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ABSTRACT
As one of the approaches to clarify the morphological characteristics in artificial seed-

lings, the axial skeleton of the Japanese flounder, Paralichfhys olivaceus (Temminck and
Schlegel), was observed. Basically, the axial skeleton of F! olivaceus is composed of 38
total vertebrae, viz, 11 abdominal and 27 caudal vertebrae. However, in artificial seedlings,
the number of total vertebrae was fewer than that in wild fish, and the constitution of verte-
brae was also more variable (mean + SD = 36.4 + 2.5). The frequency of central fusion was
63% in abdominal and 74% in caudal vertebrae in artificial seedlings, while it was 0% in
abdominal and 4% in caudal vertebrae in wild fish. In addition, each symptom of fusion in
artificial seedlings was generally serious. Concerning the frequency of central fusion in
artificial seedlings, there was approximately one gentle peak in abdominal vertebrae and
three peaks in caudal. The completion of central development was me fastest in the basioc-
cipital articulatory  process, the second in the urostyle,  while the last in the 25th or 26th
vertebrae where a relationship between the frequency of fusion and the velocity of ossifica-
tion was suggested.

INTRODUCTION

In the last two decades, the technique of seedling  pro-
duction has been remarkably improved in Japan. In some
important commercial fish species, the mass production
of artificial seedlings has become possible. However, in
artificial seedlings, morphological malformation constantly
appears at high frequency and the quality of seedlings is
not at the level of wild fish. The incompleteness of feed-
ing and swimming organs in early development is said to
affect the survival rate greatly after the juvenile period,
which is an emergent problem to be solved in the produc-
tion of healthy artificial seedlings. This study examines
the developmental changes in the trunk and clarifies the
morphological characteristics of artificial seedlings.

The Japanese flounder, Paralichthys olivaceus
(Temminck and Schlegel), is one of the typical metamor-
phosing fishes in Japan. In order to elucidate the relation-
ship between osteological development and bone anomaly,
some standard structures in the skeletal system of P.
olivaceus were reported (Hosoya  and Kawamura 1993).
In this paper, using an axial skeleton which supports the
body, the osteological characteristic of artificial seedlings
is clarified under comparison with wild fish. That is, the
standard sttucture of an axial skeleton and a bone anomaly
typically seen in artificial seedlings are described. Then,
from the point of view in osteological development, the
factors causing bone anomaly are assumed. Finally, in-

cluding the information about morphometry, the dewlop
mntd stagk  in I! ofivaceus  are rearranged  ami the &a-
tiOnShip  between character expression and morphogenesis
is discussed as well.

~‘I’EIUALS AND METHODS

Artificial seedlings of P. olivaceus  were reared and fed
with a series of rotifer, anemia and pellets from February
to June in 1994 and 1995. Rotifers had beforehand been
enriched with a phytoplankton, Nanmchlompsis  oculata.
Rearing experiments were done in a 500 L fish tank at
unadjusted water temperature of 15 to 19°C. Seedlings
were first reared in stationary water for a week and then
transferred to running water (50 I&. Sampling was done
twice a week. Collected samples were immediately fixed
with 3% formalin,  70% ethanol and Bouin solution, re-
spectively. As a control, wild fish were sampled from wild
populations in the following areas: the Tone River,
M&mu,  Kasumi,  Aoya, Tenzin, the Yura River, Kazusa
and Tsushima (Fig. 1). The skeletal system was stained
with either a double-staining technique (Kawan~um  and
Hosoya 1991) or a single Staining technique, using or@
r&nin  red S or alcian blue, and examined under a bin-
ocular microscope. Ossification was histologically con-
firmed with the appearance  of osteocytes. As for anatomi-
cal terminology relating to the skeletal system, Hosoya
(1991)  was followed. III counting vertebrae, abdominal
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.& adal  vertebrae were dei.?ned as vertebrae equipped with
I,arapophyses or a sharp haemal spine, respectively (Fig. 2).
The ttrostyle was included in the caudal vertebrae.

RESULTS

C~RKIERISTICS  OF VERTEBRAL COLUMN
m p. OLIVACEUS

~0 elucidate the morphological characteristics of arti-
ftcial  seedlings with bone anomalies, it is necessary to
utilize the accurate information on the skeletal system of
healthy wild fish from wild populations. Though P.
o~iv~~eus is a commercially important fish species in Ja-
Ran, the information about its skeletal system is scarce
except for the conclusive descriptions about flatfishes by
Amaoka (1969)  and Sakamoto (1984). The standard strut-
WE  and the developmental process of the vertebral col-
ufnra in R olivuceus are described below.

GRPJERAL MORPHOLOGY
Abdominal vertebrae am expanded up and down. The

basic number of abdominal centra supporting the verte-
brae is nine. The first abdominal vertebra is articulated
with the basioccipital articulatory process (BOAP)  at the
anterior tip. Each abdominal vertebra is equipped with a
neural spine dorsally and a neural arch ventrally, for pro-
tecting the notochord (Fig. 2). On the fifth abdominal ver-
tebra or the posterior element, a pair of parapophyses de-
velop ventrally. The first  to fourth neural spines are re-
matkably thick compared with the others, which repre-
sents an important characteristic of the vertebral column
in f! olivuceus (Fig. 5, upper). Left parapophyses are con-
stantly longer than right ones, probably reflecting an asym-
metrical body shape. On the distal end of a parapophysis,
a rib is attached. The caudal vertebrae are composed of
approximately 27 centrums. At the posterior end, they are
transformed into the complicated urostyle. Each caudal
ve*bm is equipped with a pair of long haemal spines
ventrally,  which form a haemal arch at the base. The first
haemal spine is thick and extends ventrally. On its ante-
rior surface, there is a groove receiving the first proximal
P’efy@ophore  from the anal fin.

DE-~OI’MENTS  OF VERTEBRAL COLUMN
The developmental process of the vertebral column in

’ QEfVoceus is described below (Figs. 3.4) ,in stages de-
fiflecl by h4inami  (1982).
‘mRo A. The skeletal system is underdeveloped. Osteo-

c*s smrotmding the notochord are not recognized at
all. In the nemocranium, one of the components in the
axial skeleton, trabecula cartilages, was stained dark
blue with alcian blue.

SzaW B. The segmentation of the notochord began in part.
lrs the first bone elements, the first and second neural
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Fig. I. Sampling sites of Japanese flounder, ?aralichthys
olivaceus.
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Fig. 2. Skeletal structures of typical abdominal and caudal ver-
tebrae in frvntal view.
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Fig.  3. osteo~ogicai  development of abdominal  vertebme in p&i&&ys  O~V~CJ?.IK  Each character cowrspond.s  to a developments
stage as defined by Minami  (1982) except for E which here divided into early (Fe) and late (Fi)  s&stages.
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arch cartilages appeared. In the neurocranium,
cartilages surrounding the otic capsule were apparent.
Trabecula cartilages expanded much further.

Stage C. This stage is the first important phase in the de-
velopment of the vertebral column. Though almost all
neural arch cartilages appeared, the arrangement of
neural arches was not serial, because the fifth to sev-
enth neural arch cartilages from the posterior end had
not yet been formed. Likewise, in the haemal arch se-
ries, all cartilage elements appeared. In the Iower cau-
dal region, two large cartilage masses, hypural primor-
dia, were also apparent. Parapohyses and haemal spines
were totally underdeveloped. However, the first haemal
spine, the longest one located at the anterior end of the
vertebral column, was exceptionally stained dark blue
with al&n blue. As elements relating to the vertebral
column, 10 proximal pterygiophores were recognized
at the base of the long dorsal fin rays. With the second
to fourth proximal pterygiophores, median
pterygiophore cartilages were already articulated.

Stage D. The notochord is straight; however, its posterior
end began to bend dorsad. Hypural and epural primor-
dia also appeared ventrally just behind the posterior
end of the notochord.

cat&l vertebrae (the third to second preurostyles).
Between the neighboring caudal vertebrae, however,
a gap of about one third or half width of a centrum  was
present. The neurocranium began to be transformed.
The frontals, the parietals, the sphenotics, the pterotics
and the supraoccipitals were recognized, respectively,
in it. Each proximal pterygiophore cartilage of the anal
fin, articulated with the first haemal spine, was stained
dark blue with alcian blue.

Stage H. The skeletal system of the vertebral column was
almost completed by the connection of the 25th to 26th
caudal vertebrae with the other ossified vertebrae.
However, centrums only surrounding the notochord
had not yet been constricted. Many pterygiophores in
dorsal and anal fins still remained cartilaginous.

Stage I. Pterygiophores in dorsal and anal fins begin to be
ossified and face either corresponding neural or haemal
spine originating from a centrum.

COMPARISON OF ARTIFICIAL SEEDLINGS
WiTH WILD FISH

Stage E. Tendency of dorsal bending in the notochord has
become more apparent. All the parapophyses and the
second and haemal spines posterior to the second ap-
peared. All the cartilage elements constituting the ver-
tebral column were present. In the neurocranium, the
bottom and frontal regions began to be ossified.

Stage F. This stage is the second important phase in devel-
opment of a vertebral column, viz, ossification drasti-
cally proceeds. Concerning cartilage bones, the first
to 20th neural spines and the first to 10th haemal spines
were stained red with alizarin red S. The degree to be
stained was remarkable especially in the first to fourth
neural spines and the first to seventh haemal spines. In
adult fish, neural arches, neural spines and haemal
spines, except the posterior ones in the caudal region,
were stained dark red. All the parapophyses were ossi-
fied. On the other hand, concerning membrane bones,
BOAP was the first to be ossified (Fig. 3), and the uro-
style the second (Fig. 4). In addition, each centrum
began to be ossified. The ossification degree in the
centrum had progressed greatly in the anterior elements
of the abdominal vertebrae, and in the seventh to 1 lth
elements of the caudal vertebrae. Contrary to this, the
23rd to 26th caudal vertebrae (the fifth to second
preurostyles), in which ossification was strikingly late,
formed characteristic unossified centrums (UOC) be-
tween the preceding caudal vertebrae and the urostyle
(Fig. 4).

Meristic  counts are known to be strongly affected by
environmental factors like temperature during develop-
ment. From hatching, artificial seedlings are subjected to
an environment strikingly different from what they natu-
rally experience. So, it is likely that meristic counts in ar-
tificial seedlings are different from those in wild fish. In
the following, to determine the number of vertebrae which
is a typical meristic count, the frequency of shrinkage and
fusion in the centrum of artificial seedlings was compared
with wild fish from some localities in Japan.

NUMBER OF VERTEBRAE

In wild fish, the mean of abdominal vertebrae was 11.0,
except for a few samples from Maizuru, Kyoto (Table 1).
The standard deviation (SD) fluctuated (0.2 in the Yura
River, Tottori,  0.3 in Kasumi, Hyogo, 0.6 in Maizuru),
while it was stable (0.0 in the other localities). On the other
hand, in artificial seedlings, the mean was 10.9 and SD
0.6. Even in Kazumi, where the sample number was the
same in both groups, SD was larger in artificial seedlings
(0.6) than in wild fish (0.3). This means that the variation
of abdominal vertebrae is larger in artificial seedlings.
Accordingly, in artificial seedlings, the number of abdomi-
nal vertebrae is smaller and more variable than in wild
fish.

Stage G. Each centrum stands together almost in a straight
line with a break point identical with the 25th to 26th

The number of caudal vertebrae in wild fish ranged
between 26.7 and 27.6 in the mean. The SD converged
between 0.4 and 0.6, in spite of the differences of both
localities and the number of samples. On the other hand,
in artificial seedlings, the mean was 25.5 and SD 2.5. In
artificial seedlings, the number of caudal vertebrae was
two smaller and more variable than in wild fish.

The number of total vertebrae in wild fish ranged be-
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tween 37.3 and 38.7 in the mean, and between 0.4 to 0.6
in SD. In artificial seedlings, it was 36.4 in the mean and
2.5 in SD. In comparison of artificial seedlings with wild
fish, the counts in the vertebrae were the same as those of
the caudal vertebrae. Accordingly, the differences between
wild fish and artificial seedlings in the mean and SD of
the total number of vertebrae are considered to reflect di-
rectly to those of the caudal vertebrae.

SHRINKAGE AND FUSION IN CENTRA
The most typical symptom in bone anomaly observed

in the vertebral column of P. alivaceus is that the neigh-
boring centrums  shrink and fuse each other (Fig. 5, middle,
lower). In the artificial seedlings from Mie, the frequency
of shrinkage and fusion in the centrum amounted to 63%
(32 in 5 1 individuals). It showed a gentle peak around the
fourth to seventh abdominal vertebra, while it was the low-
eSt between the BOAP and the first abdominal vertebrae,
at the anterior end of the vertebral column (Fig. 6). On the
other hand, in wild fish from Tottori,  shrinkage and fusion
of abdominal vertebrae were not seen in any of 221 indi-
viduals.

The frequency of shrinkage and fusion in caudal verte-
brae amounted to 74% (37 in 50 individuals) in the artifi-
cial seedlings from Mie. On the whole, the frequency pre-
sented three peaks: the gentle highest peak around the 10th
to 12th caudal vertebrae, the second peak around the 18th
to 19th and the third small peak around the 24th to 26th
(Fig. 7). No fusion was seen between the 26th and 27th
caudal (the urostyle) vertebrae, the fastest to be ossified.
On the other hand, in the wild fish from Tottori,  the fre-
quency of fusion was only 4% (8 in 221 individuals).
Though fusion was seen to lie scattered in the posterior
caudal vertebrae, it composed a characteristic peak around
the 25th and 26th caudal vertebrae. This peak seemed to
correspond to the third peak seen in wild fish.

DISCUSSION

DEVELOPMENTAL STAGE
The developmental process of the axial skeleton in P:

olivuceus was described following the developmental
stages defined by Minami (1982). The formation of verte-
brae proceeds intermittently from stage A, a stage soon
after hatching, to stage I, a stage soon after settlement. In
the formation, two remarkable phases, when ossification
drastically proceeds, were also recognized, That is, stages
C and F_ The former is characterized by the formation of
cartilages, such as neural and haemal arches. The latter is
a phase when ossification drastically proceeds, regardless
of origin. Accordingly, from the point of view in the de-
velopmental process of the vertebral column, the devel-
opmental stages of R 0livaceus were grouped into three
Periods, that is, A-B, C-E and F-I.
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Fig. 5. Body shortenings due to central fusions in reared
Parakhthys  olivaceus. From top to bottom, normal, abdominal
fusions, and catiljksions.

REARED (Mie Pref.)

WILD (Tottorl Pref.) 1
Fig. 6. Central fusions  in abdominal vertebrae of Padichthys
olivaceus.

REARED (Mie Pref. 37150  individuals  = 74%)i ,:

11

1s t WILD (Tottori  Pref.  8/221  individuals = 4%)

Fig. 7. Central  fusions in caudal vertebrae of Paralichthys
olivaceus.
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The gradation in early development of P. oliuaceus was
already ascertained with morphometric analysis, in which
two points of drastic changes were found around 7 nun
and 10 nun TL, respectively. The first point was situated
between stages D and E, while the second between stages
F and G. Paying attention to changes in external organs,
the developmental process of P. olivaceus is to be grouped
into three periods: A-D, E-F and G-I. Comparing the re-
sult in morphometry with that in development of the ver-
tebral column, the staging does not always agree with the
staging based upon changes in external organs. The shift
of one developmental stage to the next always occurs ear-
lier in the former stage than in the latter. However, it is
obvious that changes in external organs, reflected in mor-
phometry, follow those in internal organs, e.g., the skel-
etal system. The structural changes in vertebrae support-
ing the body bring about the malformation of the external
features. The points of changes in the early life history of
P. olivaceus, especially feeding habit, are in accord with
the staging based upon external organs (Hosoya 1991).
Accordingly, the precedence of bone formation in the ver-
tebral column to the formation of external organs might
be regarded as a preadaptation to the upcoming stage.

Concerning cranial and caudal skeletons, in both skel-
etons, there is a discontinuous zone characterized by dras-
tic ossification of membrane bone between stages D and
E. Contrary to this, in the vertebral column, a drastic phase
of ossification was present at stage F. Though it is difficult
to explain the difference of phases in ossification between
cranial and caudal skeletons, and vertebral column, it is
partly explained by the functional property in each bone
element. In bone formation of Pugncs major, the life-sup-
port or feeding organ, swimming organ, and body-support
organ were formed in order (Matsuoka 1987, Hosoya
1991). The cranial skeleton involves the basic bone ele-
ments related to life-support and feeding organs, e.g., gill
arches and a gill apparatus, while the caudal skeleton is an
important swimming organ, in charge of propulsion. It
seems common in not only I! mujor  but also the other
marine fishes with larval and juvenile stages, that the for-
mation of body-support organs is later than that of the cra-
nial and caudal skeletons.

CHARACTERISTICS 0FARTIFIcUL
SEEDLINGS

As one of the approaches to clarify the morphological
characteristics of artificial seedlings, both wild fish and
artificial seedlings of P. olivaceus were compared, con-
cerning the frequency of centrum fusion. As a result, in
wild fish, fusion WZIS hardly seen in other vertebrae, ex-
cept for the 25th and 26th vertebrae. Contrary to this, in
artificial seedlings, fusion was frequently seen. Especially
in tire seedlings from Mie, the frequency of fish with any

fusion in the centrum was 74%. AS the same tendency  was
ah Seen  in the  seedlings from Tottori, centrum fusion may
be said to be characteristic of artificial s&Kngs.  In fact,

when  the  stomach contents of a paddle crab, Ovalipes

PunCta%  captured  during research on predators of re-
leased p olivaceus by the Tottori  Prefectural Fisheries
Experimental Station were analyzed, both fused abdomi-
nal and multi-fused vertebrae, not seen in wild fish, were
observed together with such bone splinters as the urohyal,
a lower jaw, and the hypurals, which certainly represent
taxonor&  characters of P. olivaceus. This evidence of
predation on P. ulivaceus  with centrum fusion suggests
that centrum  fusion is a problem to be overcome in art&
cial production of healthy seedlings, which may also af-
fect seedling survival upon release. Since centrum fusion
is not rare in wild larvae, elimination of such larvae by
intense natural selection absent in hatcheries must occur.
If artificial seedlings with centrum fusion will be rapidly
eliminated by natural selection upon release, then resource
enhancement effects from release of such seedlings will
be overestimated. Then, it becomes absolutely necessary
to estimate the post-release survival rate of individuals with
centmm fusion empirically. As one of the practical meth-
ods for this purpose, in closed environments like salt pens,
periodical estimation of the frequency of fish with cen-
&urn fusion after being released might be considered.

Bone formation and anomaly
Artificial seedlings are characterized by central fusion,

whose frequency shows one gentle peak in abdominal ver-
tebrae and three peaks in caudal. The reason why the fre-
quency of central fusion is high in artificial seedlings but
low in wild fish is that the breeding environment of at-tit?-
cial seedlings is considered to deviate from the most opti-
mal condition to control the morphogenesis of meristic
characters, compared with the natural habitats of P.
olivaceus. The factors inducing central fusion under the
breeding environment are presumed to be: shortage of
nutrient substance, water temperature, concentration Of
Caz+, shortage  of vitamin C, parasites, fish density and
stres~ (Kitam~m  1969, Matsusato  1986). It is, however,
difficult to specify the direct factors. Interestingly, among
the p&s in &e frequency of central fusion in artificial
se&ngs,  only  the third peak in the caudal vertebrae was
seen in wild fish as well. This peak is present around the
25th and 26th cat&l vertebrae, which are final formatiOnS
in P, olivaceus. Though in the formation of axial skeleton,
the genetically  pmgrannned fate in development might be
considered to proceed, adjusted by environmentrd faWX&
the 25th and 26th  caudal vertebrae are inferred to be the
most sensitive region in development of J? olivaceus, in
both artificial  seedlings and wild fish. Body shrinkage is
induced by either central shrinkage Of shortage of an in-
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terval between the neighboring centrums  (Matsusato 1986).
As each neighboring centrum is linked by a tendon, the
25th and 26th caudal vertebrae might be considered to be
drawn closer and fused by the shrinkage of tendons before
the completion of centrum ossification.
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ABSTRACT
Management of the microbial species composition in closed culture systems is a viable

strategy to enhance production of marine fish larvae. The  procedure consists of eliminating
the major sources of microbes through specific disinfection techniques and replacing the
unwanted bacteria with a beneficial microflora. Disinfection methods were chosen to elimi-
nate unwanted toxic residues and selection for resistance in the microflora. Selection of
beneficial bacteria for larval culture was carried out as a two step procedure: (1) detcmin-
ing active nitrifying bacteria. and (2) evaluating either commercially available bacterial
supplements or single bacterial strains found beneficial for the cuitum of diverse marine
organisms, each supplied with the best nitrifiers as previously determined. Results to date
are encouraging but one task remains and this is to develop rotifer  cultures with known
bacterial composition. Experiments with the marine fish Sciaenops  ocelkztus  showed the
feasibility of this management strategy to enhance fish production.

INTRODUCTION
Technological developments in marine fish culture are

moving toward high density production systems. Large
variability in larval survival and growth is recurrently ob-
served among tanks stocked with larvae from a single batch
of eggs. This variability in larval production needs to be
reduced in order to make intensive fish production in closed
systems a viable industry. The influence of the microflora
on this variability has not been evaluated.

METHODS AND RESULTS
Variables were evaluated independently. However, the

most successful method of production as determined at each
step was incorporated into the procedure to test subsequent
variables in order to build up a management strategy.

ELIMINATION OF BACTERIA OF UNKNOWN
CHARACTERISTICS

WATER TREATMENT
Tanks with internal biological filters (Craig et al. 1990)

were filled with 1.50 L tap water and treated with sodium
hypochlorite (10 ppm Cl-, final concentration). Following
overnight aeration, tanks were drained rinsed copiously with
tap water and filled with either raw seawater (control) or
seawater filtered through 0.2 pm industrial cartridges. Sea-
water was aerated overnight before the addition of larvae.

CULTURE TECHNIQUES
Twelve hr after hatching, fish larvae were transferred

to culture tanks at a density of 2,009  tank-t. Three or four
replicates were set per treatment. Beginning on the third
day of culture, larvae were fed daily on washed rotifers,
maintaining a prey density of 1 to 5 ml“. Artificial feeds
were supplied to culture tanks with automatic feeders, at a
rate of 0+4 to 1 g tat&’ day-‘. After 10 days of culture.
survival rates were calculated as:

Final number of fish/initial number (2,090) x 100.
Measurements wefe taken on 50 live, anesthetized fish

from each tank, using a stereomicroscope, and a digitiz-
ing tablet and Sigma Scan software. Percentage survival
and standard length were analyzed using one and two-way
ANOVA andTukey’s multiple range test (T-method; Sokal
and Rohlf 198 1) to determine the differences between treat-
ments at the 0.05 level of probability. Larval growth was
significantly higher in filtered seawater than in raw sea-
water (Tukey’s  test, p c 0.05; Fig. 1).

EGG DISINFECTION
Fish eggs were treated with 3% hydrogen peroxide to

obtain bacteria-free larvae (Douillet  and Holt 1994). Eggs
in control treatment were exposed to flltered seawater and
manipulated as eggs treated with hydrogen peroxide. Lar-
vae hatched from treated or non-treated eggs were cul-
tured in filtered seawater and fed as previously described.
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The experiment was run four times. Survival data was
combined and showed a statistically significant improve-
ment by disinfecting the eggs (Tukey’s test, p< 0.05; Fig.
2). Growth data was analyzed for each experimental run
due to differences between experiments. Larvae from dis-
infected eggs were significantly larger than larvae from
non-treated eggs only in experiment 1 (Tukey’s test, p c
0.05; Fig. 3).

SELECTION OF BACTERIA BENEFICIAL FOR
LARVAL CULTURE

NITRIFYING  BACTERIA
Bacteria-free larvae were cultured in filtered seawater

and fed as described above. Tanks were covered with in-
dividual clear plastic bags to maintain independent mi-
crobial communities in each tank. Five different commer-
cially available nitrifying bacterial mixtures were added
independently to tanks at 250 ppm on the third day of cul-
ture. Control cultures did not receive any addition of nit.6
fying bacteria. Although no significant differences in lar-
val survival or growth were detected between treatments
after 10 days of culture, the rate of nitrification was sig-
nificantly higher in tanks receiving the addition of nitrifiers
“5,” a commercial blend of bacteria, than in all the other
treatments (Tukey’s test, p < 0.05; Fig. 4).

BACTERIAL SUPPLEMENTS
‘helve bacteria strains and three commercial micro-

bial additives were tested. Bacteria-free larvae were cul-
tured in filtered seawater and fed as described above. Bac-
terial additives were added to the tanks as soon as they
were filled with filtered seawater on day 1, and on days 4
and 7. Bacteria were added at a final concentration of lxld
cells ml-‘. Nitrifiers “5” were added on the third day of
culture to all tanks. No bacterial additives besides nitrifiers
“5” were added to control cultures. There was an improve-
ment in mean larval survival by the addition of a bacteria
strain in experiments 1 and 4 (Fig. 5); however, because
of large standard deviations, there was no statistical dif-
ference in survival between treatments. In the first three
experiments, the addition of the probiotic reduced the co-
efficients of variation of larval survival between replicates
compared to control cultures. In the fourth experiment,
addition of the probiotic enhanced larval survival; how-
ever, this time the addition of the probiotic increased CQ-
efficients  of variation of larval survival between replicate
cultures, which was not consistent with previous experi-
ments (Table 1).

CONCLUSION
Experiments with the marine fish Sciaenops ocelZurus

demonstrate the feasibility of applying a microbial man-
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agement strategy. Complete larval mortalities frequently
observed in some tanks prior to the use of microbial man-
agement were eliminated by following the methods de-
scribed here. These microbial management techniques can
be easily applied in commercial hatcheries.

The utilization of probiotics did not satisfy the require-
ment of consistent improvement in larval survival. Roti-
fers constitute a major source of unwanted bacteria in cul-
ture systems. Daily additions of large quantities of un-
wanted microbes contaminating the rotifers might have
added to the variability in fish culture production and re-
duced the beneficial effects of probiotics which were only
added every three days. Research in progress deals with
methods of disinfecting and culturing rotifers with selected
microbes so that no unwanted bacteria are added to larval
culture systems. The integration of this last step will per-
mit a more controlled composition of the microbial com-
munity in larval cultures and a more predictable fish pro-
duction in closed systems.
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Fig. 4. Final concentrations of NH,N, NO,_N and NO,N in mg/
L-’ in IO-day-old  cultures of red drum larvae either inoculated
with di$erent  nitrifying  bacteria or not receiving any addition of
bacteria (control). Three replicate tank  were run per treatment.
Columns significantly different (Tukey  s test, p<O.OS)from  other
columns representing  same form of nitrogen were identified with
d@eerent  letters.
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Fig. 5. Survival of red drum larvae after 10 akys  culture with the
addition of a bacterial probiotic. Conttvl cultures did not re-
ceive inoculations of the probiotic.  Four replicate tanks were
run per treatment. Significant differences in survival were deter-
mined between experiments (two-way ANOVA,  p~O.05).  but not
between tretments  in any of the experiments  (one-way ANOVA,
p<O.OS).

Table 1. Coefficients of variation of larval fish sur-
vival iu lo-day-old larval cultures either
receiving or not (control) additions of
probiotic.

Experiment Control Probiotic

1 68.65 48.03
2 42.56 11.11
3 89.23 18.56
4 33.29 46.26
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ABSTRACT
Salinity affects the toxicity of several heavy metals in the aquatic biota, particu-

larly cadmium. In this study the difference of physiological functions for osmotic
regulation between freshwater and saltwater fish was applied to examine cadmium
accumulation and its toxicity in marine fish. In the girella exposed to cadmium,
the highest concentration of cadmium was found in the liver, followed by the kid-
ney. The cadmium concentration in the gills was low. Cadmium accumulation in
the gills of mummichog exposed to cadmium disproportionately decreased with
increasing salinity, while the cadmium concentration in the intestine increased with
salinity. After an intraperitoneal  injection of cadmium bound to metallothionein to
mummichog, the cadmium concentration in the kidney decreased with increasing
salinity and the concentration in the hepatopancreas showed a tendency to de-
crease with salinity. Results from gel filtration of the gill cytosol of the exposed
carp indicated that the gills were more likely to be harmfully affected by exposure
to an acute level of cadmium than the intestine tissue. In red sea bream, results
from gel filtration of tissue cytosol suggested that cadmium accumulated in the
intestine at a high level and the maximum detoxification capacity in this tissue was
reached earlier than in the gill tissue. The metallothionein induced in the red sea
bream liver by cadmium and zinc was separated into two isoforms by anion ex-
change column. However, the ratios of two isoforms when induced by zinc were
different from those induced by cadmium.

INTRODUCTION
In recent years, people have been concerned that ma-

rine pollution by various pollutants is slowly advancing in
extensive areas all over the world. In classical toxicology,
a frequently used measure for the toxicity of a pollutant is
the concentration which kills 50% of a group of animals
within a given time period (LC50).  In modem times, there
is a need to develop assays for the degree of toxicity re-
sulting from sublethal exposure to contaminants in the
environment, since there may be no clear outward signs
of toxicity in chronically exposed organisms.

Additionally, there is a need to develop contaminant-spe-
cific assays of toxicity since organisms may be exposed to
various potentially harmful contaminants in the environment.
Research on sublethal effects of contaminants has been at-
tempted to date (Passino 1984) and various investigators
have reported on their particular techniques for measur-
ing the effect of pollution (Szumski and Barton 1983). Un-
fortunately, there has been little agreement among investi-
gators about which techniques ate best for what and how
they might be used for controlling marine pollution.

Heavy metals are among the most toxic and inevitable
pollutants. There are several sources of heavy metal pol-
lution, including mining industry, agricultural and silvi-
cultural activities, waste disposal, and fossil fuel combus-
tion. Cadmium is an extremely toxic element of continu-
ing concern because its environmental levels have risen
steadily with continued worldwide industrialization.

In order to understand better the impact of heavy met-
als, such as cadmium in aquatic organisms, it is important
to understand the chemical and physiological processes
that control their uptake, accumulation, storage and elimi-
nation. Although there have been many papers on cad-
mium accumulation and its toxicity to fish, most of them
have dealt with freshwater fish. Perhaps it may be because
the LC50 values of cadmium in saltwater fish are gener-
ally higher than those in freshwater fish. The marine envi-
ronment may be deteriorating so that cadmium accumula-
tion and its toxicity to marine fish must be further studied

The aim of this study is to clarify the characteristics of
cadmium accumulation and its toxicity in marine fish.
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Weeks
Fig. 1. Accumutiion of cadmium in tissues of gidla  exposed  to
~13 at 2.50 B&for  24 wk. The arrow indicates the end of expo-
~UFi?.

RESULTS AND DISCUSSION

~I$TR~BUTION OF CADMIUM IN GIRELLA,
GfRE&U  PUNCTATA

Di&bution  of cadmium in the tissues of freshwater
fish has been extensively studied (Nishihara et al. 1985).
liowever, only limited data are available on cadmium ac-
cumulation in marine fish (Hilmy etul. 1985). Results from
exposure of girelia, Girella  pwcfata, to Cd at 250 pail
for up to 24 wk clearly showed that cadmium accumulates
in the Livers and kidneys of marine fish (Kuroshima 1987)
(Fig. 1). It should be noted that this accumulation was
observed in the liver even after the end of exposure. In
cadmium-treated rainbow trout, increase in total amount
Of cadmium  in the liver and kidney after the end of expo-
sure has been reported (Kumada et al. 1980). Cadmium
cOntent  in the kidney and intestines of mice administered
this metal by subcutaneous  injections increased even after
dosing ceased (Nicholson et al. 1984). Cadmium once
taken up in the body thus appeared to be hardly excreted
but recListributed among tissues. Cadmium detected in the
in~stines of exposed girellas is possibly due to the intake
of water to maintain the water balance. Maximum cad-
IJJ&I cumulation in the gills of fish in Cd at 250 pgk
was less than twice that in Cd at 25 clgn (data are not
scone, indicating the tissue does not have capacity to
ret&t the meti*

CABIN ACCUMULATION IN THE MUMMI-
‘“rare, WULUS HETEROCLITUS,  ADAPTED
TQ VkRIous SAwwTTl;1[ES

Aduh males and juveniles of mummichog adapted to
Ereshwakrand  5%, lo%,  15%. 20‘$25%,  SO%,  75% and
‘Ooz
h

seaWter (v/v) were exposed to Cd at 1 mg/L for 24
shima 199%).  The hardness of freshwater and 25%

seawater used in this study was approximately 45 m&
@td 250 mgn, as CaCO,, respectively. Cadmium concen-

Salinity

Salinity

L- I I T

FW 25%Sf 5oxsw 75XSV lOO%s~
Salinity

Fig. 2. Cadmium accunudation  in tissues of mmmichog  adapted
to various salinities:  (a) the gills exposed to CD at 1 m&for
h; (b) the intestine exposed to CD at 1 mg/L.  for 24 h; and 
kidney and liver afer intraperitoneal injection of Cd (0.5
BW) bound to metallothioneitt.
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trations in the whole body of juveniles, and in the hepato-
pancreas, kidney and gills of adult fish disproportionately
decreased with increasing salinity, ranging from freshwa-
ter to 25% seawater and showed no further change at higher
salinity (Fig. 2a). Depression of cadmium accumulation
was most remarkable in the gills. Freshwater fish take up
most of the ions necessary for homeostasis from water via
the gills (Eddy 1982). Verbost at al. (1987) reported that
Cd2+ readily enters branchial  epithelial cells of freshwater
fish, as does Cd2+  via La3+- sensitive apical Ca2+ chan-
nels. Part and Svanberg (1985) proposed that gill perme-
ability for cadmium decreases with increase in the hard-
ness of water. The rapid decrease in cadmium accumula-
tion in the gill, hepatopancreas and kidney of mummichog
exposed in freshwater to 25% seawater was, thus, prob-
ably due to decrease in the active uptake of cadmium in
the gills. The cadmium concentration in the intestine in-
creased with salinity from freshwater to 100% seawater
(Fig. 2b). Marine fish swallow seawater and absorb water
together with monovalent ions from the intestine to com-
pensate for water loss from the body. The higher concen-
tration of cadmium in the intestine of mummichog adapted
to the higher salinities may possibly have been due to the
ingestion of water containing cadmium. Since water is
actively, but cadmium poorly, absorbed from the intestine,
cadmium dissolved in the water can be concentrated in
the intestinal tract. In mammals, cadmium orally adminis-
tered induces histopathological changes (Phillpotts 1985),
inhibition of enzyme activity (Kobayashi and Kimura
1985),  and transport of nutrients (Itturi and Pena 1986) in
the small intestine. The intestinal function of seawater fish
may possibly be damaged during exposure to cadmium.

Data from mammal experiments generally demonstrate
cadmium bound to metallothionein to be less effectively
trapped by the liver and mostly taken up by the kidney
(Suzuki 1984). Results from the administration of cadmium
bound to metallothionein by an intraperitoneal injection
are shown in Fig. 2c. The cadmium concentration in the
kidney decreased with increasing salinity and at salinities

0. 1
I+-----HMW ;-NT-.  =

Fraction number

0.25 p------N’W t-9-+-MT--c;----LMW-

Fraction number

Fraction number
Fig. 3. Geljiltration profiles of the tissue cystosolicfiaction: (a)
the gills of carp exposed to Cd at 0.3 mg?l  for 96 h; (b) the
intestine of curp exposed to Cd at 0.3 mg/Z for 96 h; (c) the gilis
of red sea bream exposed to Cd at 10 mgLL  for 96 h; and (d) the
intestine of red sea bream exposed to Cd at 10 mg/L for 96 h.
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of 75% and 100% seawater were significantly lower than
those in freshwater. The cadmium concentration in the
hepatopancreas showed a tendency to decrease with sa-
linity. The ratio of cadmium concentration in the kidney
to that in the hepatopancreas in each fish decreased with
salinity. In the kidney of freshwater fish, essential electro-
lytes, glucose and vitamins are selectively reabsorbed from
urine at the proximal tubules, while the main function of
the kidney of marine fish is excretion of divalent cations.
The function of the kidney to maintain the proper osmotic
conditions in the body may, thus, possibly be related to
the accumulation of cadmium bound to metallothionein
in the kidney.

CADMIUM CYTOSOLIC PARTITIONING IN THE
TISSUES OF CARP AND RED SEA BREAM

The carp, Cyprinus catpio, and red sea bream, Pagrus
major, were exposed to Cd at 0.3 mg/L and 10 mg/L, re-
spectively, for 96 h (Kuroshima 1992b). The cytosols of
the gills and intestine were separated into fractions accord-
ing to molecular weight using Sephadex G-75 gel chro-
matography. Cadmium in tissue cytosolic extracts were
separated into a high molecular weight (BMW,  >2O,OOO
Da) pool, a medium molecular weight (MMW, 3,OOO-
20,000 Da) pool and a low molecular weight (LMW.
~3,000  Da) pool. The term Da denotes a unit for molecu-
lar weight of protein. The cadmium in the HMW pool con-
taining enzymes and that in the MMW pool containing
metallothionein was regarded as being potentially toxic
and detoxified, respectively. Results from Sephadex G-75
gel filtration of the gill cytosol of the exposed carp indi-
cate that the gills are more likely to be harmfully affected
by exposure to an acute level of cadmium than the intes-
tine tissue (Fig. 3a, b). In red sea bream, results from gel
filtration of tissue cytosols indicate that cadmium accu-
mulated in the intestine at a high level and the maximum
detoxification capacity in the intestine was reached earlier
than in the gills (Pig. 3c, d). It is reported that the intestine
of scorpionfish may be the most highly influenced tissue
on exposure to high cadmium concentrations (Brown et
al. 1990).

METALLCYTHIONEIN INDUCED BY CADMIUM
ANDZINCINTRELIYEROFREDSEABREAM

Metallothioneins are low molecular weight
metalloproteins in the liver, kidney, and other tissues of
various species including aquatic organisms (Unger et al.
199 1). They are characterized by unique amino acid com-
positions with a very high cystein content and the absence
of aromatic amino acids (Powler et al. 1987). Since met-
als like cadmium and zinc induce metallothioneins and
bind to them via the sulfhydryl group of cysteine residues,
they may possibly be involved in protection against cad-
mium toxicity and homeostasis of zinc and copper (Brady
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Fraction number

Fraction number
Fig. 4. Anion exchange chnmuatogrqphy  of metallothionein-con-
tainingjkctionsfrom  thegelfiltmtion in the red sea bream liver:
(a0 cadmium-induced metallothionein; and (b) zinc-induced
metallothionein. The terms MIT and MTII denote isofonns of
metallothionein.

1982). Recent studies have shown hormones (Hyllner et
al. 1989). cytokines (Schroeder and Cousins 1990), and
various forms of chemical and physiological stress (Kagi
and Schaffer  1988) to induce metallothioneins and the
expression of some genes to be under separate control and
possibly to have different  biological purposes (Sadhu and
Gedamu 1988). The metallothionein induced in the liver
of red sea bream by cadmium and zinc was separated into
two isofotms by anion exchange column (Kuroshima 1995)
(Pig. 4a). Following cadmium treatment, zinc was much
higher in MTII than in MTI, where MTII and MTI denote
isoforms of metallothionein. In metallothionein induced
by zinc treatment, there were about equal amounts of zinc
in both isoforms of metallothionein (Fig. 4b). These re-
sults suggest that the isoforms of metallothionein may have
different biological functions.

CONCLUSION
Generally, when fish are exposed to pollutants, the or-

gan or tissue most susceptible to adverse effects is the gills.
This theory is based on results of experiments showing
that gills are the main uptake site of many pollutants in
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freshwater fish. However, the cadmium concentration in tion of active transport in the rat small intestine in vitro.
gills of girella exposed to the metal was low, and results
from the examination of cadmium cytosolic partitioning

hteraCtiOn With other ions. Comp. B&hem. physiol.
84C:  363-368.

in the gill tissue of red sea bream suggested that gills were Kagi, J.H.R. and A. Schaffer. 1988. Biochemistry of
not the most susceptible tissue. This discrepancy is con- metallothionein. Biochemistry. 27: 8509-8515.
sidered to be partly due to the difference of osmoregula- Kobayasbi, S. and M. Kimura. 1985. Effects of orally ad-
tory functions. The intestine is also an important organ for ministered cadmium in alkaline phosphatase isoen-
osmotic regulation of salt fish. The relative sensitivity of zymes in rat tissues. J. Pharmacobiodyn. 8: 853-863.
the intestine to cadmium exposure is of particular interest. Kumada H., S. Kimura, and M.Yokote. 1980. Accumula-

The liver and kidney are usually considered to be the tion and biological effects of cadmium in rainbow trout.
principal sites of chronic cadmium toxicity. The ratio of Bull. Jpn. Sot.  Sci. Fish. 46: 97-103.
cadmium concentration in the kidney to that in the hepato- Kuroshima, R. 1987. Cadmium accumulation and its ef-
pancreas of the mummichog decreased with salinity tier feet calcium metabolism in the girella, Girella
an intraperitoneal injection of metallothionein. This result puncratu,  during a long term exposure. Bull. Jpn. Sot.
indicates that the ability to trap the cadmium bound to Sci. Fish. 53: 445-450.
metallothionein in plasma by kidney is lower in saltwater Kuroshima, R. 1992.  Cadmium accumulation in the mum-
fish than in carp. Therefore, the liver in saltwater fish may michog, Fundulus hetemclitus,  adapted to various sa-
suffer chronic cadmium toxicity more severely than that linities. Bull. Environ. Contam.  Toxicol. 49: 680-685.
in freshwater fish. Kuroshima, R. 1992. Comparison of cadmium accumula-

Metallothionein is thought to be involved in detoxifi- tion in tissues between carp, Cypriws calpio, and red
cation of certain heavy metals, such as cadmium, because sea bream, Pages major. Nippon Suisan Gakkaishi.
of the avidity with which they bind to such metals. In ad- 58: 1237-1242.
d&ion, metallothionein may play an important role in the Kuroshima, R. 1995. Hepatic metallothionein and glu-
homeostatic control of zinc metabolism. Although it has tathione levels in red sea bream. Comp. Biochem.
been known that metallothionein is induced in fish, the Physiol. 11OC: 95-100.
information on this protein in saltwater fish is limited. Nicholson, J&D.  Osbom, andM.D. Kendall. 1984. Com-
Metallothionein in tissues of red sea bream was found to parative distributions of zinc, cadmium and mercury
be present in two isoforms. in the tissues of experimental mice. Comp. B&hem.

Physiol. 77C: 249-256.
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