became insignificant (Sun et al., 1993a). It is
unclear why the cell-associated Chl-a has different behavior
from free Chl-a during degradation. However, it was suspected
that the structural associations of Chl-a with other compounds
within the cells might exert critical influences on Chl-a degra-
dation (Schoch and Brown, 1987; Louda et al., 1998).

Within the algal cells, Chl-a and other pigments are non-
covalently bound to various proteins and polypeptides to form
several complexes and the assembly of these complexes builds
up two photosystems (PS-I and PS-II), which are embedded in
the thylakoid membrane and drive photosynthesis (Golbeck,
1992; Barber, 1998, 2002; Fromme et al., 2001; Tetenkin,
2003). Both PS-I and PS-II photosystems are composed of core
protein complexes (CP) and light-harvesting polypeptide com-
plexes (LHC) (Green and Durnford, 1996; Scheller et al., 2001;

Bumba and Vácha, 2003; Jensen et al., 2003). Although the
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sizes, structures, and functions of various chlorophyll-protein
and chlorophyll-polypeptide complexes are generally known
(Barber et al., 2000; Ben-Shem et al., 2003; Liu et al., 2004),
few studies have been conducted to examine how these com-
plexes affect Chl-a degradation in natural oxic and anoxic
environments.

Several methods have been developed to extract and separate
chlorophyll-protein complexes (Picuad et al., 1982; Schoch and
Brown, 1987; Kashino, 2003). Principally, four major steps are
required to characterize chlorophyll-protein complexes from
algal and plant cells: (1) breaking of cell wall by homogeniza-
tion; (2) solubilization of the complexes from cell membrane
with buffer solutions containing detergents; (3) separation and
identification of complexes by gel electrophoresis; and (4)
qualitative and quantitative analyses of pigments from the
separated complexes after further extraction (Zolla et al., 1997;
Almela et al., 2000). Although these methods have been suc-
cessfully used to extract, separate, purify, identify and quantify
the chlorophyll-protein complex compositions in various algal
and plant cells, there is an uncertainty on the recovery of Chl-a
from various complexes. It is also unclear whether there are
other potential structural components, in addition to chloro-
phyll-protein and chlorophyll-polypeptide complexes, that bind
Chl-a within the cells.

This study was designed to examine the effects of intracel-
lular structural associations of chloropigments with other mo-
lecular matrixes on Chl-a degradation in natural oxic and
anoxic seawaters. Our specific goals are: (1) to differentiate
structural pools containing Chl-a, including various complexes;
(2) to test the recovery of Chl-a from various pools during
extraction and separation processes; (3) to determine degrada-
tion rates of Chl-a in various pools under oxic and anoxic
conditions; and (4) to examine the possible degradation path-
ways of Chl-a in different pools. We conducted a series of
experiments by incubating E. huxleyi cells in natural oxic and
anoxic seawaters collected from a stratified water column in the
Cariaco Basin. We monitored the variations of bacterial abun-
dances and three bacteria-specific fatty acids in two systems to
understand the bacteria community. We followed the time-
dependent variations of Chl-a, phaeophorbide-a (Ppb-a), and
phaeophytin-a (Ppt-a) in total pigment pool and in different
structural pools. Degradation rate constants of Chl-a in differ-
ent pools were estimated by fitting data with a multi-G model
(Berner, 1980) while the variations of Ppb-a in different pools
were quantitatively described with a release-degradation model
(Sun et al., 1993b). In addition, the degradation pathways of
Chl-a in various pools were examined based on the relative
variations of Chl-a and phaeopigments.

2. EXPERIMENTAL

2.1. Materials and Microcosm Setup

The natural oxic and anoxic seawaters used in our experi-
ments were collected in May 2001 from a stratified water
column in the western Cariaco Basin (10°30=N, 64°40=W)
during cruise 66 of the CARIACO time series on the R/V
Hermano Ginés. At this time, the oxic/anoxic boundary in the
water column was at �350 m depth. Oxic seawater was col-

lected from 30 m and anoxic seawater from 930 m using a set
of 12-L Teflon-coated Niskin bottles. A nitrogen line was fitted
to the upper vent of the Niskin bottles for collecting anoxic
seawater. Seawater samples were unfiltered and directly trans-
ferred to prerinsed 2-L plastic screw-topped bottles. For anoxic
seawater samples, the bottles were placed in sealed plastic bags
filled with nitrogen. The laboratory incubation experiments
were set up 10 days after the water samples were collected.

The marine haptophyte E. huxleyi (clone CCMP 1949) was
obtained from the Provasoli-Guillard National Center for cul-
ture of marine phytoplankton, Booth Bay Harbor, Maine, USA.
This alga was first cultured in 50 mL f/50 medium at 14°C and
then transferred to 250 mL medium in 10 days (before the end
of exponential growth phase). After another 10 days, the cul-
ture was separated into four flasks with 1000 mL medium in
each. The algal cells in the final medium were harvested by
centrifugation after 10 days and stored at �20°C for later
incubation experiments. The culturing was carried out in a
12:12 light/dark regime.

The incubation microcosm consisted of a series of 500 mL
flasks filled with 200 mL oxic or anoxic seawater. �450 mg
thawed (�90% water) algal cells were added into each flask,
resulting in a �20 mg/L organic carbon load in the micro-
cosms. Setup of anoxic incubations, including transfer of sea-
water and addition of cell materials, was conducted in a N2-
filled plastic bag. Oxic incubations were set up in open air. All
flasks were sealed with stoppers (a switch being inserted for gas
purging) and the flasks with anoxic seawater were flushed with
N2 for one minute before sealing. Oxic incubations were con-
ducted in an open air chamber while anoxic incubations in a
N2-filled chamber. Two chambers were kept in an incubator at
15°C and in the dark. During incubation, water-saturated air
and N2 were separately purged into the oxic and anoxic sea-
water samples frequently (several times per day) to maintain
the original redox conditions. At t � 0, two flasks (duplicate)
were immediately used for sample treatment as an initial point
and at 5, 10, 17, 24, 35, 50, 70 and 90 days, one oxic and one
anoxic flask were taken out from each chamber. A subsample
(100 mL) from each flask was used for extraction, separation,
and analysis of pigment complexes while another subsample
(50 mL) was used for lipid analysis. In addition, a small volume
(10 mL) of sample was used for total pigment analysis by direct
acetone extraction while another 1 mL was used for counting
bacterial abundance. All detritus in the incubated samples was
collected by centrifugation and stored frozen (�40°C) for later
extraction and analysis.

2.2. Analysis of Bacteria-Specific Fatty acids and Bacteria
Counting

Details for extraction and analysis of lipids in these incu-
bated samples were reported elsewhere (Sun et al., 2004).
Briefly, the detritus centrifuged from 50 mL incubated sub-
sample was first extracted with 10 mL methanol, followed by 3
� 10 mL methylene chloride-methanol (2:1 v/v) extraction.
Combined extracts were saponified with 0.5 M KOH in MeOH/
H2O (95:5) to separate neutral and acidic lipids. Neutral lipids
were first extracted from the basic solution (pH �13) with
hexane while fatty acids were then extracted with hexane after
addition of HCl into the solution (pH �2). Fatty acids in the

acidic extracts were methylated with 5% BF3-methanol to form
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fatty acid methyl esters (FAMEs). FAMEs were analyzed by
capillary gas chromatography (GC) using a Hewlett-Packard
6890 GC system with an on-column injector and a flame
ionization detector. Compound separation was achieved by a
30 m � 0.25 mm i.d. column coated with 5%-diphenyl-95%-
dimethylsiloxane copolymer (HP-5, Hewlett-Packard). Se-
lected samples were analyzed by gas chromatography-mass
spectrometry (GC-MS) to identify bacteria-specific fatty acids.
GC-MS analysis was performed on a SHIMADZU QP5000
GC-MS system using a 30 m � 0.25 mm i.d. column coated
with 5% phenyl methyl silicone (XTI-5, Restek).

Bacterial counting was performed based on published meth-
ods (Porter et al., 1980; Suzuki et al., 1993). First, 1 mL
incubated seawater sample containing detritus was mixed with
1 mL 4=,6-diamidino-2-phenylindole solution (DAPI, 33 �g/
ml) and then passed through 0.2 �m black filter. After filtration,
the black filter was mounted on a slide and the bacterial
numbers on the filter was counted with an oil-immersion lens
under a microscope. Bacterial abundance was estimated by
averaging 10 countings.

2.3. Extraction and Separation of Pigments in Different
Structural Pools

Total pigment concentrations (T) were determined by direct
extraction of detritus, which was centrifuged from 10 mL
incubated seawater, with 2 � 5 mL acetone. The extraction and
separation of pigments in different structural components were
carried out generally based on a modified version of the method
of Picaud et al. (1982). The detritus (centrifuged from 100 mL
incubated seawater) were first treated in a 5 mL buffer-1
solution (2 mM trismaleate, 0.1 M sorbitol, 0.5 mM amino
caproic acid and 1 mM phenylmethylsulfonyl fluoride) with a
homogenizer for 2 min. After centrifugation at 4500 rpm at 4°C
for 10 min, the supernatant was removed and acetone was
added to the solution with a final volume of 20 mL as fraction
1 (F1). The detritus were then treated in a 2 mL buffer-2
solution (2 mM trismaleate and 20 mg/ml digitonin) with an
ultrasonicator for 20 s and followed by 1 h vortex. Solubilized
pigment components were separated from the detritus by cen-
trifugation at 5500 rpm (4°C) for 20 min. The extracted detritus
were treated again in the same way. The combined supernatant,
which contained solubilized pigment components, was defined
as a soluble fraction (F2). Usually, 1 mL of F2 extract was
diluted with acetone to 10 mL for direct pigment analysis while
rest of the F2 extract was used for further separation of soluble
pigment components by electrophoresis. The final residues
were further extracted with 20 mL acetone and centrifuged at
5500 rpm for 10 min. The acetone extract from the final residue
was defined as insoluble fraction (F3). All operations were
conducted under subdued light to avoid potential photodegra-
dation.

2.4. Separation and Identification of Soluble Pigment
Components

The soluble pigment components in F2 fraction were sepa-
rated by polyacrylamide gel electrophoresis (PAGE) (Picaud et
al., 1982; Itagaki et al., 1986). The gel plate consisted of a

stacking part and a separation part. The stacking gel was
composed of 4% (w/v) acrylamide and 0.1% (w/v) N,N=-
methylene-bisacrylamide, buffered by 0.375 M trisHCl (pH �
6.8). The separating gel contained 4.5% (w/v) acrylamide,
0.23% (w/v) N,N=-methylene-bisacrylamide, and 0.5% (w/v)
deoxycholic acid sodium salt, buffered by 0.125 M trisHCl (pH
� 8.8). Ammonium persulfate (0.05%) and 0.005%
N,N,N=,N=-Tetramethylethylenediamine (TEMED) were used
to polymerize both stacking and separating gels. The length
ratio of stacking to separation gel was �1:2.5.

To identify soluble pigment components, PAGE was first run
on a small plate (10 � 10 cm, and 0.75 mm of thickness).
Before PAGE separation, the fraction F2 was mixed with
buffer-3 (60% glycerol in 0.5 M trisHCl, pH � 6.8) (2:1, v/v).
The mixture (40 �L) was loaded onto the top of gel plate and
a BenchMark standard (15 recombinant proteins with molecu-
lar weight ranging from 10 to 220 kDa, Invitrogen) was paral-
lelly loaded on the same gel plate as compound markers. For
comparison purpose, the extract from spinach leaves using the
same procedure was also loaded on the same gel plate side by
side with algal extract. Electrophoresis was carried out at 4°C
and in dark with a 2 mA current for 40 min and then with a 4
mA current for 2 hours. The gel running buffer was made of
0.3% trisbase, 1.44% glycine and 0.05% sodium deoxycholate.
To make the separated components visible, a Commassie Bril-
liant Blue dye (R-250) was used to stain the proteins and
peptides in the gel.

To determine the pigment concentrations in various struc-
tural pools from the incubated samples, 1 mL mixture of F2
with buffer-3 (2:1, v/v) was loaded onto a large gel plate (15 �
25 cm, and 0.75 mm of thickness). Electrophoresis was con-
ducted at a 2 mA current for 3 hrs and then a 4 mA current for
7 hrs. After the separation was achieved, all green and green-
yellow bands were separately cut off from the gel and ground
in 1 mL water by homogenizer. Then, acetone was added to
extract pigments twice (2 � 5 mL). Each extract was centri-
fuged to separate pigments from the ground gel and then
combined for HPLC analysis. The extraction and separation of
pigment components, including total pigment (direct acetone-
extracted) and various structural pools were schematically sum-
marized in Figure 1.

2.5. Pigment Analysis

Pigment concentrations in the extracts from all fractions and
separated bands were determined by ion-pairing reverse-phase
high-performance liquid chromatography (Mantoura and
Llewellyn, 1983). The HPLC system consisted of a Hewlett
Packard 1100 series with a quaternary pump and a variable
wavelength detector. Column used was a 5 �m C-18 (ODS)
Alltech column (250 � 4.6 mm i.d.) and detection was accom-
plished by measuring absorbance at a wavelength of 440 nm.
After injection of 100 �L extract sample, a gradient program
ramped from 100% eluant A (80% methanol and 20% aqueous
solution of 0.5 mM tetrabutyl ammonium acetate and 10 mM
ammonium acetate) to 100% eluant B (20% acetone in meth-
anol) in 10 min with a hold for 30 min. Authentic Chl-a
standard was obtained from Sigma Chemical Co. The Ppt-a
standard was prepared by acidification of Chl-a standard. The
Ppb-a standard was made from Skeletonema costatum cells

according to the procedure used by Barrett and Jeffrey (1971).
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All standards were quantified spectrophotometrically (Shi-
madzu UV-2501 PC spectrophotometer) using published ex-
tinction coefficients (Mantoura and Llewellyn, 1983). Identifi-
cation of chloropigments in the samples was confirmed by
co-injecting standards and sample extracts in HPLC.

3. RESULTS

3.1. Variations of Bacteria-Specific Fatty Acids and
Bacterial Abundance

Three typical bacteria-specific fatty acids (iso-15:0, antesio-
15:0 and 18:1(�7)) were detected in the fatty acid extracts of
samples (Fig. 2a). They varied differently in oxic and anoxic
systems during incubation (Fig. 3). In the oxic system, little
iso-15:0 and anteiso-15:0 fatty acids were found throughout the
incubation period while initial concentration of 18:1(�7) fatty
acid was relatively high but decreased continuously over the
incubation. In the anoxic system, the concentrations of iso-15:0
and anteios-15:0 fatty acids declined continuously from the
beginning of the incubation but a small amount of iso-15:0

Fig. 1. An overview of extraction and separation schem
survived after three months. By contrast, the concentration of
18:1(�7) fatty acid increased slightly in the first a few days and
then decreased. However, a significant proportion of 18:1(�7)
(40%–50% of initial concentration) remained stable after one-
month under both oxic and anoxic conditions. Unlike the vari-
ations in bacteria-specific fatty acids, bacterial abundances in
oxic and anoxic seawaters increased dramatically in the first
week of incubation. After one week, the bacterial abundances
decreased gradually to the initial levels (�2–6 � 108/L). It
appeared that the bacterial abundance in anoxic seawater in-
creased to a relatively higher level than in oxic seawater.

3.2. Characterization of Soluble Pigment Components by
PAGE

To identify soluble pigment components, we ran the protein
standard (BenchMark) and the sample extracts (soluble frac-
tion) from E. huxleyi cells and spinach leaves on the same
PAGE plate. After separation and staining, six colored bands
occurred in two sample channels and a series of proteins and
polypeptides in the standard channel. One narrow green band

tracellular pigment complexes from E. huxleyi cells.
from the samples remained at the initial loading position (in the
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stacking gel) and thus was defined as non-moving band. Other
five green and green-yellow bands with variable width were
well separated in the separation gel. By comparing with Bench-
Mark standard, the top narrow green band in the separation gel
had a molecular weight close to 160 kDa. The next wide green
band had a molecular weight between 55 kDa and 60 kDa.
Other two wide bands had green-yellow color and their molec-
ular weights were relatively small (�30 kDa and �25 kDa
respectively). One narrow green band in the bottom of the gel
had a molecular weight far below 10 kDa. Based on the
literature (Picaud et al., 1982; Green and Durnford, 1996;
Croce et al., 2002; Jackowski et al., 2003), the bands in the
separation gel were characterized as CP-I (�160 kDa) and

Fig. 2. (a) GC trace for identified fatty acids, where
identified chloropigments.
Fig. 3. Variations of bacteria-specific fatty acids (iso-15:0�an
incubations in oxic and anoxic seawaters.
CP43�CP47 (�55–60 kDa) (core protein complexes) and
LHC-II (�30 kDa) and LHC-I (�25 kDa) (antenna polypep-
tide complexes) in PS-I and PS-II photosystems. The bottom
band is considered as free pigments due to their low molecular
weights while the structural characterization of the non-moving
band in the stacking gel is unknown.

3.3. Recovery of Chl-a from Various Fractions and
Complexes

To test the recovery of Chl-a from various fractions and
complexes during extraction and separation processes, we
treated two identical cell samples as a duplicate measurement.

) is an internal standard; (b) Reverse-phase HPLC for
teiso-15:0, and 18:1(�7)) and bacterial abundance during
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Total Chl-a concentration was determined from direct acetone
extraction of the cells. The Chl-a concentrations in three frac-
tions (F1, supernatant 1; F2, supernatant 2; and F3, residue)
were determined after extracting Chl-a from these fractions
with acetone. The results showed that the recovery of Chl-a
from three fractions was close to 100% (Table 1). The majority
of Chl-a was present in F2 (60%) and F3 (37%) fractions while
only �3% of Chl-a was in F1 fraction. Thus, the small amount
of Chl-a in F1 fraction was not considered in our estimation for
degradation rate constants.

When the soluble pigment components in F2 fraction were
further separated by the PAGE, the recovery of Chl-a from all
bands reached to �98% (Table 1) of the Chl-a in the F2.
However, the distribution of Chl-a in these bands was not
uniform: a maximum percentage (36%) of soluble Chl-a bound
to B3 band (CP43�CP47) while a minimum percentage (�7%)
in B2 band (CP-I). Two LCH complexes (B4 and B5) had
17%–19% of soluble Chl-a while �9%–11% were in non-
moving band (B1) and free pigment band (B6) respectively.

3.4. Variations of Total Chloropigments

In this study, three chloropigments (Chl-a, Ppb-a and Ppt-a)
were identified (Fig. 2b) by co-injection with standards. Con-
centrations of total chloropigments (direct acetone extracted)
varied differently during three-month incubation (Fig. 4). Chl-a
degraded continuously in oxic and anoxic seawaters, but the
initial degradation was fast in the first 10–20 days and followed
by a slow degradation. There were differences in initial rate and
remaining proportion between oxic and anoxic degradations of
Chl-a: an apparently faster initial rate occurred in oxic seawater
but a relatively larger proportion of Chl-a remained in anoxic
seawater after three months. Variations of phaeopigments
showed different patterns from Chl-a. In the first 10–20 days,
the concentrations of Ppt-a increased slightly in both oxic and
anoxic seawaters while the concentrations of Ppb-a increased
apparently only in anoxic seawater. After that, the concentra-
tions of these phaeopigments all decreased with time but rela-
tively larger proportions remained in anoxic seawater than in

Table 1. Initial concentrations (�g/g wet cell material) of intrace

Total Chl-a
(T)

Chl-a concentratio

(F1) (F2)

Sample-1 645.84 18 391.07
Sample-2 617.08 15.6 378.83
Average 631.46 16.8 384.95
(Error) (�14.38) (�1.2) (�6.12

Chl-a concentration in PAGE

(B1) (B2) (B3) (B4)

Sample-1 36.46 26.42 138.97 64.62
Sample-2 33.58 27.06 129.91 62.44
Average 35.02 26.74 134.44 63.53
(Error) (�1.44) (�0.32) (�4.53) (�1.09

Recoveries and error ranges are estimated.
* Definitions of fractions and bands are shown in Fig. 1.
oxic seawater.
3.5. Variations of Chloropigments in Soluble and
Insoluble Fractions

Chl-a in the soluble and insoluble fractions (F2 and F3)
degraded continuously with time (Fig. 5). However, Chl-a in
soluble fraction appeared to degrade much faster than that in
insoluble fraction. There were also apparent differences be-
tween oxic and anoxic degradations in both soluble and insol-
uble fractions. After three-month incubation, soluble Chl-a was
almost completely degraded in oxic seawater while �20% of
initial soluble Chl-a remained in anoxic seawater. By contrast,
a large proportion (�50% relative to the initial concentrations)
of insoluble Chl-a remained in both oxic and anoxic seawaters
after three months. Two phaeopigments (Ppb-a and Ppt-a) in
the soluble and insoluble fractions followed the similar patterns
to those observed in the total acetone extracted pool, but an
exception (a small initial increase) was found for insoluble
Ppb-a in oxic seawater (Fig. 5).

3.6. Variations of Chloropigments in Soluble Complex
Pools

The concentrations of Chl-a in each complex pool declined
continuously during incubation (Fig. 6). The Chl-a degradation
in these structural components basically followed the same
patterns as those observed in total acetone extracted pool and
soluble fraction, that is, initial faster decrease followed by
slower decrease. The differences between oxic and anoxic
degradations in several pools (e.g., LHC-I and LHC-II,
CP43�CP47, and the non-moving band) were still obvious
while there was little difference in CP-I band. In most cases,
Chl-a in the complexes degraded more completely in oxic
seawater while there was always a proportion of Chl-a remain-
ing in anoxic seawater after three months. On the other hand,
variations of Ppb-a in these soluble complex pools showed
different patterns (Fig. 7). For example, in the LHC-I and
LHC-II pools (polypeptide complexes), concentrations of
Ppb-a initially increased in the first week and then gradually
decreased. By contrast, in the CP-I and CP43�CP47 pools

hl-a bound in primary fractions* and following PAGE bands*.

ctions
Sum of fractions

(F1�F2�F3)
Recovery

(F1�F2�F3)/T(F3)

227.91 636.98 98.6%
236.45 630.88 102.2%
232.18 633.93 100.4%
(�4.27) (�3.05) (�1.80%)

Sum of bands
(B1 to B6)

Recovery
(B1 to B6)/(F2)(B5) (B6)

70.13 45.4 382 97.7%
72.75 43.42 369.16 97.5%
71.44 44.41 375.58 97.6%

(�1.31) (�0.99) (�6.42) (�0.1%)
llular C

n in fra

)

bands

)

(protein complexes), Ppb-a concentrations decreased from the
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beginning of the incubation. A continuous decreasing trend of
Ppb-a concentration was also observed in the non-moving band
(both oxic and anoxic) and the free pigment pool although a
slight increase of Ppb-a was observed in the free pool under
anoxic conditions.

4. DISCUSSION

4.1. Variations of Microbial Communities in the
Incubation Systems

Different bacteria communities inhabit in the stratified oxic
and anoxic seawaters in the Cariaco Basin (Tuttle et al., 1977;
Taylor et al., 2001). There have been intensive studies (Madrid
et al., 2001; Neretin et al., 2003; Vetriani et al., 2003) demon-
strating that specific microbial activities of different bacteria

Fig. 4. Variations of total acetone-extracted Chl-a, Ppt-a and Ppb-a
concentrations during incubations.
along the redox gradient in natural water column (e.g., the
Cariaco Basin and the Black Sea) are responsible for different
biochemical degradation of organic matter. The bacterial com-
munities in oxic/anoxic water column have been characterized
by several approaches, including lipid biomarkers (Wakeham et
al., 1995, 2004; Saliot et al., 2002). It has been confirmed that
aerobic and anaerobic bacteria have distinct fatty acid compo-
sitions (Parkes and Taylor, 1983; Keith-Roach et al., 2002). In
this study, our experimental systems consisted of natural oxic
and anoxic seawaters from the Cariaco water column and pure
culture of E. huxleyi (bacteria free). The natural seawaters were
unfiltered and used for the experiment in 10 days after the
sampling. The initial bacterial abundances in the experimental
seawaters are confirmed to be at the same level in the natural
environment (Taylor et al., 2001). Our lipid analysis indeed
showed the differences in bacteria-specific fatty acids between
the oxic and anoxic systems (Fig. 3): little branched iso- and
anteiso-15:0 fatty acids were found in the oxic system, con-
trasting to the anoxic system. This observation for the different
fatty acid compositions between the experimental oxic and
anoxic systems was consistent with the measurement for field
samples (Wakeham and Ertel, 1987).

During incubation, bacterial abundances in two systems var-
ied in a similar way: initial increase in the first week and
followed by a continuous decrease but greater variation was
found in the anoxic system (Fig. 3). The increase of bacterial
abundance in both systems was attributed to the addition of
algal materials. It was demonstrated that introduction of fresh
organic matter could stimulate bacterial growth (Danovaro et
al., 1994; Zweifel et al., 1996), but the bacterial abundance
declined when the most bioavailable materials were consumed
(Harvey et al., 1997; Puddu et al., 1998). Although the bacteria-
specific fatty acids and bacterial abundance have been often
used to assess bacterial biomass (Cranwell et al., 1987; Wake-
ham and Beier, 1991), these variations in our experimental
systems were not correlated (Fig. 3). The inconsistence be-
tween bacteria-specific fatty acids and bacterial abundance (or
biomass) was observed in other seawater and sediment systems
(Harvey and Macko, 1997; Ding and Sun, 2005). However, the
variations of the bacteria-specific fatty acids and bacterial
abundance in the oxic and anoxic systems implied that different
microbial processes might be involved in the degradation of
cellular chloropigments.

4.2. Oxic vs. Anoxic Degradation of Chl-a in Various
Fractions and Pools

During three-month incubation, the Chl-a concentrations in
total pool, soluble and insoluble fractions, and soluble complex
pools decreased rapidly in the first 10–20 days and then fol-
lowed by a continuous slow decrease. This degradation pattern
has been quantitatively described by a well-known multi-G
model (Berner, 1980). In this model, different fractions of
organic matter are assumed to have different reactivities and
degrade at independent rates. The sum of each individual
degradation rate equals to the overall organic matter degrada-
tion rate, as shown by the following equations:

dGt

�

dt
� � kiGi (1)
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Gt � � Gi � (G1)0exp(�k1t) � (G2)0exp(�k2t) � . . . (2)

where ki is the first-order degradation rate constant of fraction
i; Gi is the concentration of fraction i and �dGt /dt is the
degradation rate of all fractions; (G ) and (G ) are initial

Fig. 5. Variations of Chl-a, Ppt-a and Ppb-a concentra
1 0 2 0

concentrations of fraction 1 and fraction 2.
The validity of multi-G model was confirmed by testing
natural organic matter degradation in natural seawater and
sediment systems (Westrich and Berner, 1984). This model has
been extended to studies of specific organic compounds, which
are bound in different fractions of organic matter (Henrichs and

soluble and insoluble fractions during incubations.
Doyle, 1986; Sun and Wakeham, 1998; Teece et al., 1998). In
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Fig. 6. Variations of Chl-a concentrations in various soluble structural component pools during incubations.
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the present study, intracellular Chl-a was bound in different
structural components, as shown by our separation schemes
(Fig. 1). Thus, Chl-a in these associations may have variable

Fig. 7. Variations of Ppb-a concentrations in variou
reactivities, resulting in different kinetic features during the
degradation processes. Based on the G-model, we calculated
the oxic and anoxic degradation rate constants of Chl-a in total
pool, soluble and insoluble fractions, and all complex pools.

e structural component pools during incubations.
However, the relative pool sizes varied substantially with frac-
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tions and redox conditions. To compare the Chl-a degradation
rate constants between oxic and anoxic conditions no matter
how pool sizes varied, we used a new parameter, kav, defined as
the average degradation rate constant of two different pools:

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 pool sizes ((G1)0 and
(G2)0) were estimated by plotting ln(Gt) vs. incubation time (t),
which yields a breaking point to differentiate two pools. How-
ever, it is still unclear why the reactivity of Chl-a varies within
a single structural fraction (e.g., protein or peptide complex).

Comparison of the Chl-a degradation rate constants (Table 2)
showed several interesting implications. First, the kox/kan ratio
of total Chl-a was �4.0 but the ratios in various fractions and
complexes ranged from �2 to 9 (lower or higher than that of
total Chl-a). This result implies that oxygen effects on Chl-a
degradation are different among the various structural compo-
nents. Second, Chl-a in the soluble fraction degraded much
faster (� 10X) than that in insoluble fraction under both oxic
and anoxic conditions. This suggests that physical and chemical
properties of the major structural fractions control the reactivity
of Chl-a bound in them. Third, the oxic degradation rate con-
stants of Chl-a complexes in PS-II photosystem (LHC-II and
CP43�CP47) were apparently (�2X) higher than those in PS-I
photosystem (LHC-I and CP-I) while anoxic degradation rate
constants of Chl-a complexes in two photosystems were almost
the same. This indicates that two photosystems have different
responses to oxic degradation processes but there are no dif-
ferent responses to anoxic degradation processes between them.
Fourth, in the same photosystem, polypeptide complexes
seemed to degrade somewhat faster than protein complexes
under oxic conditions. This reflects that the binding features of
polypeptides and proteins in these complexes affect Chl-a
degradation in the complexes. And fifth, the oxic and anoxic
degradation rate constants of Chl-a in free pigment pool were
the smallest in almost all pools (except the case in anoxic
non-moving pool). These rate constants may be underestimated
because the decrease of free Chl-a concentration in the free
pool is probably a net balance between release of Chl-a from

Table 2. Degradation rate constants (day�1) of Chl-a in total pigmen
of rate constants between oxic and anoxic conditions.

Total
Chl-a

Soluble
fraction (F2)

Insoluble
fraction (F3)

Non-mo
(B1

kox1 0.27 0.328 0.055 0.26
kox2 0.006 0.022 0 0.02
fox1 (%) 62.19 81.5 44.86 74.43
fox2 (%) 37.81 18.5 55.14 25.57
(kox)av 0.17 0.271 0.025 0.20
kan1 0.08 0.115 0.012 0.04
kan2 0.004 0.009 0 0
fan1 (%) 49.05 73.84 42.62 54.62
fan2 (%) 50.95 26.16 57.38 45.36
(kan)av 0.042 0.087 0.005 0.02
kox/kan 4.05 3.11 5 9.09

a photosystem-I (PS-I);
b photosystem-II (PS-II).
other complex pools and its degradation within the free pool.
Previous studies have demonstrated that Chl-a is a labile
organic compound with a turnover time ranging from 10 to 100
days in different environments (Leavitt and Carpenter, 1990;
Bianchi and Findlay, 1991; Sun et al., 1993a, 1993b; Gerino et
al., 1998; Bianchi et al., 2000). From this study, total cellular
Chl-a turned over in �6 days in oxic seawater and 24 days in
anoxic seawater. These time scales are consistent with the
estimation (44 turnovers per year) of global Chl-a degradation
in the oceans (Whittaker, 1975). When intracellular Chl-a mol-
ecules were separated into different fractions, we could see that
structural associations of Chl-a within the cells affected Chl-a
reactivities and the responses to different redox conditions.

4.3. Relative Contributions of Various Pools to Total
Chl-a Degradation

Degradation rate of Chl-a generally depends on the reactivity
(k, degradation rate constant) and the pool size (G, concentra-
tion) when the first-order kinetics is followed (Sun et al., 1993a,
1993b; Ahmed et al., 2002; Josefson et al., 2002). As shown by
the estimates from the multi-G model, the degradation rate
constants of intracellular Chl-a varied with fractions and redox
conditions (Table 2). To assess the relative contributions of
each pool to the total degradation rate of Chl-a, we calculated
the relative degradation rates of Chl-a in various fractions and
complex pools by multiplying the degradation rate constants (k)
with the relative pool sizes (concentration percentages relative
to the total) (Table 3). In general, sum of relative degradation
rates from two major fractions (soluble and insoluble) were
close to the total degradation rates estimated from the total
acetone extracted Chl-a. Although the relative size of insoluble
fraction accounted for �40% of the total Chl-a, the contribu-
tions to oxic and anoxic degradation rates of total Chl-a were
very small (below 7%). The major cause for this low contri-
bution is due to the high resistance of insoluble Chl-a to
degradation processes. However, it is unclear what are struc-
tural configurations of insoluble Chl-a components within the
cells and why they are refractory for oxic and anoxic degrada-
tions.

On the other hand, relative contributions of various Chl-a

(direct acetone extracted), different fractions and bands, and the ratios

CP-1a

(B2)
CP43 � CP47b

(B3)
LHC-IIb

(B4)
LHC-Ia

(B5)
Free
(B6)

0.248 0.415 0.445 0.302 0.173
0.037 0.047 0.069 0.017 0.012

52.17 84.22 87.39 84.51 72.16
47.83 15.78 12.61 15.85 27.84
0.147 0.357 0.398 0.258 0.128
0.124 0.137 0.109 0.145 0.081
0.015 0.012 0.004 0.004 0.005

70.67 82.24 93.33 74.62 71.95
29.33 17.76 6.67 25.38 28.05

0.092 0.115 0.102 0.109 0.06
1.6 3.1 3.9 2.37 2.13
t pool

ving
)

1
4

0
1

2

complexes to the oxic and anoxic degradation rates of soluble
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Chl-a fraction varied from 2 to 39% (Table 3). The largest
contributions (36%–39%) were from the CP43�CP47 complex
pool in both oxic and anoxic systems. The reason for the largest
contributions from the CP43�CP47 pool is because of larger
pool size and higher reactivity. The contributions from LHC-I
and LHC-II pools were moderate (from 18 to 26%). Under oxic
conditions, the relative contribution from LHC-II was larger
than that from LHC-I since the reactivity of Chl-a in LHC-II
was �1.5X larger than that in LHC-I although the relative pool
size of LHC-II was somewhat smaller than that of LHC-I. In
contrast, under anoxic conditions, the reactivities of Chl-a in
both LHC-I and LHC-II were similar. Thus, the relative con-
tributions from LHC-I and LHC-II depended more on the
relative pool size, that is, greater contribution was from the
LHC-I with a larger pool size. The other three pools, CP-I,
non-moving, and free pigment each contributed less than 7% of
total degradation in the oxic system but their contributions
ranged from 2 to 11% in the anoxic system. The lower contri-
butions of the three pools were presumably caused by smaller
pool sizes. Sums of relative rate contributions from six soluble
subpools were well equivalent to the rates from the soluble
fraction in both oxic and anoxic systems. From these calcula-
tions, it is clear that the degradation of intracellular Chl-a was
controlled by soluble components while the dominant contri-
butions were from protein and polypeptide complexes
(CP43�CP47, LHC-I and LHC-II).

4.4. Effects of Intracellular Structural Associations on
Chl-a Degradation

Our experimental results showed that Chl-a complexes
(CP43�CP47, and LHC-II) in PS-II had higher reactivities
(larger k) than those (CP-I and LHC-I) in PS-I under oxic
conditions. The difference in the reactivity of Chl-a complexes
may be attributed to different structural configurations, func-
tions and involved reactions between two photosystems. For
example, PS-II performs a series of photochemical reactions to
oxidize water during photosynthesis (Barber, 1998; Kraub,
2003) and a variety of toxic oxygen species such as singlet
oxygen are generated simultaneously (Jung, 2004). To keep its
stability and good performance, the PS-II system produces
some antioxidants (e.g., carotenoids) and antioxidant enzymes
(e.g., catalase and superoxide) or replaces damaged proteins
with newly synthesized compounds (Brown, 1987; Barber,

Table 3. Relative degradation rate R= (concentration %/day) and rel
Chl-a degradation rate.

Total
Chl-a
(T)

Soluble
(F2)

Insoluble
(F3)

Sum
(F2 � F3)

Non

Chl-a % 100 52.97 40.44 93.41
(kox)av 0.17 0.271 0.025
R=ox 0.17 0.144 0.01 0.154

(Rel. Cont. %) (93.5) (6.49) (
(kan)av 0.042 0.087 0.005
R=an 0.042 0.046 0.002 0.048

(Rel. Cont. %) (95.83) (4.17) (

R= � kav�(Chl-a %).
1998; Tracewell et al., 2001; Jung, 2004). However, when the
cells die, the PS-II stops producing antioxidants, antioxidant
enzymes and new proteins. As a consequence, the PS-II is
unable to protect their Chl-a complexes (LCH-II and
CP43�CP47) from attack by oxygen species. Unlike PS-II,
PS-I has a series of non-chlorophyll-bound proteins such as
BtpA (a specific regulatory protein) and PS-I-F, I, J and K
(small accessory protein or peptide subunits), which surround
and stabilize the Chl-a complexes even after the death of the
cells (Zak and Pakrasi, 2000; Scheller et al., 2001; Chitnis,
2001; Jensen et al., 2003). Therefore, protection of Chl-a com-
plexes by other proteins in the PS-I may retard the degradation
of Chl-a bound in this system. However, all Chl-a complexes in
both PS-I and PS-II had similar reactivities under anoxic con-
ditions although they were less reactive than those under oxic
conditions. At the present, it remains unknown how anoxic
processes affect degradation of Chl-a complexes although we
observed a greater variation of bacterial abundance in the
anoxic system.

Meanwhile, the differences in molecular size, structural
binding mode, and location of various Chl-a complexes within
the photsystems would be other factors affecting degradation
behaviors. The protein complex CP-I in PS-I has a larger
molecular size (160 kDa) than CP43�CP47 (�60 kDa) in
PS-II while the LHC-I and LHC-II are small polypeptide com-
plexes with molecular weights of 25–30 kDa (Barber et al.,
1998, 2000; Fromme et al., 2001; Germano et al., 2002; Jack-
owski et al., 2003). The CP complexes, as core proteins, usually
locate in the center of the photosytems and are surrounded by
many other proteins and polypeptide complexes (Barber et al.,
1998, 2002; Ben-Shem et al., 2003; Bibby et al., 2003; Jensen
et al., 2003). On the other hand, the CP proteins and LHC
polypeptides have different number of � helices, which play a
critical role in protecting Chl-a in these complex structures
(Barber et al., 2000; Fromme et al., 2001; Tetenkin, 2003;
Ben-Shem et al., 2003). The largest Chl-a protein complex
(CP-I) in the PS-I generally has 13 helices (Green and Durn-
ford, 1996; Fromme et al., 2001). In the PS-II, two CP com-
plexes (CP43 and CP47) have similar structures and each
possesses 6 helices (Barber et al., 2000; Bumba and Vácha,
2003). The LHC-I and LHC-II polypeptide complexes in the
PS-I and PS-II photosystems have 3 helices for each (Green
and Durnfold, 1996; Croce et al., 2002; Germano et al., 2002).
The combination of the large molecular size, a central location

ntribution (%) of the Chl-a degradation rate in each pool to the total

g CP-I
(B2)

CP43 � CP47
(B3)

LHC-II
(B4)

LHC-I
(B5)

Free
(B6)

Sum
(B1–B6)

6.23 16.18 9.75 11.41 5.07 53.32
0.147 0.357 0.398 0.258 0.128
0.009 0.058 0.039 0.029 0.006 0.15

(6.00) (38.67) (26.00) (19.33) (4.00)
0.092 0.115 0.102 0.109 0.06
0.006 0.019 0.01 0.014 0.003 0.053

(11.32) (35.85) (18.87) (26.41) (5.66)
ative co

-movin
(B1)

4.68
0.2
0.009
6.00)
0.022
0.001
1.89)
surrounded by other molecules, and more helices in CP-I com-
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plex may provide an advantage in protecting the complex
structure. By contrast, the Chl-a in LHC-I and LHC-II polypep-
tide complexes may be more readily degraded due to their
small sizes, fewer helices, and edge locations in the photo-
sytems.

4.5. Possible Degradation Pathways of Chl-a in Different
Intracellular Structural Pools

Algal Chl-a can be degraded by various biologic and bio-
chemical processes in nature (SooHoo and Kiefer, 1982;
Welschmeyer and Lorenzen, 1985; Carpenter et al., 1986;
Furlong and Carpenter, 1988; Louda et al., 1998). The primary
degradation pathway of Chl-a involves production of several
phaeopigments (Hendry et al., 1987). For example, Chl-a is
converted to Ppt-a through loss of magnesium, to chlorophyl-
lide-a through loss of phytol, and to Ppb-a through loss of both
magnesium and phytol. In this study, we detected Ppb-a and
Ppt-a as major phaeopigments in different intracellular frac-
tions and complex pools, but the variations of Ppb-a were much
greater and more closely related to Chl-a degradation than
Ppt-a. Thus, we modeled the variations of Ppb-a in different
pools to examine the possible degradation pathways of various

Fig. 8. Possible degradation pathways of chloropigm
cells.
Chl-a complexes.
During oxic and anoxic incubations, Ppb-a concentrations in
different fractions and pools varied in two different patterns:
(1) continuous decrease from the beginning of the incubations;
and (2) initial increase in the first 10 days and followed by a
continuous decrease over subsequent period. The first pattern
was clearly observed in the CP complex pools and non-moving
pool while the second pattern occurred in LHC complex pools
and in insoluble fraction under both oxic and anoxic conditions.
However, greater initial increases of Ppb-a concentration were
always found in anoxic seawater, resulting in a Ppb-a concen-
tration peak in the total pigment pool only in anoxic seawater
(Fig. 4c). The initial build-up of Ppb-a concentration is likely
caused by prevailing production of Ppb-a over degradation
within some pools while continuous decrease of Ppb-a in other
pools may be due to a lack of Ppb-a production.

Based on these results, we proposed a conceptual model to
describe different degradation pathways of Chl-a in various
structural pools (Fig. 8). The inverse correlation between initial
Ppb-a increase and Chl-a decrease within the LHC pools and
insoluble fraction indicates an internal degradation pathway,
that is, Chl-a bound in these components might degrade inside
the structural complexes and remain a link between Ppb-a and

ound in various structural components of E. hyxleyi
other molecular matrixes. In contrast, Chl-a molecules bound in
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the CP complexes and in the non-moving pool have to be
released from the structural complexes into free pigment pool
before they degrade into Ppb-a. In addition, the Ppb-a bound in
LHC complexes need to be released into free pigment pool
before further degradation into colorless or other small metab-
olites. Due to high labilities of free Chl-a and Ppb-a, both
compounds cannot significantly accumulate in the free pool.

Sun et al. (1993a) applied a kinetic model to quantify release
and degradation rates of bound and free Chl-a in sediments. In
this study, we adopted this model to quantify the release and
degradation rates of Ppb-a in various structural pools. Total
Ppb-a concentration (Ct) is first separated into the released
Ppb-a (Ca), which is from internal degradation of Chl-a, and the
free Ppb-a (Cf). Within the free pool, there are two Ppb-a
fractions: fast degradable Cf1 and slow or non-degradable Cf2.
The time-dependent variation of Ct (degradation rate) can be
expressed as:

dCt

dt
�

dCa

dt
�

dCf

dt
� krCa � kd1Cf1 � kd2Cf2 (4)

where kr is the first-order release rate constant of Ppb-a from
internal Chl-a degradation; kd1 and kd2 are the first-order deg-
radation rate constants of Cf1 and Cf2. Since the kd2 is very
small (close to 0) in most cases, the solution of eqn. (4)
becomes:

Cr �
kr(Ca)0

kd1 � kr

[exp(�krt) � exp(�kd1t)]

� (Cf1)exp(�kd1t) � (Cf2)0 (5)

We assume that at t � 0, (Ct) � (Cf)0 � (Cf1)0�(Cf2)0; as t¡	,
(Ct) � (Cf2)t; and (Ca)0 is the potential concentration of Ppb-a
if Chl-a in each pool is degraded to Ppb-a. Fitting the Ppb-a
data from LHC pools to eqn (5), the rate constants kr and kd

(that is kd1 when kd2 � 0) can be estimated (Table 4). For the
cases of continuous decrease in Ppb-a concentration during
incubation, the degradation rate constants (Table 4) were esti-
mated based on the eqn. (2).

Comparison of Ppb-a release and degradation rate constants
between two polypeptide complexes (LHC-I and LHC-II)
showed that a large difference (�3X) occurred only in oxic
seawater and the rate constants were similar in anoxic seawater,
which was consistent with the cases of Chl-a degradation. For
protein complexes (CP-I and CP43�CP47), larger degradation

Table 4. Release and degradation rate constants (day

Release

(kr)ox (kr)an (k

LHC-I 0.122 0.169
LHC-II 0.325 0.18
CP-I na na
CP43 � CP47 na na
Free na na
Non-moving na na

na: not availabl
rate constants (oxic and anoxic) occurred in PS-II than in PS-I.
These results imply that the superstructures of photosystems
may affect the production and degradation of Ppb-a, as they do
for Chl-a. Moreover, chloropigments in PS-II may have a more
sensitive response to oxic conditions than those in PS-I al-
though they have similar behaviors under anoxic conditions.

5. CONCLUSIONS

Detailed examination of chloropigment degradation in natu-
ral oxic and anoxic seawaters reveals that the intracellular
structural associations of pigments with various molecular ma-
trixes have important influences on Chl-a degradation. Soluble
protein and polypeptide complexes of Chl-a are major pools of
reactive pigments, which contribute �90% of overall degrada-
tion. Chl-a in the PS-II degraded generally faster than that in
the PS-I, especially under oxic conditions, implying that the
sizes, constitutions, and functions of these superstructural pho-
tosystems may control the fate of individual pigment com-
pounds during biochemical degradation processes. The struc-
tural features of various complexes also control the degradation
pathways of Chl-a, leading to internal degradation of Chl-a to
Ppb-a within the complex pools or external degradation after
release from the complexes. In summary, the intracellular
structural associations among organic compounds may be an
important factor affecting degradation/preservation of organic
matter in natural environments.
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