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1. Introduction
Travis and Gonsalves (1969) and Carriker (1969) hypothesized that the
accessory boring organ of such gastropods as Urosalpinx cinerea (Say) may
secrete a protease, possibly a conchiolinase, during penetration of prey shell.
They suggested that the enzyme initially may dissolve the non-mineralized
organic matrix surrounding the calcareous units of shell, exposing the units to
solution by acids, chelators, or both. The spionid polychaete Polydora websteri
Hartman resides in burrows which it excavates in the shell of epifaunal bivalves
(Dorsett, 1961; H empel, 1957). Shell penetration by P. websteri (Haigler,
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1969), as by U. cinerea (Carriker and Chauncey, 1972; Carriker and Van
Zandt, 1972a, 1972b,, is primarily a chemical process. Zottoli and Carriker
(1974) found that P. websteri, burrowing in polished pieces of shell of Mytilus
edulis L . produce a secretion which dissolves interprismatic and interlamellar
organic matricies first and then etches exposed mineral crystals. We thus
postulated that this spionid worm may secrete a protease in the course of its
shell burrowing activities.
Preliminary tests by the method reported in this paper disclosed the external
release of protease by stationary tubiculous polychaetes and generally not by
non-stationary polychaetes. The unexpected discovery of an external protease
in one group of worms, but not in the other, suggested a function for the protease in addition to that of possible shell dissolution in burrowing. The present
investigation was undertaken in the late fall of 1972 to examine the hypothesis
that stationary tubiculous polychaetes produce an external protease which helps
to keep the internal surfaces of their tubes free of attaching organisms.

2. Materials and Methods
a. Whole worms. Polychaetous annelids were collected in the field and held
in high salinity (approximately 32°/oo) running seawater at the Marine Biological Laboratory. The following species of worms, in good condition and
actively feeding, were employed in experiments:
Tubiculous stationary species collected were: Asabellides oculata (Webster)
(Ampharetidae), collected in their mud tubes in deep water, Cape Cod Bay,
M assachusetts; Hydroides dianthus (Verrill) (Serpulidae), collected in Eel Pond,
W oods Hole, Massachusetts, in their calcareous tu bes attached to oysters; and
Polydora websteri Hartman (Spionidae), collected in their burrows in the shell
of oyster in N ew Meadows River, Brunswick, M aine, and shipped to W oods
H ole, M assachusetts.
Non-tubiculous non-stationary species, collected on oysters suspended in
baskets in Eel Pond, W oods H ole, M assachusetts were : Lepidonotus squamatus
Linne (Polynoidae); Nereis virens (Sars) (Nereidae); and Podarke obscura Verrill (Hesionidae).
Specimens of H . dianthus were carefully lifted from their calcareous tubes
after the tubes were gently cracked open. Oyster shells inhabited by P. websteri
were fractured, and the exposed, unharmed worms were carefully removed from
opened burrows.
After removal from their tubes, worms were placed in fresh seawater for at
~east 45 m!nu~e~ to allow them t? release fe~al matter. Only uninjured sexually
immature md1v1duals were used m the experiments as gametes of certain animal
spe~ies are known to contain proteolytic enzyme:' (G addum and Blandau, 1 97o;
Knscher and Chambers, 1970; Penn, Gle?hdl and Darzynki ewicz, 1972 ;
Vacquier, Epel, and Douglas, 1972; Vacqu1er, T egner, and Epel, 197 2 ) .
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b. Contents of digestive tracts of worms. Digestive tracts of A.oculata and H.
dianthus were excised and torn open in 5 ml of filtered seawater. Because of the
difficulty of removing their digesti ve tracts intact, we had to cut specimens of
L. squamatus, N. v irens, P. obscura, and P. w ebsteri into thirds before squeezing
gut contents into the 5 ml samples of filtered seawater. Pieces of worm were
immediately removed to minimize contamination from epidermal secretory
cells.
c. Fecal pellets of worms. Specimens of H . dianthus within their calcareous
tubes were held in seawater fo r 2 hours. Fecal pellets released during this time
were collected wi th an eyedropper as they were ejected from the tube and
placed in 5 ml of filtered seawater. Seawater and fecal pellets were kept at room
temperatu re for two hours prior to incubation with the substrate. Fecal pellets
of P . websteri were collected and treated as above.
d. L ongevity of proteolytic activity . Specimens of H. dianthus, P. websteri, N.
v irens, and P . obscura were placed in separate containers in 50 ml of filtered
seawater. The seawater was then refiltered through a Falcon Plastics filter of
0.45 µm pore size. The purpose of thi s filtration was to minimize the possibi lity of bacterial contamination. The filtrate was then sampled periodically in
5 ml increments and incubated with the substrate. 50 ml each of filtered and
unfiltered seawater were maintained separately throughout the experiment as
controls (T able II). In additi on, samples of filtrate were heated, at the beginning
of the experiment, to 97 C to determine the effect of extreme heat on proteolytic activity.
e. Seawat er control. In each experiment, two controls, consisting of 5 ml of
fi ltered seawater and 5 ml of unfiltered seawater from which the experimental
subj ects were taken, were likewise tested for proteolytic activity. The purpose
of these tests was to determine if bacteria or other organisms in seawater around
the experimental animals released proteolytic enzymes and if breakdown of
substrate occurred. Seawater controls, however, do not rule out the possible
presence of protease producing bacteria intimately associated with the polychaetes themselves.
f. T est f or protease. P roteolyti c activi ty was measured by a modified version
of the technique of Rinderknecht, G oekas, Silverman and H averback ( 1968).
Whole worms and tissues were placed for I hour at 21 ± 1.5 C in individual
glass dishes containing 5 ml of seawater initially filtered thro ugh a Falcon
Plastics filter wi th 0.45 µm pores. Filtered seawater (salinity 32 °/oo , pH 8. 12)
was substituted for the 0.05 M Tris buffer of pH 7.8 in the method of Rinderknecht et al to avoid osmotic stress on experimental animals. H owever, comparable results were obtained with the Tris buffer. W orms or pi eces of tissue
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Table I. Protease activity of experimental ani mals incubated for I hr. at room
temperature in filtered seawater. R eadings are expressed in microgram equivalents of bacterial protease (an absorbance reading of 0. 1 is equivalent to
I microgram of bacterial protease). The n umber and mean length and mean
width of experimental animals, in millimeters, are given in parentheses before
each test number. Both filtered and unfiltered seawater controls did not exhibit any proteolytic activity.
Nu m ber: length, width of wor ms

Test no.

P r otease activity

Jlsabellides oculala

(10: 10, 0.6) ... . . . ... . . . . . . .. .
(IO : 6, 0.6) .... . . .. . . .. . .... .
(IO: 6, 0.6) .. . . . .. .. .. . . ... . .
(10: 6.5, 0.6) .. ....... .. . .. . . . .

I
2
3
4

0.66
0.80
0.34
0.10

(10 : 9, 0.9) .. ... . . . . . . .. . .. . .
(10: 8.5, 0.9) . . .. . . . . .. .. .. . . .
(10 : II , !) .. .. .. ...... .. .... ..

5
6
7

3.87
2.92
8.09

L epidonotus squamatus
( 4: 18, 5) . ... .. . ... . .. .. . . . . .
( 8: 20, 7) . .... ..... . ... .. . .. .
( 4 : 22, 5) . .. . .. . ... . . .. . . .. . .
(10 : 22, 5.5) .. . . . .. . ........ . .

8
9
10
II

1.96
0.82
1. 30
4.89

12
13
15

2.22
3.02
2.39
2.80

16
17
18
19

0.00
0.00
0.00
0.00

20
21
22
23

o.oo
o.oo
o.oo

24
25
26

3.30
3. 78
1.35

Hyd roides dianthus

Polydora w ebsteri

(10 :
(1 0 :
(10 :
(10 :

10,
10,
II ,
10,

0.85) .. .. .. . .. ... . . .. .
0.75) ..... .. . . .... . . . .
! ) .. .. ..... ... .. . ... ..
0.9) .. ... . . . .. . ..... . .

14

Nereis virens

(6: 21,
(5: 40,
(5 : 46,
(7: 48,

1.6) . . . .. . . . .. . . .. . ... .
2) . . . .. . ..... .. .... . . . .

1.8) . .. .. . . . . ...... . .. .
2. 3) . . .. . . . . .. . . .... . . .

Podarke obscura
(10: 11 , 0.9) . .. . . ... .. . ..... . .

(10: 11.5, 0.9) . .... ... ....... ..
(10 : 9, 0.9) . .. . .. . ... . . . ... . .
(IO: 8.5, 0.55) .. . ... .. . . .. . . . . .

0.00

Digestive tract contents
Jlsabellides oculata

(10: 6.5, 0.6) .. . . . . . . . .... .. .. .
(10: 6, 0.6) .... ... ...... .. .. ..
(10: 5, 0.5) .... .. ...... . ... . . .

1974]
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N umber: length, width of worms

Test no.

Protease activity

Hydroides dianthus
(10: 9, 0.9) ................. .
(IO : 11, 0.9) . .... . ... . ..... .. .
(IO : 10, 0.9) . .. . . . .. ........ ..

27
28
29

0.37
1.50
2.24

Lepidonotus squamatus
(4:20,5) .... . . . ............. .
(4:20,5) .... ... .... .. .. . .... .
(6: 32, 5.5) ...... .... ........ .

30
31
32

17.65
15.22
13.53

Polydora websteri
(IO: II, 0.7) ..... ..... .... . .. .
(I O: 10, 0.8) ..... .... . . ..... . .
(10: 10,0.8) . . .............. . .

33
34
35

5.65
11.35
8.35

1Vereis ruirens
(5: 40, 1.5) ............ ..... . .
(5: 45, 1.6) .... .......... .. .. .
(7: 43, 2.5) ..... . . . .......... .

36
37
38

9.59
18.86
17.55

Podarke
(IO: 11,
(10: II,
(10 : 11,

39
40
41

5.36
1.03
0.46

42
43

0.07
0.04

44

0.00
0.00

obscura
0.8) . . ... . .......... ..
0.9) ............ . .... .
0.9) . .......... ... ... .

335

Fecal pellets
Hydroides dianthus
(10 worms each) ...... ... . .... .
Polydora websteri
(10 : 9, 0.9) . .. .............. .
(10 : 11.5, 0.7) .......... .... . ..

45

were removed from the filtered seawater, and the seawater was then transferred
to a IO ml test tube and incubated for 40 minutes at 37 ± 2 C with 20 mg of
hide powder azure (Calbi ochem No. 37716, Lot No. 920095). The hide
powder substrate is joined covalently with a dye which is released as proteolytic
enzymes break linkages between the amino acids. In preliminary tests each test
tube was vigorously hand shaken at 5 minute intervals; subsequently test tubes
were shaken continuously by mechanical means. At the end of 40 minutes the
incubated samples were placed on ice for 5 minutes, then filtered through # 2
Whatman filter paper, and measured for the release of dye in a Beckman Acta
II Spectrophotometer.

g. Conversion of spectrophotometric readings (absorbance) to proteolytic activity.
7 50 micrograms of bacterial protease (Calbiochem No.53913, Lot No. 001594,
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Assay 28.4 Anson units/gram) were added to 100 ml of filtered seawater.
Serial dilutions of 1/2, 1/4, 1/8, 1/16, 1/32, 1/64, 1/128, and 1/ 256 were made
from the original solution, and 5 ml of the original solution and of each dilution were incubated with hide powder azure and tested fo r proteolytic activity.
A comparison of the number of micrograms of enzyme in solution and the
amount of dye released from the hide powder azure indicated that one microgram of bacterial protease was equivalent to o. l units of absorbance.

3. Results
Proteolytic acti vity was recorded in seawater from intact whole specimens of
/1. oculata, H. dianthus, L. squamatus, and P. websteri, but not from N. virens
or P. obscura, after l hour (Table I).
T ests of seawater from whole indi viduals of H . dianthus and P. websteri disclosed that proteolytic acti vity was the same or greater after 24 hours than in
one hour, and substantially greater at the end of one week. Proteolytic acti vity
recorded after one week was most likely that produced by experimental animals,
or by micro-organisms intimately associated with such organisms, rather than
that from accidently introduced bacteria since the liquid in which the animals
were emersed during collection of proteolytic enzymes was filtered prior to
treatment, and no breakdown of the substrate (hide powder azure) was observed
in the controls. At the end of one month there was only reduced acti vity from
H. dianthus and no activity from P . websteri. N o activity was recorded from
N. virens and P . obscura at the end of one week. H eating to 97 C essentially
destroyed enzymatic activity (T able II).
The contents of digestive tracts of all species yielded high proteolytic activity,
Table II. L ongevity of protease activity. Readings are expressed as in T able I.
The number of worms and their mean length (L) and width (W) are listed
below.
H.
H.
P.
P.
N.
P.
Control .... . ....
H eated to 97C . ..
Initial Reading ...
30 min ... . . ......
1 hr ..... ...... . .
2 hr ..... . ..... . .
4 hr . . ..... .. ... .
24 hr ..... . ... . ..
1 week . .. .. . ....
1 month . ........

dianthus'

dianthui'

websteri3

websteri4

v irens5

obscura6

0.00
0.00
1.57
1.25
1.49
1.15
1.1 3
2.29
6.20
2.36

0.00
0.05
0.98
0.99
1.01
0.88
0.94
0.80
1.28
0.55

0.00
0.00
0.17
0. 14
0.17
0.15
0.12
0.87
2.77
0.00

0.00
0.06
0.88
0.60
0.87
0.80
0.77
1.27
2.58

0.00
0.00

o.oo

' 30 worms, 8.5 mm L, 0.9 mm W .
30 worms, 8.0 mm L, 0.9 mm W .
3 15 worms, 10.0 mm L, 0.93 mm W.
2

4

5
6

o.oo

o.oo

0.00
0.00

0.00

0.00

15 worms, 10.0 mm L, 0.8 mm W.
5 worms, 25.0 mm L, 1.5 mm W .
5 worms, 10.0 mm L, 0.8 mm W .
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whereas fecal pellets of H. dianthus and P. websteri contained little or no protease (Table I).
Raw and filtered seawater showed no evidence of proteolytic activity even
after one week.

4. Discussion
Close examination of the internal surface of the burrows of stationary burrow-dwelling polychaetes, .A. oculata, H. dianthus, and P. websteri, demon strates that they are clean and devoid of sessile multi-cellular organisms. This
observation, coupled with our discovery of external polychaete protease, suggets that proteolytic activity may be responsible in part for keeping the burrows
clean.
Proteolytic activity was the same or greater after 24 hours, and substantially
greater at the end of one week. Juffs (1968) reported similarly that proteolytic
enzymes from the milk spoiling bacterium Pseudomonas aeruginosa were stable
fo r at least one month. Polychaete enzyme(s) may be released in an inactive or
partially active form and become slowly activated, perhaps in much the same
way that pepsinogen, the inactive form of vertebrate pepsin, is activated by
HCl, and that cocoonase, a silk moth proteolytic enzyme, is released externally
in inactive form and activates when left overnight at room temperature (Kafatos, T artakoff and Law, 1967). Polychaete protease may be activated by ions
such as calcium in the filtered seawater, in much the same way that Soder
(1972) increased proteolytic activity in human saliva by adding calcium.
The duration of activity of polychaete protease suggests that only small
amounts released into the worm burrow or tube are needed to provide long
term cleansing action. Enzyme(s) may be mixed with mucus from epidermal
cells and plastered against inner tube surfaces. This would provide even distribution of protease throughout the tube. P. websteri lines its tube with a
mucus secretion, and Muzii ( 1968) reported that H. dianthus coats its tube
with an organic membrane. Enzymes bound in the mucus and the membrane
could become activated as they are exposed to seawater in the tube.
Travis and G onsalves (1969) and Carriker (1969), with reference to shell
dissolution by the oyster drill Urosalpinx cinerea, hypothesized that proteolytic
enzymes may dissolve the non-mineralized organic matrix surrounding calcareous units in shell, exposing them to attack and eventual dissolution by such
substances as acids or chelating agents or both. However, whole excised accessory boring organs of U. cinerea follyensis in preliminary tests for protease by
the method employed for whole polychaetes in this paper, produced only slight
proteolytic activity, and this only after one week (Carriker and Zottoli, unpublished). Whether this activity originated in the secretion of the accessory
boring organ, or from the cut stalk of the organ, and whether it is responsible
for dissolution of the organic matrix, remains to be determined by more sen-
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sitive tests. More detailed investigations are likewise necessary to show whether
proteolytic enzymes are involved in the dissolution of the organic matrix of
shell by P. websteri (Zottoli and Carriker, 1974).
.
The results of our investigation led us to hypothesize that the tubICulous
polychaetes A. oculata, H . dianthus, and P. websteri produce external protease
which helps to keep the internal surfaces free of attaching organisms. Proteases
may help prevent organisms from attaching by lysing cell membranes or by
disrupting internal cellular mechanisms. For example, Wang (1958) found that
4 out of 1 5 proteolytic enzymes tested lysed the parasitic nematode Syphacia
obvelta, while 7 out of 15 caused death in Paramecium aurelia. Gillespie and
Cook ( 196 5) suggested that proteolytic enzymes produced by the myxobacterium Sorangium may be used either singly or with other substances to open
host cells or make them more suseptible to attack by lysins. Whitaker ( 1970)
reported that thi s same bacterium produces two extracellular proteases capable
of lysi ng a number of soil bacteria and nematodes, and Lysenko and Kucera
( 1968) found that the bacterium Pseudomonas aeruginosa produced proteolytic
enzymes toxic to larvae of the greater wax moth.
The nonstationary polychaetes N. virens and P. obscura produced no external
protease in I hour measurable with the technique employed. On the other
hand, L. squamatus, another nonstationary polychaete with conspicuous scales
released external protease. In the latter case the protease may function as an
anti-fouling agent preventing organisms from attaching to the scales and other
body surfaces.
A possible additional, though probably peripheral, role of externally produced
protease mi ght be extra-organismic breakdown of proteins with subsequent
re-absorption of resultant amino acids through the epidermis. Absorpti on of
amino acids in this manner was reported by Stephens ( 1963) for the tubiculous
pol ychaete Clymenella torquata and by Stephens ( 1964, 1967) for other species
of polychaetous annelids.
The site of polychaete protease formation was not located in any of the
worms investi gated. Research of others, however, suggests some possible
sources. Storch and W elsch (1972) reported peptidases in secretory products
of epi dermal cells of polychaetes ; J euniaux (1971) discussed the role of epidermally formed proteolytic enzymes in insect and crustacean moulting. W ork
of H eidermanns and Kurchner-Kilhn (1959) on the presence of proteolytic
enzymes (pepsin, cathepsin, trypsin) in vertebrate urine, suggests that polychaete protease could be released thro ugh excretory organs, the nephridia. Investi gations of still others suggest that protease could be released from the digestive tract. Martin and Martin (197 0), for example, found proteolytic enzymes
in fecal matter of several species of attine ants, as did Englemann (1969) in the
hind gut and feces of the cockroach Leucophaeae moderae. It seems unlikely,
however, that the polychaete proteases under investigation originate in the
digestive tract. Experimental worms were observed closely during the period
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of protease release, and no opening of the anus or pulsations of the rear end of
the worms too k place which would indi cate release of fluids. Our observations
suggest that the protease is produced in epidermal or subepidermal cel ls. W e
cannot, however, rule out the possibility that bacteri a, closely associated with
the worms, produced at least some of the protease.
N o habitable surface in the sea is free of organisms unless some mechanism
is present which keeps that surface clean. The sheltered micro-habitats of
stationary worm burrows and tubes with their clean circulating seawater
should be no exception. P roteolytic acti on, possibly in combination with other
chemical compounds, movements of the worm, and setal activity would explain
the observed freedo m from fo uli ng organisms within these micro-envi ronments.
T he fact that P . websteri is able to move back and forth in its burrow over its
own egg capsules (each of the I 3 or so egg capsules extends into the inner portion of the tube fo r a distance equivalent to one quarter of the inner tube diameter) indicates that the worm could move around and tolerate organisms
which might settle in the burrow and grow to at least the size of the egg capsules. H owever, the further fact that fo uling does not occur, coupled with the
observation that egg capsules are not removed by setal action, suggests that
sessile organisms are prevented from settling by a non-mechanical deterent such
as polychaete protease. This anti-fouling mechanism probably evolved early in
the evolution of the burrow- and tube-dwelling polychaetes, perhaps with th e
origin of the burrow- (Cameron, I 969), and tube-dwelling habitat itself.
L ive speci mens of P. websteri were provided by Claude Bonang from Brunswick, Maine. W e are grateful to Dr. Philip Person fo r helpful comments on
the manuscript, and to Mrs. E va S. M onti ero fo r help in preparing the manuscript. The research was suppo rted in part by Public H ealth Service Research
G rant D E 01 870 from the N ational Institute of Health to M . R. Carriker.

5. Summary
I . Protease, measured by the technique of Rinderknecht, G oekas, Silverman, and Haver back ( I 968), was produced externally by the polychaetous
annelids Asabellides oculata, Hydroides dianthus, Lepidonotus squamatus, and
Polydora websteri.

2 . P rotease was not detected externally in the polychaetes Nereis virens and
P odarke obscura.

3. W e hypothesize that protease produced externally by stationary tubiculous
polychaetes helps to keep the internal surfaces of their tubes free of attaching
orgarn sms.
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