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ABSTRACT: We examined whether or not the heterotrophic marine flagellate Paraphysomonas imper-
forata releases macromolecular dissolved organic matter (DOM). *H-bacterial prey (Vibrio spp.) were
added to flagellate cultures and the accumulation of *H-DOM was measured. Flagellates released a
large amount of macromolecular DOM (6 to 57 % of *H-DOM) that was rich in lipids (lipid - macro-
molecular ratio = 0.20 : 0.92). One component of the macromotecular DOM was a digestive enzyme
(acid phosphatase) of the flagellate. The flagellate acid phosphatase was not degraded by proteases, but
it was susceptible to proteases after treatment with polymyxin B, which destroys bacterial membranes.
These data suggest that bacterial membranes protected the released acid phosphatase from proteolytic
attack. Ultracentrifugation showed that the sedimentation coefficient of the phosphatase was 15t0 42 S,
consistent with the hypothesis that the phosphatase is part of a macromolecular complex. We
hypothesize that flagellates release their own digestive enzymes and incompletely digested membranes
and probably other cellular components from bacterial prey and that these compounds form liposome-
like organic complexes. These complexes may be important for understanding the chemical nature and
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turnover of DOM in the oceans.

INTRODUCTION

Dissolved organic matter (DOM) represents a major
fraction {> 95 %) of total organic matter in the ocean
and has important short- and long-term implications for
plankton trophic interactions and oceanic biogeo-
chemistry (Jackson & Williams 1985, Toggweiler 1989,
Kirchman et al. 1991). Previous work has identified
many DOM compounds in seawater, including amino
acids, nucleic acids, carbohydrates and lipids. How-
ever, much of the DOM has yet to be characterized
(Williams & Druffel 1988).

DOM is operationally defined as the fraction of
organic material that passes through filters, usually
glass fiber filters with nominal retention of 0.7 um. With
this definition, DOM includes various forms of mac-
romolecules, some of which may actually be colloidal
particles (0.001 to 1 um) (Sharp 1973}. Even micro-
organisms such as viruses, bacteria and small eucary-
otes could be included in the 'DOM’ fraction, although
contributions of living particles to total colloids are
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reported to be low (Koike et al. 1990, Wells & Goldberg
1991).

Macromolecular DOM accounts for 10 to 20 % of
total DOM (Sharp 1973, Ogura 1974) and it is poten-
tially important in oceanic material cycling. Recent
studies with particle counting (Koike et al. 1990,
Longhurst et al. 1992) and electron microscopy (Wells &
Goldberg 1991) have revealed high abundance (107 to
10° particles ml™}) in surface waters and a complex
vertical distribution of colloidal particles in the oceans.
These results renewed interest in the ecological and
biogeochemical importance of macromolecular DOM.

Little is known about the origin and chemical nature
of macromolecular DOM in seawater. Koike et al
(1990) found that the abundance of colloidal particles
(size: 0.36 to 1 um in diameter measured by particle
counting) in seawater increased with the increase of
heterotrophic flagellates grazing on bacteria. Based on
this result, they suggested that heterotrophic flagel-
lates produce submicron colloidal particles, but the
actual mechanism is unclear. Nagata & Kirchman
(1991) found that heterotrophic marine flagellates graz-
ing on bacteria release a large amount of dissolved free
and combined amino acids during exponential growth.
Based on the relation between ingestion rates and
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release rates of amino acids and ammonium and on
theoretical considerations of digestion processes
(Jumars et al. 1989), Nagata & Kirchman hypothesized
that flagellates release material from food vacuoles,
which could include macromolecular DOM, during
egestion. Previous studies with electron microscopy
suggested that flagellates release undigested prey par-
ticles from exocytosis (e.g. Cole & Wynne 1974). How-
ever, chemical characterization of released materials
has yet to be done.

Here we examined the release of macromolecular
DOM by bacterivorous marine flagellates. Results from
these experiments suggest that flagellates release mac-
romolecular organic complexes that contain lipids from
prey bacteria and digestive enzymes from the flagel-
lates. These organic complexes may be important in
material cycling in the oceans.

MATERIALS AND METHODS

Heterotrophic flagellates Paraphysomonas Imper-
forata were isolated and maintained as described pre-
viously (Nagata & Kirchman 1991). For measurements
of the release of *H-compounds and acid phosphatase
(see below), P. imperforata were grown on Vibrio
splendidus as bacterial prey (Nagata & Kirchman
1991).

To radiolabel the bacteria, an inoculum of bacteria
(Vibrio splendidus, V. damsela, V. gazogenes, V. nat-
riegens, V. proteolyticus) cultured on LM broth (Trip-
tone, 10 g; yeast extract, 5 g; NaCl, 20 g; and Milli Q
water, 1 1) was added to a glucose medium which
contained *H-glucose (100 pCi m1™'). The medium con-
sists of the basal salt solution (BSS: NaCl, 24 g; MgSO,
6H,0, 6 g; KCl, 0.7 g; MgCl,-6H,0, 5.3 g, in 1 1 of Milli-
Q water) enriched with vitamins and trace metals [0.5
ml of IMR vitamin/trace metal mixture (Eppley et al.
1967) per 1 1 of BSS], glucose (10 mM}, phosphate (10
mM), and (NH4),SO,4 (5 mM). Since glucose was the
sole carbon source for the bacteria, cell components of
the bacteria were labeled uniformly. After incubation
(8 h, 30°C), bacteria were washed (4 times) and har-
vested (8000 x ¢, 10 min) with artificial seawater
(Nagata & Kirchman 1991). We added the H-labeled
bacteria to the culture of Paraphysomonas imperforata
during the exponential (unlabeled bacterial abun-
dance: 1 x 10% cells ml™!) or stationary growth phase
(unlabeled bacteria: 5§ x 10° cells ml™!) of the flagellate.
The final abundance of *H-bacteria was 3 to 6 % and 97
to 180 % of unlabeled prey abundance in the exponen-
tial and stationary cultures of flagellates, respectively.
A bacteria-alone control was prepared by adding
radiolabeled bacteria to the 0.8 um filtrate of the flagel-
late culture; > 95 % of the flagellates were eliminated

by this filtration. Immediately after addition of *H-
labeled bacteria (time zero) and after the incubation (6
h} at 22 °C under the room light, 2 ml subsamples were
filtered through 0.2 um Acrodiscs with a syringe and
the cell-free filtrate was collected. Cell breakage can
be avoided with this filtration technique (Nagata &
Kirchman 1990).

We also measured the 3H-activity in the total filtrate
(100 wl) and the nonvolatile fraction (200 ul, after the
evaporation at 60 °C) of the filtrate. To measure *H-
activity in the macromolecular fraction, 550 ul of 10 %
cold trichloroacetic acid (TCA) solution was added to
500 ul of the filtrate with 50 ul of carrier solution (1 mg
ml~! each of DNA, RNA and bovine serum albumin).
After incubation for 10 min on ice, precipitates were
collected on Millipore HA filters (pore size 0.45 um),
and the *H-activity on the filters was measured with a
liquid scintillation counter. Quenching was corrected
by using channel ratio method.

We also measured the *H-activity in the chloroform
soluble fraction of the filtrate. The extraction was
carried out according to Findlay et al. (1989). Briefly,
500 Wl of filtrate was mixed with 14.3 ml of a lipid
extraction mixture [chloroform:methanol:phosphate
buffer {50 mM, pH 7.4) = 1:2:0.8] in a screw-capped
tube. After vortexing, the tube was allowed to stand for
2 h. To separate aqueous and chloroform phases,
chloroform and buffer (3.57 ml each) were added to the
tube. Then the tube was vortexed and allowed to stand
overnight. The chloroform phase was transferred to a
20 ml scintillation vial and evaporated under a flow of
argon. The dried material was redissolved with 100 ul
of chloroform and the radioactivity was measured with
a liquid scintillation counter.

We used triplicate vials for both flagellate + bacteria
culture and bacteria-alone control. Release rate of *H
compounds was calculated by subtracting the release
in bacteria-alone control from the release in flagellate
+ bacteria culture.

We measured acid phosphatase activity in the
culture of flagellates grazing on bacteria ( Vibrio splen-
didus) and in the bacteria-alone control. Acid phos-
phatase activity in the cell-free filtrate (0.2 pm filtrate)
of the culture was measured by the use of a fluorogenic
substrate (Hoppe 1983). We added 300 ul of an acetate
buffer (50 mM, pH 4.9) to 150 ul of sample in a 7 ml
glass vial. The reaction was initiated by adding 4.5 ul of
substrate (5 mM methylumbelliferyl-phosphate dis-
solved in methoxyethanol). After incubation for 1 to 6 h
at 30 °C, the reaction was stopped by adding 5 ml of
borate buffer (300 mM, pH 10). Fluorescence was mea-
sured with a fluorometer (excitation 355 nm, emission
400 nm). After the correction for fluorescence in artifi-
cial seawater alone, the amount of phosphate released
by the enzyme reaction was calculated with a standard
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curve obtained with methylumbelliferon. In this paper,
enzyme activity is expressed in arbitrary units; one unit
of enzyme hydrolyzes the substrate to release 1 umol of
phosphate per hour under the condition described
above.

To examine the relation between pH and phosphat-
ase activity, we measured acid phosphatase activity in
the filtrate of flagellate + bacteria culture at different
pH's. The assay condition was the same as described
above except buffers of different pH's (3 to 8) were
used for the reaction mixture. The buffers used were
acetate (50 mM; pH 3.0 to 5.5), citrate (50 mM; pH 5.5
to 6.0), and Tris-HCI (50 mM, pH 7.2 to 8.0) buffers.

We examined the effect of proteases (pronase E,
Sigma Type XIV) and polymyxin B (Sigma) on the
activity of acid phosphatase released by flagellates.
Pronase E and polymyxin B were dissolved in borate
buffer (pH 7.2, 0.03 M borate buffer with 0.005 M
CaCl,) at a concentration of 2 mg ml~!. Degradation
reaction was initiated by mixing 75 ul of sample [0.2 pm
filtrate of flagellate + bacteria cultures (stationary
growth phase)], 50 ul of Pronase E solution and 50 pl of
polymyxin B solution. After incubation for 2 to 3 h at
30°C, acid phosphatase activity was assayed as
described above. Controls (pronase E-alone, polymyxin
B-alone, without pronase E or polymyxin B) were pre-
pared by adding borate buffer instead of pronase E,
polymyxin B, or neither. Blanks were prepared with
artificial seawater instead of sample. We also examined
the effect of pronase E and polymyxin B on acid phos-
phatase isolated from wheat germ (Sigma, Type I).
Reaction conditions were the same as described above.

To examine the size of organic molecules released by
flagellates, we measured acid phosphatase activity in
the 0.2 um filtrate of flagellate + bacteria cultures
(early stationary phase) before and after ultracentrifu-
gation (Sorvall RC60 with TV-865 vertical rotor; 5 °C,
41 000 rpm, average centrifugal force = 147 000 X g).
After centrifugation, 150 ul of supernatant was col-
lected from the center of centrifuge tubes, and acid
phosphatase activity was measured as described
above. To minimize adsorption of macromolecules to
centrifuge tube walls, tubes (polyalloer) were pretre-
ated with bovine serum albumin solution (500 ug ml™!,
overnight at 5°C) and rinsed with artificial seawater
before use. The control consisted of samples kept in a
refrigerator (5 °C} for the same time as that required for
centrifugation.

RESULTS

To examine the release of DOM by flagellates, we
measured the release of dissolved *H-compounds by
flagellates grazing on *H-bacteria. Assuming that the
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Fig. 1. Percentages of the *H-DOM release to the total (°H-

DOM + *H,0) release by flagellates grazing on *H-bacterial

prey (Vibriospp.: V s., V. splendidus; V. d., V. damsela; V g,

V. gazogenes; V. n., V. natriegens; V p., V. proteolyticus).

Flagellates in the exponential phase (black columns) and the

stationary phase {(open columns) were used for the experi-
ment. Errors are standard deviations (n = 3)

volatile fraction was dissolved *H,0, we calculated that
SH-DOM release was 11 to 36 % of total *H,O + 3H-
DOM) release (Fig. 1). This contribution was signifi-
cantly higher during the exponential phase than the
stationary phase of flagellates (ANOVA, p < 0.001 for
Vibrio damsela, V. natriegens, and V. proteolyticus;
p < 0.1 for V. gazogenes), except when V. splendidus
was used as prey (Fig. 1). The percent contribution of
DOM release varied depending on food type
(p < 0.001).

We examined the distribution of *H in the mac-
romolecular fraction (cold TCA precipitable fraction)
and the lipid fraction (chloroform soluble fraction) of
the DOM released by flagellates. Macromolecules
were 5.5 10 56.9 % of the released DOM, whereas lipids
were 3.8 to 7.4 % (Table 1). The contribution of mac-
romolecules varied (p < 0.0005) depending on prey
type and the growth stage of flagellates.

To compare the chemical composition of released
DOM with that of prey bacteria, we calculated lipid:
macromolecules ratios for H-DOM released by flagel-
lates and those for prey *H-bacteria. The ratios for the
released DOM (0.20 to 0.92) were higher than those for
the prey bacteria {0.04 to 0.38) (Table 2). The average
ratio for the released DOM (0.60 + 0.31) was signifi-
cantly higher than that for the prey bacteria (0.13 +
0.17) (p < 0.05). These results suggest that the chemi-
cal composition of dissolved macromolecules released
by the flagellates was different from that of bacterial
prey; the released macromolecules were enriched with
lipids.

The activity of acid phosphatase in the cell-free fil-
trate of flagellates + bacteria cultures increased with
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Table 1. Release of dissolved (< 0.2 um) *H as total macromolecules (cold TCA precipitable) and lipids {chloroform soluble). The
release is expressed as a percentage (= SD; n = 3) of the total SH-DOM (nonvolatile fraction) release. Vibrio spp. were used as

bacterial prey

nd: not detected

Prey type Cold TCA precipitabte Chloroform soluble
Exponential Stationary Exponential Stationary

V. splendidus 264 7.1 340+51 nd nd

V. damsela 11.3=213 55+30 61+13 nd

V. gazogenes 10050 13.7 6.1 7.4+£32 47+06

V. natriegens 28.1 1.5 56.9 = 8.5 55+0.5 40=16

V. proteolyticus 72+13 nd 6.6 +£0.5 38x4.1

the increase of flagellate abundance (Fig. 2). In con-
trast, we did not detect acid phosphatase activity in
bacteria-alone controls. These results indicated that the
flagellates released acid phosphatase. The released
phosphatase has an optimum pH of 4.2 and has no
activity at the culture media pH of 7.5 (Fig. 3).

To examine the chemical nature of acid phosphatase
released by flagellates, we added proteases to filtrates
of flagellate + bacteria cultures and measured acid
phosphatase activity over time. The activity did not
change with the addition of proteases (Fig. 4A), indicat-
ing that the acid phosphatase released by the flagellate
was resistant to protease degradation. In contrast, acid
phosphatase purified from wheat germ was easily
degraded by proteases and lost activity over time
(Fig. 4C}.

To investigate why acid phosphatase released by the
flagellate was not degraded by proteases, we
examined the effect of polymyxin B on protease degra-
dation of acid phosphatase. Results of the polymyxin
experiment showed that polymyxin B made the acid
phosphatase susceptible to proteolytic attack (Fig. 4B).
After 3 h, % enzyme activity with protease was signifi-
cantly lower than without protease (p < 0.05) in the
presence of polymyxin. Addition of polymyxin B some-
what depressed degradation of wheat germ acid phos-
phatase (control} by proteases (Fig. 4D) probably

Table 2. Ratio of *H compounds in lipids vs total macromole-
cules in bacterial prey (Vibrio spp.) and the *H-DOM released
by flagellates growing exponentially

Prey type Lipid : macromolecular ratios of:
Whole Released
bacteria DOM

V. damsela 0.38 0.54

V. gazogenes 0.04 0.74

V. natriegens 0.04 0.20

V. proteolyticus 0.05 0.92

Avg. = SD 0.13 £0.17 0.60 +0.31
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Fig. 2. (A) Changes of the abundance of flagellates and bac-

teria in a batch culture. (B) Acid phosphatase activities (arbit-

rary unit) in the particulate (flagellate) and dissolved
(< 0.2 um) fractions of the flagellate + bacteria culture
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Fig. 3. pH-activity relationship of phosphatase in dissolved

(< 0.2 um) fraction of the flagellate + bacteria culture. Acetate
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B is an oligopeptide). /.\{
To test whether the phosphatase released by flagel- . 100e | ?\ ,Efltﬁl//é
lates forms an organic complex, we examined sedimen- =z & o !
tation of the phosphatase during ultracentrifugation é \ ]
(147 000 x g). Phosphatase activity in the supernatant © 50 L4
|
disappeared between 1 and 3 h (Fig. 5). In contrast, % | '
phosphatase activity in samples kept in the refrigerator Y
(control) did not change. These results suggest that the ®
decrease of the phosphatase activities in the ultracen- 20 o Jltrocentrifuged
trifuged samples was due to sedimentation, not adsorp- 04 ) ! ) \Q |
tion to centrifuge tube walls or some unknown inacti- 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
Time (h)

vation.

DISCUSSION

Previous work has shown that protozoan grazers are
important in nutrient mineralization (Goldman et al.
1985) and biomass production (Sherr et al. 1986} in
aquatic ecosystems. It is only recently that the ecologi-
cal importance of the release of DOM by protozoa has
become recognized (Nagata & Kirchman 1991, 1992).
Recent studies have found that bacterivorous protozoa
release DOM including dissolved free and combined
amino acids (Nagata & Kirchman 1991), dissolved
organic carbon (Taylor et al. 1985), and colloidal parti-

Fig. 5. Sedimentation of acid phosphatase released by flagel-
lates. Phosphatase activities were measured in the supernat-
ant after ultracentrifugation (147000 x g, 5°C) for up to 3 h.
The control consisted of samples kept in a refrigerator (5 °C)
for the same time as required for centrifugation. Data are
presented as the percentage of activities relative to the values
at time zero (100 %). Errors are standard deviations (n = 3)

cles (Koike et al. 1990). Results of this study confirm
and add to these findings. We found that flagellates
grazing on *H-labeled bacteria can release substantial
amounts of *H-DOM (Fig. 1). It should be noted that our
estimate of DOM release was conservative because
prey bacteria would degrade a portion of the 3H-DOM
released by flagellates. Labile organic materials such



238 Mar. Ecol. Prog. Ser 83: 233-240, 1992

as DFAA are degraded by bacteria, which may lead to
underestimation of DOM release (Nagata & Kirchman
1991, 1992).

The contribution of *H-DOM to the total release of *H
varied depending on prey type and the growth stage of
flagellates (Fig. 1). Differences in composition of cell
components of the prey probably explains this varia-
tion. Higher release of DOM during the exponential
than stationary phase of the flagellate is consistent with
results of Nagata & Kirchman (1991). Flagellates prob-
ably release more DOM when ingestion is high
because of lower assimilation (Jumars et al. 1989).

Our results also suggested that flagellates release
dissolved macromolecules (cold TCA precipitable com-
pounds} which contain large amounts of lipids
(chloroform soluble compounds) (Table 1). Few studies
have investigated the release of macromolecules by
heterotrophic flagellates. Nagata & Kirchman (1991)
found that Paraphysomionas Imperforata grazing on
bacteria release dissolved combined amino acids.
However, they did not measure the size of these com-
pounds. Koike et al. (1990) found that bacterivorous
marine flagellates release submicron organic particles.
Koike et al. proposed that flagellates are an important
source of submicron organic colloids which are abun-
dant in seawater. Because submicron particles can pass
through 0.2 wm membranes (I. Koike pers. comm.),
these particles may be included in the macromolecular
DOM that we measured. However, it is unclear at
present whether the macromolecular DOM measured
in our experiment exactly corresponds to the submic-
ron particles measured by Koike et al.

We found that Paraphysomonas imperforata releases
acid phosphatase (Fig. 2). Although previous studies
have also found that flagellates release acid phosphat-
ase (Aaronson 1971, Dubowsky 1974), mechanisms of
the release and ecological importance are poorly
understood. It is unlikely that P. imperforata releases
acid phosphatase to utilize dissolved organic phos-
phorus because the pH-activity relation (Fig. 3) indi-
cates that the released enzyme does not function at the
pH of the flagellate culture (pH 7.5) and normal sea-
water. Several investigators have reported that food
vacuoles of protozoa contain acid phosphatase (e.g.
Cole & Wynne 1974}. Dubowsky (1974) observed with
electron microscopy that phagotrophic flagellates
Ochromonas malhamensis, fed on latex beads, release
acid phosphatase (visualized by Gomori staining) when
undigestible latex beads are egested. Flagellates prob-
ably release a portion of their digestive enzymes when
the contents of food vacuoles are egested.

An interesting finding of this study was that acid
phosphatase released by flagellates was degraded by
proteases only after treatment with polymyxin B. Poly-
myxin B Is known to disrupt outer membranes of Gram-

negative bacteria, leading to an increase in membrane
permeability (Storm et al. 1977, Vaara & Vaara 1983).
Our interpretation of this result is that flagellate diges-
tive enzymes were coated and thus protected by bac-
terial membranes which were partially degraded in
food vacuoles of flagellates and released during eges-
tion. A membrane coating may protect the phosphatase
from proteases because large molecules cannot pass
through membranes, although the fluorogenic sub-
strate (MW = 300) of the phosphatase can penetrate
membranes. Polymyxin B destroys this membrane bar-
rier, making the phosphatase susceptible to protease
attacks. In support of this hypothesis, we found that
dissolved macromolecules released by the flagellates
were rich in lipids (Table 2).

Results of the ultracentrifugation experiment (Fig. 5)
also support our hypothesis. From the clearing factor {K
= 25.5), sedimentation time (¢t = 1 to 3 h), and a
correction for the standard condition {i.e. in waler at
20 °C) (Martin & Ames 1961), we calculated that the
sedimentation coefficient of the phosphatase was 15 to
42 S. These high values suggest that the phosphatase
released by flagellates is large and that the phosphat-
ase forms an organic complex with membranes. It
should be noted that this calculation was based on the
assumption that the density of the enzyme was 1.379 g
cm™® (average density for proteins; Martin & Ames
1961). If the phosphatase is coated by phospholipids, as
we suggested above, the density should be lower
because the density of phospholipid bilayer (1.014 g
em™%; New 1990) is lower than that of proteins. With
lower density, the sedimentation coefficients would be
even higher (Martin & Ames 1961). The important
point is that the sedimentation coefficient could be
underestimated, and our estimate of the size of the
complex (15 to 42 S) may be too low.

It has been observed by electron microscopy that, at
the later stage of digestion, food vacuoles of Paraphy-
somonas imperforata contain many membranous ves-
icular fragments which are 20 to 100 nm in size (G. B.
Chapman pers. comm.). Cole & Wynne (1974) also
observed membrane fragments in food vacuoles of
Ochromonas danica grazing on cyanobacteria. These
observations suggest that flagellates differentially
degrade bacterial cell components, and that mem-
branes are digested to a lesser extent (or at slower
rates) than other components.

Phospholipids spontaneously form micelles (lipid
aggregates with ordered structure) at or above the
critical micelle concentrations (New 1990). When one
bacterium is partially digested in a food vacuole and its
phospholipids disperse in the vacuole, we estimate that
the concentration of the phospholipids in the vacuole is
2 g17! For this estimate we assume a lipid content per
bacterial cell of 26 x 1071 g (Ingraham et al. 1983) and
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a food vacuole volume of 14 pm®. Since the critical
micelle concentration of phospholipids is 1077 to 107 g
17! (Gennis 1989), this calculation suggests that bac-
terial phospholipids should spontaneously form micel-
les in the food vacuoles of flagellates. Electron micro-
scope observations (Cole & Wynne 1974, G. B. Chap-
man pers. comm.) support this hypothesis; loops of
membrane fragments were seen in thin sections of food
vacuoles, suggesting that liposome-like particles are
formed. Acid phosphatase, other digestive enzymes of
flagellates, and bacterial proteins in food vacuoles
could be trapped within micelles (liposomes) of par-
tially degraded bacterial membranes.

Undigested prey materials including liposome-like
particles in food vacuoles are probably released to the
surrounding water during egestion. Cole & Wynne
(1974) suggested that the secondary endosomes (food
vacuoles at the later stage of digestion) of Ochromonas
danica fuse with cytoplasmic membranes of the flagel-
late and exocytosis occurs along this interface. How-
ever, the actual mechanisms of exocytosis are unclear.

The release of protein-membrane complexes by
flagellates, if proved to be general, has important impli-
cations for material cycling in the oceans. First, it may
help explain transformation of labile DOM to recalcit-
rant DOM which is believed to be the major constituent
of oceanic DOM (turnover rates of oceanic DOC
greater than 1000 yr; Williams & Druffel 1987). Previ-
ous studies have demonstrated that biopolymers such
as proteins are rapidly degraded by bacteria; turnover
rates are on the order of hours, similar to dissolved free
amino acids {(Hollibaugh & Azam 1983, Coffin 1989).
Thus, it seems unlikely that labile proteins can persist
in natural waters without chemical modification. Coat-
ing of proteins by membranes, which we propose to
occur associated with flagellate grazing and egestion,
may protect labile proteins from protease degradation.
Moreover, membrane coating may keep the concen-
trations of proteins high inside the vesicles, providing
conditions that facilitate chemical transformations of
labile proteins to recalcitrant forms. If so, the liposome-
like particles may work as a ‘reaction chamber’ in
which chemical reactions incapable of occuring in
diluted conditions could proceed rapidly.

The membrane-protein complex (presumably a lipo-
some-like structure) also may be important as a carrier
of biologically important materials. There are many
biochemical and pharmacological applications of
liposomes as carriers of water soluble and insoluble
compounds to animal, plant and bacterial cells (Gre-
goriadis 1984). Analogously, we speculate that lipo-
some-like vesicles could be incorporated by algae and
bacteria through fusing of lipids, and play important
roles in the transfer of nutrients such as nitrogen, phos-
phorus, and iron within aquatic systems.
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