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Abstract

Mercuric chloride (HgCl2) and broad-spectrum protease inhibitors are often used to inhibit bacterial or enzymatic
activity in environmental samples. In this study, we investigated their effects on degradation of particulate organic matter
derived from a culture of the diatom, Thalassiosira pseudonana, and from sediment traps, with emphasis on compositional
changes over one month. In control (untreated) samples, concentrations of particulate organic carbon (POC) and nitrogen
(PN) and particulate amino acids (PAAs) decreased by 50%, dissolved combined amino acids (DCAAs) decreased by 34%
and dissolved free amino acids (DFAAs) decreased by 64% relative to time zero. Production of c-aminobutyric acid after
one month indicated biological degradation. Fatty acids, but not neutral lipids, were also degraded substantially. Chloro-
phyll a (Chl-a) increased after one month by about 30%, suggesting the release of free Chl-a from Chl–protein complexes
via decomplexation or degradation of proteins.

Concentrations and compositions of samples treated with protease inhibitor (PI) were similar to untreated controls over
time, indicating that PI alone did not stop bacterial activity. For samples treated with HgCl2, 10–20% of the initial organic
carbon and nitrogen, PAAs and lipids were lost. DCAAs and DFAAs increased by about the same amount as PAAs
decreased, suggesting that dissolution was a major mechanism for loss of particulate organic compounds. Particulate argi-
nine, tyrosine and threonine were slightly enriched, and 16:3, 18:3 and 18:4 fatty acids depleted, in Hg-treated samples.
Moreover, Chl-a decreased by a factor of 4 after one month, compared to controls. Simultaneously, a significant amount
of Chl-a O-allomer was produced. Although Chl-a allomerization in oceanic sediment trap samples treated with HgCl2 was
not as great as in Hg-treated diatom cultures, we recommend summing Chl-a and the allomer peak areas to avoid under-
estimating Chl-a concentrations in natural samples, or reporting the allomer separately. HgCl2 is an excellent agent for
preventing microbial decomposition of marine particulate materials in both field and experimental use, but the changes
in composition it causes must be considered in interpreting analytical results.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Preservation of the compositional integrity of
marine organic matter (OM), either in dissolved or
.
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particulate form, is required in laboratory and field
studies. In the laboratory, preservatives or poisons
are often added to samples as controls in OM
decomposition experiments (e.g. Christian and Karl,
1995; Harvey et al., 1995). In the field, preservatives
are used to prevent degradation of OM, for example
in sediment traps used to collect sinking particles
that are deployed for long time periods (Gardner
et al., 1983; Ittekkot et al., 1984; Knauer et al., 1984).

Several studies have compared the effectiveness
of different poisons or preservatives with respect
to OM. Knauer et al. (1984) determined how C, N
and trace metal compositions of sediment trap
materials were affected by formalin, sodium azide
and HgCl2 during deployment and concluded that
formalin and HgCl2 were effective at stopping deg-
radation, but sodium azide was not. In principle,
treatment with HgCl2 (hereafter termed HG) can
stop microbial activity by reacting with protein sulf-
hydryl groups, thus denaturing most enzymes irre-
versibly (Royer, 1982). Lee et al. (1992) showed
that 180 lM HG stopped essentially all bacterial
activity (<1%) in particulate samples from sediment
traps. Moreover, HG does not introduce any
organic C into the sample, unlike formaldehyde
and chloroform. On this basis, HG has been regu-
larly used to preserve OM in sediment traps in field
studies (e.g., Lee et al., 2000; Wakeham et al., 2002;
Ingalls et al., 2003). However, it is not known
exactly how exposure to HG affects the composition
of marine OM. A systematic study comparing the
effects of HG, antibiotic, azide, formalin and chlo-
roform on sediment trap C, N and biochemicals
was complicated by the presence of abundant
‘‘swimmers’’ (Lee et al., 1992; Hedges et al., 1993;
Wakeham et al., 1993). The impact of ‘‘swimmers’’
may be minimized using special sediment trap tech-
nology (e.g., Peterson et al., 1993).

In the marine environment, bacteria release
many extracellular enzymes (exoenzymes) into solu-
tion to cleave macromolecules into smaller com-
pounds that can be directly absorbed (Azam et al.,
1983; Chrost, 1991). Exoenzymes without sulfhy-
dryl or other groups that react with HG may still
degrade organic compounds in the presence of
HG after the bacteria have been killed. Proteases
are a major family of exoenzymes that catalyze
the hydrolysis of peptide bonds. Instead of HG,
protease inhibitors (PIs) can be used to prevent
hydrolysis of specific proteins by blocking the active
sites of proteases (Barrett and Salvesen, 1986). Most
broad-spectrum PIs can inhibit serine, cysteine, and
aspartic proteases and would thus prevent the
hydrolysis of protein in marine particulate samples.
The effectiveness of PIs in inhibiting exoenzymatic
activities during degradation of marine particles
has not been well studied.

In this study, we investigated the effects of HG
and PI on the amount and composition of marine
OM during a laboratory decomposition experiment
(1 month) and compared the results to materials col-
lected by sediment traps in the Mediterranean Sea.
We used a common marine diatom Thalassiosira

pseudonana to represent particulate OM. We mea-
sured organic C and N content and the amounts
and compositions of AAs, pigments, fatty acids
(FAs) and sterols. The goal was to provide informa-
tion on how preservation of marine samples using
HG or/and PIs affects OM decomposition in the
field and laboratory and how to better determine
the extent of degradation in field-preserved samples.

2. Materials and methods

2.1. Laboratory decomposition protocol

T. pseudonana 3H was obtained from Bigelow
laboratory (CCMP1335). It was grown in culture
under a 14:10 h (light:dark) cycle at 20 �C after axe-
nic inoculation into 1000 ml of seawater supple-
mented with f/2 medium. After 10 d, cell counts
showed that the culture had reached stationary
phase. At this point, about 600 ml filtered (2lm
Nylon filter) seawater from Stony Brook Harbor,
NY was added to the culture flask to introduce bac-
teria. The culture was incubated a further 3 d under
the same conditions (light/dark cycle) to allow bac-
teria to grow.

After shaking well, the culture was split into
7 · 200 ml aliquots and each was placed into a
250 ml Nalgene bottle. We treated these sub-samples
as follows: nothing was added to two control ali-
quots and HgCl2 (Sigma) was added to two, with a
final concentration of 180 lM. Additional treat-
ments included 0.5 ml protease inhibitor (PI) in
two aliquots and both HgCl2 (180 lM) and 0.5 ml
PI in one aliquot. For protease inhibition we used a
broad-spectrum cocktail from Sigma (P8465), con-
taining 4- (2-aminoethyl)-benzenesulfonyl fluoride,
pepstatin A, E-64, bestatin and sodium EDTA. This
mixture has a broad specificity for the inhibition of
serine, cysteine, aspartic and metallo-proteases and
aminopeptidases. Five ml is recommended for inhibi-
tion of proteases extracted from 20 g of Escherichia
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coli; in our case, 0.5 ml PI should have been enough
for 200 ml of culture.

Treated samples were mixed well. Smaller sub-
samples from one HG-treated, one PI-treated and
one control bottle were immediately filtered on to
combusted GFF 47 mm filters, as time zero samples
for particulate C and N, AA, pigment and lipid
analyses. Filtrates were also collected for analysis
of dissolved AAs. The remaining four treated sub-
samples were incubated in the dark at 9 �C; after
33 d, they were filtered in the same way as for time
zero. All the filters and filtrates were frozen
(�20 �C) immediately after collection. Dissolved
oxygen was measured using a Unisense oxygen sen-
sor and all samples were oxic after 33 d. For conve-
nience, samples are referred to as Ctrl-0, HG-0 and
PI-0 for the control, HG-treated and PI-treated
samples at time zero, respectively. Ctrl-33, PI-33,
HG-33, HG + PI-33 represent the control, PI-trea-
ted, HG-treated and both PI- and HG-treated sam-
ples at 33 d, respectively.

2.2. Sediment trap collection

Particulate material from sediment traps was col-
lected from 200 m at the DYFAMED site in the
Ligurian Sea (Mediterranean) in 2003 using two
types of sampler (Peterson et al., 2005). Fresh,
unpoisoned material was collected using a NetTrap
device in May; its detailed organic composition is
described by Goutx et al. (unpublished results); a
fraction of this fresh material was also treated with
HG for 5 d. Material preserved with HG was also
collected using an IRS sediment trap deployed from
March until May. Samples were filtered on to com-
busted GFF filters immediately after collection.

2.3. Analytical methods

2.3.1. POC and PN

POC and PN were measured using a Carlo Erba
model 1602 CNS analyzer after acidifying filters
under HCl fumes to remove inorganic C (Peterson
et al., 2005); precision for N is ±5% and ±2% for C.

2.3.2. Amino acids (AAs)

AAs were measured using high performance
liquid chromatography (HPLC) with fluorescence
detection after acid hydrolysis and pre-column
OPA derivatization of the samples (Lindroth and
Mopper, 1979; Lee et al., 2000). For particulate
amino acids (PAAs), particles on GFF filters were
hydrolyzed under N2 at 110 �C for 20 h with 6 N
HCl (with 0.25% phenol) to release free AAs.
Hydrolyzates were filtered through combusted glass
wool, dried under N2 and dissolved in water. For
dissolved AAs (taken from the sample filtrate), total
AA samples were first hydrolyzed using a micro-
wave vapor-phase hydrolysis system (Kuznetsova
et al., 2005) and then injected into a Shimazu HPLC
instrument equipped with an Alltech Alltima C18

column (Ingalls et al., 2003), while free amino acid
samples (DFAAs) were injected into the HPLC
instrument directly without hydrolysis. Dissolved
combined amino acid (DCAA) concentrations were
calculated as the difference between total dissolved
amino acids and DFAAs. Averaging analyses of
the three time zero samples resulted in variations
in individual AA concentrations of the order of 2–
8% for most compounds, with 12% for methionine
and 11% for lysine.

2.3.3. Chlorophyll

Chl-a was analyzed using HPLC with UV detec-
tion as described in Sun et al. (1991). Briefly, it was
extracted twice from filters using 100% acetone
under ultrasonification; extracts were combined
and filtered through a 0.2-lm Zetapor membrane.
Samples were injected into the HPLC instrument
within 24 h of extraction. Chl-a retention times
and concentrations were determined using an
authentic standard (Turner Design). Averaging
analyses for the control and PI time zero samples
resulted in concentration variations of 4%. An
unknown peak eluting 2 min before Chl-a was
observed after 33 d in HG-treated samples. This
peak was identified using HPLC-TOF-MS (electro-
spray ionization) according to Benotti et al. (2003).
The HPLC-MS mobile phase consisted of 95% ace-
tonitrile, and a 5% mixture of tetrabutyl ammonium
acetate (0.5 mM) and ammonium acetate (10 mM).
Other unknown peaks were not identified.

2.3.4. Lipids

Lipids were analyzed using gas chromatography
(GC) according to Wakeham et al. (1997a). Briefly,
they were extracted from GFF filters with
CH2Cl2:MeOH (2:1) using an ultrasonic probe and
partitioned into CH2Cl2 with 5% NaCl solution in
a separatory funnel and dried over Na2SO4. The
extracts were saponified and sequentially extracted
at pH > 13 and pH < 2 to separate non-saponifiable
lipids (hereafter neutral lipids) from fatty acids
(FAs). FAs were methlyated with diazomethane to
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produce methyl esters, while neutral lipids were
derivatized with BSTFA-pyridine to form trimethy-
silyl ethers. Both FAs and neutral lipids were ana-
lyzed using GC and GC–MS. Cholestane and
methyl nonadecanoate were used as internal stan-
dards. Averaging analyses for the three time zero
samples resulted in variations of 4–15% for most
FAs and sterols, but of 22% for 18:0 fatty acid.

2.4. Statistical analysis

Principal components analysis (PCA) is a multi-
variate regression analysis used here to investigate
the compositional differences among samples with
different treatments. In most cases, PCA reduces
the number of variables into two major principal
components, PC1 and PC2. PC1 explains most of
the variance in a data matrix, while PC2 explains
most of the residual variance. Site scores are the rel-
ative position of each sample along the axis of the
principal component. Loadings (eigenvectors) of
each variable contribute a certain amount to each
principal component. PC1 has been successfully
used as a degradation index for marine sedimentary
material (Dauwe and Middelburg, 1998; Sheridan
et al., 2002) or to differentiate sources of marine
OM (Goni et al., 2000; Canuel, 2001; Ingalls
et al., 2006). Using MATLAB 6.5 (The MathWorks
Inc.), we performed PCA on a data matrix that
included C and N concentrations, AA compositions
(mole%), allomer and Chl-a ratios (HPLC peak
areas), FA and neutral lipid compositions
(weight%) after standardization by subtracting the
means and dividing by the standard deviations.
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Fig. 1. POC concentrations and C/N ratios in control (Ctrl), protease
time zero and 33 d. Dashed line = average (8.2) of all C/N ratios.
3. Results

3.1. POC and PN

POC and PN in the 3 time zero samples (Ctrl-0,
PI-0 and HG-0) agree within 5%, indicating the
algal culture was split well. After 33 d, about 50%
of the initial POC and PN were lost in both control
and PI treated samples (Fig. 1 and Table 1), suggest-
ing that PI did not slow degradation or solubiliza-
tion of organic C and N. In contrast, only about
10% of the POC and PN were lost in HG-treated
samples. The sample treated with both PI and HG
lost about 16% of the initial POC and PN. Although
half the total POC and PN were lost in Ctrl-33 and
PI-33 samples, the C/N ratio in these samples was
similar to initial values. HG-treated samples had
slightly lower C/N ratios (7.7) than samples without
HG treatment (8.6).

3.2. Amino acids

AAs are structural components of proteins, the
largest reservoir of organic N in most organisms.
They make up a major fraction of the characterized
C in marine particulate matter and are useful indica-
tors of decomposition and transport in the marine
environment. In our incubation samples, PAA
accounted for about 35% and 75% of organic C
and N in all samples, respectively. In general, PAA
showed the same overall pattern among treatments
(Fig. 2) as for POC and PN. About 50% of PAA
was lost in both the control and PI-treated samples
after 33 d, while only 15% of PAA HG-treated and
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HG + PI-treated samples was lost. Although DCAA
concentrations were about the same in time zero
samples, DFAA concentrations were 3–4 times
greater in HG-0 and PI-0 than in Ctrl-0 samples.
After 33 d, DCAA in both Ctrl- and PI-treated sam-
ples had decreased by only 30%, while DFAA
decreased by a factor of 3–4 in these samples. Con-
centrations of DCAA and DFAA in HG-33 and
HG + PI-33 increased, however, by about a factor
of 2, relative to time zero samples. The amounts of
PAA lost were about the same as the amount of
DCAA and DFAA gained in these HG-treated sam-
ples (within ±4%).

PAA compositions (mole%) of all the samples
were quite uniform (Table 1) and were dominated
by acidic and neutral AAs, including aspartic acid,
glutamic acid, serine, glycine and alanine, consistent
with the composition of diatoms and other phyto-
plankton (Cowie and Hedges, 1992; Lee et al.,
2000; Sheridan et al., 2002). Slightly higher mole
percentages (2–3%) of glutamic acid in both Ctrl-0
and PI-0 than other samples were probably due to
the freshness of these two samples. Glutamic acid
was not enhanced in the particulate HG-0 sample,
but was higher in the dissolved AAs of HG-treated
samples (data not shown). This suggests that HG
might lyse the diatom cells, releasing intracellular
components enriched in glutamic acid (Lohrenz
and Taylor, 1987). GABA (c-aminobutyric acid)
was present in Ctrl-33 and PI-33 samples (0.2%
and 0.3%, respectively), but was not detected in
any other samples.
The PIs used include the AA-containing com-
pounds pepstatin A and bestatin, so the AA compo-
sition might have been affected if there were any PI
sorption to the particles. However, the overall pat-
tern of AA composition was similar regardless of
PI addition, suggesting that these components did
not affect the composition of particulate samples.
As might be expected, much higher mole percent-
ages of leucine were observed in DCAA measured
in the incubation flasks with PI added, since leucine
is an important structural component of bestatin.
Concentrations of leucine decreased from 25 mole%
at PI-0 to 7% in later samples and eventually to
background levels after 33 d (data not shown).
Lysine in PI-0 samples made up almost 50 mole%
of the DFAA and, like leucine, decreased to back-
ground levels after 33 d. These results show that
the PI probably decomposed over time, one possible
reason being its inefficacy.

3.3. Chlorophyll

Chlorophyll is best known for its role in harvest-
ing light energy during photosynthesis and is pres-
ent in all plants. Although it contributes a tiny
fraction of the total C and N in marine particulates,
its unique source in surface waters makes its decom-
position rate a useful indicator of diagenesis. Even
though the diatom cultures were incubated in the
dark, after 33 d the Chl-a concentration in the con-
trol sample had increased about 24% relative to ini-
tial values (Fig. 3). This is well above the analytical
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error of 10%. The same increase in Chl-a was also
observed in the PI-treated samples.

In HG-treated and HG + PI-treated samples,
Chl-a concentrations decreased by as much as a fac-
tor of 4 after 33 d compared to initial values
(Fig. 3). Even at time zero, HG-treated samples
had lower levels of Chl-a than other time zero sam-
ples. While Chl-a was lower in HG-treated samples,
an ‘‘unknown’’ peak was higher by a factor of 3
compared to time zero samples. This peak had a
retention time of 28.6 min (compared to 30.4 for
Chl-a; Fig. 4). HPLC-MS (TOF) in positive ion
mode showed that the major ion [M + H]+ of the
unknown peak at 28.6 min was at m/z 887, suggest-
ing that it was the O-allomer of Chl-a, which usually
has a retention time just before Chl-a (Harris et al.,
1995; Furuya et al., 1998). Another small unidenti-
fied peak occurred at 39.5 min. Clearly, HG affected
Chl-a concentration and probably transformed Chl-
a to its allomer under our experimental conditions
(dark, 9 �C).

3.4. Lipids

3.4.1. Fatty acids (FAs)

FAs are important components of wax esters,
triacylglycerols, steryl esters and phospholipids in
organisms. Assuming lipids are made up of 85%
organic C (Wakeham et al., 1997a), FAs accounted
for 12–15% of total POC in all samples except Ctrl-
33 (4%) and PI-33 (1%). FAs in the control samples
decreased by a factor of 6 after 33d and those in the
PI-treated sample by even more – a factor of 23
(Table 1). In contrast, those in samples treated with
HG or HG + PI decreased only 17–23% after 33 d.
Consistent with total FAs, most individual FAs
were much lower in Ctrl-33 and PI-33 samples than
at time zero, but were well preserved in HG-33 or
HG + PI-33 (Table 1). FAs following this pattern
included 14:0, 16:0, 18:1x7, 20:5x3; 16:1x7,
18:1x9, 18:0, 22:6x3. Some showed other patterns,
however: after 33 d, 16:3, 18:3 and 18:4 FAs were
poorly preserved for any treatment, although
HG + PI-samples were preserved better than others,
and 15:0 was well preserved for HG + PI, 50%
lower in Ctrl and PI samples, and completely gone
in HG-samples.

FA compositions (wt%) in the three time zero sam-
ples were dominated by 14:0 and 16:0, 16:1x7 and
polyunsaturated 20:5x3 (Fig. 5), the major FAs in
T. pseudonana and many other diatoms (Volkman
et al., 1980; Volkman et al., 1989), and these 4 com-
pounds represented about 80% of the total FAs;
15:0 and 18:0, 18:1x7 and 18:1x9, and 18:4, 18:3,
16:3 and 22:6 FAs were minor components, account-
ing for only 20% of FAs. Compositions of the 3 time
zero samples agree within ±0.8%, except for 22:5
(±1.5%). To compare compositional changes over
time among different treatments, we subtracted the
initial wt% of each individual FA (averaged for the
three time zero samples) from the wt% in samples
from each treatment after 33 d (Fig. 6). After 33 d,
the 14:0, 16:3, 16:1 and 16:0 FAs in control samples
decreased by about 2–4%, while 18:1x7 increased
by 11%. Other FAs remained about the same. A
different pattern was observed for PI-treated
samples: 14:0 and 16:3 decreased by 7.5% and
9.5%, respectively, and 16:0, 18:1x7 and 18:0
increased by 4–6%. For HG + PI and HG-treated
samples, 16:3 decreased 7.4%, 16:1, 18:4 and 20:5
were 2–3% lower, while 14:0 and 16:0 increased about
7% after 33 d.
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3.4.2. Neutral lipids

Neutral lipids, including phytol and sterols,
accounted for only 8–10% of total lipids in all sam-
ples, except Ctrl-33 and PI-33, where they
accounted for 30% and 68%, respectively. Concen-
Fig. 5. Wt% FAs in control samples (Ctrl), PI-treated, HG-tr
trations of neutral lipids were similar throughout
the 33 d incubation (Table 1). Only neutral lipids
in Ctrl-33 were significantly lower (22%) than initial
values. Due to its unique origin from Chl-a, phytol
has been used as an indicator of phytoplankton bio-
eated or HG + PI-treated samples at time zero and 33 d.
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mass. Differences in initial concentrations of phytol
among the treatments were significant, with the
order PI-0 > HG-0 > Ctrl-0. Interestingly, phytol
concentrations were in the same relative order after
33 d.
Sterols are ubiquitous lipids in marine organisms
as components of cell membranes and metabolic reg-
ulators; diatoms primarily synthesize C28 sterols
(Libes, 1992). In this study, sterols were dominated
by 24-methylcholesta-5,24(28)-dien-3b-ol, the major
sterol in Thalassiosira spp. (Volkman et al., 1998).
This compound accounted for 90% of total sterols
in the time zero samples. Also present were 24-ethyl-
cholesta-5,24(28)E-dien-3b-ol and 24-ethylcholesta-
5,24(28)Z-dien-3b-ol. After 33 d, concentrations of
24-methylcholesta-5,24(28)-dien-3b-ol in the con-
trol and PI-treated samples decreased by 47% and
32%, respectively; concentrations in HG-samples
decreased by 18% relative to time zero and HG +
PI-samples did not change much (Fig. 7). There were
slight increases in the concentrations of 24-ethylcho-
lesta-5,24(28)E-dien-3b-ol and 24-ethylcholesta-
5,24(28)Z-dien-3b-ol in Ctrl-33, PI-33 and HG +
PI-33 by day 33 relative to time zero, but these
increases are probably not significant given the small
samples, low concentrations and analytical errors
involved.

3.5. Statistical analysis

PCA allowed us to compare quantitatively the
effect of various treatments on the composition of
diatoms used in the incubation experiment. PC1
explained 43% of the variance in the data matrix
and PC2 a further 25% of the residual variance
(Fig. 8). For PC1, the 3 time zero samples had the
most positive site scores (3.2–4.6), and Ctrl-33
(�3.8) and PI-33 (�7.0) the most negative site
scores. PC1 site scores for HG-33 and HG + PI-33
were intermediate at 1.4 and �1.7, respectively.
For PC2, site scores for the HG-treated samples
were negative, with �5.4 and �3.9 for HG + PI-
33 and HG-33 respectively, while the rest of samples
had similar site scores, in the range 1.2 to 2.2. The
loadings for different variables on PCs 1 and 2 cor-
respond to the site scores on PCs 1 and 2, respec-
tively. In general, samples with positive site scores
were enriched in variables with positive loadings
and vice versa. In Fig. 8, samples were clearly sepa-
rated into 3 groups based on their relative positions:
Ctrl-0, HG-0 and PI-0 belonged to group 1, HG-33
and HG + PI-33 to group 2 and Ctrl-33 and PI-33
to group 3. Along the x-axis (PC1), group 1 was
enriched in variables having the most positive load-
ings (0.15–0.25), including POC and PN, LYS, and
GLU, 14:0, 16:1, 16:3 and 24–MS; group 3 was
enriched in variables having negative loadings



Fig. 7. Neutral lipid concentrations in control samples (Ctrl), PI-treated, HG-treated or HG + PI-treated samples at time zero and 33 d;
24-MS: 24-methylcholesta-5,24(28)-dien-3b-ol; 24-ES(E): 24-ethylcholesta-5,24(28)E-dien-3b-ol, 24-ES(Z): 24-ethylcholesta-5,24(28)Z-
dien-3b-ol.
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(�0.17 to �0.25), including PHE, GABA, HIS and
LEU and ILE, 15:0, 18:1x7, 18:0, 18:1x9, 22:6 FAs,
and 24–ES(E) and 24–ES(Z). Along the y-axis
(PC2) group 2 was mostly enriched in ARG,
TYR, THR, and 16:0 and 14:0 fatty acids, while
the rest of samples were mostly enriched in allo-
mer/Chl-a, MET, 18:4, 20:5 and 16:1 FAs.
Fig. 8. PCA. Variance accounted for by each PC is listed on axis l
respectively. Arrows represent direction of degradation and HG effe
ethylcholesta-5,24(28)E-dien-3b-ol, 24-ES(Z): 24-ethylcholesta-5,24(28)
4. Discussion

4.1. Degradation in control (and PI-treated) samples

Samples with and without protease inhibitor had
similar degradation rates (PI vs. Ctrl and HG vs.
HG + PI) and generally similar compositions
abel. Two sets of axes were used for loadings and sites scores,
ct; 24-MS: 24-methylcholesta-5,24(28)-dien-3b-ol; 24-ES(E): 24-
Z-dien-3b-ol.
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(Fig. 8), suggesting that the protease inhibitor used
had little effect on degradation, or that they them-
selves decomposed quickly over the long term.
Although it is possible that the protease inhibitor
might not have functioned under the experimental
conditions used, other studies have used similar
cocktails successfully to inhibit protease activity
(Haley and Wessel, 1999; Bidle et al., 2003). While
we used a broad-spectrum inhibitor to inhibit ser-
ine, cysteine, aspartic and metallo-proteases and
aminopeptidases, these proteases may be a small
fraction of the exoenzymes present in the environ-
ment. Other proteases, and cellulases, amylases, lip-
ases, reductases, etc., might exert more influence
over degradation in general. Thus, we discuss below
our results assuming that the control and PI treat-
ments are replicates and that HG and HG + PI-
treatments are replicates.

In control samples (Ctrl and PI), about 50% of
POC and PN were degraded, suggesting no prefer-
ential loss of N over C, or PAA over total C and
N, as might be expected since they are all bulk
parameters. Consistently, t = 0 and t = 33 samples
had similar C/N ratios (Fig. 1). FAs turned over
3–5 times faster, but sterols turned over more slowly
compared to bulk C and N. The overall order of
lability of organic compound classes is generally
FAs > AAs � POC � PN > sterols. This is consis-
tent with the order for sinking particles in the water
column (Wakeham et al., 1997b). Assuming a sim-
ple first-order decay (Westrich and Berner, 1984;
Harvey et al., 1995), we can calculate rate constants
for the different organic classes using time points at
time zero and 33 d. Our decay constants for POC
(0.02 d�1), PAA (0.02 d�1) and lipids (0.06–
0.1 d�1) generally agree with other studies, but are
at the lower end of the range (e.g., Otsuki and
Hanya, 1972; Westrich and Berner, 1984; Harvey
and Johnston, 1995; Harvey et al., 1995). Our
decomposition experiment was conducted at 9 �C,
while other studies were generally warmer, around
20 �C. This 10 �C difference would likely reduce
the microbial activity in our experiment by a factor
of 2–3 (Westrich and Berner, 1988), leading to lower
apparent degradation rates. Our decay constants
were still much higher than those reported for
anoxic decomposition of algal materials. For exam-
ple, Harvey and Macko (1997) reported that anoxic
decay constants for POC and FAs for the diatom T.

weissflogii were 0.008 and 0.02 d�1, respectively.
Decay constants of major FAs, including
14:0,16:0, 16:1x7 20:5x3, were in the range 0.05
(20:5x3) to 0.06 (14:0) d�1, and there was no obvi-
ous relationship between degradation and degree of
saturation.

PCA clearly showed that control samples after 33
days of decomposition were enriched in c-aminobu-
tyric acid (GABA) and 18:1x7 FA. GABA is a
product of decarboxylation of glutamic acid (Lee
and Cronin, 1982; Ittekkot et al., 1984), so its
appearance is consistent with the degradative loss
of about 50% of the C, N and PAA. We did not
detect b-alanine, which is also often observed in
sinking particles due to decarboxylation of aspartic
acid (Lee and Cronin, 1982), possibly due to differ-
ences in the OM or microbial communities present.
Degradation also led to enrichment in HIS and
PHE after 33 d, as these two AAs have negative
PCA loadings. The wt% 18:1x7 FA, also a potential
indicator of microbial processing of OM (Volkman
et al., 1980; Wakeham et al., 1997b) was signifi-
cantly greater after 33 d.. The observation that the
three sterols of T. pseudonana also group in PCA
with the microbial indicators at the end of the
decomposition experiment probably results from
their relative stability towards microbial decomposi-
tion (Wakeham et al., 1997b).

Because of its high reactivity, Chl-a concentra-
tions in particulate and sedimentary material usu-
ally decrease quickly with depth in the water
column or sediment (Lee et al., 2000). In our study
Chl-a concentrations in control samples were, how-
ever, significantly greater after 33 d (Fig. 3). We did
not detect phaeophytin, a major product of bacte-
rial degradation of Chl-a (Bianchi et al., 1988; Sun
et al., 1993), suggesting again that Chl-a was not
degraded over the course of the experiment. In phy-
toplankton chloroplasts, Chl-a is non-covalently
bound to proteins in several types of pigment–pro-
tein complexes (Larkum and Barrett, 1983) and
the rate limiting step in Chl-a degradation may be
the cleavage of these Chl–protein complexes (Zie-
gler et al., 1988). Sun and co-workers (Sun et al.,
1991; Sun et al., 1994; Sun and Wakeham, 1994)
operationally defined Chl-a as both ‘‘free’’ and
‘‘bound’’ forms, based on the release of Chl-a from
sediment by freeze–thawing and solvent extraction
techniques. They hypothesized that bound Chl-a
must be released from a particle or cellular matrix
before it can degrade. Our results are consistent
with this idea. At time zero, intact diatom cells,
which would contain bound Chl-a, were present in
the incubation samples. Acetone alone is not strong
enough to penetrate the chloroplasts and break
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down the Chl–protein complexes, so Chl-a would
escape extraction or detection. After 33 d, decompo-
sition of protein decomposed (as the PAA results
showed, Fig. 2) might cleave the Chl–protein com-
plex and release free Chl-a; this would result in an
increase in ‘‘apparent’’ concentration of Chl-a.

4.2. Effectiveness of mercuric chloride (and

HG + PI)

Compared to the time zero samples, POC, PN,
PAA, FA and sterol concentrations were all about
10–20% lower after 33 d in HG-treated samples. At
a concentration of 180 lM, HG can stop bacterial
activity in marine particulate samples (Lee et al.,
1992). Thus, there should have been no bacterial
degradation of OM in HG-treated samples; the
absence of c-aminobutyric acid from HG-treated
samples after 33 d would confirm this. Loss of
PAA over time was about the same as the increase
in dissolved AA concentration (DCAA + DFAA),
suggesting that solubilization was a major mecha-
nism leading to loss of particulate material. Addition
of HG may cause cell lysis, such that intracellular
components or soluble storage compounds like car-
bohydrates might be released into solution. Indeed,
DFAA increased immediately after HG was added
in HG-0, suggesting cell lysis and release of DFAA
is rapid. Solubilization might also explain why C/
N ratios in HG-treated samples were lower. For
example, certain soluble carbon-rich sugars might
dissolve quickly after lysis of the diatom cell, which
could decrease the C/N ratio in the residual particu-
late phase.

Many individual compounds were selectively pre-
served in HG-treated samples. For example, 14:0
and 16:0 FAs were enriched (on a relative abundance
scale) in HG-treated samples (Figs. 5 and 8). On the
other hand, 15:0, 18:3, 18:4 and 16:3 FAs were
almost completely lost after 33 d. Abiotic oxidation
reactions due to the presence of HG might degrade
these compounds. Alternatively, these FAs might
be present in the cells in a soluble form. Although
FAs are generally not soluble in water, they can
attach to soluble compounds, such as acylated pro-
teins (McKee and McKee, 1999) and form micelle-
like aggregates. In sediment trap samples poisoned
by NaN3 (Körtzinger et al., 1994), for example, dis-
solution of individual FAs ranged from 16% to 68%
of the total. The AAs, ARG, TYR, and THR, LEU
and ASP are relatively enriched in the two HG-pre-
served samples as seen in the PCA results (Fig. 8).
Organic materials collected by NetTrap and later
preserved by HG also showed similar enrichment
in ARG, TYR and LEU (data not shown). Because
TYR and LEU are hydrophobic AAs and thus less
soluble than others, their enrichment in residual par-
ticulate matter could occur if they were not easily
dissolved or hydrolyzed while other AAs were pref-
erentially dissolved.

The major compositional change that occurred in
HG-treated samples over time was the rapid loss of
Chl-a and the concurrent formation of what is
thought to be a Chl-a O-allomer. Allomerization
of Chl-a can occur by either enzymatic or chemical
oxidation, leading to a complex mixture of com-
pounds (Pennington et al., 1967). In our experiment,
Hg2+ might act as an oxidant; in addition, dissolved
oxygen and absence of light have been reported as
important allomerizing conditions (Kuronen et al.,
1993; Woolley et al., 1998) and may have contrib-
uted to this process in our samples. However, an
authentic standard of Chl-a in seawater treated with
HG did not allomerize within 7 days, suggesting
that allomerization might occur during the release
from the Chl–protein complex present in cellular
material. Phytol, the side chain of Chl-a can not
only be released from it by enzymatic hydrolysis
due to zooplankton grazing, but is also produced
during analysis by alkaline hydrolysis during labo-
ratory processing of samples (Wakeham et al.,
2002). The similar concentrations of phytol in all
treatments suggest that alkaline hydrolysis during
analysis was the only source, a likely scenario in
the absence of zooplankton grazing in the experi-
mental system. The fact that phytol was not lost
as quickly as Chl-a in the HG-treated samples is
consistent with allomer formation, since the trans-
formation of Chl-a to its allomer occurs within the
chlorin macrocycle and need not affect the phytyl
side chain. Although we have no experimental proof
that allomerization of Chl-a occurs during release
from the bound state, this process is consistent with
the results from our sediment trap samples (Lee
et al., 2000; Sheridan et al., 2002; Ingalls et al.,
2006), where little allomer is present in sinking par-
ticles treated with HG. Table 2 shows the degree of
allomerization among different sample types,
including fresh diatoms, sinking particles collected
from 200 m depth with a NetTrap (Peterson et al.,
2005) and HG-treated sinking particles collected
from 200 m using a time-series sediment trap. Fresh
diatoms had a low ratio of allomer to Chl-a until
they were treated with HG. The ratio in fresh



Table 2
Allomer/Chl-a ratios in NetTrap and sediment trap samples from DYFAMED site (Peterson et al., 2005)a

Sample type Conditions HgCl2 No HgCl2

Diatom (this study) 9 �C, dark, 33 d 1.32 0.06
NetTrap 200 m 13 �C, dark, 5 d 0.14 ± 0.04 (n = 8) 0.06 ± 0.02 (n = 56)
Sediment trap 200 m 13 �C, dark, 60 d 0.33 ± 0.11 (n = 11) N/A

a Particles collected by NetTrap without HgCl2 added (deployment 2–3 d); HgCl2 (37 lM)was then added for 5 d (in the dark, 13 �C).
Samples collected by time series trap treated with HgCl2 (180 lM) in situ (deployment 2 months).
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untreated sinking materials collected by NetTrap
was similar to that in diatoms, but increased when
treated with HG. Time-series sediment trap samples
are HG-treated during collection and are collected
for a longer time; ratios in these samples were higher
than in NetTrap samples, but much lower than in
HG-treated diatoms. Sinking particles from this site
(northwestern Mediterranean) contained degraded
diatom material (Goutx et al., unpublished results).
Perhaps much of the Chl in the diatoms had already
been released from the Chl–protein complex before
sinking, hence the lower trap ratios. Alternatively,
since phytoplankton present in the Mediterranean
are mixtures of diatoms, prymnesiophytes and cya-
nobacteria (Marty et al., 2002), Chl-a in these
plankton might allomerize differently from the T.
pseudonana strain we used.

Clearly, considering only concentrations of Chl-a
in HG-treated samples would significantly underes-
timate actual amounts originally present. Adding
allomer and Chl-a concentrations is possible if we
assume they have the same HPLC response factor.
However, in the diatom samples treated with HG,
the allomer and Chl-a calculated in this way account
for only about 50–60% of the original Chl present in
control time zero samples, suggesting that a sub-
stantial fraction of Chl-a is also lost in other ways,
and indeed other unidentified peaks appeared in
HG-treated samples (Fig. 4). At this point, we rec-
ommend including allomer concentrations in
reports of Chl-a in HG-treated samples, or report-
ing it separately. More work is clearly needed to
know the exact mechanism and pathways of Chl-a
allomerization by HG.

4.3. Compositional changes due to degradation vs.

HgCl2

As particulate OM decomposes or dissolves, both
the amount and composition of the material change,
with different classes of compounds having different
decay or dissolution rates. As indicated above, HG
treatment of samples also caused unexpected com-
positional changes. PCA allowed us to investigate
the relative importance of biological degradation
vs. treatment with HG for the composition of par-
ticulate material. The greatest variation in the com-
position between samples from group 1 to group 3
was along the x-axis (PC1; Fig. 8). The loadings
of individual degradation markers (e.g., GABA)
suggest that variance along PC1 is mostly due to
biological degradation, in agreement with past work
(Dauwe and Middelburg, 1998; Sheridan et al.,
2002). However, the HG treated samples had PC1
site scores intermediate between group 1 and group
3 along PC1 as well as being more negative along
PC2. Minimal biodegradation should have occurred
in HG treated samples (Lee et al., 1992), so compo-
sitional changes due to dissolution and chemical
oxidation may have driven these samples left along
the x-axis and downward along the y-axis. Since
group 1 (t = 0) and group 3 (biologically degraded)
samples are almost inseparable for PC2 and group 2
(HG treated) is well separated from groups 1 to 3 on
PC2, we hypothesize that compositional changes
along PC2 were caused only by the HG. Such a
HG effect includes mainly enrichment in ARG,
TYR, THR, 16:0 and 14:0, depletion in Chl-a,
18:4 and decrease in C/N ratios. Using PCA of sam-
ples treated by HgCl2, it may be possible to quantify
the effect of HG on compositional information for
field or laboratory samples.

5. Summary and conclusions

This study demonstrates the effects of HgCl2
(HG) and protease inhibitors (PIs) on a diatom cul-
ture under conditions that resembled the in situ con-
ditions of a 1–month sediment trap deployment.
Both quantitative and compositional information
were obtained. In general, PI did not appear to stop
degradation or dissolution of diatom OM over 33 d.
HG preserved much of the OM, yet did affect the
composition of several classes of compounds. These
changes are likely due to chemical oxidation and
dissolution.
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1. Decomposition of (bulk) POC and PN was effec-
tively inhibited by HG, only 10% being lost due
to dissolution compared to 50% for samples
without HG added; PI, on the contrary, did not
prevent loss of POC or PN.

2. PAAs were well preserved from biological
decomposition by HG, yet 15% were lost due to
dissolution; AA composition was also well pre-
served, but mole percentages of ARG, TYR,
and THR increased slightly, possibly due to
selective dissolution. PI did not prevent changes
in composition due to decomposition.

3. Chl-a was extensively allomerized by HG in the
diatom degradation experiments, but much less
so in sediment trap samples. We recommend sum-
ming Chl-a and allomer concentrations, or report-
ing the allomer separately to minimize
underestimation of Chl-a. Chl-a in control and
PI treated samples increased over 20% in a month,
probably due to the release of Chl-a from Chl–
protein complexes as proteins were degraded.

4. Total FAs were fairly well preserved in HG trea-
ted samples, since only 20% were lost compared
to 80% in the control. Most individual FAs fol-
lowed this general pattern, but some showed dif-
ferent behavior. For example, 16:3, 18:3 and 18:4
were not well preserved.

5. Sterols were well preserved by HG; 24-methyl-
cholesta-5,24(28)-dien-3b-ol in PI-33 and Ctrl-
33 was 30–40% less than initial values; 24-ethyl-
cholesta-5,24(28)E-dien-3b-ol and 24-ethylcho-
lesta-5,24(28)Z-dien-3b-ol changed little over
time in any of the treatments.

Therefore, in studies using HgCl2 to preserve
marine particles, both quantitative and composi-
tional effects of HgCl2 on OM need to be consid-
ered. POC, PON, AAs and sterols are well
preserved with minimal compositional changes.
FAs and chlorophyll pigments are degraded and
their composition altered.
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