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On the Sand Ripple Generated by Standing Wave and
the Threshold Movement Sand

Tomosaburo ABE and Masakazu ARAI

Abstract: On investigating sand movement at ashore, it is fundamental and important
problem to examine the threshold movement for sand. The authors examined this problem
and obtained the following results. The sand ripple is generated alternately by standing
wave (see Fig. 1); that is, the sand ripple is formed at the node where horizontal velocity
takes the maximum value, and not formed at the loop where horizontal velocity takes the
minimum. Making use of the Airy Wave Theory, they calculated the horizontal velocity
at the boundary point between the place where the ripple is generated and its near by place
where it is not recognized. And they discussed on the threshold movement for sand at the

laminar boundary layer. Consequently, the empirical formula was obtained,
Sdg tan a/ue® =513 (uod/v) =158

where

S=(os—p) and 5:\/’)?

d: mean grain diameter of sand, ¢: the acceleration of gravity,
grain, p: density of fluid, 7': period of the wave,

os: density of sand
v: kinematic viscosity, w: the

amplitude of horizontal velocity at the bottom, a: a static friction angle on the sand

surface.
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Table 1. The coefficient for the threshold movement.
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Fig. 1. Schematic diagram of the experiment.
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(1)
After 1 min. Photo at oblique upper position.

(22 (3>
After 5 min. Photo at oblique upper position. After 5min. Photo at upper position.

(4) o ‘ (5
After 10 min. Photo at oblique upper position. After 10 min. Photo at upper position.
Fig. 2. Growing process of the sand ripple.

(4)
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Fig. 3. Change in value of W.
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Table 2. Exprimental values.

}}Zz‘ﬁi anagfh Depth Period w %o Remarks
cm cm cm sec cm cm/sec
5.9 180 27.7 1.26 48.0 25.3
5.1 180 27.7 1.26 58.5 28.0 Water tank A
7.7 108 27.7 0.87 29.0 22.0
5.7 108 24.7 0.86 33.0 22.2 0s=2.94 g/cm®
6.0 180 25.3 1.27 59.0 35.9 d=0.16 mm
4.1 180 22.2 1.29 65.0 30.4
4.1 108 22.2 0.87 32.0 17.8
5.1 108 22.2 0.86 28.0 18.4
4.2 108 20.2 0.90 30.0 19.1
4.9 130 12.0 1.22 35.0 36.7
4.4 130 11.5 1.25 36.0 25.2 Water tank B
4.1 130 10.8 1.26 34.0 42.4
6.4 130 10.8 1.25 21.0 28.2 ps=2.68 g/cm?®
4.7 130 9.8 1.33 32.0 36.0
6.4 130 9.8 1.39 24.0 34.5 d=0.16 mm
4.3 130 8.5 1.36 28.0 29.8
6.3 130 10.5 1.30 17.0 23.1
6.1 130 11.6 1.24 30.0 39.1
5.5 130 10.0 1.29 26.0 32.2
5.3 130 9.0 1.36 26.0 33.3
5.4 130 11.0 1.25 23.5 26.7
4' ﬁ%& U%g 20 _‘c' ® Horikawa & Watanabe
ERC L, TELRLTF — & ¥ BHE T B, ' o ain ]
) u or
HiE o X 5 w il O IR S Uic g, &Lt %
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HOREICOWTHEET B L, KORICTE 5 72, N
JETH DM OWREE 6/d>4.05 2 57 ]
JETH DI DIREE uod/v<70. 6 . ]
B, EROREIHEACHY, BRRECHS . L ]
EEZDbND, IRE, BWHRTOBEHRCE TS
AR > TR ThTz, (Fig. 4) BZ D A ) .
I, L DR AT OB ER R B 5 ! 2 3
EEET LT, w8/ X107
. ., N Fig. 4. The threshold state for sand.
Fig. 4 2»bZ2ELVECERT, IFEHER
ThHH5,
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log Sdg tan a/us®= —1.86 log u¢d/v+2.71
Sdg tan a/ue® =513 (ued/v)™1:5 14
7oL, FELN T - EBRC KT, tana
=1 & 17
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A Geophysical Consideration of the Water in
the Ushigomebori Moat

On the Seiche Motion of the Moat (II)*

Nobuo MORITANI** and Tomosaburo ABE**

Abstract: The Ushigomebori Moat is a basin appropriate to study of seiche motion because
of its regular shape. The authors make a short quantitative discussion on observed seiches
in the moat. On the assumption that the seiches are generated by the co-oscillation with

. . . 2nt . wx
the wind stress given by tosin—;sin

T

and that they are subject to the uniform internal

friction which is assumed to be —2 ki, the calculated amplitude agrees well with the obser-
vation. The drag coefficient 7210 is also calculated by using the amplitude of seiches. It is

2.3%X107° on the average.

1. Introduction

The present authors have carried out the
observations on seiches almost every day since
September 1, 1970 in the Ushigomebori Moat
which is located in front of the buildings of
Science University of Tokyo (Faculty of Science).
The sha&e’é"“‘of the moat is roughly rectangular
and the*wind blows nearly parallel to the longi-
tudinal direction throughout the year. In the
moat the uni-nodal seiches are often observed.
The authors have made a basic considération
on the seiches and made a phénomenal discus-
sion about the relation between the amplitude
of the uni-nodal seiches and the wind speed on
the moat in an earier paper (MORITANI and
ABE, 1972). In the present paper, they intend
to make a short quantitative consideration on
the resonated seiches generated by the wind
stress under a few reasonable assumptions.

2. Theory and procedure

If we regard the Ushigomebori Moat (Fig. 1)

as a rectangular basin of length L and depth

h, the equation of motion is given by
on 6[ _ Ts

—+2kﬁ+ga;———p-}; s

. (1

* Received July 20, 1973
** Department of Physics, Science University of
Tokyo

and the equation of continuity is given by

du  0C
th + n =0. 2

In these equations g is the acceleration due to
gravity, p is the uniform density of the water,
h is the constant depth of the moat, s is the
shearing stress of wind exerted on the water
surface, 2ku is the frictional force per unit
mass, which is assumed to be proportional to
the mean velocity of water (#) and £ indicates
the frictional coefficient.

In the rectangular basin take the origin of
the coordinates at one of its edges, the zx-axis
in the direction of the length, the z-axis and
{ the surface elevation both positive upward,
as is shown in Fig. 2.

Now we seek a solution of these equations in
three cases: 7:=0, ts=tsx) and zs=1ts(x, 2).
1. Damping Seiches (in the case of 7s=0)

tn. tn.P
54m _stn.Q sin 60 X

[

IV
&«T\\\\\\\\ = @f"‘
Fig. 1. Shape of the Ushigomebori Moat.
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zZ i
A
A ad N
=0 /]
=07 — X
5 mean level
/]
Y N
z=-h 7. 77777
X=0 x=L

Fig. 2. A cross section of the rectangular basin.

The seiches are generated by wind stress.
The amplitude of the oscillation decreases by
friction immediately after the wind blows over;
that is, 75 becomes zero. In this case, for the
uni-nodal oscillation,

C="Loe ", (3)

where
L .
2L kT
= 6 = 17
Voh® tan -

C():Hcosﬂ cos ( 2t ﬁ>
Ty

and H means the amplitude of seiches.
2. Wind set-up (in the case of ts=ts(x))
When the wind blows steadily and parallel
to the moat (that is ts=1ts(x)), seiches are not
generated but wind set-up will take place. In

. . 0 s
this case, Equation (1) becomes ga—C: T:o(lf) X
x
that is, the generating force ¢s(x) entirely
balances the hydrostatic pressure gradient. If
the set-up S is defined as the difference in
elevation between the two edges of the moat,

S is written as

L
S= E}Trs(x) s (4)

where

- 1 L
S=0—Cz, tslx)= 2 50 Ts(x)dx

and {o and {; means the surface elevation at
x2=0 and =L, respectively. (see Fig. 2)
8. Resonated seiches (in the case of ts=
Ts(l', t))
When the wind stress
=70 sin—ZLt sin 22
T L
be occurred. And then, in the equiliblium
state, the generating force will always balances

is variable as 7

, the resonated seiches will

(
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the hydrostatic
frictional force.
oscillation,

pressure gradient and the
In this case, for the uni-nodal

2zt = X
¢ Hsm( T _2>cosL , (5)
where
_ 2L Lz,
Ti= vgh and H ogh T\ K
Hence,
= POWTKH 27t o TE 6y

i3 sin T1 n AR

3. Date analysis

The wind stress zs is obtained from the data
of the wind speed. The drag coefficient 2 and
the amplitude of seiches H are also calculated
from the data of the wind speed.

Now taking a wind speed record over a
proper time interval 7' seconds and reading it
every 1/2n seconds as shown in Fig. 3, we
carry out harmonic analysis of the time series
thus obtained. Let T be equal to m7T1, where
m=1,2,3,... and T} is the period of uni-nodal
seiches in the moat. Since there is a bank
around the moat which is about 10 Iﬁ“&i_n height,
it seems that the wind speed almost %anished
at the edges of the moat and takes maximum
value in the middle part of it. Therefore, we

may assume the horizontal distribution of the
rx

wind speed is of the form W(¢) sin T to get
the wind speed as follows:
n-l . 2rit . "X
We= 2 W sm< + ei> sin —~ &)
i=0
in the case of 7=0,
2rit . . T
Wi sin(—,}—l— + 372) sin %C—:Wg sin If .
W,
1\
wind speed
/\
— 1
CrEEE  Tem et
Fig. 3. Analysis of wind speed.
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Now let us suppose that the wind stress
exerted on water surface is proportional to the
square of the wind speed, so that T4=par20W 42,
where p, means the density of air and W,
means the wind speed at the 10 m level. Then
from Equation (7) the wind stress will be

n-1 2rit mx |2
— 2 7oal . :
Ty =Qal" 10{L_§0 W sin ( e + &) sin—— } )
(8)

From Equation (6), the resonated seiches are

2t
:nduced by the variable wind stress 7 sin-—=— T
nx L
smf whose wave length is 2L and the period
is Ti. Therefore, these components of the
wind stress in Equation (8) are considered to
mainly generate the uni-nodal resonated seiches-
Now, by Fourie’s theorem Equation (8) may be
represented as a sum of a number of harmonic
constituents.

now . 2mit rkx
r*~i§1k§1ri,ksm< T +I9>sm<-f—+ﬂk},

where 7:, ; are constants. Only zn, 1 is required,
for the harmonic constituent of the wave period

Ty(=mT)and length 2L. To get tm,1, multiply

. 2mt ., wx .
T4 by sin—=— sin—= and integrate from =0
T L

to t=7T and from x=0 to x=2L.
that

It follows

8
Tm,1= %pa“fzm{ZWon COS Em+ EW# COS Em

+%W'mVVZm sin (em— Ezm)} sin —Ti— sin ﬂ—x—

In the case of en=0 and Wen<Wo+Whn,

2zt . ©x
sin

oS (90

8 .
Tm,1= ———pa7’21oW2 sin
3r

where W?2=2W Wn +3—in2.

Then from Equations (6) and (9),

2 _ pnglkH
%10 ———————pa LW i@ (10
or
,OaLWo27’210F () .
N oghTik 1o

105

8 Whn

where Fla)=a(@+a) and a=— 3 W

4. Results and discussions .

1. Wind speed k :

As the moat is surrounded by a bank which
is about 10m in height, ‘it seems that the wind
blows nearly parallel to the longitudinal direc-
tion of the moat through the year (see the Wind
Rose in the above cited report, 1972). The
wind speed was observed by a Three-Cup
Robinson Type anemometer at a level of about
one meter at Station P (see Fig. 1) which is in
nearly the center of the moat. The monthly
average of the wind speed is shown by a thick
line in Fig. 4. Also the monthly average of
wind speed at the Meteorological Agency at
the 52.2 m level is shown by a light line. The
Meteorological Agency is located about 3km
east of the moat. Now we assume that the
wind profile near the ground is indicated as
(KoNDO (ed.), 1964)

W, ( 2 )0-24

Wzo— 20 ’
where z means the height from the ground,
20=10m, W,, and W, are the speeds at 10 m
and zm levels, respectively. Then the relation-
ship between the wind speed at a 10m level
on the moat and that at a 52.2m level at the
Meteorological Agency was estimated by ex-
trapolating the slope of the wind profiles from

T T T T T T T T T T T

b 4
° Met. A.
v —
S et . " \H 522m)/ ~, 1
® 3 h Conv.value .
2 . ot S (H=IOm) e T
M . - ./ ]
£ ) — \_%.\./ \.
£ * ~ / U. Moat, 4

Ir * (H=1m)

o 1 L 1 1 1 1 1 1 H 1 P

700N D'TLJ F M A M J J A S

Months

Fig. 4. Monthly average of the wind speed
at the Meteorological Agency and on
the Ushigomebori Moat.
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Table 1. Comparison the observational period Tobs. with the calculated period Tear..

Date Interval of obs. Mean depth (m) Tobs. (sec) Tea1. (sec)
Jan. 31, '71 09:01~14:31 1.04 406.6 39.41
Feb. 9, ’71 13:21~18:12 1.01 406.0 396.0
Apr.21, ’71 08:49~11:11 1.02 405.7 394.1
May 22, 71 07:55~14:04 1.02 402.5 394.1
Jun. 4, 71 15:156~21:20 1.02 " 405.5 394.1
Jul. 7,°71 12:00~15:45 1.05 397.1 388.4
Mean values 1.02 403.9 393.5
10m to 52.2m. The extrapolated value is also k=9 3 X|0*sec!
shown by a broken line. Tloerie T

The extrapolated values of the wind speed
is 1.56 times as large as that of the wind speed
observed on the average. Therefore, we assume
the wind speed at the 10m level on the moat
can be obtained with multipling the wind speed
observed at the one meter level by 1.56.

2. Period of seiches

The observations on seiches in the moat
have been made since September 1, 1970, at
Station Q with float type level meter (see Fig. 1).
The station is located by the edge of the moat.
In the moat the predominant uni-nodal seiches
are frequently observed. The observed period
of the seiches becomes Tops. =403.9 sec as shown

in Table 1. The calculated period by the
formula Teal,:ZiZ}:O"\“%%j (where dzxi=xz+1—2s

and A; is the mean depth at x;) is 393.5 sec,
which is in good agreement with the observed
period. For the sake of simplicity of calculation,
the period of the uni-nodal seiches in the moat
is taken as T1=400 sec.

8. Damped seiches

Fig. 5 shows the record of a damping seiche
which was obtained during a heavy thunder-
storm. The amplitude of the seiches decreases
nearly exponentially because of the rapid de-
creasing of the wind speed. In this case, &
becomes 9.3x10™* from Equation (3).

Fig. 6 is a record obtained for a light wind.
In this case, £ is 9.2x107*sec™. Therefore,
for the average value of these two cases k&
becomes 9.2x107*sec™’. The frictional coefhi-
cient in Lake Ashinoko (about 6 km in length
and 25m in mean depth) was 1.9Xx107%sec™?,
after SUZUKI (1935). The value in the moat
is remarkably large compared with that in Lake

|
|
|
|

O

Q

N

£ L 4
54T )
° t .
&2t l [~
-g :- . .
§ 0 F I ] -

1630 17:00 1730 18:00
Time

Fig. 5. Record of a damping seiche obtained
during a heavy thunderstorm.

k=9.0X |0 *sec™!

|

*71|Apr. 22 {
g ‘ lem
Q \f\f\/-\/\’\—/\/\
E
- 4 i
]
] d -
Q.
n 2 kL ! 4
v | |
g - F 't h
R z o

9:00 930 10:00 10:30

Time

Fig. 6. Record of a damping seiche obtained
for a light wind.

Ashinoko. This seems to be caused mainly
by the shallowness of the Ushigomebori Moat
relative to its length.
4. Wind set-up
When the wind stress exerted on the water
surface has a form
Tx

ts(x)= pgh]%k— H sin I az

1)
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Equation (4) gives the wind set-up
__2HTik

T

From Equations (5), (6) and (12), we have

S

T
2H——TlT;

The double-amplitude of seiches 2H becomes
#/T1k times a large as the set-up S. In the
case of the moat, we have 77=400sec (c.f.
Table 2) and £=9.2x107*sec™!, so that 2H
becomes 8.6.S. Hence the observation of the
amplitude of seiches seems easier than that of
the wind set-up in lakes or bays.

5. Resonated seiches

We assume that the seiches are generated by
co-oscillation with the wind stress. According
to Equation (11), the amplitude of seiches be-
comes

- paLW'oz‘leoF(a)
N oghTik
_ 8 W,
where Fla)=a(z+a) and a= 3 W

We put 0,=1.20x1073 g/cm?, p=1.00 g/cm?,
h=1.00x10%2cm, L=6.12x10%* cm, 71=400 sec,

La mer, Tome 11, N° 4 (1973)

£k=9.2x10"%sec™?, 7%,=2.0x10"3. The wind
speed observed at the one meter level is used to
get that at the 10 m level as mentioned before.
Now we take a time length 7'=1,200sec and
2n=20. Since T is 400sec, m becomes 3 in
Equation (9). We assume that the wind blows
parallel to the moat and its direction is not
changed in time. Since an error is inevitably
introduced in the reading of the W constituent
(whose period is 200 sec), this constituent is not
taken into account in the following calculations.
That is, the wind stress which generates the
resonated seiches is given by Equation (9).

6. The amplitude of seiches versus wind speed

Fig. 7 shows a result of the harmonic
analy&s of the wind speed when the uni-
nodal seiche motion was prevailed as well
as data of the seiches. The notation W means
the average wind speed, W3 means the oscil-
lation with a period of 400sec and H means
the amplitude of seiches obtained from Equation
(11). The amplitude in the time interval 16:10
~16:30, June 4, 1971 becomes fairly smaller
than the calculated value H. This may be
explained as follows; these seiches may be
generated before that time and they keep
relatively large amplitude in those time interval

fal A A

o Dec.2 '71 sw 14: 00~I5:Q0 Jun4’71 S NE[1530~16:30
o 6r TANANWAN /\ .
~ 4t \VARV FANVAN
£ 4 AAA JUUJ\/\/ SAAVARS
§ o ke—20min—

T

l

Iem
o Jan.23'71 | NE eo Jul.l6 '71 16:00~17:00
w 6 T
Eihapa A AAAS N AN
s [V UN N ~ VU UAAA
s o Wo lcm 12:00~13:00 WAY.S

Obs.

Fig. 7.

Results of the harmonic analysis of the wind speed

when the uni-nodal seiche motion.

12)
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without full damping effect. Since the seiches
in the time interval 16:00~16:20, July 16, 1971
was generated during a heavy thunderstorm,
as mentioned before, it may be expected that
a front line had passed over the moat, which
could give rise to the reversal of the wind
direction and to the atmospheric pressure dif-
ference at the both edges of the moat in those
time interval. Hence the theoretical values are
considered in fair agreement with the observed
results, except in the above-mentioned cases.
In the moat, consequently, the seiches seems
to be mainly generated by tke cc-cscillaticn
with the wind stress.

The relation between the amplitude of seiches
and the mean wind speed over 30 min is shown
in Fig. 8. The double-amplitude 2H is plotted
against the mean wind speed with the signs
O and @, respectively. The solid lines indicate
the theoretical curves based Equation (11). As
shown in these theoretical curves, the values
of 2H are very small for a light wind and
much larger for higher wind speeds. Now on
paying attention to the intersections of the
theoretical and broken lines, a characteristic of
the wind over the moat may be seen as follows:
The W, constituent, the period of which is
equal to that of seiches in the moat, is nearly
the same value for a light wind and the ratio
Ws/Wo becomes much smaller with higher
wind speeds. The wind in general seems to
fluctuate to a great extent about its mean values
for a light wind, while the fluctuation seems
to be smaller for higher wind speeds. When

the wind blows parallel to the moat and does
not change its direction, the ratio of W3/W
is generally smaller than the unity. Hence in
Fig. 8, the data of the amplitude of seiches,
shown by sign @, seem to be caused by dis-
turbances such as the change of the wind
direction, the pressure difference at the both
edges of the moat and some others. The authors
like to study on these kind of seiches in future.

30

20

Double-Amp., mm

0 2 4 6 8

Wind Speed , M/sec

Fig. 8. The amplitude of seiches versus
wind speed.

Table 2. The observational data of Wo, Wi, 2Hons. and the calculated values 7%
In the table Wo and W3 means the wind speed at the level 10 m.

Date Interval of obs. Wo (m/sec) Ws (m/sec) 2 Hops. (cm) 72
Dec. 2,70 14:20~14:40 4.18 0.89 0.45 0.0017
Jan. 22, °71 15:20~15:40 3.65 1.09 0.59 0.0019
Jan. 23, ’71 12:20~12:40 5.07 0.99 0.78 0.0020

12:40~13:00 5.68 0.73 0.90 0.0052

13:00~13:20 6.43 1.05 0.90 0.9015

Jan. 29, 71 13:00~13:20 3.92 0.98 0.38 0.0014
Jan. 31, ’71 11:30~11:50 3.00 0.97 0.55 0.0023
Feb. 6, ’71 16:45~17:05 4.39 0.56 0.41 0.0028
Tun. 4, 71 15:30~15:50 7.49 1.75 1.62 0.0016
Jnl. 16, °71 16:20~16:40 5.48 1.28 1.09 0. 0022
Mean 0.0023
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Table 3.

The calculated values of ¥ and v in Ushigomebori Moat.

Frictional coeff.

Kinematic viscosity v (c.g.s.)

1
k (sec™) In case of 75=0 In case of up=0

Ushigomebori Moat 9.2x10™* 3.5x10° 4.6

Lake Ashinoko 1.9x107? ~10° 1~10

7. Drag coefficient
The theoretical values 72 is obtained from
Equation (10), as

9 pgthkH
T LW F (@)’
8 Wi
where Fla)=a(2+a) and a= 3 W

The observed data Wy, W3, 2Hops. and the
values 7?0 calculated from Equation (10) are
shown in Table 2. A detailed discussion on
7%10 is out of the scope, as mentioned before.
However, the mean value of the 72,,=2.28
x107% is in good agreement with the values
7%0=(1.520.8) 1073 which is often used for
lower wind speeds.

8. Kinematic viscosity

Now we assume the damping of the seiches
is entirely caused by the kinematic viscosity
instead of the above-mentioned friction and
calculate coeflicient of the kinematic viscosity
v by means of the same method as that used
by SuzUKI (1226) for Lake Ashinoko. Table 3
compares the kinematic viscosity in the moat
with that in Lake Ashinoko. The kinematic
viscosity is calculated in the following two cases;
one is for the free-slip bottom (z;=0) and the
other is for the non-slip bottom (#,=0). The
value becomes 3.5X10° c.g.s. in the former case
and 4.6 c.g.s. in the latter case. The kinema-
tic viscosity which is obtained from data on
the ocean current might be between 1c.g.s.
and 10%*c.g.s. Hence the damping in the Ushi-
gomebori Moat may be explained more reason-
ably by the non-slip bottom condition.

The amplitude of the resonated seiches includ-
ing the effect of the kinematic viscosity is
calculated according to HIDAKA (1935) as
follows; when the water does not slip at the
bottom, it becomes

che Lo VT \/cosh g—cosg {2nt

Togh cosh g+cos ¢ T
B (27r tan-! sinh g+sin ¢ >}COS Tx
sinh g—sin ¢ L’

. 2mt . Twx Drh?
where 7s=1¢sin ——sin and

T, "L TN o
2L
vV gh'
In our case A=1.0x102cm, 7,=400 sec and

r=4.6c.g.s., so that ¢ is equal to 4.1. There-
fore, the maximum amplitude will be

1=

Lt
Togh

C*Max = x6.0 .
On the other hand, from Equation (6),
amplitude of the variable wind stress zo becomes

to=p9T1khH/L.
Hence,

__Leo T
- Tlpgh T1k :

Substitution of Equations (14) and (15) into
(13) gives

C*Max:O-70 € Max.

Consequently, the theoretical values of the
amplitude of the resonated seiches with effect
of the kinematic viscosity are in fair agreement
with that obtained with the assumption that
the friction is proportional to the velocity.

5. Conclusion

The Ushigomebori Moat is located in front
of Science University of Tokyo (Faculty of
Science). The moat is considered to be a model
basin suitable for making researches in seiche
motion because of its geometry. Then the
observations of seiches in the moat have been
carried out almost every day since September

C14)
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1970. The authors have made a short quanti-
tative discussion on the seiches from the ob-
tained data. It is as follows:

(1) If the damping of the amplitude of seiches
is assumed to be mainly caused by the effect
of the internal friction, proportional to the mean
velocity of the water particle, the frictional
coefficient £ is given by 9.2x107*sec™! on the
average.

(2) 1If the seiches are generated by the co-

oscillation with the wind stress in the form of
2t . =

Ts=7To Sin —— sin —x, and subject to the above-
T1 L

mentioned {riction, the calculated amplitude of

seiches agrees well with the observation.

(3) The drag doefficient 72y is also calculated
from the amplitude of seiches. It is 2.3x 1073
on the average.

(4) On assuming that the damping is entirely
caused by the kinematic viscosity, the coef-
ficient of the kinematic viscosity is calculated
for the non-slip and free-slip bottom. The
coefficient of the kinematic viscosity becomes
3.5x10%c.g.s. in the former case, 4.6c.g.s. in
the latter case.

(6) The theoretical values of the amplitude
of the resonated seiches with the effect of the
kinematic viscosity are in fair agreement with
that with the effect of the internal friction.

Consequently, the moat may be regarded as
an appropriate basin for making a study of
seiches from the view point of the momentum
transportation from air to water. The authors
will carry out more accurate observations, with
emphasis on the wind profiles, to have some
insight into the mechanism of the air-water
interaction.
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Effects of Slag on Aquatic Life*

Yunosuke IITAKA**, Ryohei TSUDA**, Tsutomu MORINAGA**
and Hidemi KUMATI***

Abstract: In order to obtain some knowledges of slag influence on aquatic life, a series of
experiments was-made. - First;  the-aquatic. life. adhesion to or gathering around the iron slag
dropped in the sea were observed. Further, fish breeding was made in the containers either
with or without slags. Finally, the growth rate of zooplankton, rotifer, and the survival
rate of fish eggs and larvae were studied. The results showed minor effects on the aquatic

life. The aquatic organisms adhered or gathered around slags immediately after dropped in
the sea (Table 3 and Figs. 1 and 2). The growth rate of fish in containers containing slags

was better than that of without (Figs. 3 and 4).

egg or larva were not clear.

1. Introduction

Recently, slag is introduced extensively to
utilize as the constructional materials for dikes
and coast. It is, therefore, very important to
know the effects of slag on aquatic life. It is
well-known that slag is effective for fertilization
of farms. Nevertheless there is no report
describing the influence of slag on aquatic life.
The authors thus intend to discuss this problem
in the present paper.

The results obtained for a rotifer and fish

The present study was supported by a re-
search fund from the Japan Slag Association,
Osaka, Japan.

2. Slag used

The slag used was the iron slag offered by
Wakayama Slag Industry Co. Ltd., which was
classified into four sized-groups as shown in
Table 1.

Table 1. Various sized-groups of slag used.

Sized-group I
Size (Diameter in mm) 0-5
Specific gravity 2.58

II II1 X
5-25 25-40 150-300
2.57 2.57 2.47

And, its chemical components are illustrated in Table 2.

Table 2. Chemical components of slag used.

SiOq Al Os C.O F.O
33.5 14.5 41.5 0.4

MO S MaO TiO;
5.1 0.9 0.9 1.6

3. Adhesion and gathering of aquatic life on
slag in sea
This experiment was made in the bay of
Uragami, Wakayama. Several cubic steel meshed

* Received August 10, 1973
** Department of Fisheries, Kinki University
***% Uragami Fisheries Experimental Station, Kinki
University

Data: from Wakayama Slag Industry Co. Ltd.

baskets, which contained some volumes of slag
of sized-group X, were dropped at the 1.0, 3.0
and 5.0 m depth layers in the bay, on June 23,
1971, respectively.
baskets containing some stone or brick were
also set at the corresponding layers. The
dimension of a basket was 35 by 50 by 40 cm
length. After dropping, the appearance of

For comparison, similar

C17)
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Table 3. Species found in- and outside of baskets contained slags.

On the 48th day On the 128th day

Japanese parrot fish, Oplegnathus fasciatus . Japanese parrot fish, Oplegnathus fasciatus
Slimy, Leiognathus nuchalis Rudderfish, Girella punctata
Footballer, Microcanthus strigatus Filefish, Stephanolepis cirrhifer
Scraper, Navodon modestus Coralfish, Abudefduf vaigiensis
Boxfish, Ostracion tuberculatus Footballer, Microcanthus strigatus
Threeline grunt, Parapristipoma trilineatum Lembus rudderfish, Kyphosus lembus
Filefish, Stephanolepis cirrhifer Small crab
Sea lettuce Small shrimp
Acorn shell Sea lettuce
etc. Sea squirt

Acorn shell

etc.

adhesion or gathering of aquatic life on slag,
stone or brick was observed and recorded by
human eyes and camera using an aqualung.
According to the divers, the aquatic life
adhered to and gathered around slags immedi-
ately after dropping, and rather rapidly than
stones or bricks. Table 3 shows the list of
fish species found inside and outside of baskets
contained slags on the 48th and 128th days.
Fig. 1 is the appearance of slags dropped at
3.0m depth layer for 128 days. Fig. 2 is the
species collected in one of the baskets contained

slags, left on the 306th day after dropping. Fig. 1. Appearance of slags on the 128th day
after dropping at 3.0 m depth layer.

. o

. o .
Fig. 2. Fish collected in one of the baskets with slags, on the 306th day after dropping.
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4. Fish breeding in containers contained slags

This experiment was made in laboratory
from August 4 to November 24, 1971. Prior
to the experiment, four containers of 60 by 30
by 40 cm in length were prepared. Some slags
of sized-group I, II and III, of which the
weights of 5kg each, were paved on the bottoms
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Fig. 3. Mean total lengths of fish during
the experiment.
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Fig. 4. Mean body weights of fish during
the experiment.

of the three containers, respectively. At the
bottom of the last container, for comparison
purpose, some pebbles of the same weight, 5 kg
was placed. The fresh water of 60/ with ten
fish of rose bitterling, Rhodeus ocellatus ocellatus
was introduced into each vessel. The breeding
conditions were the same at all containers.
The water temperature was controlled as that
of the room temperature, 17 to 25°C. The air
of 750 m/ per minute was circulated into each
container. The pH values were not different
in all containers and maintained within 8.5 to
7.2. ‘Ttomimizu-s’, Tubifex hattai of 500 mg in
weight per day were given into each container
as food. During the experiment, the mortality
of fish of each container was zero. The results
are shown in Figs. 3 and 4. Fig. 3 shows the
change in the mean total length of fish of each
container during the experiment. Fig. 4 indi-
cates the change in the mean body weight of
fish by each vessel.

From the above results, it is evident that the
growth rate of fish kept in the containers
contained slags was better than pebbles. There
was insignificant difference in sized-groups of
slag, except for the sized-group of III in body
weight changing.

5. Culture of zooplankton, rotifer, in con-

tainers contained slags

The rotifer, Brachionus plicatilis was chosen
in this experiment and its culture was conducted
by using marine chlorella as food. At first,
on the bottoms of five containers prepared,
slags of sized-group II of 100, 300, 700 1,500
and 3,000 g weight were paved, respectively.
Next, the chlorella, density of 17,000 cells per
m/ and the rotifer, density of one individual
per m/ were introduced together into each
container with 30/ water. For comparison,
one container without slag was also prepared,
with the same density of chlorella and rotifer
as mentioned above. The densities of chlorella
and rotifer in each vessel were checked at a
specific time. After stirring the culture con-
tainer vigorously, ten samples were pipetted
with minimal from the culture container and
then the averages of chlorella cells and rotifer
individuals per one ml were checked. During
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Fig. 5. Temperature and pH value of each

container, during the experiment.

the experiment, the air of 1,500 m! per minute
was continuously circulated into each container.
The temperature and pH value of water in
each vessel were also observed at the same
time. The results are given in Figs. 5, 6a and
6b. Fig. 5 shows the changes in temperature
and pH value at a definite time of each con-
tainer. Fig. 6a and Fig. 6b indicate the changes
in the densities of chlorella and rotifer in each
container.

Fig. 5 shows that the temperature and pH
value lied within 27 to 23°C and 10.5 to 7.5
in all vessels. There was no statistical signifi-
cant. From Figs. 6a and 6b the number of
rotifer density increased during the first 8 days
and gradually decreased due to the insufficient
supply of chlorella. As far as the effect of
slag concerned, it can be said that the growth
rate of rotifer is depending upon the amount
of slag. The great amount of slag retards the
growth rate and in vice versa.

6. Survival of fish eggs and larvae in con-
tainers contained slags
In this experiment, the normal fertilized eggs
of Japanese parrot fish, Oplegnathus fasciatus
were used. Two 500/ containers, one con-
taining slag of 2kg, were prepared. In this
experiment, slag was suspended in water. The

- 20, 00¢

S TR VU ERS RS TR &
Culture Days
Fig. 6a. Densities of chlorella and rotifer in four
experimental slag containers, from 0, 100,
300 and 700 g, during the experiment.

. A( 2 ..

A J

g poasion oo
1 2 304 05 6 7 83 9l 113 KIS

Culuure Days

Fig. 6b. Densities of chlorella and rotifer in
three experimental slag containers, from 0,
1,500 and 3,000 g, during the experiment.

normal fertilized eggs of 10,000 were introduced
into containers obviously, without feeding. The
aeration of 510 m/ per minute was continuously
pumped into each container. The water temper-
ature and pH value in each vessel were be-
tween 21 to 25°C and 8.6 to 8.2 throughout
the experiment. The eggs introduced were
hatched out from 30 to 40 hours. The number
of terminated eggs and larvae, thus was counted
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Table 4. Numbers of terminated eggs and larvae, and measurements of
total length (TL) and body depth (BD) of alive larvae.

With slag Without slag
Temp. Numbers of Larval Temp. Numbers of Larval
Day Ce pH term. eggs size, mm o pH term. eggs size, mm
and larvae TL BD and larvae TL BD
Suc. t. Suc. t.
1 21.4 8.55 913 21.6 8.55 1227
2 22.1 8.40 97 1010 2.08 0.74 22.0 8.40 136 1363 2.12 0.73
3 22.3 18 1028 22.3 1 1364
4 22.4 12 1040 22.4 13 1377
5 22.0 8.41 11 1051 22.1 8.41 9 1386
6 21.8 44 1095 3.11 21.8 26 1412 3.12
7 21.5 8.41 51 1146 21.5 8.41 57 1469
8 21.9 914 2060 21.9 1307 2776
9 22.2 823 2883 22.2 1722 4498
10 22.1 8.39 720 3603 22.1 8.39 1263 5761
11 21.9 661 4264 3.56 0.79 22.0 590 6359 3.35 0.63
12 22.4 449 4713 22.4 243 6594
13 21.7 8.30 97 4810 4.33 0.82 21.8 8.32 105 6699 3.94 0.73
14 20.9 87 4897 20.9 85 6785
15 20.8 8.40 122 5919 4.24 0.90 20.8 8.39 144 6929 3.98 0.77
16 21.4 105 5124 21.5 164 7093
17 21.7 8.40 20 5144 4,11 0.80 21.6 8.30 207 7300 3.73 0.75
18 21.7 5 5149 22.1 166 7466
19 22.1 8.49 14 5163 4.59 0.95 22.2 8.42 237 7703 4.50 0.89
20 22.3 15 5178 22.6 74 7777
21 23.0 8.37 18 5196 24.5 8.45 144 7921
22 24.5 6 5202 24.8 184 8105
23 25.1 0 5202 5.99 1.33 24.9 0 8105 4.34 0.83
24 0 5202 24.8 0 8105
25 8.25 12 5214 8.23 128 8233
Within 25 days,
Total term. eggs
and larvae 5,214 8,233
Alive 258 0
Unknown 4,528 1,767
Eggs introduced 10, 000 10, 000

Temp.: temperature, term.: terminated, TL: total length,

BD: body depth, Suc.t.: successional total

at a certain time every day. When the ex-
periment was completed, eggs in the container
without slag were all terminated. During the
experiment, the total length (TL) and body
depth (BD) of alive larvae were measured and
compared. The results are tabulated in Table 4.

It is evident from Table 4 that the survival
rate of eggs and larvae in container with slags
was slightly better than container without slags.
The total length and body depth of alive larvae
were also better in the vessel contained slags.

7. Discussion and conclusion
From the results of the experiment, the
following conclusions are derived;
(1) the aquatic life adheres to gathers around
the iron slag immediately after dropping in
the sea (Table 3 and Figs. 1 and 2),
(2) the growth rate of fish reared in the
containers contained slags is slightly better
than that of without slags (Figs. 3 and 4),
(3) the survival rate of eggs and larvae, and
the growth rate of alive larvae are slightly
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better in the vessel contained slags than the

container without slags (Table 4), and

(4) the increasing or decreasing of growth

rate of the zooplankton, rotifer, is considered

depending upon the amount of slags supplied

in the containers (Figs. 6a and 6b).
These may, generally, lead to the conclusion
that the effect of slag on the aquatic life is
fairly good. The authors, however, suggest
that the experiments mentioned above might
have been carried out with sufficient aeration.
Conducting the experiment with insufficient
aeration, may yield in poor results, due to
some undesirable substances gushed from slags
absorb oxygen quantity in water. This is
resulted in Figs. 6a and 6b.
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Compte rendu

The Biology of Aquatic Chitinoclastic Bacteria
and their Chitinolytic Activities*

Mary A. HooD** and Samuel P. MEYERS**

1. Distribution of chitinoclastic bacteria

Pelagic region. Chitinoclastic microorgan-
isms have been isolated from numerous en-
vironments: fertilized garden soils, lake waters,
plankton, exoskeletons of insects and crusta-
ceans, intestines of both vertebrates and inver-
tebrates, muds, and sands (as reviewed by
VELDKAMP, 1955; and BENTON, 1935). The
marine environment, which is rich in chitinous
material, is an excellent source of chitinoclastic
bacteria.

The initial, most notable study conducted in
the pelagic zone or deep marine waters, was
that of ZOBELL and RITTENBERG (1938). A
very uneven distribution of chitinoclasts was
found in the sediments off the California coast
This lack of uniformity was attributed to
random distribution of substrate particles and
substrate affinity or colonization of the bacteria.
The most abundant biomass (103 cells/g) was
in the topmost sediment layers; concentrations
of the bacteria decreased with core depth. No
relationship was noted between bacterial bio-
mass and depth of the overlying waters or
distance from the mainland. Coarse sedimen-
tary material, such as sands, supported the
largest number of chitinoclastic microorganisms,
due to a ‘‘concentration of the particles by
the sorting action of sedimentation forces.”
Within these waters and muds only 0.1 to
1.0 % of the total bacterial biomass were chiti-
noclastic.

* Received September 28, 1973

** Department of Food Science, Louisiana State
University, Baton Rouge, Louisiana 70803,
U.S.A.
This work is a result of research sponsored by
NOAA Office of Sea Grant, Department of
Commerce, under Grant 04-3-158-19.

VELDKAMP (1955) also noted that soil types
(terrestial) influenced the quantity of chitin
decomposers. Highest concentrations of chiti-
noclasts were detected in acid sandy soils. In
these soils, actinomycetes formed the largest
part of the total chitinoclastic populations.
Hock (1940) reported similar results in the
Woods Hole area. Mud core samples from a
depth of 878 m showed a concentration of 1.3
% 10? cells/g at the water-sediment interface.
At a depth of 5cm below the surface of the
sediment, the number of chitinoclastic bacteria
decreased to 5 cells/g. However, one mile
offshore in five fathom waters, 1.5x10? cells/m!/
were found, further indication of the somewhat
inconsistent pattern of distribution of chitin
utilizers in pelagic waters. Similarly, LEAR
(1963) demonstrated the scarcity of chitin de-
composers in waters deeper than 1,000m off
the coast of California but noted a correlation
between the abundance of the bacteria and
depth. All samples showed less than 5.0x10?
cells/ml; as depth of the water column de-
creased, the quantity of cells decreased pro-
portionally. BIANCHI (1971) also found a
scarcity of chitinoclasts in the deep sediments
of the Mediterranean Sea. Of the 90 samples
examined, only 10 revealed chitin decomposers:
one of the samples, however, contained 2.4X
10¢ cells/g.

One of the most comprehensive studies
dealing with chitin utilizers is contained in a
series of papers by SEKI and associates. SEKI
and TAGA (1965¢) conducted microbiological
investigations in Sagami Bay, whose surface
waters (100 m deep) originate from the neritic
or coastal zone and the Kuroshio current.
The intermediate waters (below 100m and
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above 1,000m) are derived from the Oyashio
undercurrent, while the deep bottom waters
(below 1,000m) represent waters from the
Pacific Ocean. Each water mass had a charac-
teristic quantitative and qualitative distribution-
al pattern of chitinoclastic bacteria. The sur-
face waters contained an average of 1.0-2.0X
10® cells/m! with the concentration of the
bacteria decreasing to a depth of 200m. From
the intermediate waters, a maximal bacterial
biomass was noted at 600 m, but chitin decom-
posers could not be detected in the bottom
layers. The percentage of chitinoclasts within
the total micro-biota decreased with depth,
i.e., the upper layers contained the highest
percentage of chitinoclasts while the lower
masses contained less. The abundance of the
chitin decomposers also varied with tempera-
ture. A ten-fold increase was noted from
February to May when water temperatures
were an average of several degrees higher than
during the winter months. In contrast, a two-
fold increase was observed in the intermediate
waters where temperatures showed consider-
ably less variation.

Along with a distinct biomass of chitino-
clasts within each water mass, characteristic
species were identified. These included Bene-
ckea lipophaga, B. hyperoptica, B. idolthetica
and B. chitinovora. B. lipophaga appeared to
dominate in the surface waters during the
summer, while B. hyperoptica was prevalent
during the other months. B. hyperoptica and
B. indolthetica appeared in the upper inter-
mediate waters, while B. hyperoptica con-
stituted the sole Beneckea species of the deeper
intermediate waters. SEKI and TAGA (1965c¢)
also identified the plankton of the waters and
noted distinct species within each layer. The
data suggested that certain bacterial types were
associated with specific plankton.

Neritic region. Within the shallow waters
of the coastal zone the abundance of chitino-
clastic bacteria is noticably greater than in the
open ocean. CHAN (1970) disclosed high con-
centrations of chitin utilizers, comprising
slightly less than 10% of the total biota, in
seawater and sediment from the Puget Sound
estuary. Sediments from deep subtidal, inter-

tidal, and freshwater sites contained 2.0x10*
cells/g, 6.8x10* cells/g, and 3.7x10% cells/g,
respectively. Similar to data from the pelagic
region, the greatest concentrations of chitin
decomposers were at the surface of the sedi-
ments with chitinoclastic bacteria decreasing
with sediment depth. Surface waters averaged
2.5x 102 cells/m! while bottom waters exhibited
fewer cells, 2.0x10%/m/. Seasonal variations.
were not apparent at deep sampling stations
but in shallow areas, microbial biomass cor-
related with temperature.

In the neritic waters of Aburatsubo Inlet,
SEKI and TAGA (1963a) found that only 0.4 %
of the total heterotrophic bacteria were chitino-
clastic. No attempt was made to explain this.
unusually low concentration of chitinoclastic:
microorganisms. It was observed, however,
that a considerable number of the bacteria
were attached to living copepods, and a cor-
relation was postulated between the percentage
of chitin decomposers and planktonic crusta-
ceans within the water column. Although the
populations of bacteria on plankton and sus-
pended matter showed little variation, a slight
increase was noted during the summer and
autumn months, probably related to a rise in
temperature. An inverse relationship was also
observed between the chemical oxygen demand
(COD) and the percentage of chitinoclasts
present. Five species of Beneckea comprised
the biota. Beneckea lipophaga predominated
in summer and B. hyperoptica appeared in
winter and early spring. B. indolthetica and
B. chitinovora were always found in associa-
tion with plankton or suspended matter
throughout the year, but dominated in late
spring and autumn. B. labra was the least
abundant of all the species.

In order to elucidate the ecological factors.
affecting the distribution of chitinoclastic bac-
teria, SEKI and TAGA (1965b), conducted a
series of investigations defining those conditions.
for bacterial survival. The optimum tempera-
ture for all strains, excluding B. chitinovora,
was 30 °C with cessation of growth at 40 °C.
However, the isolates demonstrated strong heat
resistance compared to other marine bacteria.
A temperature of 50 °C for 30 minutes was
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needed to achieve bactericidal effects. All
species exhibited a wide range of pH tolerance,
with an optimum between 7.0 and 9.0. Growth
was retarded below pH 7.0, while a pH of 4.0
stopped growth completely (SEKI and TAGA,
1963b). The bacteria proved to be strongly
resistant to ultraviolet light, i.e., almost four
times the amount of energy was required
compared with that necessary to kill the same
quantity of cells of Escherichia coli. All of
the aforementioned Beneckea species grew well
in a media containing 0.5 to 5.0 % NaCl; how-
ever, salinities of 12 9 stopped cell division,
and 259 NaCl caused death of all cells after
24 hours. A pressure of 200 atmospheres in-
hibited growth but pressures of even 600
atmospheres did not destroy the cells (SEKI
and TAGA, 1965b).

Distribution of chitinoclastic bacteria in the
Barataria Bay salt marsh environment (Hood,
1973) appeared to be related to factors of 1)
organic matter, 2) chitin deposition, and 3) to
a lesser extent, temperature. Highest concen-
trations of chitinoclasts (10° cells/g sediment)
were observed in areas of high organic content,
i.e., the emerged marshland soil. The water
column contained the least number of chitino-
clasts (102-108 cells/m/). Peak bacterial biomass
occurred simultaneously with optimum numbers
of chitin-producing animals in the water column.
Species of the genus Beneckea comprised the
predominant bacterial biota, although within
the marshland soil a much greater diversity
of species was found. Large concentrations of
chitinoclasts were associated with the intact
exoskeleton and the digestive tract of penaeid
shrimp. The function of the bacteria in the
shrimp digestive tract is possibly that of enzyme
production (chitinase) and elaboration of growth
factors. Bacteria ingested by the animal may
also provide a direct food source.

Association of chitinoclastic bacteria with
aquatic animals. It is becoming increasingly
evident that chitinoclastic bacteria are closely
associated with certain marine invertebrates.
Various reports suggest a commensal or sym-
biotic relationship between these microorga-
nisms and plankters. SEKI and TAGA (1963a)
found considerable quantities of chitinoclasts

attached to living copepods within the water
colum. LEAR (1961) reaffirmed this phenom-
enon, suggesting that the external region of
plankters served as the locus for microbial
attachment. JONES (1958), using a radiolarian
species, demonstrated the annexation propensi-
ties of marine bacteria in general. The surface
of the radiolarian, Castanidin longispinum,
contained a one thousandfold increase in chitin
decomposers compared to the biomass of
chitinoclasts in the seawater. BUCK and
BARBAREE (1971) detected higher concentra-
tions of chitin utilizers within large copepod
species, than in the surrounding waters from
which the copepods were collected. These
Beneckea species were demonstrated to be
indigenous to the copepod and wére able to
reproduce within the crustacean under certain
conditions.

Several noteworthy disease-producing bacteria
are found within the chitinoclastic - group.
These more widely studied organisms have
been detected in conjunction with zooplankton
and crustaceans. HEss (1937) reported a
disease of the exoskeleton of living lobsters
attributed to chitin decomposers. Chitinoclastic
bacteria have been suggested as the causative
agent of “brown spot’ in shrimp (SINDER-
MANN, 1971). A significant interaction has
been documented between Vibrio parahaemoly-
ticus, the causative agent of more than 70 %
of the food poisoning in Japan, and fish and
shellfish. This pathogen was identified in blue
crabs in Chesapeake Bay (KRANTZ et al.,
1969), commercial species of shrimp in the
Gulf of Mexico (VANDERZANT and NICKELSON,
1970), and oysters (BARTLEY and SLANETZ,
1971). Of the several confirmed incidents of
food poisoning in the United States, V. para-
haemolyticus was traced to steamed crabs in
Maryland (USPHS, 1971) and boiled shrimp in
Louisiana (USPHS, 1972). KANEKO and
CoLWELL (1973) found that concentrations of
V. parahaemolyticus and related species were
correlated with population dynamics of zoo-
plankton in Chesapeake Bay. The internal
bacterial biomass in the zooplankton remained
constant throughout the seasons whereas the

external bacterial populations varied with
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‘temperature, rising sharply during the summer
‘months,

It appears that both the external and internal
regions of marine animals offer an excellent
microenvironment for the proliferation and
survival of chitinoclasts. The concept of a
truly indigenous biota within the digestive
tract of fish and other aquatic animals is rather
controversial. LISTON (1957) noted a distinct
relationship between bacterial species and the
species of fish. In contrast, POTTER and
BAKER (1961) failed to find evidence of a con-
sistent biota in fish or any relationship between
species of fish and bacterial types. The ease
with which the bacteria were removed indicated
that the fish were only passive carriers of the
microorganisms. MARGOLIS (1953) regarded
the bacteria of fish to be a function of the
ingested food, finding that intestinal tracts of
non-feeding fish were virtually sterile. The
focal point of this problem seems to be centered
around the term ‘‘indigenous’. An indi-
genous biota does not necessarily imply that
only one or two species of bacteria will be
found consistently in a specified environment.
It does, however, suggest a restriction in bac-
terial types for, obviously, certain bacteria are
more suited to a specific microenvironment
than to others.

The microbiota of the digestive tract of
marine fish as well as plankton were shown
to have a distinct generic composition, i.e.,
Vibrio and Aeromonas (AISO et al., 1968);
and had complex nutritional requirements,
many hydrolyzing chitin. A microbiota con-
sisting of a large percentage of chitinoclastic
bacteria, sometimes exclusively chitinoclasts,
has been reported for both marine invertebrates
and vertebrates. For example, CHAN (1970)
noted 1.0x107 chitinoclastic cells/g in the
intestines of numerous species of fish from the
Puget Sound estuary. Similarly, in the diges-
tive tracts of the Japanese sea bass, OKUTANI
(1966) recorded 1.7x10*/g chitin degraders
within the stomach contents, 5.4 to 1.6x107
cells/g within the intestines, and 2.3x107
cells/g within the pyloric caeca. In the
stomach and intestines of yellow tail, chitino-
lytic bacteria were at concentrations of 2.0X%

10* and 1.4 x10° cells/g, respectively (OKRUTANI
et al., 1967a). The intestines of octopus, squid
and swell fish contained 1.5x10° cells/g, 4.3
x10% cells/g, and 4.4x10% cells/g, respectively
(SEKI and TAGA, 1963d). In addition whales
were shown to contain chitinoclasts in their
digestive tracts (SEKI and TAGA, 1965a).

Since the microenvironment of the digestive
tract of marine animals is characterized by a
restriction in bacterial species and a high
microbial biomass, the question arises as to
the function of these bacteria. Are these
organisms coexisting in an active ‘‘ partner-
ship >’ or does the relationship involve a passive
incorporation, wherein the endosymbionts are
merely ingested? Unfortunately, little con-
culsive information is available on the role of
such microorganisms, although several functions
have been suggested: 1) the bacteria provide
a direct food source, and 2) the organisms
provide growth factor, i.e., vitamins, secreted
by-products from cellular respiration, and
products resulting from breakdown of sub-
strates by bacterial enzymes (ALEXANDER,
1971).

It has been well established that bacteria serve
as food for protozoans (LUCK et al., 1931).
ZOBELL and FELTHAM (1938) demonstrated an
analogous situation in higher invertebrates as
well.  Mussels, Mytilus californianus, when
submerged into a suspension of bacteria, re-
moved large quantities of cells, rejecting some
as pseudo-feces but ingesting most of the cells.
Likewise, the ingestion of bacterial cells was
observed using oysters. Bacteria in different
stages of lysis were noted in the stomach
content of the mussels and oysters. Using 31
strains of bacteria as the exclusive component
of the diet, the mussels survived and gained
weight. The waters in which the mussels
lived, however, had to be changed often due
to the accumulation of toxic bacterial metab-
olites. Similar results were obtained when
bacteria were fed to the sand crab, Emerita
analoga, although the sand crabs showed a
more sensitive reaction to high quantities of
bacteria than did the mussels. Sipunculid
Gephyrean worms, Dendrostroma zootericola,
failed to grow on a bacterial diet but main.
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tained their initial weight. Concomitant with
these studies, extracts of the digestive enzymes
from the aforementioned animals were able to
lyze a number of species of bacterial cells.
In summation, ZOBELL and FELTHAM (1938)
concluded that the abundance of bacteria in
marine sediments provided an important sec-
ondary food source or even an exclusive food
source for bottom feeders.

Other workers reported similar data. MAC-
GINITE (1932) supplying a Pseudomonas species
to the bottom feeder, Urechis caupo, observed
excellent growth. BURKE (1933) found devel-
opment of larval stages of the frog, Rana
pretiosa, on a bacterial diet comparable to that
on a controlled diet. Recently, CONDREY et
al. (1972) demonstrated that diets of diatoms
plus bacteria gave greater feeding efficiencies
in penaeid shrimp than diets without bacteria,
supporting the theory that bacteria act as an
important supplementary food.

Unfortunately, it is much more difficult to
establish any specific relationship between a
bacterial ‘‘ probiotic’’, or growth factor, and
a higher animal. Such relationships as those
of rumen bacteria (HUNGATE, 1960) and insect
microorganisms (STEINHAUS, 1960) have been
well studied, but very little information is
available concerning the interactions of micro-
organisms and marine animals. Certain amino
acids (VELDKAMP et al., 1963), vitamins and
coenzymes (WILSON and PARDEE, 1962), poly-
saccharides such as dextrans and levans (WIL-
KINSON, 1958) and other probiotics (LILLY and
STILLWELL, 1965) ‘“are produced by hetero-
trophic microorganisms in excess of their needs
and released as extracellular products to the
environment.”” May investigations, however,
failed to isolate the probiotic produced by the
microorganism or to show the effect of the
growth factor on the animal with which the
bacteria is associated.

In an effort to define the role of the chitino-
clastic bacteria within the digestive tracts of
marine invertebrates, SEKI and TAGA (1963e)
calculated the maximum theoretical value of
bacterial chitinase activity in the octopus,
Polypus vulgaris, the squid, Loligo edulis, and
the marine fish, Canthigaster rivilatus. Having

determined the number of chitin decomposers:
present in the digestive tract, the amount of
chitin the microbial population could degrade
under ideal conditions, the amount of chitin
in the diet of the invertebrates, and the resi--
dent time of the substrate in the tract, the
value obtained was a mere 3x107* mg of chitin
decomposed/cubic centimeter of digestive tract.
This negligible quantity, 0.003 to 0.0008 %,.
suggested that the bacteria do not produce
enough enzyme to significantly degrade chitin.

2. Taxonomy of chitinoclastic bacteria

BENECKE (1905) was one of the first to de--
scribe a bacterium, Bacillus chitinovorous,
which utilized chitin. There are numerous
investigations concerning non-marine chitino-
clastic microorganisms representing a variety
of genera such as Flavobacterium, Chromo-
bacterium (VELDKAMP, 1955), Bacillus (BAXBY
and GRAY, 1968) as well as actinomycetes of’
the genera Micromonospora, Streptomyces, No-
cardia (VELDKAMP, 1955) and fungal species.
(GRAY and BELL, 1963; LEOPOLD and SEICHE-
VTOVA, 1967; OTAKARA, 1964). The following
discussion, however, will concern only marine
bacteria (MACLEOD, 1965).

ZOBELL and RITTENBERG (1938) isolated
thirty-one chitin utilizers from marine sources
but did not attempt to classify them, although
two species were tentatively assigned Vibrio
species. HoCK (1941) described the species,
Bacterium chitinophilum and Bacterium chitino--
chroma, but failed to mention flagella type, an
important criterion for later reclassification.
Gram-negative chitin decomposers, fermenting-
glucose with the production of acid but no
gas, were isolated by CAMPBELL and WILLIAMS
(1951). The polarly flagellated strains were
placed in the genus Pseudomonas, while those
with peritrichous flagella were included in the
genus Those assigned to
Pseudomonas, however, were placed in an un--
satisfactory group since this genus is restricted
to bacteria having an oxidative metabolism

Achromobacter.

The new
species described and assigned to Achromo-
bacter were subsequently placed into a newly-
created genus Beneckea (BREED et al., 1957)..

rather than a fermentative one.
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OKUTANI (1966) described and proposed the
name of six chitinoclasts from the digestive
tract of marine fish as follows: Vibrio gerris,
V. orphus, V. labrakos, Aeromonas skiaina,
A. chitinophthora, and Alginomonas channe.
Other chitin utilizers isolated were similar to
those previously named: V. piscium (BREED
et al., 1957), V. anguillarum (SAKAZAKI et al.,
1970), V. parahaemolyticus (SAKAZAKI et al.,
1963), Aeromonas liquefaciens, A. punctata,
A. hydrophila (BREED et al., 1957), Bacterium
chitinophilum (HOCK, 1941) and B. Ilepidor-
thosae (CAMPBELL and WILLIAMS, 1951).

Six isolates from Japanese waters were clas-
sified as Agarbacterium, Beneckea and Pseu-
domonas (KIHARA and MOROOKA, 1962). SEKI
and TAGA (1963a) described thirty-nine strains
of chitinoclastic bacteria using Bergey’s scheme
(BREED et al., 1957). They also isolated species
similar to V. alopsis, first described by ZOBELL
and UPHAM (1944), and Pseudomonas cryothasia
(CAMPBELL and WILLIAMS, 1951). CHAN
(1970) separated the chitinoclasts from Puget
Sound estuary into the following genera:
Vibrio, Pseudomonas, Cytophaga, Aeromonas,
Photobacterium, and Streptomyces. He reported
‘the abundance of Vibrio species, similar to V.
marinus (redefined by COLWELL and MORITA,
1964) and V. gerris. V. alginolyticus, also iso-
lated, was first named Oceanomonas alginolyticus
by MIYAMOTO et al. (1961) but SAKAZAKI
(1968) designated it as a second biotype of V.
parahaemolyticus and gave the organism its
present name.

Upon examination of the criteria for separa-
tion of marine Vibrio, Pseudomonas, Beneckea,
and Aeromonas it becomes evident that little
difference exists using classical = techniques.
Vibrio is defined in Bergey’s Manual (BREED
et al., 1957) on the basis of cell curvature and
flagellation. The genus is restricted to polarly
flagellated oxidase positive, curved rods which
are faculatively anaerobic and ferment glucose
with acid production but no gas. DAVIS and
PARK (1962) noted the subjectivity of using cell
curvature as a criterion and expanded the
genus to include straight rods. Aeromonas
consists of oxidase positive, facultatively anaer-
obic polarly flagellated or non-motile, straight

rods fermenting glucose with or without the
production of gas (EDDY, 1960). To distinguish
the two genera, molecular techniques are re-
quired. Aeromonas contains 50 to 60 moles
ratio GC (DNA base composition) (HILL, 1966),
while Vibrio has 40 to 50 moles ratio GC
(CoLWELL, 1970). Beneckea is composed of
peritrichously flagellated, facultatively anaer-
obic straight rods of marine origin which de-
compose chitin and ferment glucose with the
production of acid but no gas (BREED ez al.,
1957). ALLEN and BAUMANN (1971) have
shown that flagellation within Beneckea species
may vary with cultural conditions, exhibiting
peritrichous flagella when grown on solid
medium but having a single, polar flagella
when grown in liquid medium.

In taxonomic studies of marine bacteria,
BAUMANN et al. (1971) re-evaluated the clas-
sification of the gram-negative rods of marine
origin capable of fermenting glucose without
production of gas. Using classical biochemical
and morphological tests, DNA base composi-
tion, and numerical analysis, 145 strains re-
presenting Beneckea, Vibrio, Aeromonas, Pseu-
domonas, and Photobacterium were reassigned
to Beneckea, sensu BAUMANN. Although the
BAUMANN scheme has received criticism, it
represents an excellent attempt to group a
number of similar species of marine origin.

3. The rate of chitin degradation

It is difficult to discuss degradation of a
substrate in ‘‘ non-enzymatic’’ terms, particul-
arly if an enzyme system is the primary mech-
anisms by which the specified substrate is
decomposed. However, enzymes are limited
not only by their indigenous properties but
also by those factors which limit the growth
and development of the organisms which
elaborate the enzymes. For example, if an
organism produces an extracellular enzyme
whose cell-free characteristics include inactiva-
tion at pH 6-7, but the organism is neither
found in nature nor can survive at pH’s other
than 6 and 7, the enzyme, for all practical
purposes, is non-functional within that biolog-
It is with these considerations
in mind that the process of chitin degradation

ical system.
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is discussed.

Several papers, notably those of SEKI
{1965a,b) and SEKI and TAGA (1963c), have
attempted to determine the rates of chitin
‘mineralization in the ocean
Initially, pure cultures of the five predominant
chitinoclastic bacteria, all Beneckea species,
were grown in a chitin medium under condi-
tions approximating those in the sea. Total
bacterial growth and chitin removal were
simultaneously monitored. The rate of decom-
position obtained was 30 mg chitin/24 hours/
10 bacterial cells. Little variation in the rate
of degradation was noted with the bacterial
type, the initial concentration of bacterial in-
oculum, or the initial concentration of chitin.
“The surface area of the particle affected the
rate of decomposition inversely, i.e., the
smaller the particle, the more rapid the ma-
terial was broken down. Hydrostatic pressure
also affected the rate; a pressure of 200
atmospheres decreased the rate by 40%,. As-
suming that the average chitin particle in the
ocean is less than 0.033 cm, the rate of decom-
position in the environment was calculated as
27 mg/24 hours/g of chitin at 25 °C. The com-
plete mineralization of deposited chitin was
then postulated to occur within 38 to 67 days.

CHAN (1970) demonstrated that Vibrio species
from the Puget Sound estuary decomposed
chitin at a rate of 80-130 mg/hour/10'® bacterial
cells at 22°C or 19.2-31.2 mg/24 hours/101
cells. Using a simulated model seabed systcis,
LISTON et al. (1965) demonstrated a rapid loss
.of CaCQOj; initially from a chitin substrate
followed by a slower loss of protein and chitin.
‘The rate of chitin degradation with Puget
Sound sediment was 18.8mg chitin/day, but
with mixed coastal sediments it was 4.5mg
-chitin/day (LISTON et al., 1966). The carbon
conversion rate, however, was higher for
-offshore sediments, i.e., 48.4 9% compared with
10.7 9% for Puget Sound sediments. The dif-
ference was postulated to reflect dissimilarities
between the microbiota of the two environ-
ments.

In in wvitro studies, SEKI (1965b) revealed
-areas of higher chitin decomposition, i.e., 75
‘mg chitin degraded/30 days, just below the

environment.

water-sediment interface, than in the water
column or in the deeper sediment zones. Col-
lected cores of sediment from 2 to 10 cm deep
and seawater, sterile seawater, sterile chitin
strips were incubated in containers at 20°C
and 10°C for 30 days. The pH and Eh were
maintained but the bacterial cell crop was not
enumerated. While the closed systems do not
duplicate conditions in the natural environment
due to lack of exchange, nutrient inflow and
waste outflow, the data identify microenviron-
ments capable of supporting greater chitin
mineralization.

In situ rates of chitin degradation ‘‘native
chitin” in the salt marsh environment (HooD,
1973) were extremely high, i.e., 87 mg/day/g
chitin, while pure culture and in vitro rates
were similar to those reported in the literature.

From the results of the aforementioned
workers (SEKI, 1965a.b; SEKI and TAGA,
1963c; CHAN, 1970), it is apparent that chitin
degradation is primary a function of tempera-
ture and available organic matter. Factors
which do not fluctuate greatly in the marine
environment, Z.e., pH and salinity, have little
effect on the growth of chitinoclastic bacteria
or on the rate of chitin decomposition. The
indigenous microbiota may also determine the
rate at which the substrate is mineralized.

4. The chitinase enzyme system

The structure of chitin. The term ‘‘ chitin ”’
Lz: been applied in this review tc the chemi-
cally pure polymer of N-acetylglucosamine as
defined earlier. Since the  term chitin may
have one meaning to the biologist and another
to the chemist, it is necessary to differentiate
the terms ‘‘ native chitin,”” ¢‘ decalcified chitin ”’,
and ‘‘ chitin .

Pure chitin is rarely found in the natural
environment but occurs in combination with
proteins and inorganic salts, primarily calcium
salts. When in such conjunction, it is con-
sidered native chitin. The composition of
native chitin in the cuticle of animals varies
with species. Hard exoskeleton, such as found
in crabs, contains more salts and tightly bound
protein than soft cuticle typical of shrimp. The
pure chitin in the exoskeleton is highly organized
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into linear or fiberous micelles, the orientation
of the molecular chains resulting in several
X-ray diffraction patterns. On the basis of the
patterns, chitin is separated into a, 3, and 7
types, each composed of chains of the N-
acetylglucosamine unit linked in the 1-4 3 glu-
cosidic manner but arranged in a different
physical structure (RICHARDS, 1951).

The backbone structure of « chitin from
insects and crustaceans contains two helical
polysaccharide oriented in opposite
directions with screw axes along the chain
directions. There are four asymmetrical N-
acetylglucosamine residues per cell unit. The
spatial configuration of side groups are given
in Fig. 1. The two chains are linked by
hydrogen bonds, the first between the NH
(amine) group on one chain and the CO group
in the neighboring amino-acetyl group of the
other chain. A second bond is between the
oxygen and the hydroxyl group of the hy-
droxyl methyl side group. The bonds give
the chains a bent or buckled configuration.
For a more detailed explanation of the bonding
see DEWELTZ (1960), CARLSTROM (1962), and
RAMAKRISHNAN and PRASAD (1972).

chains

-

CH,OH H gc"s
0 H

NCCH CH_OH

Fig. 1.

The 7 and B forms of chitin are found as-
sociated with an elastin counterpart (RUDALL,
1967) but their exact configuration at this time
is unknown. The $ type is produced by Coe-
lenterata, Annelida, Mollusea, and Brachi-
opoda and is associated with collagen cuticle

(HACKMAN, 1964). The r type is found in
cuttlefish shell and shows a more disoriented
X-ray diffraction pattern than the other chitins
(HACKMAN, 1960).

The exact nature of the association between
protein and chitin is unknown. However,
HACKMAN (1960) suggested that the protein
is linked by stable covalent bonds, resulting
in a glycoprotein complex. The protein ap-
pears to be linked to the chitin chains through
the aspartyl and histidyl residues (HACKMAN,
1964). In soft cuticle a large portion of the
protein can be removed by hot water, sug-
gesting a loosely-bound water soluble protein,
while a small amount can be removed by 5%
KOH extraction.
less protein is removed by water and more is
removed by KOH extraction (RICHARDS, 1951).
DeMets and Jeuniaux, as reported by RICHARDS,
(1951), extracted a Streptomyces chitinase,
which could not attack chitin until the protein
was removed by alkaline digestion. BULL (1970)
demonstrated a similar phenomenon with a
chitinase from Aspergillus nidulans. Melanin-
bound chitin proved extremely resistant to this
chitinase system, but activity was restored
when the melanin was removed.

Calcium carbonate exists in the chitinous
exoskeleton of crustaceans in the primary form
of calcite. The percent composition varies
with each species ranging from 16 to 60 % of
the dry weight of the cuticle. Other inorganic
salts include MgCO;, Cag(POs), SiOs, (Al
Fe)0;. MgO, CaO, P;0O; and CaSOq, but the
salts are found only in trace quantities. Calcite
may occur in either micro or macro crystals
in granular, platelike, circular symmetrical, or
disc-like spherical patterns. Commonly, the
crystals result in a mosaic pattern but there
is no fusion of the crystallites and each crystal
is a self-differentiating unit (RICHARDS, 1951).

Enzymatic mechanisms involved in the de-
gradation of chitin. Several enzymes are re-
sponsible for the breakdown of chitin by an
exocellular system to products which can be
taken up by the cell and then utilized for
intracellular metabolic processes. The follow-
ing schematic is a composite of previously
reported steps involved in chitin degradation.

Contrariwise, in hard cuticle
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prehydrolytic
——————— Chitin (Susceptible)
factor (CHy)

chitinase (cellular uptake) chitobiase
— Chitodextrins —— ——
short chain or chitinase
soluble chitin
residues

Chitin

(cellular uptake) chitobiase
Chitobiose dimer ————-—

(cellular uptake) deacetylase
N-acetylglucosamine ——— ———
monomer

(cellular uptake) deaminase (cellular uptake)
Glucosamine — ——— Glucose

REYNOLDS (1954) found that the exocellular
chitinase produced by a Streptomyces species
attacked chitin with the formation of two end
products, the monomer, N-acetylglucosamine,
and the dimer, N, N-diacetylglucosamine. Like
many other polysaccharides, one or more
enzymes degrade the substrate to a biose stage
which is then split by another enzyme to the
monomer stage. No chitodextrin, glucosamine,
or glucose were detected as products of the
enzyme system. BERGER and REYNOLDS
(1958) resolved a chitinase system of Strepto-
myces griseus into two chitinases with similar
activities, and a chitobiase. Chitin was hydro-
lyzed by the chitinases to N-acetylglucosamine
and N, N-diacetylchitobiose without the forma-
tion of detectable concentrations of higher
saccharides. Chitodextrin was cleaved random-
ly, forming a number of intermediate sac-
charides by the chitinase and then further
hydrolyzed to the monomer and the dimer.
The trimer, N,N,N-triacetylchitotriose, and the
tetramer, N,N,N,N-tetra acetylchitotetraose
were broken down to the monomer and dimer
stages also. The chitobiase hydrolyzed the 8
phenylglycosides of N-acetylglucosamine, the
di- and trisaccharides of N-acetylglucosamine
but none of the higher saccharides. KIMURA
et al. (1967a) demonstrated the presence of
three products from chitin hydrolysis by a
chitinase extracted from the snail. N-acetyl-
glucosamine and two oligosaccharides of the
N-acetylglucosamine were detected on chroma-
tographic analysis.

OKUTANI (1966) showed that the end prod-

ucts of a chitinase system from an animal (a
marine fish, Lateolabrax japonicus) and a bac-
terial source (Vibrio gerris and Aeromonas
chitinophthora) were N-acetylglucosamine, and
its oligosaccharide as well as glucosamine. It
was suggested, however, that the glucosamine
present was due to deacetylation of chitin
during preparation. The composition of the
oligosaccharide was not identified but it was
probably the dimer, N,N-diacetylchitobiose.
Other workers (HACKMAN, 1964; VELDKAMP,
1955) reported glucosamine as an end product of
chitin degradation, but in each case it was sug-
gested that this was due to deacetylation in the
preparation of chitin. When chitin is treated
with acid (either dilute HCI in the decalcifica-
tion procedure or with concentrated HCI in
the process of swelling chitin, 7.e., ‘‘molecular
chitin ”’), some of the N-acetylglucosamine units
can be deacetylated. VELDKAMP (1955), how-
ever, detected the accumulation of acetic acid
in the culture fluids of Pseudomonas chitin-
ovorans in the presence of chitin under condi-
tions in which bacterial metabolism was in-
hibited. It was concluded that the only
mechanism by which the acetic acid could
accumulate was by direct deacetylation of N-
acetylglucosamine to glucosamine and acetic
acid by the action of a deacetylase.

A prehydrolytic factor similar to that re-
ported for cellulolytic systems was suggested
by MONREAL and REESE (1969). Little cor-
relation was found between activity of the
chitinase on crystalline and swollen chitin. If
only one component were involved there would
have been a strong correlation between the
activities on both substrates. The chitinase of
Serratia marcescens, however, showed increas-
ed activity on swollen chitin with incubation,
but decreased activity on crystalline chitin.
The data indicated that a special enzyme
(CH:) was required to modify the crystalline
chitin to a form susceptible to the glycanase.
A synergistic effect was not evident on com-
bining the chitinolytic factors; however,
JEUNIAUX (1955, 1959a) observed such effects
when several chitinase fractions were combined.

The chitinase of Serratia marcescens was
also demonstrated to be a highly specific
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enzyme acting only on the § 1,4 polymer of
N-acetylglucosamine (MONREAL and REESE,
1969). The mechanisms of the enzyme system
were characterized as similar to those for the
enzyme system of Streptomyces (BERGER and
REYNOLDS, 1958): 1) chitinase, which included
a random endoglycanase producing soluble
intermediates upon chitin hydrolyzation, and
2) a glycosidase which hydrolyzed these inter-
mediates to the monomer stage.

The terminal steps in the breakdown of
chitin have not been established at this time.
To date, no evidence has been found to in-
dicate the presence of an exocellular deacety-
lase or a deaminase elaborated by an organism
which also produces a chitinase or a chito-
biase. ZOBELL and RITTENBERG (1938) first
suggested that chitin degradation might occur
from the splitting-off of the amino-acetyl groups:
These workers detected ammonia and acetic
acid in the culture media of marine chitinolytic
bacteria grown in the presence of chitin. Data
compiled by OKUTANI and KiTADA (1968a, b)
showed large amounts of acetic acid and lactic
acid, as well as other organic acids, which
accumulated in the media when marine chitino-
clasts were grown on chitin as the sole carbon
source. Acetic acid also accumulated but to
a lesser extent in media devoid of chitin.
These experiments do not definitely demon-
strate that an exocellular deacetylase occurs,
but rather suggest that the organic acids
detected are metabolic intermediates produced
by complex intracellular reactions. However,
FAULKNER and QUASTEL (1956) noted a spe-
cific deacetylase in E. coli. The enzyme was
exocellular and capable of attacking the acetyl
group on the N-acetylglucosamine unit (DOBRO-
Goxz, 1968). Wu and WuU (1971) demon-
strated that the deacetylated glucosamine was
then transported into the cell by a specific
enzyme system. For a review of the pathway
see OKUTANI and KiTapa (1970).

Little information is available concerning
deamination of glucosamine. Although the
assimilation of amine compounds by marine
microorganisms has been shown, the enzymat-
ic mechanisms for the utilization of the amines
have not been clearly demonstrated (MEYERS

and NICHOLSON, 1970). Utilization of methyl
amine by marine bacteria occurs by a demeth-
ylation process rather than a deamination or
amine oxidase mechanism (BUDD and SPENCER,
1968). Glucose as well as N-acetylglucosamine
was detected in the culture fluid of a Chytri-
myces species grown with chitin (REISERT,
1972). It was explained, however, that the
glucose might have been a product indigenous
to the spore, transferred to the fluid and
released upon germination rather than a break-
down product.

Distribution of chitinase systems. Chitinases
are found in a variety of organisms including
bacteria, fungi, invertebrates and vertebrates
(even some mammals). Of these, microorgan-
isms probably provide the most convenient
source of chitinase and for this reason these
systems are more generally studied. Whether
the systems found in the various animals ex-
amined are similar to those of microbial origin
remains to be demonstrated. JEUNIAUX (1971)
considered all chitinase systems examples of
regressive evolution or ‘enzymapheresis.”
Chitinases and chitobiases in the primitive
unicellular organism are widespread and well-
developed systems. In the more advanced
phyla, however, chitinase systems are less
widespread and less developed, in many cases
characterized by the loss of one of the chitino-
lytic enzymes. Only in those organisms recog-
nized as chitin consumers are the enzymes
retained. Animals which have adapted to diets
devoid of chitin have subsequently lost the
ability to produce chitinases.

Microbial chitinases: cultural conditions.
The first consideration in the study of micro-
bial chitinases is the disclosure of conditions
which promote production of the enzyme.
Such cultural conditions were reviewed by
MONREAL and REESE (1969). The type and
concentration of chitin on which the organisms
were grown proved to be important. Little
enzyme was elaborated on mushroom chitin or
on beetle (Tribolium) chitin, while shrimp
chitin permitted higher enzyme production.
Maximal yields of chitinase were obtained on
highly purified commercial chitin. BAXBY and
GRAY (1968) also noted increased growth of
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bacteria on shrimp chitin than on lobster chitin.
In the investigation, the degree of purity of
the substrate may have contributed to the
results. The shrimp was highly purified while
the lobster chitin was only partially purified.
Other factors influencing chitinase production
were particle size and initial concentration of
chitin. With the reduction of substrate particle
size an increase in chitinase activity was noted.
Maximal yields of enzyme occurred on 1.5 %
to 2.0 9% chitin. For the fungus, Chytriomyces,
only 0.2 9 substrate was required for highest
enzyme production (REISERT - and FULLER,
1962). Greatest activity was detected on the
substrate chitin, with the soluble dimer, N,N-
diacetylchitobiose, giving approximately one-
third the yield. The monomer, N-acetylglu-
cosamine, gave less than 7 9; of the activity
while chitosan, glucosamine, cellulose, cello-
biose, glucose, and lactose gave little activity.
Therefore, the probable inducers of chitinase
are soluble oligomers derived {rom chitin
(MONREAL and REESE, 1969). However the
chitinase of the fungus, Beauveria bassiana,
produced chitinase without the addition of
chitin to the medium, indicating that this sys-
tem is a constitutive one (LEOPOLD and SAM-
SINKOVA, 1970).

OKUTANI and KiTaDpA (1968a,b) observed
inhibition of chitinase production when several
chitinoclastic marine bacteria were grown on
acetate and lactate, but litte inhibition was
noted when the bacteria were grown on suc-
cinate. CLARKE and TRACEY (1956) found that
glucose in the culture medium depressed
chitinase production by a factor of 3 to 5.

Highest chitinase yields were obtained in
4 to 5 days for Serratia marcescens and several
other species (MONREAL and REESE, 1969), 4
to 5 days for the fungus, Beauveria bassiana
(LEOPOLD and SAMSINKOVA, 1970), and 6 days
for the Streptomyces species (REYNOLDS, 1954).
Optimum temperature for several bacteria
and an Aspergillus species was 30 °C. The
initial pH for highest enzyme production varied
with species type but correlated with the
microbial growth pattern, i.e., bacteria showed
optimum chitinase production at neutral pH
7.0-7.5, fungi at pH 4.5 (MONREAL and REESE,

1969).

Microbial chitinases: properties of the cell-
free extract. It has been documented that
extraneous protein in an enzyme extract causes
marked changes in the rate of substrate break-
down and in the effect of pH on the activity
of the enzyme. Thus, a necessary prerequisite
for characterization of an enzyme is purifica-
tion (TRACEY, 1955). Since such purification
is an arduous and time consuming task, many
of the reports concerning the properties of
chitinase have involved crude extracts.  With
these observations in mind, some of the prop-
erties of chitinase are reviewed below.

Chitinases. of several species of Streptomyces
have been purified and obtained in large enough
quantities to determine many of the physical
and chemical properties (SKUJINS ez al., 1970;
JEUNIAUX, 1951, 1956, 1959b). The pH for
optimal activity was pH 5.0 for the chitinase
of Streptomyces antibioticus (SKUJINS et al.,
1970) while for another Strepfomyces species it
was pH 6.2 (BERGER and REYNOLDS, 1958;
ReyNoLDS, 1954). The enzyme of S. antibio-
ticus was shown to be relatively stable with
respect to drying and heating, with .inactiva-
tion at 65 °C within 3 hours. The sequence
of ion inhibition was as follows: Mg*+<Co*+
<Zn** (with the Na* ion inhibiting the enzyre
more effectively than the Ca*+ ion). The Ca*+
ion stabilized the enzyme in small quantities
(SKUJINS et al., 1970; JEUNIAUX, 1959b). In
an Actinomyces species, Cu** had a greatly
reducing effect on the activity of the chitinase;
while Mg** caused some activation of the
enzyme (WIGERT, 1962).

Sedimentation tests revealed a molecular
weight of the Streptomyces chitinase of 29,000
(SKUJINS et al., 1970; JEUNIAUX, 1959b). Be-
cause the chitinase reaction takes place after
adsorption of the enzyme to the surface of the
substrate and, the Michaelis-Menten equation
is not applicable to enzymatic réactions at sur-
faces, the Ku of the chitinase is not a wvalid
characteristic (SKUJINS et al., 1970).

A study of the chitinase of the fungus,
Chyrtriomyces hyalinus, disclosed greatest
activity at a pH similar to those in Strepto-
myces, i.e., pH 5.5 (REISERT, 1972). Activity

¢35)



224 La mer, Tome 11, N° 4 (1973)

was negligible below 10 °C, optimal at 25 °C,
and completely lost at 45 °C. Neither N-acetyl-
glucosamine nor glucose inhibited the activity,
but Cutt and Cd+** caused total inhibition,
while Co**, Li**, Mg**, and Na* decreased
activity in the respective order. Similar re-
sults were reported for the chitinase system
of the fungus, Aphanomyces astaci (UNESTAM,
1968).

The chitinases of several marine chitinolytic
bacteria, Aeromonas chitinophthora and Vibrio
gerris, were partially purified and characterized
as follows: pH optimum 5.5-6.0 and 7.0,
respectively; stability maintained within a range
of pH 5.0-9.0; and temperature optimum 40 °C
(OKUTANI, 1966). The crude extract of chiti-
nase from Serratia marcescens exhibited maxi-
mum activity at pH 6.4 and 50 °C with 50 %
loss of activity at 50 °C for 1 hour at pH above
7.2 and below pH 4.8 (MONREAL and REESE,
1969).

Chitinase of marine invertebrates. Numer-
ous reports document the presence of chitinase
systems in animals. However, since it is
beyond the scope of this review to discuss
distribution in general, this discussion will be
limited to the properties of chitinases from
marine invertebrates. For a more complete
review of the subject, see ELYAKOVA (1972),
JEUNIAUX (1961), TRACEY (1955) and FRAN-
KIGNOUL and JEUNIAUX (1965).

A series of investigations by OKUTANI (1966),
OKUTANI et al. (1967a, b) and SERA and
OKUTANI (1968) described the properties and
mechanisms of the chitinase systems of the
Japanese sea bass, Lateolabrax japonicus, the
yellow tail fish, Seriola quinqueradiata, the
rainbow trout, Salmo irideus, and the sea
bream, Acanthopagrus schlegedi. Highest ac-
tivity was noted in the stomach of the verte-
brates with some activity in the pyloric caeca
and the intestines. The chitinase from the
sea bass gave optimum activity under the
following conditions: pH 4.0, 50 °C, stability
range of 3.0-8.0 at 60°C for 30 minutes.
Similar results were observed with the chitinase
of the yellow tail. The trout chitinase was
slightly less stable than the other enzymes
with an optimum pH and temperature of 4.5

and 30 °C, respectively. The optimum pH and
temperature of the bream chitinase was 3.4-
4.0 and 60 °C, respectively.

The enzymatic products of chitin hydrolysis
were identified as N-acetylglucosamine and
higher oligosaccharides of N-acetylglucosamine
(OKUTANI, 1966). It was suggested that a
chitinase randomly attacked the linkages of
chitin forming the dimer, trimer, and higher
chain units, after which a chitobiase hydro-
lyzized the dimer and trimer to the monomer,
N-acetylglucosamine. It thus appears that this
system resembles that found in micro-organisms.

A chitinase from a snail, Helix species, was
partially purified by KIMURA et al. (1967a, b).
The state of purity of the substrate was shown
to be very important for maximum activity.
After decalcification of chitin an increase of 80 %
in activity of the enzyme was found, while
after deproteinization a 20 to 30 % increase in
activity was noted. The former increase was
suggested as a result of removal of enzyme
inhibitors, Ca** ion primarily. Certain other
ions, Fe*+, Mn**, and Zn**, were demon-
strated to increase activity. The chitinase was
specific and did not react with any other poly-
saccharides or mucopolysaccharides other than
chitin. Upon digestion of the substrate, iden-
tification on chromatographic paper revealed
N-acetylglucosamine.

A chitinase system was demonstrated in the
gastic juices of the American lobster, Homarus
americanus, by BROCKERHOFF et al. (1970).
A highly active chitobiase was detected but
very little chitinase activity was noted. The
assay used for chitinase activity, chitin azure,
may have been a poor one, with low activity
possibly attributed to the substrate or other
conditions. The optimum pH and temperature
for the chitobiase was pH 5.0 and 30°C and
for the chitinase, pH 3.0-8.0 and 37 °C, respec-
tively. Of all the enzymes detected in the
gastic juice, only the chitiobiase demonstrated
an optimum pH similar to that of the normal
pH of the gastic juice within the animal.
KoOIMAN (1964) reported chitinase activity at
optimum pH of 3.0-4.0 for related species,
Astacus fluviatilis and Homarus vulgaris.

The problem proposed by KooiMaN (1964)
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was as follows: enzymes found in the digestive
tract of crustacea may not be indigenous, but
rather produced by the endosymbionts within
the animals. To date, no crustacean producing
chitinase has been found with chitinoclastic
bacteria absent. KOOIMAN (1964) demonstrated
the indigenous nature of enzymes by showing
that chitinase was secreted by the digestive
gland, the hepatopancreas, and that chitinoly-
tic microorganisms were not present in this
gland in sufficient concentrations to produce a
bacterial chitinase. However, the method used
by KOOIMAN to detect bacterial chitinase was
designed to detect only a constitutive chitinase
rather than an adaptive one. Thus, the ques-
tion of the presence of an indigenous enzyme
has still to be demonstrated.

Enzymatic studies revealed high chitinase
activity by the chitinoclasts associated with
shrimp as well as a moderately active indi-
genous chitinase produced by the hepatopan-
creas of the shrimp in the salt marsh environ-
ment (HooD, 1973). Optimum activity of both
enzymes was at 40 °C and pH 7. The Na+*
ion inhibited the bacterial enzyme while the
Co** jon had the greatest inhibitory effect on
the penaeid enzyme. The bacterial enzyme
was shown to be induced while the shrimp
enzyme was constitutive in nature. Both bac-
teria and hepatopancreas produced 1) a chiti-
nase, 2) a chitobiase, 3) no chitosanase, and
4) a deacetylase. The end products of chitin
degradation are oligosaccharides of N-acetyl-
glucosamine, N-acetylglucosamine, and glucos-
amine.
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