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ABSTRACT: We propose quantification of the activity of digestive enzymes as a novel way to estimate 
rates of protist grazing in natural waters. Our first application of this approach was determination of 
protistan bacterivory by assaying the activity of lysozyme at acid pH. Lysozyme specifically degrades 
peptidoglycan, a major structural component of prokaryotic cell walls. The basis of the method is 
determination of lysozyme activity present in protistan food vacuoles by using a fluorochrome-hnked 
artificial substrate, 4-methylumbelhferyl P-D-N,N'.N"-tnacetylchitotriose (MUF-[GlcNAcI3) as an ana- 
logue of peptidoglycan. Measurement of rate of MUF cleavage from the substrate in sonicated samples 
at acid pH (4.5) distinguishes activity of digestive enzymes present in protistan food vacuoles from 
extracellular or intracytoplasmic lysozyme activity. Acid lysozyme activity was calibrated against rate 
of bactenvory estimated using the fluorescently labeled bacteria (FLB) uptake method. Results from the 
2 methods were significantly correlated (r2  = 0.98) for both cultures of bacterivorous protists and for 
estuarine and nearshore seawater samples, over a wide range of rates of bacterivory (lo3 to 106 bacte- 
ria ml-' h-') The relation between the 2 variables determined from water samples taken in open North 
Pacific gyre water had a higher slope compared to that of the other samples. The advantages of the acid 
lysozyme activity method are that it does not require in vivo incubations, manipulation of live samples. 
or microscopy, as do other current methods of estimating bacterivory, and that a large number of dis- 
crete samples can be quickly processed. Separate calibration of the assay, using alternate measures of 
bacterivory, is recommended for individual applications. 

INTRODUCTION 

Bacteria and their protistan grazers are of major 
importance to the functioning of pelagic foodwebs and 
biogeochemical cycles (Pomeroy 1974, Azam et al. 
1983). A large fraction of phytoplankton production 
(20 to 50 %) is channeled through bacteria (Azam et al. 
1983, Cole et al. 1988). Determining the fate of bacterial 
production in pelagic ecosystems is consequently fun- 
damental to understanding how such systems function. 

Phagotrophic protists, including flagellates and cili- 
ates, are the dominant bacterivores in most aquatic 
ecosystems (Azam et al. 1983, McManus & Fuhrman 
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1988, Pace 1988, Sherr et al. 1989). Various methods 
have been used to estimate in s i tu  bacterivory. Some 
techniques rely on following changes in bacterial 
numbers during long-term incubations (12 to 48 h) 
after manipulations, e.g.  size-fractionation or dilution 
of water samples, or addition of metabolic inhibitors, 
to reduce or eliminate protistan grazing (e.g. Landry 
et al. 1984, Wright & Coffin 1984, Sherr et al. 1986). 
Another approach has been to quantify protistan 
ingestion of labeled analogues of bacterioplankton, 
either bacterial-sized fluorescent microspheres, fluo- 
rescently labeled bacteria (FLB), or radiolabeled bac- 
terial cells (Wikner et  al. 1986, Nygaard & Hessen 
1990). Labeled bacterial analogues have been used in 
short-term uptake assays (e.g. Sherr et al. 1987, 1989) 
or long-term disappearance experiments (e.g. Ny- 
gaard & Hessen 1990, Marrase et al. 1992). 
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There are problems associated with each of these ap- 
proaches: significant changes In the original microbial 
assemblage during long-term incubations (Ferguson et 
al. 1984), experimental artifacts due to manipulation 
(Ferguson et al. 1984, Taylor & Pace 1987), and discrim- 
inatory feeding on added bacterial analogues (Pace & 

Bailiff 1987, Sherr et al. 1987, 1989, Gonzalez et al. 
1990a, Simek & Chrzanowski 1990). Radiolabeled prey 
tracer experiments have additional problems due to dif- 
ficulties in separation of labeled predator from labeled 
prey biomass. Short-term uptake of FLB by natural as- 
semblages of protists is, at present, a commonly used 
technique for estimating in situ bactenvory (e.g. Bloem 
et al. 1989, Sherr et al. 1989, Epstein & Shiaris 1992, 
Simek & Straskrabova 1992). 

Here we propose the acid lysozyme (LAclD) assay for 
estimating protistan bacterivory in natural waters. The 
LACID assay is based on quantification of lysozyme activ- 
ity in cell lysates at  acid pH, afid does not require i n  vivo 
incubation of microbes. Lysozyme is an enzyme which 
specifically degrades bacterial cell walls by breaking 
the P(1-4) linkage between residues of N-acetyl- 
muramic acid and N-acetylglucosamine in the structural 
polymer, peptidoglycan (Stryer 1981). Peptidoglycan oc- 
curs only in the cell walls of eubacteria. Yang & Ham- 
aguchi (1980) proposed a sensitive assay for measuring 
lysozyme activity by using a fluorogenic substrate, 
4-methylumbelliferyl P-D-N,N',NU-triacetylchitotriose 
(MUF-[GlcNAcI3), whose reaction product, 4-methyl- 
umbelliferone (MUF), is highly fluorescent. MUF does 
not fluoresce when bound to the substrate, thus increase 
in MUF fluorescence is an indication of enzymatic cleav- 
age of the fluorochrome from the substrate. In phago- 
trophic protists, food vacuole pH is 3 to 5 during the 
digestion process (Nilsson 1979, Sleigh 1989); several 
authors have reported that protistan digestive enzymes 
have maximal activity at acid pH (Muller et al. 1966, 
Nilsson 1979, Nagata & firchman, 1992). In contrast, 
marine bacterial exoenzymes have highest activities at 
the basic pH of seawater (Munster 1991) and are  in- 
active at pH < 5  (Nagata & firchman 1992). Thus, rate of 
production of MUF from MUF-[GICNAC)~ at acid pH 
(LAclD activity) should be a specific indicator of protistan 
bacterivory. 

The acld lysozyme assay 1,s the f~rst  application of a 
new approach to estimating protistan grazing in situ, 
1.e. relating the activity of digestive enzymes in protist 
food vacuoles at the time of sampling to rates of prey 
consumption. 

MATERIALS AND METHODS 

Sampling sites. Samples of surface seawater were 
collected using 5 1 Niskin bottles from the mouth of 

Coos Bay, Oregon, USA (43" 21' N, 124" 20' W) at  
high tide, and from 2 stations during a cruise off the 
Oregon coast in August 1992. The 2 stations at sea, 
nearshore (NS-l) and offshore (OS-l), were located 
in the Pacific Ocean at 42" 40' N, 125O 28 'W and 
44" 33' N, 124' 15' W, 56 and 380 km from shore, 
respectively. 

Cultures. Species of bacterivorous protists were 
isolated from Pacific coastal waters and maintained in 
0.2 pm filtered seawater with boiled wheat grain at 
35°C in the dark. The flagellate isolates used in this 
study were designated E l ,  E4, and B3 from Yaquina 
Bay, Oregon, and E9 from Catalina Island, California, 
USA. El  was a 4 to 7 pm bodonid. E4 was identified as 
Cafeteria sp. E9 was a 3 to 5 pm monad with 2 equal 
flagella; B3 was a 2 to 5 pm monad with 1 short and 1 
long flagellum. Cultures of the marine flagellates Bodo 
parvulus and Paraphysomonas sp., provided by David 
Caron, were also used. A scuticociliate, Uronema sp., 
was isolated from Coos Bay. 

Phytoplankton species of diverse taxa - a coccoid 
cyanobacterium, Synechococcus sp.; 2 prasinophytes, 
Pycnococcus provasolii and Micromonas pulsilla; a 
chrysophyte, Pelagococcus subviridis; and a diatom, 
Thalassiosira pseudonana, provided by Dr Lynda 
Shapiro - were used for control tests of possible LACID 
activity in phytoplankton, as well as of potential for 
high background fluorescence due to chlorophyll and 
accessory pigments. Phytoplankton cultures were 
grown in f/2 medium (Harrison et al. 1980) under nat- 
ural light at  room temperature. Mixed species bacter- 
ial assemblages, grown up on 1 mg 1-' yeast extract 
added to 0.6 pm filtered coastal seawater, were used 
for preparation of FLB. 

Acid lysozyme (LACID) assay. 4-Methylumbelliferyl 
P-D-N,N',NU-triacetylchitotriose (MUF-[GlcNAcI3) (Sig- 
ma Co.) (Yang & Hamaguchi 1980) was dissolved in 
Methylcellosolve (ethylene glycol monomethyl ether) 
(Hoppe 1983) to yield a concentration of 5 mM. 
Dilutions of the substrate stock solution were made 
in 0.2 pm filtered, deionized water. Samples of protist 
cultures or of seawater were sonicated with a W185 
Sonifier Cell Disrupter with tapered microtip (Heat- 
Systems-Ultrasonics, Inc.) at 50 W for two 10 s bursts. 
Two types of controls were prepared: boded controls 
prepared by incubating sonicated subsamples for 
8 min in boiling water, and filtered controls prepared 
by gently filtenng unsonicated subsamples through 
0.2 pm Acrodiscs. 

Reactions were performed in capped 20 m1 glass 
scintillation vials or 15 m1 teflon vials; triplicate vials 
were prepared for both experimental samples and 
controls. 1.8 m1 of acetate buffer (pH 4 .5 ,  0.05 M) and 
0.4 m1 of substrate solution (5 pM final concentration) 
were added to 1.8 m1 of sonicated sample in each vial. 
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The preparations were incubated in the dark at the 
original temperature of the sample or culture for 4 to 
48 h,  depending on the intensity of enzyme activity. 
Since temperature is a major parameter affecting 
metabolic processes, it is vital that LAoD assays as well 
as other measures of bacterivory, e.g. FLB .uptake, be 
carried out at the temperature at which the protists are 
growing, in order to assess rates of bacterivory at that 
temperature. 

The enzymatic reaction was stopped by adding 
2 m1 of glycine-ammonium hydroxide buffer (pH 10.3, 
0.05 M glycine in 0.2 M NH,OH). MUF fluoresces most 
intensely at  basic pH (Hoppe 1983, Chrost 1991). 
Fluorescence intensity was measured with a Turner 
110 Fluorometer equipped with a 365 nm excitation 
filter and a >450 nm emission filter. Fluorescence was 
converted to concentration of MUF using a standard 
curve prepared from dilutions of a 5 mm01 1-' (mM) 
MUF (Sigma Co.) stock solution, over the concen- 
tration range of 0.1 to 10 nmol 1-' (nM) MUF. 

Determining optimum pH: The LACID assay was car- 
ried out over a range of acid pH values, from 3 to 5.5, 
using either glycine-HC1 buffer (pH from 3.0 to 3.6) or 
acetate buffer (pH from 3.5 to 5.5) as the incubation 
buffer solution. Flagellate cultures, bacterial cultures 
obtained from 0.6 pm filtered flagellate cultures, and 
natural bacterial assemblages in 0.6 pm filtered sea- 
water samples grown with yeast extract were tested 
in these experiments. Assays were also carried out 
at higher pH (6 to 8) using cultures of bacterivorous 
flagellates. 

Determining optimum sonication time: The amount 
of sonication necessary for maximum rate of LACID 
activity was determined by quantifying fluorescence 
yield versus the number of 10 S sonication bursts 
(50 W) for triplicate subsamples of flagellate culture. 

Linearity o f  MUF production over time: The reac- 
tion in triplicate enzyme activity assays using a mixed 
flagellate culture (Cafeteria sp. and B3 flagellates) was 
stopped at various times from 2 to 72 h,  and fluores- 
cence intensity was measured as described above. 

Stability o f  MUFin the reaction solution: The stabil- 
ity of MUF fluorescence during incubation was tested 
by adding a known concentration of MUF to reaction 
mixtures containing sonicated samples and acetate 
buffer. Glycine-NH40H buffer was added to some 
replicates immediately and to others after 48 h of incu- 
bation. The stability of MUF after stopping the enzy- 
matic reaction was also tested by comparing fluores- 
cence intensity of samples just after the addition of 
glycine-NH,OH buffer and after 48 h of incubation at 
room temperature in the dark. 

Concentration of nanoplankton to improve method 
sensitivity: Aliquots of seawater samples collected in 
Coos Bay and at the nearshore and offshore sampling 

stations were concentrated by centrifugation in order 
to test whether a higher fluorescence yield could be 
obtained compared to unconcentrated samples. 
Samples were centrifuged at 2000 x g for 15 min. 
Based on prior tests in the laboratory using cultured 
flagellates, this procedure yielded the highest percent 
recovery of bacterivorous flagellates. 

FLB uptake experiments. Results from the acid 
lysozyme activity assay were compared to a direct 
measure of bacterial uptake rates, by linear regression 
of rates of MUF production (pm01 MUF ml-' sample 
h-') and rates of bacterivory by the protist community 
(bacteria ingested ml-' sample h-'), as determined 
from rate of uptake of FLB. FLB were prepared from 
mixed species assemblages of coastal bacterioplank- 
ton, stained with 5-([4,6-dichlorotriazin-2-yllamino) 
fluorescein (DTAF) at 60°C for 2 h,  as described by 
Sherr et al. (1987). 

All FLB uptake experiments were carried out in 
400 m1 Whirl Pak bags presoaked in 10% (vol/vol) 
HC1 and copiously rinsed with deionized water (Sherr 
et al. 1987). Experiments were run in the dark at the 
original temperature of the sample. Uptake experi- 
ments were run in duplicate at  the same time as the 
enzyme assay was performed. Final concentrations of 
FLB were 5 to 10% of the in vivo bacterial density. 
Aliquots of 5 m1 for cultures and 20 m1 for natural 
assemblages were taken at  several times during a 
2 h period after FLB addition, and fixed by the Lugol- 
Formalin decoloration technique (Sherr et al. 1992). 
Per-cell clearance rates (nl cell-' h-') were calculated 
by dividing the cell-specific uptake rates of FLB by 
the concentration of FLB per nl (Sherr et al. 1987). 
Rates of community clearance of bacteria were calcu- 
lated by multiplying the per-cell clearance rates by 
the total abundance of bacteria per m1 and by the 
abundance of bacterivorous protists in the samples 
(Sherr et al. 1987). A minimum of 200 protists were 
inspected per slide. 

Enumeration procedures. Bacterial abundance was 
estimated by the acridine orange direct count method 
(Hobbie et al. 1977). Protists were enumerated by 
DAPI staining according to Porter & Feig (1980) as 
modified by Sherr et al. (198?). FLB were counted on 
unstained 0.2 pm polycarbonate filters. FLB in flagel- 
late food vacuoles were visualized in DAPI stained 
preparations as described by Sherr et  al. (1987). 
Average bacterioplankton cell volumes in nearshore 
and offshore waters were estimated from measure- 
ment of >200 cells from each sample site in micro- 
graphs projected onto a screen. 

Statistical analysis. Statistics were performed as 
described by Sokal & Rohlf (1981). The F-test was used 
to estimate significant differences between regression 
coefficients. 
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Fig. 1. Linear production of MUF fluorescence (relative inten- 
sity units) over time, obtained by stopping enzymat~c reac- 
tions at various tlmes up to 48 h. Samples were prepared from 

a sonicated culture of mixed bacterivorous flagellates 

production was 100-fold lower than the amount 
expected from complete cleavage of MUF from 5 pM 
of substrate. Enzyme-mediated product formation 
showed a linear increase over time up to 48 h 
(Fig. 1). Thus, 5 pM of MUF-[GlcNAcI3 appeared to 
be saturating during our assays, which were all c48  h 
duration. 

A MUF standard curve was used to relate fluor- 
escence intensity (FI) to MUF concentration ( M U F ) ;  
using the 10x window of the fluorometer, the regres- 
sion equation of FI versus MUF (nM) was FI = -2.95 + 
22.7 MUF, r2 = 0.97. Tests showed that MUF fluores- 
cence was stable both during the experiments and af- 
ter the enzymatic reaction was stopped by raising the 
pH to 10.3. This agrees with findings by other authors 
who have used fluorochrome-linked substrates to in- 
vestigate activity of exoenzymes in natural waters 
(Hoppe 1983, Somville 1984). The minimum detection 
limit using the 10x window was 0.17 nM (nmol I- ' ,  or 
pm01 ml-l) of MUF. LACID activity was in the range of 
0.003 to 0.6 pm01 of MUF produced per m1 of sample 
tested per hour. 

Lysozyme activity as a function of pH 
RESULTS 

MUF substrate 

Initial tests of rate of MUF production versus MUF- 
[GlcNAcI3 concentration, using cultures of bacteri- 
vorous protists, showed saturation of enzyme activity 
at 5 pM of substrate. In this study, maximum MUF 

Fig. 2.  Relative activity of lysozyme in sonicated samples 
of bacterivorous protists, for acid lysozyme activity assays 
carned out at pH between 3.0 and 5.5 ( m )  Culture of the k9 
flagellate; ( l mixed species assemblage of bacterivorous 

flagellates grown up from a sample of coastal seawater 

A peak of lysozyme activity was found at pH 4.5 in 
samples containing bacterivorous protists (Fig. 2 ) .  
Samples containing only bacteria (0.6 pm filtrates from 
cultures and natural assemblages) did not show detec- 
table fluorescence intensities at pH < 5.5,  although 
peaks of activity at pH values of 7 and 8.4 indicated 
the presence of intracellular and/or extracellular lyso- 
zymes (data not shown). Other authors have also 
reported maximal activity of digestive enzymes in 
protists in the pH range of 4 to 5 (Nilsson 1979, Nagata 
& Kirchman 1992). 

We also tested for the production by phytoplankton 
cultures of compounds that might fluoresce at the 
wavelength characteristic of MUF, and did not find 
any such contaminating fluorescence in samples with- 
out added. MUF substrate. 

Synechococcus sp. ,  Pycnococcus provasolii, Thalas- 
siosira pseudonana and Pelagococcus subviridis did 
not hydrolyze the MUF substrate at abundances of up 
to 106 phytoplankton cells ml-'. However, the 2 pm 
prasinophyte, Micromonas pusilla, showed a high rate 
of L,4oD activity (Table 1).  FLB uptake experiments re- 
vealed that M, pusilla was in fact ingesting bactena. 
To our knowledge, this is the first report of mixo- 
trophy in this species of phytoplankton. Although bac- 
terial suspensions did not show MUF production, con- 
centratlons of yeast extract >0.1 % In bacterial culture 
media resulted in a high background fluorescence in 
the absence of substrate. 



Gonzalez et al.: Digestive enzyme activity to measure protist grazing 201 

- 

Table 1 Results of all experiments in which acid lysozyme activity (pmol MUF ml-l sample h") was compared to bacterivory 
(bactena m - '  sample h- ' ) ,  estimated by combining short-term per cell uptake of fluorescently labeled bacteria with abundance 

of phagotrophic protists and total standing stock of bactena.  Values are  averages of triplicate assays f 1 SD 

Sample Phagotrophic protists Acid lysozyme actlvity Bacterivory 
(cells ml-l) (pm01 ml-' h- ' )  (104 bacteria ml-' h- ' )  

Paraphysornonas sp. 1.5 X 104 0.290 f 0.040 4.15 !: 0.30 
Micromonas pusilla 2.7 X lob 0.578 + 0.017 660 ? 210 
Bodo sp .  290 0.111 t 0.011 0.51 C 0.10 
B3  flagellate 6.6 X 104 0.229 r 0.032 2.40 ? 0.29 
E l  flagellate 6350 0.295 f 0.061 8.16 f 2.07 
E9 flagellate 1.4 X 10' 0.115 + 0.003 0.54 f 0.15 
E9 flagellate diluted 1:10 2.2 X lo4 0.037 ? 0.001 0.19 f 0.06 
Scuticociliate sp.  6550 0.329 + 0.079 30.0 ? 1.4 

Coos Bay water 
6 J u n e  1992 1040 0.161 f 0 026 0.81 k 0.10 

26 July 1992 630 0.090 + 0 028 0.27 f 0.08 
26 July 1992 630 0.098 + 0.023 0.27 f 0.08 

Nearshore water samples 
1 1360 0.016 f 0.003 0.15 k 0.00 
2 1290 0.021 f 0.001 0.17 k 0.04 
3 1120 0.016 f 0 004 0.15 k 0.03 
4 810 0.017 f 0.004 0.16 k 0.01 
5 540 0.011 f 0.001 0.15 f 0.05 
6 320 0.025 + 0.001 0.17 f 0.01 
7 820 0.006 f 0.001 0.14 f 0.01 

Offshore water samples 
1 140 0.003 + 0.001 0.022 + 0.009 
2 150 0.003 f 0.001 0.024 f 0.011 
3 300 0.005 f 0.000 0.028 + 0.008 
4 120 0.003 f 0.001 0.020 f 0.002 
5 205 0.003 f 0.000 0.020 f 0.013 
6 290 0.006 + 0.001 0.037 f 0.008 

Optimum sonication 

Lysozyme activity was found at acid pH only after 
protistan cells were disrupted by sonication; LACID 
activity was undetectable in unsonicated samples. 
Maximal LAclDactivity was observed after two 10 S son- 
ication bursts; no further increase in yield of MUF was 
found for up to five 10 s bursts. For sonication periods 
longer than two 10 s bursts, we recommend the use 
of an ice bath around the sample during sonication to 
avoid an increase in sample temperature. 

Controls 

Two types of controls were used: boiled sonicated 
samples (control without active enzyme) and 0.2 pm 
filtered unsonicated samples (control without mi- 
crobes, to test for presence of extracellular digestive 
enzymes). The control which yielded the highest fluo- 
rescence was used to correct fluorescence values from 
the experimental samples. Boiled controls had lower 
background fluorescence than did autoclaved or 
microwaved samples. Use of tightly sealed containers 

during the boiling process reduced the variability of 
background fluorescence replicate values in boiled 
controls, probably due to evaporation. Boiled controls 
showed no increase in MUF fluorescence during 
enzyme activity assays. In general, boiled controls 
gave higher background fluorescence than 0.2 pm fil- 
tered controls, and control fluorescence values were 10 
to 20% of those of experimental samples. However, in 
one estuarine sample taken from a dock at Coos Bay, 
there was evidence for the presence of a high concen- 
tration of extracellular lysozyme in 0.2 pm filtered 
water. The high LACID activity (control fluorescence 
nearly as great as that of experimental samples) in the 
filtered control occurred during a coastal phytoplank- 
ton bloom, and could have been due in part to filter- 
feeding benthic organisms around the dock. 

Acid lysozyme assay results 

LACID assays performed using aliquots of cultures of 
heterotrophic flagellates and a scuticociliate yielded 
rates of MUF production ranging from 0.037 to 
0.329 pm01 MUF ml-' sample h-' (Table 1). A culture 
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Fig. 3. Semilog plot of the relation between bacterivory (B, 
bacteria ingested ml-' sample h- ' ) ,  determined via short-term 
FLB uptake experiments, and acid lysozyme activity (LAclD, 
pm01 MUF ml-' sample h- ' )  for all experimental analyses. 
Data 1s from monospecific isolates of bacterivorous flagellates 
and ciliates, mixed species assemblages of flagellates in Coos 
Bay estuary, and nearshore and offshore (gyre) surface sea- 
water. Numbered data points are: (1) Paraphysomonas sp.; 
(2) Micromonas pusilla; (3) a scuticociliate sp.; (4) flagellate 
culture, E l  isolate; (5) flagellate culture, B3 isolate; (6) flagel- 
late culture, E9 isolate, (7) Bodo parvulus; (8) E9 isolate; 
(9 to 11) Coos Bay surface water. Equation of the regression 
line (offshore data points excluded) is: log B = 3.0 + 6.4 LACID, 
r2 = 0.98. See Fig. 4 for details of nearshore and offshore data 

of 2.7 X 106 cells ml-' of the phytoflagellate hlicro- 
monas pusilla showed the highest rate of acid lyso- 
zyme activity, 0.578 pm01 MUF ml-' sample h-'. The 
average coefficient of variation for culture data was 
11.5 % Enzyme activity in natural water samples was 
lower: 0.116 f 0.032 pm01 MUF ml-'sample h- '  for in- 
shore waters of Coos Bay, 0.016 f 0.006 pm01 MUF 
ml-' sample h-' in nearshore waters, and 0.004 f 0.001 
pm01 MUF ml-' sample h-' in offshore waters. Average 
coefficients of variation for in situ sample activities 
were 24.3, 14.3 and 28.8% for inshore, nearshore, and 
offshore samples respectively. 

FLB uptake experiments 

A wide range of bacterial grazing rates, from 0.19 to 
8.16 X 104 bacteria ml-' h- ' ,  was observed in cultures 

offshore 

D nearshore 

prnole MUF ml-' h" 

Fig. 4. Detail of Fig. 3, showing the semilog relations between 
bacterivory (B) and acid lysozyrne activity (LAclD) for the 
nearshore and offshore data sets. Nearshore samples were 
taken from surface water 56 km from the Oregon coast, and 
offshore samples from surface water in the open gyre of 
the northeastern Pacific Ocean. 380 km from shore. The 
regression line for the nearshore samples (upper dotted line), 
logB = 3.1 + 4.9LAclD. r2 = 0.72, is not significantly different 
from that of the overall regression line in Fig. 3, shown as a 
solid line here. However, the regression line for the offshore 
data (lower dotted line), log B = 2.1 + 68 LACID, r2 = 0.88, had a 

10-fold higher slope compared to the other 2 regressions 

of heterotrophic flagellates (Table 1). The scuticociliate 
culture consumed 30 X 104 bacteria ml-' h-'. The high- 
est measured rate of bacterivory, 660 X 104 bacteria 
ml-' h-', was found for Micromonas pusilla. FLB up- 
take by protistan assemblages in 3 samples of surface 
seawater collected from Coos Bay during a phyto- 
plankton bloom indicated an average community graz- 
ing rate of 0.45 X 104 bacteria ml-' h-', within the range 
of values observed for cultures of heterotrophic flag- 
ellates. In the inshore samples, ingestion of bacteria 
by the ciliate assemblage was only about 5% of the 
ingestion of bacteria by the heterotrophic flagellate 
assemblage (data not shown). 

Bacterivory was also estimated in more oligotrophic 
waters at 2 stations in the northeastern Pacific Ocean 
with distinctly different planktonic comm.unities. At 
the offshore station, OS-l,  there were 0.60 (40.02) X 

106 bacteria ml-', 200 (k70) heterotrophic flagellates 
ml-l. and 0.06 pg chlorophyll a l-'. Surface water at the 
more eutrophic nearshore station (NS-1) contained 
2.8 (? 0.3) X 106 bacteria ml-l, 900 (? 300) heterotrophic 
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flagellates m l ' ,  and 0.8 pg chlorophyll a 1 ' .  The aver- 
age bacterial cell biovolume was 0.046 Â 0.028 pm3 in 
offshore waters and 0.096 Â 0.064 pm3 in nearshore 
waters. Average rates of community bacterivory were 
250 bacteria ml"' h" in offshore waters and 1600 bac- 
teria m l l  h '  in nearshore waters. At both stations, the 
ratio between abundance of bacteria and abundance 
of flagellates was about 3000:l. Coefficients of vari- 
ation for FLB grazing rate estimates ranged from 14 
to 36%. 

Table 2. Ratios of numbers of heterotrophic flagellates, and of 
amount of MUF fluorescence produced during acid lysozyme 
activity assays, in  10-fold concentrated versus unconcentrated 
water samples. Values are means of tnplicate determinations 

Sample Flagellate ratio Fluorescence ratio 

Coos Bay water 4.43 k 0.26 4.52 k 0.54 
Nearshore water 4 53 Â 0.34 4 47 Â 1.53 
Offshore water 3.95 k 0.98 4.98 k 2.04 

Mean value 4.30 + 0.25 4.66 1 0 . 2 3  

Relationship between measurements by LACID assay 
and FLB uptake 

Results from the 2 independent methods of quanti- 
fying bacterivory, acid lysozyme activity and FLB 
uptake, were significantly correlated over 4 orders of 
magnitude of bacterivory rates (Fig. 3). The relation 
between lysozyme activity, LACID (pmol MUF produced 
rnl-I sample h l ) ,  and bacterial ingestion, B (bacteria 
cleared ml-' h- ') ,  was log B = 3.0 + 6.4 LACID, r2 = 0.98, 
for combined data from experiments with monospecific 
cultures of bacterivorous protists and with estuarine 
and nearshore seawater. However, the relation be- 
tween the 2 variables determined using water samples 
taken in open North Pacific gyre water (Fig. 4 )  had a 
10-fold higher slope (log B = 2.1 + 68 LACID. r2 = 0.88) 
compared to that of the other samples. 

Concentrating flagellate assemblages 

As one means of obtaining higher fluorescence 
yields in the acid lysozyme assay performed on natural 
seawater samples, nanoplankton present in seawater 
samples were concentrated 1:10 in volume by centrifu- 
gation. LACID activity was measured, and heterotrophic 
flagellates were counted, in aliquots of both concen- 
trated and unconcentrated water samples. Results 
showed an average concentration factor of 4.30 (Â 0.25) 
for number of flagellates and of 4.66 (Â 0.23) for fluo- 
rescence intensity (Table 2) .  Centrifugation at higher 
speeds yielded similar flagellate recovery, but it re- 
sulted in physically damaged flagellates, as observed 
using epifluorescence microscopy. Concentration 
would be appropriate to obtain higher fluorescence 
yields in samples with low protist abundances and low 
rates of bacterivory. 

DISCUSSION 

The method of assessing bacterivory proposed here 
differs from other techniques used to estimate rates of 

protistan bacterivory in that it measures in vitro activ- 
ity of an enzyme present in protistan food vacuoles at 
an instant in time, rather than an in vivo rate process 
determined by manipulation and incubation of living 
protists. The acid lysozyme assay thus is a measure of 
the recent past history of in situ ingestion of bacteria by 
protists. Other investigators (e.g. Fenchel 1975, Dolan 
& Coats 1991) have estimated ingestion rates by fol- 
lowing the time course of prey digestion in food vacu- 
oles. We have gone a step further in this approach by 
quantification of activity of a digestive enzyme, acid 
lysozyme in this case, which hydrolyzes peptido- 
glycan, a structural polymer characteristic of a specific 
type of prey cell, i.e. bacteria. This approach is analo- 
gous to that used previously in investigations of cope- 
pod feeding behavior, in which activity of digestive 
enzymes in the gut was related to quantity and quality 
of phytoplankton prey ingested by the copepods (Has- 
sett & Landry 1982, Harris et al. 1986). 

The fluorogenic substrate, MUF-[GlcNAcJ3, used by 
us as an analogue of peptidoglycan (Yang & Hama- 
guchi 1980), has several advantages with respect to 
other surrogate substrates which can also be used 
to assess lysozyme activity. Use of other substrates 
degraded by lysozyme, e.g. 4-MUF N-acetyl-D-glucos- 
amine (MUF-[GlcNAc]), 4-MUF N,N'-diacetyl-p-D- 
chitobiose (MUF-[GlcNAcj2), p-nitrophenyl-p-glyco- 
sides, or MUF-[GlcNAc],, for n > 3, may result in strong 
non-lytic binding as well as cleavage at more than 1 
glycosidic bond, thus complicating the reaction kinet- 
ics and data analysis. In contrast, MUF-[GlcNAcI3 
maximizes productive substrate-enzyme bindings re- 
sulting in the cleavage of the glycosidic bond with 
MUF, and shows simple reaction kinetics (Yang & 

Hamaguchi 1980). 
Food vacuole digestive enzymes of protists have 

been reported to show optimum activity at acid pH 
(Miiller et al. 1966, Nilsson 1979, Nagata & Kirchman 
1992). In this study, we found a peak in acid lysozyme 
activity at  pH 4.5 (Fig. 2), which is near the optimum 
pH, 4.9, for activity of acid phosphatase in protist food 
vacuoles reported by Nagata & Kirchman (1992). 
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Running the lysozyme activity assays at pH 4.5 thus 
allowed us to distinguish digestive lysozyme activity 
from activity of extracellular and cytoplasmic alkaline 
lysozymes associated with marine microbes. 

The fact that unsonicated samples, as well as soni- 
cated samples containing only bacteria, did not show 
significant MUF production suggested that measured 
LACID activity was contained intracellularly in protists. 
Relatively low fluorescence production in 0.2 pm fil- 
tered seawater controls confirmed that the measured 
activity at  acid pH did not result from free extracellular 
enzymes in the environment. 

In order to obtain quantitative estimates of bac- 
terivory, the enzyme activity data must be calibrated 
against independently measured rates of bacterial 
ingestion. We chose the FLB uptake method as one of 
the best methods available for calibrating the acid 
lysozyme assay. As discussed in the introduction, up- 
take of FLB by phagotrophic protists during short-term 
incubations has been used to determine in situ rates of 
clearance of bacteria by protistan communities in both 
marine and freshwater systems (e.g. Bloem et al. 1989, 
Sherr et al. 1989, Epstein & Shiaris 1992, Simek & 
Straskrabova 1992). Short-term uptake analysis of bac- 
terivory also offers a reasonable approximation of the 
'snapshot' of bacterial uptake by protists given by 
LACID measures. 

There are potential problems with the FLB uptake 
approach. Phagotrophic protists may discriminate 
against heat-killed FLB in favor of living bacteria, in 
part due to motility of live bacterial cells (Nygaard & 
Hessen 1990, Landry et  al. 1991, Monger & Landry 
1992). Recent work in our laboratory suggests that 
grazing rates based on uptake of non-motile cells may 
underestimate actual bacterivory by 2- to 4-fold when 
the proportion of motile bacteria within the in situ 
assemblage is > 1 to 10% (J. M. Gonzalez, E. B. Sherr & 
B. F. Sherr unpubl.). Bacterivorous protists selectively 
graze larger bacterial cells at faster rates than they do 
smaller cells (Gonzalez et al. 1990b, Monger & Landry 
1991, 1992, Simek & Chrzanowski 1992), thus size of 
added FLB relative to average cell size of in situ bacte- 
rioplankton can affect grazing rates. Other problems 
are loss of FLB from food vacuoles during fixation of 
protist cells (Sherr et al. 1989) and sources of error in- 
volved in the use of surrogate food particles (McManus 
& Okubo 1991). 

Despite the problems associated with calibrating 
acid lysozyme activity using the FLB uptake assay, we 
found a high degree of correlation between the 2 para- 
meters over a range of nearly 4 orders of magnitude of 
bacterial ingestion rates (1.4 X 10"o 6.6 X 1 O6 bacteria 
ingested ml-' h-') (Fig 3). The daily rates of bac- 
terivory for Coos Bay and nearshore shelf waters based 
on the FLB uptake data ranged from 0.04 to 0.19 X 10" 

bacteria ml-l d-l, at the low end of rates of daily bacte- 
rial ingestion reported previously (Sherr et al. 1986, 
Pace 1988, Sherr et al. 1989). However, Oregon coastal 
waters are characterized by lower standing stocks of 
bacteria (0.3 to 2 X 106 cells ml-') and of phagotrophic 
flagellates (500 to 1500 ml-l), and by lower tempera- 
tures (6 to 12OC) (M. Suzuki unpubl. data), compared 
to the sampling sites of earlier studies. 

The slope of the relation between bacterivory and 
MUF production was about 10-fold higher for offshore 
water samples compared to the rest of the data set 
(Figs. 3 & 4). There are at least 2 possible explanations. 
The first is that bacterivory may have been underesti- 
mated for offshore protist grazers compared to cul- 
tured and nearshore protists, due to discrimination 
against FLB by offshore protists. The second explana- 
tion relates to differences in proportional composition 
of cell wall material in bacterioplankton. Suspended 
bacteria in the olfshore samples had a smaller average 
cell biovolume (0.046 pm3) compared to bacteria in 
nearshore waters (0.096 ym"). Cell wall material com- 
prises a larger proportion of total cell constituents in 
the 'mini' bacteria characteristic of oligotrophic sea- 
water, in contrast to larger bacteria in more eutrophic 
systems (Simon & Azam 1989). Thus the difference 
between the 2 slopes shown in Fig. 4 might be due to 
offshore bacterivorous protists requiring relatively 
more lysozyme to digest a unit of bacterial biomass 
than would nearshore protists. 

If the apparent difference in digestive enzyme activ- 
ity per unit of prey biomass ingested for offshore com- 
pared to nearshore flagellates is real, this may provide 
insights concerning trophic efficiencies at the 2 sites. 
Gonzalez et  al. (unpubl.) reported significantly longer 
digestion times and higher gross growth efficiencies 
for marine flagellates feeding on smaller, starved, com- 
pared to flagellates feeding on larger, growing, bacte- 
rial cells. The idea that offshore protists feeding on 
smaller, less abundant bacterial cells digest their prey 
more efficiently compared to nearshore protists feed- 
ing on larger, more abundant bacteria fits the 'reactor' 
theory of digestion (Penry & Jumars 1987, Jumars et al. 
1989), in which food-limited animals digest their prey 
more completely than do animals feeding under condi- 
tions of high food abundance. Variability in digestive 
processes of in situ phagotrophic protists may be a 
fruitful topic for future investigation. 

The results of our study additionally demonstrate 
that the volumetric rate of bacterial consumption 
(bacteria lngested ml-' h-') is not necessanly tightly 
coupled to abundance of bacterivores. Based on the 
data shown in Table 1, in natural water samples cell- 
specific rates of bacterivory varied from 1 to 5 bacteria 
flagellate-' h- ' ,  and per cell rates of LAcru activity 
ranged from 12 to 150 X I O - ' ~  m01 MUF flagellate-' h-'. 
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We also observed that in laboratory culture, log growth 
phase bacterivorous protists had high cell-specific 
LACID activity, while stationary phase bacterivores had 
very low cell-specific rates of activity. Thus L,,,, activ- 
ity appears to be a more accurate and reliable indicator 
of bacterial grazing mortality than standing stock of 
bacterivores would be.  

In order to improve the sensitivity of the assay in 
natural waters, we tried concentration of hetero- 
trophic protists in water samples via centrifugation. 
Bloem e t  al. (1986) concentrated heterotrophic protists 
by centrifugation at  600 X g. We empirically obtained 
higher recovery, both in numbers of protists and in 
enzyme activity, by increasing the centrifugal speed 
to 2000 X g. Faster speeds did not improve protist 
recovery and also resulted in apparently damaged 
flagellates. The recovery efficiency of a 1:10 concen- 
tration was on the order of 40 to 45% for hetero- 
trophic flagellates, and thus resulted in 4-fold higher 
rates of production of MUF dunng the assay (Table 2) .  

The advantages of the acid lysozyme activity method 
for estimation of in situ rates of bacterivory are  that the 
assay does not involve incubation of live samples; it is 
a 'snapshot' measure of recent bacterial ingestion by 
in situ protists; it does not require extensive micro- 
scopic enumeration; and multiple samples can be pro- 
cessed fairly quickly. The assay can be used to obtain 
estimates of relative bacterivory in both cultures and 
natural samples. In using the method with microbial 
cultures, one should avoid high concentrations of fluo- 
rescent compounds such as  yeast extract. It is impor- 
tant to include both killed (boiled) sonicated controls 
and controls of 0.2 pm filtered unsonicated samples 
with each lysozyme assay to check for background 
fluoresence and for free lysozyme activity at  acid pH. 

In order to use acid lysozyme activity as a quantita- 
tive measure of bacterivory, it is necessary to calibrate 
MUF production rates with a n  independent assay of 
bacterivory for each system studied. We used the FLB 
uptake technique; other methods might also be used. 
Calibration of the acid lysozyme activity method needs 
further attention. 

The LACID assay is the first of a possible family of 
methods based on the general approach of measure- 
ment of activity of standing stocks of digestive en- 
zymes in protist food vacuoles as an  indicator of protist 
grazing rates in situ. In this case, we designed a 
method specifically to quantify rates of bacterivory. 
J. Vrba & K. Simek (unpubl.) have recently found that 
a high-affinity N-acetylglucosarninidase was associ- 
ated with freshwater bacterivorous flagellates, using 
the substrate MUF-[GlcNAc], and suggested that ac- 
tivity of this enzyme could also be used as a n  indicator 
of bacterivory. Activity of other types of hydrolytic 
enzymes, e.g. phosphatases, peptidases, or glucosi- 

dases, at acid pH might be assayed to determine over- 
all rates of protist grazing, by substituting appropriate 
fluorochrome-linked analogue substrates (Chrost 
1991, Hoppe 1991) in place of the peptidoglycan ana- 
logue, MUF-[GlcNAcI3, used here. 
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