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Abstract. Endo- and exochitinase activities were determined in the stomach and midgut gland of the
Antarctic krill, Euphausia superba. along a transect west of the Antarctic Peninsula. Activities were
compared with the digestive enzymes protease, cellulase (1.4-p-D-glucanase) and laminarinase
(1,3-fl-D-glucanase). The chlorophyll and protein contents in the surface water of the corresponding
stations were determined. Enzyme activities were characterized by high individual and spatial variations. Chitinolytic activity in the stomach correlated well with all digestive enzymes investigated. In
the midgut gland, a correlation with cellulase and laminannase was evident. The amount of chlorophyll
a and phytoplankton protein in the surface water was not correlated with enzyme activity. Specific
enzyme activity was higher in the stomach than in the midgut gland, showing individual ratios for each
enzyme. Elevated endochitinase activity in the stomach suggests that chitinous food is digested to oligomers in the stomach, while the subsequent degradation to amino sugars occurs predominantly in the
midgut gland.

Introduction

Krill, Euphausia superba, is a key organism in the Antarctic ecosystem. The annual
production of krill was estimated by Everson (1977) at 500 million tons. While
feeding on phytoplankton, the primary producers, krill act as a food source for top
predators. Unlike copepod-dominated food chains, this short krill-dominated
food chain is characterized by a strong concentration of biomass at each of the
trophic levels (Hempel, 1985). In addition to its significance in Antarctic food
chains, krill has an important function in the nutrient flux from the euphotic zone
to deeper water layers and the benthos, respectively (Clarke et al., 1988).
Krill are very effective organisms in the Antarctic environment. Accordingly,
the physiological characteristics are high growth rates when sufficient food is available, short intermoult periods (Buchholz, 1991) and a generally high energy
demand (Kils, 1982). Correspondingly, krill must be able to utilize food efficiently.
This also becomes obvious in anatomical and morphological adaptations, e.g. the
filtering efficiency of the highly specialized filter basket (Hamner et al., 1983; Kils,
1983). However, effective food utilization also demands physiological adaptations.
In this respect, efficient digestive enzymes are required to make nutrients available
for gastrointestinal resorption, since digestive enzymes represent the functional
link between food uptake and food utilization (Mayzaud et al., 1985).
Corresponding to the preferred food, enzymes are present in the digestive tract
of krill that cleave algae-specific substances like the 1,3-fi-D-glucan laminarin and
the l,4-f$-D-glucan cellulose (Mayzaud et al., 1985; McConville et al., 1986). In
addition, chitinolytic enzymes with high activities are present in the stomach and
the midgut gland. Their significance as digestive enzymes was discussed by
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Buchholz (1989). However, our knowledge about the physiology of digestion in
Antarctic krill is still limited, particularly concerning the biochemical characteristics of digestive enzymes and mechanisms of enzyme synthesis. A further point of
interest for understanding the complex situation in the digestive tract of Antarctic
krill is the physiological interaction between the two principal sites of digestion:
the stomach and the midgut gland (hepatopancreas).
Since most studies on the physiology of digestion in crustaceans have been
carried out on total extracts or in only one digestive organ, we paid special attention to the determination of digestive enzyme activities in the stomach and the
midgut gland, separately. In order to establish whether chitinolytic enzymes are
relevant to digestive processes, we measured the activities of endochitinase
(poly-3-1,4-(2-acetamido-2-deoxy)-D-glucosid-glucanohydrolase) and exochitinase (N-acetyl-(3-D-glucosaminidase, NAGase). The activity patterns were compared with those of protease, cellulase and laminarinase by correlation analysis.
Furthermore, the amount of chlorophyll (chl) a as well as the protein content of
plankton at the sampling sites were related to the enzyme activities in the krill's
digestive organs.
Method
Krill and phytoplankton samples
Antarctic krill, E.superba, were caught with a Rectangular Midwater Trawl, RMT
1+8 (Roe and Shale, 1979) during the cruise Met 11/4 (21 December 1989-18 January 1990) of the research vessel FS 'Meteor' west of the Antarctic Peninsula (Figure 1). Sampling was carried out in three depth horizons (Siegel, 1992). Samples
for our investigations were obtained from the upper horizon (60 m to surface).
Immediately after the catch, krill were frozen and stored at -75°C until analysis.
Phytoplankton were obtained from the same stations as the krill catches (Figure
1). Surface water (140-750 1) was filtered through 3 u,m membrane filters (Sartorius, 11302-293-G) with a pressure filtration system (Sartorius, SM 16277). The
filters were frozen and stored at -75°C until analysis.
Morphometric data and colour index of the digestive organs
The lengths and fresh weights of thawed animals were measured, and the sex was
determined according to Makarov and Denys (1980). Animals with no distinct
sexual differentiation were classified as juveniles.
The fullness of the stomach, the midgut gland and the gut was determined visually using a colour index according to Morris et al. (1983).
Dissection and homogenization
The stomach and hepatopancreas were dissected from frozen animals. Homogenization of the organs was carried out in a total volume of 1 ml 0.2 M citrate/phosphate buffer (CPB) (pH 5.5) on ice with an ultrasonicator (Branson, Sonofier B-12,
microtip 101-148-063) at 30% of maximal energy for 3 x 15 s, interrupted by a
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Fig. 1. Station grid of cruise 11/4 of FS 'Meteor'. Only the sampling stations relevant for the present
investigation are marked by numbers.

break of 20 s. The homogenates were centrifuged at 15 000 g and the supernatant
was used for biochemical analysis.
Biochemical investigations
The amount of soluble protein in krill digestive organs was determined after Bradford (1976) with the BioRad dye reagent (Cat. 500-0006). Samples were run in
duplicate with parallel bovine serum albumin (BSA) standards.
Protein of phytoplankton samples was determined on homogenates of plankton
collected on membrane filters. Pieces of these filters (7.5 cm2 in area) were transferred into reaction tubes and 3 ml of distilled water were added. Homogenization
was carried out by ultrasonication (Branson, Sonifier B12) for 3 x 15 s, interrupted
by a break of 20 s on ice. After continuous shaking (Vortex), 1 ml of the solution
was transferred into 1.5 ml reaction tubes (Eppendorf 3810) and centrifuged for 5
min at 15 000 g. The amount of protein in the supernatant was also determined
according to Bradford (1976): 200 p.1 of dye reagent (BioRad) were added to 800 ^1
of sample. BSA standards were run in parallel. Three different pieces of each filter
were analysed. Each analysis was performed in duplicate.
Chlorophyll a samples were determined according to Jeffrey and Humphrey
(1975). Five millilitres of acetone were added to each piece of filter (20 cm2) in a
reaction tube. Chlorophyll a was dissolved by continuous shaking. After centrifuging (15 min at 5200 g), the supernatant was measured photometrically. Blanks
were run in parallel with clean filters.
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The activity of the endochitinase was determined with CM-Chitin-RBV (No.
04106, Loewe Biochemica, Otterfing, FRG) as substrate (Wolf and Wirth, 1990)
and that of the exochitinase N AGase with p-nitrophenyl-N AG (Sigma, N 9376) as
described by Saborowski et al. (1993). All measurements were run in duplicate
with a parallel blank.
The activity of total protease was determined as described by Donachie et al.
(1995) using Azocasein-Na-salt as substrate (Serva 14391).
The cellulase (l,4-(3-D-glucanase) activity was determined with the dye-labelled
substrate CM-Cellulose-RBB (No. 04100, Loewe Biochemica, Otterfing, FRG).
The assay was adapted to 1.5 ml Eppendorf reaction tubes. One hundred microlitres of substrate (4 mg/ml) were added to 250 u,l of 0.2 M CPB (pH 6.0) and 50 u,l
of sample to start the reaction. After 30 min incubation at 35°C, the reaction was
stopped by adding 100 u.1 of 1 M HC1. After centrifuging at 15 000 g for 5 min, the
absorption of the supernatant was read at 600 nm against air.
The determination of laminarinase (1,3-P-D-glucanase) activity was carried out
as described for cellulase, except that the substrate was CM-Curdlan-RBB (No.
04107, Loewe Biochemica, Otterfing, FRG) and the reaction was terminated with
2 N HC1.
Statistics

Correlation analyses were performed on the data of enzyme activity within the
stomach and the midgut gland, as well as amounts of chl a and protein in the water,
and enzyme activities in the digestive organs. The strength of the association was
expressed by the Pearson correlation coefficients and the Bonferroni-adjusted
probabilities. The statistical analysis was carried out with the computer program
'Systat' (Wilkinson, 1989). The significance level was set at P = 0.01.
Results

Phytoplankton samples
The average concentration of chl a at all stations was 0.61 mg m 3. Elevated
amounts occurred at stations 28-34 (except at station 29). Low values were
observed at stations 42-86 (Figure 2). Stations 28-34 were located in the Bransfield
Strait, while the other stations were located in the Drake Passage (see Figure 1).
The protein values were more variable than the chl a values. However, the distribution pattern was similar, except at station 28. The concentrations ranged from
1.2 mg irr3 at station 63 to 6.9 mg nr 3 at station 34. The protein values correlated
well with chl a concentrations (r = 0.897).
Morphometric data ofkrill and colour index of the organs
The average length of sampled animals was 42.0 ± 4.5 mm and the average weight
was561.7 ± 216.5 mg. The largest animals were found at station 51 (51.2 ± 2.9 mm,
1039.0 ± 140.1 mg), while the smallest individuals were caught at station 32 (35.2 ±
1.5 mm, 270.9 ± 31.0 mg). The sex distribution was 40% female and 60% male. No
juveniles were encountered.
898

Chitinolytlc enzyme activity of E-superba
2,0

Chlorophyll a

1.00,5

\

jf 0,0
"

M

n^nr-nfi^n

Protein

8 •

6
4•
2 •

0

28 29 30 32 33 34 42 51 62 63 67 76 86
Station

Fig. 2. Chlorophyll a and protein of phytoplankton at the sampling stations (means and SD of three
parallel experiments).

Animals at stations 28-^42 had nearly similar colour indices of their stomachs,
while greater differences occurred in the colour indices of the midgut and the gut
(Figure 3). Animals at station 34 had the highest indices for stomach and hepatopancreas, while the lowest indices in all organs were found at station 51. Stations
51-86 were characterized by lower indices and greater variability.
Enzyme activity of krillfieldsamples
Enzyme activities in the krill stomach and midgut gland showed high variability
between regions and between individuals. In general, the highest activities of the
stomach enzymes investigated were found at station 32 and station 63 (Figures 4
and 5). Furthermore, all enzyme activities increased from station 28 to station 32,
indicating a similar relationship of activities of the different enzymes within each
station. However, this relationship could not be observed at all stations.
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Fig. 3. Colour indices of the digestive organs of E.superba [means and 95% confidence interval (CI)
n = 5\.
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Fig. 4. Soluble protein and chitinolytic enzyme activity of the stomach and the midgut gland of
E.superba (means and 95% CI. n = 5).

In the midgut gland, the enzyme activities showed a similar level of variability as
in the stomach. However, the activity pattern was not similar to that of the
stomach. The apparently divergent values of chitinase and NAGase over all stations are remarkable.
Correlation analysis
Enzyme activities in digestive organs. In the stomach, significant correlations were
found between all enzymes investigated (Table I), although, in some cases, the
correlation coefficients were weak. In the midgut gland, there was a good correlation between chitinase and cellulase, as well as between chitinase and laminarinase, and also between cellulase and laminarinase. No correlation was found
between NAGase and other digestive enzymes.
Enzyme activities of the stomach versus activities of the midgut gland. There were
only two significant correlations between enzyme activities in the stomach and the
midgut gland. Stomach laminarinase was significantly correlated with midgut
gland protease (r = 0.508) and laminarinase (r = 0.636).
Plankton protein, chl a and colour index of the organs versus enzyme activities of
digestive organs. In addition to chl a and protein in the surface water, the colour
index of the digestive organs was included in the correlation analysis. This index
represents the amount of phytoplankton already ingested by the animals. No significant correlations existed between the stomach enzyme activities and either the
amount of chl a or the protein content. Only the colour index of the stomach was
weakly, but significantly correlated with the laminarinase activity (r = 0.471).
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