MARINE ECOLOGY PROGRESS SERIES

Vol. 127: 245-253, 1995

Published November 2

Mar Ecol Prog Ser

Eifect of virus-rich high molecular weight
concentrates of seawater on the dynamics of

dissolved amino acids and carbohydrates

Markus G. Weinbauer*, Peter Peduzzi

Institute of Zoology, University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria

ABSTRACT- The effect of moderately (about 2.5-fold) increasing the virus-rich high molecular weight
fraction concentrates (HMWC) in seawater on dissolved organic matter (DOM) was tested in an exper-
imental approach. At the start of the experiments, the HMWC enrichment did not significantly change
bacterial abundances and concentrations of chl a and DOM compounds, whereas viral abundances
increased about 2.0- to 2.3-fold. During short-term experiments (<40 h), dissolved amino acids and car-
bohydrates were stimulated by the addition of HMWC; an increase in bacterial numbers then followed.
During long-term experiments (from about 60 up to 210 h), bacterial abundances were repressed, and
the percentage of visibly infected bacteria was significantly higher in the virus-rich HMWC incuba-
tions. Rod-shaped bacteria were the only morphotype affected by the HMWC. HMWC delayed the
development of phytoplankton (diatoms}; but, at the end of the experiments, chl a concentrations in the
HMW(C-treated incubations exceeded that in the untreated incubations. The stimulation of Ser and Thr
in the dissolved hydrolysable amino acid fraction of the HMWC incubations might be an indication of
viral lysis of diatom cells. Dissolved free amino acids and monomeric carbohydrates were repressed,
whereas dissolved hydrolysable as well as total dissolved amino acids and carbohydrates were stimu-
lated by the addition of HMWC. Viral lysis of cells, flagellate grazing and changes in bacterial number
or species compositon are the most probable reasons for the observed changes in the DOM pool.
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INTRODUCTION

Virus-like particles can be as large as 0.75 uym (Gow-
ing 1993), but most marine viruses are smaller than
0.2 pm (Bergh et al. 1989, Wommack et al. 1992,
Cochlan et al. 1993, Weinbauer et al. 1993) and, thus,
have to be considered as part of the pool of dissolved
organic matter (DOM). Viruses are now known as the
most abundant forms of life in the oceans (e.g. Bergh et
al. 1989, Proctor & Fuhrman 1990). Based on the find-
ing that all numerically important taxonomic groups of
planktonic organisms can be infected with viruses
(Sieburth et al. 1988, Bratbak et al. 1990, Proctor &
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Fuhrman 1990, Suttle et al. 1990, Nagasaki et al. 1993),
the question of viral-mediated mortality and its signifi-
cance was raised. Moreover, viruses were included in
a model of carbon transfer within the microbial loop
(Bratbak et al. 1992) and bacteriophage production
was found to depend on the density of host organisms
(Steward et al. 1992, Weinbauer & Peduzzi 1994).
There is also some information accumulating at pre-
sent on the spatiotemporal distribution of viruses in the
sea (Wommack et al. 1992, Boehme et al. 1993,
Cochlan et al. 1993, Paul et al. 1993, Weinbauer et al.
1993, Jiang & Paul 1994, Weinbauer et al. 1995).

High molecular weight concentrates (HWMC) of sea-
water (between 30000 MW and 0.2 uym, and between
100000 MW and 0.2 pm) have been used to study the
effect of viruses on the mortality and dynamics of
phytoplankton, bacteria and heterotrophic nanoflagel-
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lates (Proctor & Fuhrman 1990, 1992, Suttle et al. 1990,
Suttle 1992, Peduzzi & Weinbauer 1993b). HMWC
were also found to stimulate the formation of algal flocs
(Peduzzi & Weinbauer 1993a). However, although
viruses were found to be the most abundant particles
in the concentrates, there might exist other bioactive
material in the HMWC, as, e.g., colloids and proteins.

By comparing different approaches it has been esti-
mated that about 10 to 20% of the marine bacterial
community is lysed daily by phages, and about 2to 3%
of primary production is lost through the activity of
viruses (Suttle 1994). Viral lysis of cells releases not
only viruses, but also cell wall components and other
cell constituents. Thus, the 'viral loop' (Bratbak et al.
1992) should increase DOM concentrations and bacte-
rial production, but reduce the carbon transfer to
higher trophic levels (Fuhrman 1992). Models indicate
that the importance of this process varies with the
eutrophication of the system (Murray & Eldridge 1994).
However, there is still only little information on the role
viruses play in microbial carbon transfer (Bratbak et al.
1994). In the present laboratory study, we show that
moderately increasing the virus-rich high molecular
weight fraction of seawater increased the percentage
of visibly infected bacteria and resulted in changes in
the concentrations and chemical composition of se-
lected DOM components.

MATERIALS AND METHODS

Seawater was collected with carboys from 0.5 m
depth off the Laboratorio di Biologia Marina at
Aurisina, Italy, and transported to the laboratory for
immediate use in the experiments.

Production of high molecular weight concentrates.
To produce virus-rich HMWC, ultrafiltration technol-
ogy was used as described in detail by Suttle et al.
(1991). First between 60 and 901 of seawater were gen-
tly prefiltered through 142 mm diameter polycarbon-
ate (Millipore, 'Isopore’ RTTP, 1.2 pym pore size, and
subsequently 'Isopore’ GTTP, 0.2 um pore size) mem-
brane filters to remove zooplankton, phytoplankton
and most of the bacterioplankton cells. Then, using an
AMICON ultrafiltration system, this prefiltered sea-
water was concentrated by a spiral cartridge with a
30000 MW cutoff, which is equivalent to about 2 nm.
The retentate of this filtration process is a virus-rich
HMWC with a concentration factor between 80 and 90.
For details of the procedure see Peduzzi & Weinbauer
(1993b).

Experimental setup. HMWC were added to 10 1
acid-rinsed polyethylene jars (Expt 1) or 5 | acid-
rinsed precombusted (450°C for 4.5 h) glass jars
(silicon cap) (Expts 2 and 3), achieving a final enrich-

ment factor of 2.5x. In Expt 1, seawater was amended
with HMWC obtained in January 1992. Temperature
was kept at 17 to 18°C and the light intensity at
300 uE m?s7! (12 h light: 12 h dark), representative of
spring-bloom events. HMWC obtained in June 1992
were added to seawater collected at 2 different stations
off the Laboratorio di Biologia Marina (Expts 2 and 3).
Temperature was kept at 22 to 23°C and light intensity
at 350 uE m~%s~! (Expt 2) and 250 pE m~% 57! (Expt 3),
thus simulating in situ conditions. Experiments were
performed in triplicate incubations.

Determination of microbial parameters. Water sam-
ples for the enumeration of viral and bacterial densities
were withdrawn through a silicone-stopper-sealed
sample port by means of pipettes, preserved with for-
malin (viruses 2% and bacteria 4 %, final conc.) and
stored at 4°C in the dark until analysis. Virus particle
abundance was determined using the ultracentrifuga-
tion methodology for harvesting viruses directly onto
Formvar coated, 400-mesh electron microscope grids
(2.5 h at 85000 x g; Beckman L8-80M, SW 41 Ti swing-
out rotor) as described by Mathews & Buthala (1970),
Borsheim et al. (1990) and Bratbak et al. (1990). The
percentage of bacteria containing mature phages was
determined by the use of electron microscopy as
described in Weinbauer & Peduzzi (1994). Bacterial
densities were determined with the AODC technique
(Hobbie et al. 1977). Grids (viruses, infected bacteria)
and slides (bacteria) were prepared within 1 wk. Chl a
was measured by withdrawing aliquots of the incuba-
tion media from the jars and filtering onto GF/F (What-
man) filters. Chl a-containing filters were stored frozen
until analysed as described in Parsons et al. (1984).

Determination of DOM. Water samples for the deter-
mination of various compounds of DOM were gravity
filtered through precombusted (450°C for 4.5 h) GF/F
filters and stored frozen in precombusted glass am-
poules. In Expts 1 and 2, the concentrations of dissolved
free amino acids (DFAA) and total dissolved amino
acids (TDAA) were determined by high pressure liquid
chromatography using the o-phthalaldehyde (OPA) re-
versed phase method (Mopper & Lindroth 1982). In
Expt 3, dissolved free OPA-reactive compounds
(DFORC) and total dissolved OPA-reactive compounds
(TDORC) were measured by the OPA method as de-
scribed by Parsons et al. (1984). By the latter method
not only amino acids, but also primary amines, are de-
termined. Dissolved monomeric carbohydrates (DM-
CHO) and total dissolved carbohydrates (TDCHO)
were measured by the 3-methyl-2-benzothiazolinone
hydrazone hydrochloride (MBTH) assay (Parsons et al.
1984). Samples for TDAA, TDORC and TDCHO were
hydrolysed under nitrogen for 22 h at 110°C using 6 N
HCI (final conc.) (compare Heissenberger & Herndl
1994). After hydrolysis HC] was removed by evaporat-
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ing the samples at 5°C under vacuum (200 mtorr). Dried
samples were rehydrated with HPLC-grade water for
the OPA-reversed phase method and with Milli-Q
water for the total OPA-reactive compound and MBTH
assays. Samples were neutralized with small amounts
of 0.05 N NaOH, and salt crystals were dissoluted com-
pletely by ultrasonication for 2 min. In the present
study, dissolved combined amino acids (DCAA) are de-
fined by subtraction of DFAA from TDAA and dissolved
combined OPR-reactive compounds (DCORC) by sub-
tracting DFORC from TDORC, whereas dissolved poly-
meric carbohydrates (DPCHO) are calculated as the
difference between DMCHO and TDCHO. DFAA and
DTAA concentrations were calculated as the sum of all
detectable amino acids.

Statistical analysis. The Mann-Whitney U-test was
used to test differences of microbial and DOM parame-
ters between HMWC-enriched and unaltered incuba-
tions for significance. Differences were compared at
single time points of the experiments and considered
as significant at a probability of p < 0.05.

RESULTS
Initial concentration of parameters

Immediately after incubating jars with HMWC, all
parameters were determined in the unaltered as well
as HMWC-enriched incubations. In no experiments
did the HMWC enrichment result in significant
changes in abundances of bacteria or concentrations of
chl a and of the various investigated DOM compounds
(Table 1). Averaging the stimulation/repression values
of the various parameters from all experiments sam-
pled immediately after adding HMWC vyielded stimu-
lation/repression values which were always below
10% for each of the parameters. Viruses were the only
investigated parameter exhibiting a significant enrich-

ment after addition of HMWC: an approximately 2.5-
fold enrichment with HMWC (final conc.) resulted in
an increase in viral abundance by a factor of 2.0 to 2.3.
Table 1 also shows that the initial concentrations of
some parameters varied strongly among the 3 experi-
ments, but not between the 2 different treatments.

Short-term experiment

Fig. 1 shows the development of bacterial densities,
dissolved amino acid and carbohydrate concentrations
in unaltered and enriched incubations of unfiltered
seawater during the first 40 h (Expt 1). In both treat-
ments bacteria showed a strong peak at 18 and 28 h. At
both time points the bacterial abundance was signifi-
cantly higher in the enriched incubations than in
untreated seawater. DFAA and DCAA concentrations
decreased dramatically after 5.5 h concomitant with
the increase of bacterial densities. At 5.5 h in the
enriched cultures, DFAA and DCAA concentrations
showed a slight peak and amino acid concentrations
were significantly higher than in the untreated incuba-
tions. Overall DMCHO and DPCHO concentrations
peaked at 5.5 h followed by a decrease in the con-
centrations with increasing bacterial abundances.
DMCHO and DPCHO concentrations were signifi-
cantly higher in the enriched than in the untreated cul-
tures. Between 5.5 and 40 h bacterial abundance in
HMWC enriched seawater was up to 33 % higher than
in unaltered incubations, DFAA were stimulated by up
to 200%, DMCHO concentrations by up to 29%,
DCAA up to 50 %, and DPCHO up to 77 %.

Long-term experiments

Diatoms, especially Chaetoceros sp., dominated the
phytoplankton community in all experiments and in-

Table 1. Abundances + SD of microbial parameters and concentrations of the various DOM compounds in HMWC-enriched (Vir)

and unaltered {Cont) incubations in 3 experiments immediately after addition of the HMWC. VA: viral abundance, BA: bacterial

abundance, Chl a: chlorophyll @, DFAA: dissolved free amino acids, DCAA: dissolved combined amino acids, DMCHO: dissolved
monomeric carbohydrates, DPCHO: dissolved polymeric carbohydrates. SD calculated from triplicate incubations

Expt Treatment VA BA Chl a
(10° ml~%) (10° ml-1) (rg 17

1 Cont 11.6 = 1.02 2.9+0.23 0.62 £ 0.032
Vir 26.7 £ 1.93 34+033 0.62 + 0.071

2 Cont 4.9+0.58 1.5+0.12 0.49 £ 0.055
Vir 10.9 £ 0.99 1.3+0.23 0.50 +0.043

3 Cont 2.5+0.24 22+024 0.45 + 0.067
Vir 5.1+0.47 2.1+0.19 0.43 £0.035

DFAA DCAA DMCHO DPCHO
(rM) (M) (1M} (rM)
1.1 +0.011 4.0 £0.27 4.0+0.16 14.0 £ 0.97
1.2 + 0.005 3.6 + 0.49 4.4 %045 16.3 +1.75
0.082 +0.0039 2.2+0.11 3.1+0.24 16.9 + 1.44
0.098 + 0.0041 2.4 +0.12 3.3+0.17 17.7 + 1.09
0.30  0.054 2.6 +0.32 4.2 +0.27 10.6 + 1.07
0.35 +0.019 2.6+ 0.25 4.0 +£0.27 116+23
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cubations. During Expt 1 we followed the temporal
development of chl a in HMWC-treated and unaltered
incubations. During the first 168 h of the experiment,
chl a concentrations were significantly repressed in the
incubations amended with HMWC compared to unal-
tered incubations but higher at the end of the experi-
ment after 208 h (Fig. 2). Similarly, at the end of Expts
2 and 3, chl a concentrations were significantly higher
in the incubations receiving HMWC (Fig. 2).

At all time points of Expt 1 (long-term), the percent-
age of visibly infected bacteria was higher in HMWC

804 open symboals: natural seawater
closed symbols: HMWC added

601 circles: exp. 1
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triangles: exp. 3
401
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Fig. 2. Chl a concentrations in HMWC-ennched and unaltered
incubations. SD calculated from triplicate incubations

than in natural seawater incubations, and in 4 out of
6 time points this difference was significant (Fig. 3).
The average percentage of bacteria containing mature
phages, calculated from Fig. 3, was 1.7 in the natural
seawater and 2.5 in the HMWC incubation (Table 2). [n
rod-shaped bacteria, the most abundant morphotype
(Table 2), the percentage of visibly infected cells was,
at 5 time points, significantly higher in HMWC than in
untreated incubations. At no time point did the per-
centage of visibly infected cells of the other morpho-
types or the relative abundances of the different mor-
photypes differ significantly between the 2 treatments.

O natural seawater

B HMWC added
301 . .

2.0

visibly infected bacteria (%)

0.0~
61 83 113 138 160 208
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Fig. 3. Percentage of visibly infected bacteria in HMWC-

enriched and unaltered incubations of Expt 1 *Sigmficant

difference between treatments (p < 0.05). SD calculated from
triplicate incubations
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Table 2. Viral and bacterial abundances +SD and percentage of bacterial morphotypes containing mature phages in natural sea-
water (Cont) and HMWC-enriched (Vir} incubations during the long-term Expt 1. Values are averaged from all data obtained
during the incubation time (>40 to 208 h). VA: viral abundance, BA: bacterial abundance

Treatment VA BA % of total

(10°ml™Y)  (10°ml™Y Rods Cocci
Cont 11127 9.0=x5.14 82.3+821 13.5:+4.91 42x162
Vir 24x1.14 67+378 79.1+9.92 156+3.32 53+299

Visibly infected cells (%)}

Coccl Spirillae Total
14+036 1.7+0.24
1.6+042 25+024

Spirillae Rods
1.5+0.19 3.3+0.90
2.4+021 35+£045

Of all morphotypes, coccoid bacteria showed the high-
est percentage of cells containing mature phages
(Table 2). Viral abundances at all time points were sig-
nificantly higher in the HMWC than in untreated incu-
bations, whereas bacterial numbers were significantly
lower at 4 time points. The addition of HMWC resulted
in a long-term enrichment of viral abundances by a
factor of 2.2 (Table 2).

Long-term data (>60 h) on bacterial abundances and
concentrations of DOM parameters were obtained
from all experiments. In all experiments bacteria were
generally repressed in the long term by the addition of
HMWC, although at some sampling times there was a
stimulation of the bacteria compared to unaltered incu-
bations, e.g. at about 150 h in Expt 2 (Fig. 4). Calculat-
ing long-term stimulation/repression of bacteria from
the means of the 3 experiments yielded bacterial
repression values for the HMWC treatments which
averaged 29%.

In Expts 1 and 2 dissolved amino acids were deter-
mined, whereas in experiment 3 we measured OPA-
reactive compounds. DFAA were generally repressed
(Fig. 5), and this repression, calculated from the mean
values of the 2 experiments, averaged 23%. DCAA
and TDAA were generally stimulated when natural
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Fig. 4. Long-term stimulation/repression data of bacteria

during all 3 experiments. Each data point represents the

% change of bacterial abundance in HMWC enriched in-
cubations compared to unaltered incubations
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Fig. 5. Long-term stimulation/repression data of dissolved
amino acids and OPA-reactive compounds during all 3 exper-
iments. DFAA: dissolved free amino acids, DCAA: dissolved
combined amino acids, TDAA: total dissolved amino acids. In
Expt 3 we did not determine amino acids, but OPA-reactive
compounds. Data are calculated as described in Fig. 4
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seawater was enriched with HMWC (Fig. 5). Given as
a mean of the 2 experiments, stimulation was 29 % for
DCAA and 20% for TDAA. In Expt 3, DFORC repres-
sion averaged 13%, whereas DCORC and TDORC
stimulation averaged 19 and 17 %, respectively.
DMCHO were generally repressed in all experi-
ments (Fig. 6) and, calculated from the means of the
3 experiments, averaged 21 %. Throughout all experi-
ments, DPCHO and TDCHO concentrations were
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Fig. 6. Long-term stimulation/repression data of dissolved

carbohydrates during all 3 experiments. DMCHQO: dissolved

monomeric carbohydrates, DPCHO: dissolved polymeric car-

bohydrates, TDCHO: total dissolved carbohydrates. Data are
calculated as described in Fig. 4

higher in the HMWC enriched than in untreated incu-
bations (Fig. 6), averaging 22 % for DPCHO and 9% for
TDCHO.

Composition of dissolved amino acids

In Expts 1 and 2, the percentage of single amino
acids was determined in the DFAA as well as the
DCAA fraction. In order to show differences between
treatments we calculated the stimulation/repression of
the single amino acids in the DFAA and DCAA fraction
from the means of the replicate incubations (Table 3).
Our data show that enrichment with HMWC resulted
in a qualitative change of some of the amino acids com-
pared to untreated incubations, when considering a
stimulation/repression of >10% as significant alter-
ation. During the short-term experiment, Ser, His and
Arg were stimulated in the HMWC enrichment in the
DFAA fraction, whereas Asp, Ser, Thr and Tyr were
stimulated in the DCAA fraction. During the long-term
incubation in Expt 1, Asp, Ser, Tyr and Arg were stimu-
lated in the DFAA fraction compared to Ser, Thr, Leu
and Tyr in the DCAA fraction. HMWC in Expt 2 caused
a stimulation in Thr, Ile and Arg in the DFAA fraction
and a stimulation in Ser, Thr, Gly, Ala and Tyr in the
DCAA fraction. When the 2 long-term experiments are
compared with respect to stimulation/repression pat-
terns, only Arg was stimulated in the DFAA fractions,
whereas in the DCAA fractions Ser, Thr and Tyr were
stimulated, and Glu and Arg were repressed.

DISCUSSION

Although the initial conditions (microbial parameters,
concentrations of DOM, light and temperature condi-
tions; compare Table 1) were different among the 3 ex-
periments, the differences in the development of micro-
bial and DOM parameters between HMWC-treated
and unaltered incubations showed the same trends in
all experiments. This implies that the bioactive nature
of the HMWC had a similar effect on the development
of microrganisms and DOM concentrations.

In the present study we were able to show that an
initial enrichment with viruses (Table 1) persisted
throughout the whole experiment, with a mean viral
enrichment of 2.2 (Table 2). Moreover, on the long
term, the percentage of visibly infected bacteria was
significantly higher in HMWC-treated than in unal-
tered incubations (Fig. 3). Thus, we suppose that
viruses could have influenced microbial and DOM
parameters throughout the experiments. Viral densi-
ties observed initially in this study (Table 1) were well
within the range found in the northern Adriatic Sea
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Table 3. Stimulation/repression of single dissolved amino acids in HMWC-enriched seawater. ST: short term (5.5 to 40 h);
LT: long term (>60 to 208 h). nd: not detectable. Values were calculated from the percentage of total amino acid concentration
in each fraction (DFAA or DCAA} and averaged from all data points of an experiment

Expt Fraction Stimulation/repression of amino acids (%)
Asp Glu Ser Thr Gly Ala Val Ile Leu Tyr Phe His Arg Met
1(ST) DFAA 3.7 6.6 128 -11.0 -14.1 -251 nd -3.5 nd 4.9 nd 127 923 nd
DCAA 206 -11.1 140 229 -65 34 nd -286 -269 118 -26.1 83 -104 nd
1(LT) DFAA  -68 291 -93 -321 -22 -16.0 nd 3.0 nd 40.9 nd -239 179 nd
DCAA 0.5 -542 346 10.1 0.3 0.3 nd 89 280 248 -3.5 6.0 -129 nd
2 DFAA 7.8 -250 7.9 10.8 -53 -69 -36 208 52 20 -104 6.7 260 -58
DCAA -21 -238 286 14.7 13.7 124 -209 -36 -173 399 -389 -76 -273 -306

(0.10 to 95.5 x 10® ml~!; Weinbauer et al. 1995). The carbohydrates were higher in enriched than in

moderate enrichment used in the present study avoids
severely altering the system with artificially high levels
of bioactive material. Suttle (1992) showed that there
were at least 2 bioactive components in the HMWC
which reduced primary productivity: one component is
heat labile, the other is resistent to autoclaving. How-
ever, at low concentration factors of HMWC, the signif-
icance of the heat resistent component is strongly
reduced compared to the heat labile component (Suttle
1992). Since the enrichment factors of the HMWC in
the present study (~2.5) were at the lower range of fac-
tors used in other studies (Suttle et al. 1990, Proctor &
Fuhrman 1992, Suttle 1992), we might conclude that
heat labile, bioactive material caused the changes in
the present study. Viruses, the most abundant particles
visible by TEM in the present study, are a very proba-
ble candidate for this bioactivity (compare Suttle 1992,
Proctor & Fuhrman 1992). This is strongly supported by
the finding that HMWC enrichment resulted in a sig-
nificant increase of visibly infected bacteria (Fig. 3).
However, there is still the possiblity that other bioac-
tive compounds, e.g. proteins or colloids, contributed
to our results.

During the short-term experiment bacterial abun-
dance was higher in the HMWC treated than in unal-
tered incubations (Fig. 1). A similar phenomenon was
observed by Peduzzi & Weinbauer (1993b). Since the
HMWC-enrichment procedure did not cause any dra-
matic stimulation of DOM concentrations (Table 1), the
increase in bacterial densities does not seem to be the
result of an enrichment with readily utilizable organic
nutrients. Lammers (1992) showed that infection with
virulent phages can increase the division rate of host
bacteria. He proposed that the stimulation of bacterial
cell division could be due to (1) release of nutrients by
viral lysis of cells, (2) release of chemical (pheromone-
like) signals influencing uninfected cells and (3) trans-
fer of a plasmid to the bacterial community or activa-
tion of a plasmid within bacterial cells responsible for
division activity. After 5.5 h dissolved amino acids and

untreated incubations, followed by a stimulation of the
bacterial densities (Fig. 1). The higher DOM concen-
trations might have been the results of viral lysis of
cells and could have caused the stimulation of bacter-
ial growth, thus giving support to the first hypothesis of
Lammers (1992).

It is also possible that the addition of HMWC in-
duced the lytic cycle in lysogenic cells followed by a
viral-mediated release of DOM. Since bacteriocins
(e.g. empty virus heads and tail assemblies) are known
to be capable of lysing cells (Bradley 1967, Duckworth
1970), they could also have contributed to the stimula-
tion of DOM. Bacteriocin-like particles (viruses with
empty heads and virus tail assemblies) are known to
occur in seawater (Proctor & Fuhrman 1992, Jiang
& Paul 1994); however, their actual role remains
unknown. Since chl a concentrations were repressed
after 18 h (the first time point of chl a sampling after
starting the experiment; Fig. 2), lysis of phytoplankton,
whether by viruses or other lytic agents, could have
contributed to the increased DOM signals. This is sup-
ported by our finding that Ser and Thr were stimulated
in the DCAA fraction in HMWC-treated samples dur-
ing the short-term experiment (Table 3) since Ser and
Thr are concentrated in the cell walls of diatoms
(Hecky et al. 1973). A repression of phytoplankton
within a few hours after the addition of HMWC was
also observed by Suttle et al. (1990) and Suttle (1992).

In all long-term experiments HMWC enrichment
resulted in a stimulation of total and hydrolysable
dissolved compounds, whereas concentrations of dis-
solved free compounds were repressed (Figs. 5 & 6).
There are several reasons which could explain this
observation. Three of them, which might act simulta-
neously, are discussed here.

First, if the repression of bacteria and phytoplankton
during the long-term study (Figs. 2 & 4) is actually due
to lysis by viruses or bacteriocins, then the release of
cell wall constituents and cell content could have con-
tributed to the observed changes in DOM. Since bacte-



252 Mar Ecol Prog Ser 127: 245-253, 1995

rial and phytoplankton cells are mainly composed of
hydrolysable compounds, lysis of cells might not only
explain the higher concentrations of total dissolved
amino acids, OPA-reactive compounds and carbohy-
drates but also the stimulation of hydrolysable DOM
compounds (Figs. 5 & 6). The higher frequency of visi-
bly infected bacteria in HMWC-treated incubations
supports the above outlined argument (Fig. 3). Since
Ser and Thr are concentrated in the cell walls of
diatoms (Hecky et al. 1973), the stimulation of Ser and
Thr in the DCAA fraction in enriched incubations
(Table 3) might have resulted from lysis of diatom cells,
the dominant phytoplankton organisms in the present
study. Ser, Gly and Ala are the most abundant amino
acids of whole phytoplankton cells (Daumas 1976).
Interestingly, none of these amino acids in the DCAA
fraction was repressed in long-term experiments
(Table 3), supporting the idea of amino acid release
due to viral lysis of phytoplankton. Bioactive com-
pounds other than viruses may be present in the
HMWC, affecting the concentrations of bacteria (Proc-
tor & Fuhrman 1992) and phytoplankton (Suttle 1992)
and contributing to the observed differences of DOM
between unaltered and enriched incubations.

Secondly, although viruses can infect flagellates
(Nagasaki et al. 1993), it was demonstrated in previous
experiments that the addition of HMWC increased
rather than repressed heterotrophic flagellate abun-
dances, probably as a result of grazing on initially
increased bacteria as well as on viruses (Peduzzi &
Weinbauer 1993b, Pesan et al. 1994). Thus, release of
DOM by flagellates due to grazing activity or excretion
(Andersson et al. 1985, Nagata & Kirchman 1991, 1992)
may have contributed to the stimulation/repression
pattern of amino acids, OPA-reactive compounds and
carbohydrates. Based on the observed stimulation of
DCAA, DCORC and DPCHO in enriched incubations,
a possible DOM release by flagellate grazing should
have contributed mainly hydrolysable compounds.
This is supported by findings suggesting that flagel-
lates might produce colloids (Koike et al. 1990, Tranvik
1994). Although grazing by zooplankton is also known
to produce DOM, either by ‘sloppy feeding’ or excre-
tion (e.g. Jumars et al. 1989, Peduzzi & Herndl 1992),
this mechanism can hardly explain the stimulation/
repression pattern of DOM, since zooplankton (cope-
pods) were present (but scarcely) in only one of our
experiments (unpubl. data).

As a third process, the lower bacterial densities
caused by the addition of HMWC might have resulted
in differences of DOM uptake between enriched and
untreated incubations. Lower bacterial (Fig. 4) density
or repressed activity might have caused accumulation
of DOM. During long term incubations DFAA, DFORC
and DMCHO concentrations were repressed simulta-

neously with repression in bacterial numbers. One
explanation for this finding might be that overall enzy-
matic hydrolysis of macromolecular compounds was
reduced due to low bacterial numbers. This could well
result in lower concentrations of readily utilizable
DOM (DFAA, DFORC and DMCHO) as well as in
higher concentrations of total and hydrolysable com-
pounds. However, we do not have data on bacterial
production or enzyme activity. Bacterial morphotypes
differ, e.q. with respect to the percentage of cells con-
taining mature phages (Weinbauer & Peduzzi 1994). In
the present study, HMWC significantly increased the
percentage of infected rod-shaped bacteria. In the case
of phytoplankton, it was demonstrated that HMWC
predominantly affected only a part of the phytoplank-
ton community, i.e. cells >3 pm (Suttle 1992}. Thus, the
addition of viruses might have influenced the composi-
tion of the bacterial community and consequently the
degradation and transformation of DOM.

In previous studies it was shown that HMWC can
cause changes in the dynamics of phytoplankton, bac-
teria and flagellates (Proctor & Fuhrman 1992, Suttle
1992, Peduzzi & Weinbauer 1993b). In the present
study we demonstrated that the HMWC also change
the concentration and chemical composition of
selected components of the DOM pool. However, it can
be anticipated that viral lysis has a more profound
effect on the recycling rates than on standing stocks of
biomass or DOM (Fuhrman 1992). Thus, the presence
of viruses and other bioactive substances in this size
fraction could have important consequences for the
cycling of organic carbon in the oceans.
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