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ABSTRACT
The physical factors affecting the fluctuations of oxygen-deficient water masses in the

lower layer (below  the pycnochne)  of Gokasho Bay were investigated. In this area. sea
bream, yellowtail and pearl oysters are cultivated. An oxygen budget was estimated using a
two-layered box model analysis with the results of field observations. The effects of water
movements on the fluctuation of dissolved oxygen (DO) concentration were then exam-
ined. Oxygen-deftcient water masses existed in the lower layer throughout the stratified
season (from May to October). The factors which caused the oxygen depletion were clari-
fied by the results of an oxygen budget analysis. In summer, oxygen depletion was caused
by low vertical diffusion. In early autumn, a very high consumption rate of DO caused
oxygen depletion, despite high vertical diffusion and high horizontal advection. Water masses
from outside the bay were found to intrude into the bay intermittently. DO concentrations
showed short periodic fluctuations due to these intrusions. The intrusions were caused by
coastal upwelling  and concomitant ascent of the pycnocline outside the bay. Because DO
concentrations outside the bay were. higher than those  in the lower layer of the bay during
the stratified season, the intrusions increased the supply of DO in the bay. The oxygen-
deficient water mass disappeared temporarily after the intrusion. Water  movement was the
significant factor which supplied DO in the bay during the stratified season.

INTRODUCTION

Many workers have described the spatial and temporal
distribution of the oxygen-deficient water masses in the
coastal area of Japan (e.g., O&i and Takeoka 1986, Joh
1989, Sasaki 1989). To clarify the processes of oxygen
depletion, it is important to study the physical, chemical
and biological factors that control water quality in the bay,
Munekage et al. (1991) observed the effects of the intru-
sion of oceanic water on oxygen depletion and Unoki et
aL(1985)  considered water movements in his study of
oxygen consumption rates. Water movements and their
effects on dissolved oxygen (DO) concentrations differ
among the bays; the physical characteristics of each bay
must therefore be examined to elucidate the mechanism
of oxygen depletion. In this paper, we examined the physi-
cal factors affecting oxygen depletion in Gokasho Bay.
Coastal water masses outside the bay intrude into the bay
intermittently (Abo et al. 1996). We conclude that such
intermittent events of water movements are important to
the fluctuations of oxygen-deficient water masses.

OBSERVATIONS

Gokasho Bay is located on the southern coast Of cen-
tral Japan (Fig. 1). Sea bream, yellowtail and pearl oysters
are cultivated in this bay, and fish farms are concentrated
in one of the inlets of the bay (sm. 6-8).

136’ E

Fig. 1. Map of Gokasho Bay Md  the observation stations. Heavi&
stippled areas denote the distribution of&h farms
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Fig. 2. Vertical distributions of dissolve oxygen concentrations.

Vertical profiles of water temperature, salinity and DO
were measured at weekly (stn. 4-12) and at monthly (stn.
l-12) intervals in 1992 using an STD and DO meter. Short
petiodic measurements (every 30 min) were also taken in
1991 and 1994:  water temperature, salinity and current
velocity at depths of 3 m, 9 m and 15 m below sea level at
sm. 8 in September and October of 1991, and water tem-
perature and DO at the depth of 1 m above the seabed at
sm. 8 in August and September of 1994.

RESULTS AND DISCUSSION

OXYGEN DEPLETION
Oxygen depletion occurred in the stratified season. Fig.

2 shows the vertical profile of DO concentration in the
bay, Oxygen-deficient water masses were formed in the
lower layer of the bay. At stn. 7 (near the fish farms), DO
concentrations were less than 1 ppm in the bottom layer.
The influences of aquaculture activities on oxygen deple-
tion were estimated by comparing fluctuations of DO con-
centration at stn. 7 with those at sm. 12 (about 1 km from
the fish farms) from April to October of 1992 (Fig. 3). The
two stations have almost the same water depth and are
equ& distance from the mouth of the bay. Although there
were no differences in the fluctuations of density (water
temperature and salinity) between the two stations, DO
~nce~~~ons  at  stn. 7 were lower than those at stn. 12.
At stn. 7, oxygen-deficient water masses (less than 3 ppm)
appeared in the stratified season (from May to October)
and the concentration was occasionally less than 1 ppm at
the bottom. On the other hand, at stn. 12, oxygen-defi-
cient wshter  msses only appear& intermittently from June
to August, and DCS concentmtion was never less than 1
ppm These results suggest that aquacukure  activity, that
b, loading of organic material from the aquaculture  area,
caused the oxygen depletion.

BlUDGETOFao
The Oxyga~ budget in the lower layer of the bay was
m by using the two-layered box model anatysis
with tk results of field ~b~~a~ons.  For this model, we
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Fig. 3. Seasonal variations of the vertical distributions of den-
sity and issolved  oxygen at stt~ 7 (a) and sm. 12 (b). Sm. 7 is
located nearfish  farms whereas sm. 12 is located farfkomrfish

fat;lnxr.

defined the inlet as inside the box (stn. 6-l l), defined the
adjacent sea area (sm. 4-5), and separated the box into
upper and lower layers at a depth of 8.5 m below sea level.
We defined vertical diffusion (D12)  and advection (Q,2,
Q12' and Q&, and disregarded other diffusion and advec-
tion (Fig.4).

Vertical diffusion and advection were estimated by con-
sidering the conservation of water mass and salinity. The
budgets of water mass and salinity are expressed as fol-
lows.

R+Q21-Q13=o
Q4,-Q*,=o
V,dCl/dt=(C,-C,)D,,+C2Q21-C,Q,3
V,dC~dt=(C,-C,)D,,-C*Q~~~~~~
Where C, is the salinity in box-n (n=l, 2, 3,4), V, is

the volume of box-n, R is the freshwater inflow into box-
1, Q,, is the flux of water from box-n to box-m (advec-
tion) and D,, is the vertical diffusion. If the salinity (C,)  is
observed at intervals of dt, the advection and diffusion can
be estimated. Using these diffusion and advection esti-
mates. the oxygen budget can be calculated. The oxygen
budget in the lower layer @10x-2)  is as foilows.



V,dCddt=(C,-C,)D,,-CzQz,+C&-P
Here, Cn is the DO concentration in box-n and P is the

consumption of DO. This consumption of DO consists of
the consumption by water and bottom sediment and respi-
rations of fish. Production of DO by photosynthesis is neg-
ligible in the lower layer of the bay.

Fig. 5a shows the vertical diffusion (Di2) and the hori-
zontal advection (a*) estimated by the box model analy-
sis from April to October in 1992. The vertical diffusion
was low in July and August and high in September and
October. The horizontal advection showed short periodic
fluctuations from April to August and got higher in Sep-
tember and October. In the stratified season, the vertical

Fig. 4. Schematic view of two-layered box model analysis.
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Fig. 5. (a) Seasonal variations of horizontal advection and ver-
tical diffusion as estimated by the two-layered box model  WlY-
sis. (b) Seasonal variations in the consumption rate of dissolved
oxygen.
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diffusion was low. In autumn, both the vertical diffusion
and horizontal advection were high. Fig. 5b shows the
consumption rates of DO in the lower layer of the bay; the
consumption rate was high in September and October.

The results of the oxygen budget clarified the factors
affecting oxygen depletion. The fluctuations of DO con-
centration at stn. 7 were correlated with vertical diffusion,
horizontal advection and consumption rates of DO. In sum-
mer, oxygen depletion was caused by low vertical diffu-
sion due to the stratification. In autumn, a very high con-
sumption rate of DO caused oxygen depletion, despite high
vertical and horizontal fluxes of oxygen.

The horizontal advection and consumption rate of DO
also showed short periodic fluctuations distinct from the
seasonal fluctuation. Low DO concentration layer recov-
ered intermittently relative to the short periodic fluctua-
tions of horizontal advection and consumption rates of DO.
These short periodic fluctuations were related to the inter-
mittent events of water movements, discussed in the fol-
lowing sections.

WATJZR  MOVEMENT
Distinctive water movements were found in Gokasho

Bay, that is, cold and high-saline water masses intruded
into the bay intermittently. Fig. 6 shows the time series of
current velocity, water temperature and salinity at stn. 8.
AITOWS in the figure denote the times when cold and high-
saline water masses outside the bay intruded into the lower
layer of the bay.
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Fig. 6. lime series of current velocity at depths of 3 m, 9 m and
15 m at stn. 8. Watcrr  temperature and salinity at depth of 15 m
below sea level at stn. 8. Positive values of current velociry  de-
note the inflow. Arrows  denote intrusion events.
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Fig. 7. Vertical distributions of water temperature, salinity and
dissolved oxygen. Stippled areas &note the cold and high-sa-
line water masses thut  tin&d  into the bay.

Rg. 8. ‘like series of water tempemture and dissolved oxygen
cottcentratiort  in the lower layer at stn. 8.

These intrusions occur as a consequence of the coastal
upwelling  induced by alongshore wind (Abo et al. 1996).
In alongshore (westerly) winds, the Coriolis force causes
the surface water outside the bay to move away from the
shore (Ekman transport). The surface water moving away
from the shore is replaced by deeper water that upwells
close to shore, and the thermocline outside the bay ascends
(coastal upwelling). With intermittent winds, the ther_
mocline outside the bay fluctuates vertically, responding
to the wind. When the ascent of the thermocline outside
the bay reaches a shallower layer than the depth of the
mouth of the bay, water masses below the thermocline are
able to intrude into the bay.

EJ?FECTS OF WATER MOVEMENT ON DO

DO concentrations showed short periodic fluctuations.
The low oxygen water masses in the lower layer disap-
peared intermittently (Fig. 3a). These intermittent renew-
als of low oxygen water masses were caused by the short
periodic water movements, that is, by the intermittent in-
trusions of coastal water masses from outside the bay.

Since DO concentrations outside the bay were higher
than those in the lower layer of the bay in the stratified
season, the intrusions added a supply of DO into the lower
layer of the bay. Fig. 7 shows the supply of DO due to the
intrusions of cold and high-saline water masses outside
the bay. On August 31, water temperature and salinity in
the bay were higher than 23.4flC  and lower than 33.8 psu
(practical salinity unit), respectively. There was a low oxy
gen water mass (less than 1 ppm) in the lower layer of the
bay. On September 7, a water mass having low tempera-
ture, high salinity, and high DO concentration (more than
4 ppm) intruded into the lower layer of the bay. DO was
renewed due to this intrusion.

Such intrusions and subsequent renewals of DO oc-
curred intermittently. Fig. 8 shows the sudden recoveries
of DO in the lower layer of the bay (stn. 8) due to the
intrusions of cold water masses from outside the bay. As a
result, oxygen-deficient water masses disappeared tempo-
rarily after the intrusions. It is concluded that such intrn-
sions were significant factors in the renewal of oxygen in
the lower layer of Gokasho Bay.

SUMMARY
Oxygen-deficient water masses were formed in the

lower layer of Gokasho Bay in the stratified season. The
results of the DO budget suggest that summer oxygen
depletion is caused by low vertical mixing, due to a strong
stratification; whereas, in autumn, a very high consump-
tion rate of DO caused oxygen depletion despite a higher
horizontal advection.

Water masses below the pycnocline outside the bay,
which have high density and high Do concentration, in-



truded into the bay. The intrusions induced a flux of DO
into the lower layer of the bay; low oxygen concentrations
disappeared temporarily after the intrusion. The intrusions
were significant factors in supplying oxygen to the lower
layer of the bay. Thus, the effects of water movements
must be considered when studying oxygen depletion in
coastal areas such as Gokasho Bay.

LITERATURE CITED

Abo, IS.,  S. Toda, and A. Nishimura. 1996. Intrusion of
coastal water into Gokasho Bay induced by coastal
upwelling. Bull. Coastal Oceanogr. 33(2): 21 l-220. [In
Japanese].

Joh, H. 1989. Oxygen-deficient water in Osaka Bay. Bull.
Coastal Oceanogr. 26(2):  87-98. [In Japanese].

Munekage, Y., H. Kimura, and H. Murata. 1991. Intrusion
of external saline water influencing anoxic water in
Uranouchi Bay. Nippon Suisan Gakkaishi 57(9): 1635
1643. [In Japanese].

Ochi, T. and H. Takeoka. 1986. The anoxic water mass in
Hiuchi-Nada, Part 1. Distribution of the anoxic water
mass, J. Oceanogr. Sot. Jpn. 42: l-l 1.

Sasaki,  K. 1989. Mechanism of oxygen-deficient water
formation in Mikawa Bay. Bull. Coastal Oceanogr.
26(2):  109-118. [In Japanese].

Unoki, S., Y. Saijo, and S. Tawam 1985. In situ measure-
ment of oxygen consumption rate in the bottom layer
in Mikawa Bay. J. Ckeanogr. Sot. Jpn. 41: 59-62.

89



UJNR %dmical Report No. 24



Thompson and Lawrence

Concepts of Herd Health for Shrimp

James A. Thompson1 and Addison L. Lawrence 2

1 Tenas  Veterinary Medical Center;  Texas A&M University, College Station, Ix 77843-4475;
2Shrimp  Mariculture  Project, Texas  Agricultural Experiment Station, Port Aransas,  TX

78373-1450

ABSTRACT
Identifying a risk factor as a cause requires the demonstration of an association, cotrect

time order and coherent findings, relative to what is known about the factor and outcome.
We demonstrate how these requirements impact epidemiologic investigations into shrimp
mortality. Quantifying mortality at intervals throughout growout  has been the major prob-
lem with on-farm studies. In studies using mortality estimates at the end of production
cycles, the correlation of outcome within ponds and within farms reduced our ability to
extrapolate results. Measurement error for risk factors has been a secondary problem. Mor-
tality can be measured accurately if the study’s internal time component is a complete pro-
duction cycle. Because risk factors frequently do not change during a production cycle, the
association between risk factors and mortality can be evaluated, assuming a random effect
of production cycle, using random-effects logistic regression. It is likely that the farm will
modify the cause and effect relationship and future studies should sample multiple farms to
increase external validity.

INTRODUCTION
Epidemiologists study the cause of disease in its natu-

ral setting. It is a logical extension that a veterinarian study-
ing herd health for shrimp farming must study shrimp dis-
eases using actual farm observations. Epidemiologists
avoid defining the word cause, preferring to use words
such as determinants, exposures and risk factors. Altema-
tively, they categorize causes as direct or indirect; neces-
sary or sufficient; and single or multiple, rather than de-
fining cause. In an effort to be pragmatic, Susser (1991)
has defined cause as “something that makes a difference”
or alters an outcome.

The philosophical view of what constitutes a cause has
not been so pragmatic (Rothman 1986). However, some
consensus has emerged from the arguments of philoso-
phers. Epidemiologists concur that Koch’s postulates are
much too rigid (Susser 1991). Epidemiologists also agree
that causes must be hypothesized and then tested for re-
jection but are never accepted as proven (Susser 1991),
thus an epidemiologist will be well served by an icono-
clastic point of view. Epidemiologic methods are there-
fore not very friendly. A brave soul will hypothesize a cause
for shrimp dying, and epidemiologists try to disprove the
hypothesis. After an hypothesized causal relationship sur-
vives the challenge of repeated testing, as the cigarette
smoking/mortality relationship did (Eysenck 1991),  the risk
factor becomes accepted as a cause of mortality. Further
sophistication, however, will challenge the hypothesis as
our understanding grows and we get closer to understand-
ing the deterministic model. For example, cigarette smok-
ing is no longer considered a cause of mortality by epide-

miologists because more specific carcinogens found in
cigarette smoke have been identified. Epidemiologists use
three rules to reject an hypothesized cause (Susser 1991).
The first is association. If a risk factor does not occur more
frequently in diseased animals, then it is rejected as a cause.
The second is time order. If the risk factor does not pre-
cede the outcome, it is rejected. The third criteria used is
common sense or coherence, in all its forms. Risk factors
are often rejected based on what is known or believed about
the cause and outcome.

In epidemiology, two outcomes are frequently studied:
morbidity and mortality. The study of morbidity for shrimp
culture can be mediated quite effectively by using growth
rate as a surrogate measure of wellness (Thompson et al.
1994b). While slow growing shrimp may feel quite well
and never miss a day’s work, most producers will accept
growth rate as a measure of morbidity because of its cor-
relation to their economic health. However, the study of
the causes of shrimp mortality has been fraught with diffi-
culties. There is no lack of hypothesized causes but hy-
pothesis testing is difficult. The objective of this review is
to present and discuss examples illustrating the difficul-
ties in hypothesis testing for shrimp mortality from on-
farm observations. We present and discuss one example
for each of the three criteria for causation: a%%iatiOn,  time
order, and coherence of results.

EXAMPLE 1: ASSOCXATION

INTRODUCTION
Necrotizing hepatopancreatitis (NHP)  has been an im-
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portant  disease of shrimp culture in Texas since it was first
recognized in 1985 (Frelier er al. 1992). The disease has
resulted in mass mortalities of Penueus  vunnami  in cm+
merciti  gfowout ponds.  The etiologic agent has been shown
to be a pleomorphic Rickettsia-like intracellular bacterium
(Frelier et al. 1992). Previous studies have shown the dis-
ease to occur at high salinity (20 to 40 ppt), but the role of
salinity remains unclear (Frelier et al. 1993). The objec-
tive of this study was to describe the association among
pond differences in salinity and mortality in 1993  on a
Texas farm for which the disease agent was endemic.

MATERIALS AND METHODS

A production unit in south Texas that had suffered re-
current problems of NHP was surveyed for histological
lesions of NHP during the 1993 production season. Salin-
ity was recorded in each pond on a weekly basis. The mean
was calculated for each pond and classified as high salin-
ity if greater than 35 ppt and low salinity if less than 35
ppt. Mortality was calculated as a proportion, with the
numerator the difference between the number of shrimp
stocked into the pond minus the number harvested from
the pond. The denominator was the number of shrimp
stocked into the pond. Analysis of the association between
salinity and mortality while accounting for clustering of
mortality within the pond was performed using various
methods  described by Dormer (1993).

RESULTS

D~rnSSION

The choice of an appropriate statistical method to test
for association was considered. The outcome, mortality,
is highly clustered within ponds creating extrabinomial
variation. Similar effects are well-described on the smaller
scale and are often referred to as litter effects @onner
1993). The use of the Pearson &i-square  statistic ignores
the clustering within ponds; this statistic requires that the
outcomes be independent and its value overinflates the
statistical significance. The t-test methods will evaluate a
single measurement of survival from each pond. This will
account for clustering but will almost surely violate the
~su~~on$ that the variances from each group are nor-
mal and homoscedastic.  The non-parametric approach is
valid but is ineficient because it ignores the number of
shrimp in each pond and the magnitude of the differences.
Also, the size of the effect is not intuitively useful.

Use of random effects models has intuitive appeal
@Mis ef al. 1993). The effects of “pond” can he model&
as a random effect, represented by a distribution of pond
eff@~ts. By $0 doing, the variance and standard errors of
the estimate% are inflated to account for the extrabinomial
Va,&@ion. Software &et@ has been marketed to model
such random effects. However, the models were not de-

veloped with shrimp ponds in mind and most of the fieng
algorithms failed with OUT example. We achieved conver_
gence using the beta-binomial random effects model in
Egret@.  By repeating the fitting with different initial vd_
ues, we observed multiple maxima (several possible solu_
tions). It was straightforward to pick the best of the ob_
served solutions by selecting the model with the lowest
deviance (Hosmer and Lemeshow 1989). However, the
possibility of an alternative, superior solution, exists. We
found no adequate single test for association with the de-
scribed example.

The evidence of an association between salinity and
mortality was strong even though the difference between
high and low salinity definitions was very small. Evidence
for the association is convincing, but how strong is the
evidence that salinity is a cause? Time order has not been
established. It is possible that mortality precedes high sa-
linity. High mortality may have been a specific condition
or associated with a condition that preceded an altered rate
of exchange of water. It is unlikely that time order can be
established until accurate measures of mortality during a
production cycle are possible. The size of the effect makes
the likelihood of the association being explained by a bias
less likely than if the size of the effect was small.

Proposing salinity as a cause of mortality in the pres-
ence of NHP lesions lacks sophistication. What about sa-
linity as a cause of death (Lester and Pante 1992)?  Is it its
effect on osmoregulation? Is it a stress that reduces immu-
nity? Is it a marker for a change in pond biota with a pro-
liferation of a specific intermediate host? The evidence
for coherence in all its forms can be improved with fur-
ther study. With existing limitations, it is unlikely that we
can strengthen the time-order relationship with pond ob-
servations. Tank observations may not be applicable to
studies on disease in production systems. It is conceivable
that increasing salinity in a laboratory tank will not con-
stihlte stress but in a pond, high salinity with a combina-
tion of other factors will. Tank studies may remove inter-
mediate hosts from the other pond biota The answer to
elucidating the causal mechanism lies in the posing and
investigating of more specific and sophisticated epidemio-
logic hypotheses that will add to our knowledge of the
other contributing factors. In the meantime, in a pragmatic
world, we must consider salinity as a cause of NHP (Susser
1991).

EXAMPLE 2: TIME ORDER

INTRODUCTION
vibrio  spp. are considered the most important bacterial

pathogens in shrimp culture (Vera et al. IS%!),  and *
important causes of enteritis in humans. Special concern
must be placed on pathogens of human concern that may
appear in harvested products. Like bacterial pathogens in
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Table 1. Summary of statistical testing of the significance  and she of an association.

Method
Pearson  hi-square
Student’s t-test (t)
t-test (transformed) (t)
Wilcoxen rank-sum (W)
Random effects model (likelihood

ratio chi-square)

Test statistic P Effect size
4.5 x 105 P<0.00001 Odds ratio = 7.0
3.95 P=O.OO 1 Difference of means = 24%
3.86 P=O.O02 Difference of means = 24%
215 P=O.OO 1 Non-parametric
26.0 P<O.OOOO  1 Odds ratio = 5.0

Table 2. Odds ratios  for high mortality risk over a 1 wk p&o&

Variable Odds ratio  (95 % confidence interval P
for odds ratio)

Pond PcO.001
Weight (increase of 1 g) 0.94 (0.90 to 0.98) PcO.01
Density 0.19 (0.12 to 0.31) P<O.OoOl
(Density)2 1.08 (1.05 to 1.11) P<O.O001
Full moon 0.52 (0.32 to 0.84) P<O.O 1
Low dissolved oxygen 1.61 (1.00 to 2.59) P<O.O5
High Kbrio  concentration in HP 1.32 (0.63 to 2.79) P=O.5
DO2 x high [ Vibrio] 0.82 (0.48 to 2.09) P=O.7

Table 3. Univariate association between low dissolved oxygen concentration and a high mortality risk. The
overall crude odds ratio was 1.27.

Risk of mortality High
Low
Total

Class of dissolved oxygen concentration
Low Wzh Total

167 201 368
193 294 487
360 495 855

Table 4. Association t&ween low dissolved oxygen concentration and a high mortality  risk after Co-oa
for non-differential ~las.q~~tion of mortality with a sensitivity of 0.6 and specificity of 0.6. The
overall odds ratio was 15.1.

class 0f dissolved oxygen concentration
Low High Total

Risk of mortality High 115
Low 245
Total 360

other farmed species (Martin et al. 1987),  these bacteria
are ubiquitous and disease is triggered by stress (Lightner
1993). Stress is frequently implicated by epidemiologists
as an initiating factor for bacterial disease in livestock.

15 130
480 725
495 855

J

Stress is often poorly understood in its pathogenesis but
epidemiologists frequently compare surrogate measures
of stress to study its roIe as an epidemiologic factor, Dis-
solved oxygen is the most frequently measured variable
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in production ponds (Thompson et al. 1994a) and it may
serve as a suitable surrogate measure of stress. Concentra-
tions of vibrio spp. vary widely among ponds, and also
temporally within ponds. Because of the variance that oc-
curs within pond-cycles, analysis of the Vibrioldissolved
oxygen interaction will require a selection of an internal
time component and periodic measurement of mortality
during a production cycle. The objective of this study was
to detetmine if the presence of Kbrio spp. in the hepato-
pancreas was associated with mortality and if this asso-
ciation was modified by low dissolved oxygen concentra-
tions.

MATERIALS AND METHODS
Dissolved oxygen concentrations were performed as

close to 6 am. as possible each day. The mean was calcu-
lated for the seven measurements of the wk. For categori-
cal analyses, low dissolved oxygen concentration was de-
fined as less than 5.2 mgiL (the median) and high concen-
tration as a mean greater than or equal to 5.2 mg/I.. To
quantify the number of vibtio  colonies, 9 ml of 0.9% sa-
tine were mixed with 1 g of hepatopancreas. The mixture
was macerated, mixed and a 0.1 ml aliquot was plated on
TCBS agar. At 24 h, the number of colonies was counted
and classified as high if greater than the median observa-
tion (500 colonies) and low if equal to or less than 500
colonies. To &fine the pond’s population, a cast net that
sampled approximately 1 m2 was cast at 54 points. The
average number caught was multiplied by 10,000 to give
the number per ha and then multiplied by the number of
ha. Pond variables and pond population estimates were
stored in a Lotus data base and retrieved at the end of the
study. To calculate the risk function, the force of mortality
was calculated (Kleinbaum et al. 1982). For logistic analy-
ses, the force of mortality was classified as high if positive
and low if zero or negative. Multiple logistic regression was
performed regressing the outcome high vs. low mottahty
against pond; pond density and the square of the pond den-
sity: phase of the moon; dissolved oxygen; hepatopancreas
V&o concentration and the dissolved oxygen and Mbrio
interaction. The phase of the moon was modeled as a risk
factor if the full moon occmred during the observation wk.
Dissolved oxygen and number of vibrio  colonies were mod-
eled using the classification variables.

RE;SULTS
Weeks with high mortality were associated with pond,

weight, density and the density squared, and occurrence
of a full moon during the wk (Tabk 2). High mortality
was also related to the classification of oxygen concentra-
tion but not to the number of kibrio  colony forming units
(CRJs)  nor the interaction between dissolved oxygen and
vitrrio  CRTs. A univarlate  table for the risk of low dis-
SoEved oxygen was created (Table 3), which demonstrated
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that the crude odds ratio for low dissolved oxygen was
1.27. This table was corrected for a non-differential
misclassification bias of sensitivity of 0.6 and specificity
of 0.6. The true, population crude odds ration can be shown
to be 15.1 (Table 4).

DISCUSSION
We have failed to demonstrate a significant effect modi-

fication between Mbrio and dissolved oxygen concentra-
tion. This failure occurred with methods designed to esti-
mate a population size at the beginning and ending of each
week. These measurements were made with error that pro-
duced a large misclassification bias (Brenner and Blettner
1993). We are not certain of the degree of misclassification
but any rise in population estimates constitutes a
misclassification and counting these demonstrates the sen-
sitivity of classification to be approximately equal to 0.6.
We also believe that if we were classifying a realistic, low
mortality risk (O.O5/wk),  the classification would also have
a very low specificity. If the measurement error is cen-
tered on zero and normally distributed, we would expect
the same percent of errors for both high and low mortality
estimates and the specificity would also be equal to ap-
proximately 0.6. We show that using a sensitivity of 0.6
and specificity of 0.6 for the misclassification would have
a very large bias of the odds ratios toward the null value,
We argue that this misclassification biases all potential
predictors of mortality toward the null value.

This study was doomed to failure for the detection of
relatively small odds ratio. It can be concluded that the
odds ratios determined for shrimp density, lunar phase and
low dissolved oxygen concentrations were either extremely
large or the product of other biases. Our calculations for
corrected odds ratios were based on the assumption that
the misclassification of mortality was not related to any of
the predictors. This assumption could not be validated
cflegal et al. 1991). It is quite possible that estimates may
also be related to shrimp density and weight because of
shrimp behavior in lunar phases (Griffith and Wigglesworth
1993). It is also possible that low dissolved oxygen con-
centrations reduce the likelihood of capturing shrimp. In
general, the uncertainty of the size of the odds ratios and
the size of the misclassification and whether the classifica-
tion is non-differential or not makes the study design un-
workable @legal ef al. 1991). We believe that measurement
emor of population estimates during a pmduction  cycle makes
the study of small or moderate risks untenable.

EXAMPLE 3: COHERENCE

INTRODUCTION
Taura syndrome was first recognized as a cause of

mortality in June 1992 on shrimp farms near the mouth of
the Taura River in Ecuador (Brock et al. 1994). Since then,
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the disease has been diagnosed elsewhere in Ecuador, Peru,
Columbia, Honduras and Hawaii (Brock et al. 1994). In
May and June of 1995, five Texas shrimp farms suffered
devastating losses in association with a histopathologic
diagnosis of Taura syndrome virus (TSV).  Because the
virus had been considered exotic to Texas, an epidemio-
logic investigation was conducted to evaluate the most
likely of a number of specific possible sources of the virus
using case-control methodology (Fonseca and Armenian
199 1). Of special concern was the possibility that the spread
of TSV was mediated through transport of infected post-
larvae.

MATERIALS AND METHODS
All major shrimp growout production units in Texas

(n=6) and an experimental unit were visited and evaluated
for exposure to the potential sources of infection. Identifi-
cation of unexpected mortality was based on a question-
naire delivered by the lead investigator to the farm owners
or managers. Each unit was evaluated for the presence of
TSV based on histopathology.  Cases were farms with un-
expected mortality and a histopathologic diagnosis of TSV.
Exposure to the potential sources was based on historical
data and inspection by the lead investigator. Associations
between potential infection sources (factors) and case sta-
tus were evaluated with Fisher’s Exact Test.

RESULTS
Taura syndrome was diagnosed in five of six commer-

cial growout farms and was absent in the experimental
unit. Feed used consisted of six different formulations from
multiple batches from two separate feed companies. Wa-
ter inlets were closed for the majority of the case ponds. It
became apparent during the outbreak that new cases oc-
curred irrespective of water flowing into the ponds. The
index case farm also supplied larvae to other fatms in Texas
(and elsewhere). Three case farms received larvae when
TSV was active on the index farm (after May 6). This
source of larvae did not explain disease at the index farm
and at one other case-positive farm. Exposure to airborne
factors, wild in the Laguna Madre, was found at all farms
but not the experimental unit.

DISCUSSION
Identification of a causal factor requires the demon-

stration of association, temporal sequence and coherence.
However, we must consider that our general grouping of
causes into airborne, waterborne, feedborne and
animalborne is likely an exhaustive list and to meet our
objective we should identify the most likely source. If we
hypothetically expand our sample to include 10 more US
shrimp farms, all newly sampled farms would be factor
negative and case negative. If this sampling did not con-
stitute a bias, we would conclude that the association of

transported  Post-larvae and TSV were associated; how-
ever, the same can be said to be true of exposure to the
Laguna Madre and TSV. For temporal sequence, we can
say both factors preceded the mortality  effect.

In our examination of coherence, we note inconsisten-
cies in the lag (or incubation) periods. Incubation periods
have been long recognized as useful indications of a cause
(Sartwell  1995).  For the three farms receiving larvae as
Potentially  infected, one had a 1 wk incubation period and
two had 5 wk incubation periods. The incubation periods
for the airborne source can, in contrast, be explained by a
south to north migration of the vehicle. Analogy, a form
of coherence, also favors the airborne source hypothesis.
W&in case farms, spread was rapid among ponds with a
very short incubation and a short period of mortality. The
findings are compatible with a common source airborne
spread. This could be explained by multiplication of a vi-
rus within an insect host but not by a mechanical vector. If
the virus was spread by infected larvae, the hypothesis of
airborne-spread must still be true within farms. Because
of the rapidity of spread, we propose that the infection
source is part of the preferential diet of shrimp such as an
insect with both airborne and waterborne life stages.
Through analogy and the knowledge that within-farm-
spread was airborne, it was shown that airborne-spread
was definitely involved. Was the spread by infected post-
larvae also involved? The preponderance of other evidence
(coherence) says no.

CONCLUSIONS
The studies of shrimp diseases with on-farm observa-

tions have been frustrating. We propose the following ret-
ommendations for future study.

Concentrate  on “fixed” factors as risk factors. Risk fat-
tars that are constant throughout a gmwout  cycle by defini-
tion must precede mortality so time order cannot be faulty.
These factors include: salinity and other environmental vari-
ables on most farms;  pond size, depth and other physical
properties, including aerators; and endemic diseases.

Use random effects models to demonstrate aSSOCiatiOnS.
These models  can account for extrabinomial Variation.
Although developed for clusters much Smalier  than shrimp
ponds,  these models can be used provided routine diag-
no&s for regression models are applied.

Increase the number of farms in the sample. Fixed risk
factors till usually be constant for all ponds within a farm.
Random effects models are used when the outcomes are
clustered. A farm becomes a single cluster with a single
outcome ra and a single level of fixed risk factor. The
need for multiple farms is obvious.
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ABSTRACT
Determination of okadaic acid (OA) and its analogues,  dinophysistoxin-1  (DTX-1) and

dinophysistoxin-3 (DTX-3),  in mussels collected from the Niigata coast of Japan was car-
ried out by high-performance liquid chromatography (HPLC)  with  fluorometric detection
after derivatization with 9-anthryldiazomethane.  Analyses of toxic material indicated the
presence of OA and DTX- 1; however, the toxicity determined by HPLC-fluorometty was
far below that estimated from mouse bioassays, suggesting the presence of other  toxins.

INTRODUCTION
Diarrhetic shellfish poisoning (DSP)  has been recog-

nized as a worldwide problem since it was reported by
Yasumoto ef al. (1978). Among the diarrhetic shellfish
(DS)  toxins derived from dinoflagellates, Dirwphysis spp.
and Prorocentrum  spp. (Lee et al, 1989). the most impor-
tant toxins responsible for diarrheal symptoms are okadaic
acid (OA) and its derivatives, dinophysistoxin- 1 @TX-  1)
and dinophysistoxin-3 @TX-3) (Lee er al. 1987). In 1994,
a DSP outbreak occurred along the Niigata coastal area,
Japan. Shellfish harvesting was prohibited from May 16
to August 2. The present paper reports results of DS-toxin
analysis by high-performance liquid chromatography
(HPLC)-fluorometry to elucidate the nature of the toxic
DSP compounds in mussels collected from the Niigata
coastal area. Determination by HPLC-fluorometry of the
free fatty acids (FFAs)  which have been suggested to in-
terfere with mouse bioassays (Takagi et al. 1984) is also
described.

MATERIALS AND METHODS
Mussels, Mytilus coruscus,  were collected from the

Niigata coastal area during the period May 30 to June 27,
1994. Five individual mussels were used for each analy-
sis. Acetone extraction of DSP toxins from the midgut
glands of mussels and the following mouse bioassays were
carried out using the procedure described by Yasumoto
( 198 1). Analyses of OA and DTX- 1 in the acetone extracts
by HPLC-fluorometry were carried out according to the
method of Lee ef al. ( 1987). Determination of DTX3 was

carried out by the detection of DTX-1 obtained from DTX-
3 via alkaline hydrolysis (Suzuki 1994) after separation
by partitioning between 80% methanol (OA and DTX-1)
and n-hexane (DTX-3). Fluorescent peaks corresponding
to the 9-antl’uyldiazomethane (ADAM) derivatives of OA
and DTX- 1 were confirmed by a second HPLC-fluorom-
etry using a Capcell Pak CN SG120  column (4.6 mm ID x
250 mm; Shiseido, Tokyo, Japan) as described by Zhao et
aL (1993). Further confiirmation of the OA and DTX-1
peaks was carried out by HPLC-fluorometry using a
LiChrosorb  RP- 18 column (4.0 mm ID x 250 mm; Merck,
Darmstadt, Germany), with acetonitxile-methanol-water
(8: 1: 1, v/v/v) as the mobile phase and a flow rate of 1.1
ml/min at 35%. Determination of the peak area corre-
sponding to OA and DTX- 1 was carried out on the second
I-IPLC run equipped with a Capcell Pak CN SG120 col-
umn. Determination of FFAs  by HPLC-fluorometry was
carried out according to the method of Suzuki (1994). The
toxicity of the FFAs was calculated from data reported by
Takagi  et al. (1984). One liter seawater samples were col-
lected at 8 m depth at the monitoring station and fixed
with formalin  (5%). The solution was concentrated to 10
ml for counting and identification of Dinophysis spp.  by
microscopy.

RESULTS AND DISCUSSION
Table 1 shows the mouse bioassay results for the mid-

gut glands of mussels during the DSP outbreak and cell
densities (cells/L) of Dinophysis spp. from 8 m depth  whew
the mussels were harvested The DSP outbreak on May 9,
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Fig. 2. HPLC prvfiles  of the ADAM derivatives on the Capcell
Pak CN Xl20  CO~UWL  (A) purijied OA and DTX-I; (B) fiat-
tion corresponding to DTX-I  in HPLC on the Develosil ODS-5
column; (C) fraction corresponding to OA in HPLC on the
Develosil ODS-5 colunm Conditions: mobile phase, acetonitrile-
water (53:47,  v/v); monitor; excitation 365nm,  emission 412 nm;
flow rate, 1.1 mlfmin;  temperature, 35°C.

icities  determined by HPLC-fluorometry were clearly
lower than those obtained by mouse bioassays. The slight
decrease in toxin content in the midgut glands of mus-
sels after June 14 correlates with the disappearance of
D. fortii  after that date (Table 1).

The FFA content is also shown in Table 2. Although a
marked increase in FFA content was observed on June
20 and 27, the FFA content was not sufficient to give
positive results (>oS MU/g) in the mouse bioassays.

The presence of OA and DTX- 1 in toxic mussels col-
lected from the Niigata coast was confirmed by HPLC-
fluorometry, but the sum of the toxicities determined by
HPLC-fluorometry was too low to account for the mouse
lethality. FFA contents were also insufficient to interfere
with the mouse bioassay. These results indicate the pres-
ence of other DSP toxin(s), including pectenotoxins and
yessotoxins (Yasumoto and Murata 1990),  and suggest
the need to analyze for other DSP toxins during routine
instrument methods of monitoring for the toxicity of
mussels in this area.

OA

-- _ . _ .__ --. z. _’ \
1 , 1 / ,

--,--_.  A

5 10 ftll"

Fig.  3. HPLCprofles  of the ADAM  derivatives on the LiChrosorb
RP-18 column. (A) purified OA and DTX-I; (B) fraction corre-
sponding to D?X-1  in HPLC on the Develosil ODS-5 CO~U~;
(C)fraction  corresponding to OA in HPLCon  the Develosil ODS-
5 column. Conditions: mobile phase, acetonitrile-methanol-wa-
ter (8:1:1,  v/v); monitor, excitation 365 nm,  emission 412 nm;
flow rate, I.1 mUmin; temperature, 35’C.
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Bioassay results OA DTX-1 FFA
Date WJig) (j.wg) (W/g’ 1 Q.Wg> (MU/g’ 1 Wg) (Mu/g’ )
May, 9 0.5 - 1.0 ND2 ND 0.16 0.05 666 0.02
June 6 0.5 - 1.0 ND ND 0.16 0.05 443 0.02
June 14 0.5 0.02- 1.0 0.05 0.01 0.37 0.12 523
June 20 0.5 - 1.0 0.01 <O.Ol 0.11 0.03 2197 0.11
June 27 0.5 - 1.0 ND ND 0.07 0.02 6322 0.37

DTX-3  not detected in any sample.
‘Calculated on the basis of specific activities of 4.0 and 3.2 @mouse  unit (Mu) for OA and DTX-  1.  resPecdvelYS
2Not detected.
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ABSTRACT
Incidents of diarrhetic shellfish poisoning (DSP)  pose a serious threat to the aouaculture

industry. DSP results from consumption of shellfish contaminated with toxic dinoflagel-
lates such as species of Dinophysis and Prvrocentrzun.  During a study to determine the
kinetics of production and excretion of DSP toxins in culture by one such organism,
Pramcentrum  lima, a number of new ester derivatives of okadaic acid and DTXl  were
discovered. It was also found that enzymatically-catalyzed hydrolysis and methanolysis
reactions were occurring during simple extractions with aqueous methanol. Extraction and
analysis methods developed to determine toxin concentrations in cells and in the medium
will be valuable for future studies on the uptake and depuration of DSP toxins by shelh%h,
and for protection of public health.

INTRODUCTION
Diarrhetic shellfish poisoning (DSP) is a severe gas-

trointestinal illness resulting from consumption of shell-
fish contaminated with toxigenic dinoflagellates, such as
certain Dinophysis and Prorocentrum species (Yasumoto
and Murata 1990). The main toxins responsible for DSP
are okadaic acid (OA) and the dinophysistoxins, DTXl
and DTX2 (l-3, see Fig. 1). These compounds have been
shown to be potent phosphatase inhibitors, a property
which can cause inflammation of the intestinal tract and
diarrhea. In addition, OA and DTXl have been shown to
have tumor-promoting activity. A number of naturally oc-
curring derivatives of these toxins has also been identi-
fied. The 7-0-acylated (C to C ) derivatives (4) of l-3
have been found in shellfish4tissue%nd  designated as DTX3
(Yasumoto etal. 1989, Man  et al. 1992b). However, DTX3
toxins have not been detected in microalgae, suggesting
that they are products of shellfish metabolism (Yasumoto
et al. 1989). Several ester derivatives of OA, such as diol-
ester 5, have been isolated from I! lima and I? maculos~m
(Yasumoto et al. 1989, Hu et al. 1992). Although the ester
derivatives do not appear to be phosphatase inhibitors, they
have the potential to be hydrolyzed readily in the diges-
tive tract to yield an active parent DSP toxin. Recently, a
water-soluble DSP toxin (DTX4) was isolated from an
eastern Canadian strain of I! lima (Hu et al. 1995). This
compound is a complicated derivative of OA, in which
the primary hydroxyl of diol-ester 5 is esterified with a
trisulfated end group.

In this study we report on the DSP toxins produced by

& RZ 4 R, 4

1% H H OH - OA
2 a3 -3 H OH - D’I’Xl
3 H CH3 H OH - HI’X2
4  (H orCH3) Acyl OH - DTX3
5 CH, H H X  OH OAdiokiter
6 CH3. H H X Z DTX4

Fig. 1. Structures of okra&c  acid (Oh) and same of its knawn
natural& accumng  derivatives.

the dinoflagellate 19 lima in culture. A number of new
ester derivatives of OA and DTXl were identified, and it
was found that enzymatically-catalyzed transformations
were occurring during simple extractions with aqueoUs
methanol. New analytical pmcedmes are demonstrated for
the accurate determination of toxin concentrations in cells
and in the medium.
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iMATERIALS AND METHODS

CULTURING PROCEDURES
T& strain of P. lima used in this study, its isolation,

culture mecjium  and growth conditions were reported pre-
viously (Man et al. 1992a, Jackson et al. 1993, McLachlan
ef al. 1995).

SAMPLE PREPARATION
Aliquots (50 ml) of P, lima  culture were transferred to

SO-ml  plastic centrifuge tubes and centrifuged for 10 min
at 6600 x g. The supematants  were decanted without dis-
turbing  the cell pellets. Several different extraction meth-
ods wem investigated, the principal ones being:
Method 1 (80% methanol): Each cell pellet was resus-

pended in 2 ml of methanol/water (8:2) and sonicated
. for 1 min in pulse mode (50% duty cycle, 375 W) while

cooling in an ice bath. After centrifugation for 10 min
at 6600  x g, the supematant was decanted. The pellet
was rinsed twice (vortex mixing, centrifugation) with
1 ml methanol/water (8:2). Supematants  were com-
bined and adjusted to 5.0 ml. Extracts were passed
through a 0.45pm  filter prior to analysis.

Method 2 (French press): Four cell pellets were each re-
suspended in 0.2 ml 50 mM TrisHCl pH 7.4, combined
and passed through a chilled French press at pressures
~10 Kpsi. A I ml aliquot of buffer was used to wash
~~~~~g residues thmugh the press and the sample
was then brought to 2.0 ml with buffer. Aliquots (0.5
ml) were mixed with 2.0 ml methanol and processed
asinMethod 1.

Method 3 (freetihaw): Each cell pellet was resuspended
in 0.5 ml of TrisHCl  buffer and immersed in liquid
nitrogen. The sample was allowed to thaw at room tem-
perature and left in the dark for 24 h. Then 2 ml of
methanol were added and the sample was sonicated
and extracted as in Method 1.

Method 4 (boiling): Each cell pellet was resuspended in
0.5 ml of TrisHCl buffer and immersed in boiling wa-
ter for 3 min. Following this, 2 ml of methanol were
added followed by sonic&on and extraction as in
Method 1.

CmmCAL  ANALYSES
Adym of l-3 ad 5 were perf01~11ed  by positive ion-

spray liquid cfuomatogmphy-mass  spectrometty (K-MS)
and of l-3 by LC with ~~UORWXMX  detection (FLD) after
derivluization with ~~l~~rne~ (ADAM), as pi-e_
vimly rtWrted (Quiltiam 1995). The DTX4 and related
tf&~ We@ a.tm@Wd  m&g the negative ion mode, a 2 x
150 mm column packe& with 5 mm Zor&x  R&J-$,  0.2
ml/mitt flow rate and ent elution with an ~UWUS
~~~~~~~m acMa% 0 X&I, pH 7) mobile phase

lfJ2
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Fig. 2. Intracellular toxin production in P. lima measured by LC-
FLb  analyses. Samples were extracted in 80% methanol and
then derivatized with ADAM.

programmed from 20% to 50% acetonitrile over 15 min.
Compounds 5 and 6 were also analyzed by LC with UV
detection at 238 nm using the same column and mobile
phase.

REXJLTS  AND DISCUSSION
Published extraction methods for DSP toxins in plank-

ton samples have used solvents such as methanol, acetone
and chloroform. Initially, we sonicated cells isolated by
centrifugation in aqueous 80% methanol and followed this
by LC-FLD analysis of the ADAM derivatives. This gave
excellent reproducibility with replicate subsamples of a
single culture in early growth phase. However, erratic re-
sults in the cellular concentration of OA (but not DTXl)
were observed as the methods were applied in a study of
the rate of toxin production in batch culture. Results Of
one such experiment are shown in Fig. 2. It was evident
from literature reports that others had also experienced
erratic quantitative results in such experiments (Jackson
et al. 1993, McLachlan  et al. 1995). although it was a~-
sumed that these arose from difliculties with the LC method
used. However, as reported below, we have now deter-
mined that such results are artifacts of sample preparation
and enzyme action.

The positive ion-spray LC-MS analysis of a 70-W-
old culture sample (Fig. 3a) extracted using Method 1
showed the presence of OA (peak l), DTXl (peak 2) and
OA diol-ester (peak 5). The diol-ester of DTXl was not



observed at significant levels in this particular isolate, al_
though we have observed it in other P. Lima  isolates  (un_
published reSUh).  At first, it was considered that the
n-reproducible results were due to cells not being ad_
equately ruptured by sonication, but repeated extraction
of sonicated cells resulted in no further extraction of tax_
ins.

Cells could be rapidly and completely disrupted  by
passing them through a French press, and subsequent
methanolic extraction showed increased levels of OA,
DTXl and OA diol-ester (Fig. 3b). If the disrupted cells
were held at room temperature for several h, however, the
diol-ester concentration decreased while that of OA in-
creased. Similar results were observed if a cell pellet was
resuspended in TrisHCl buffer, frozen in liquid nitrogen
and allowed to thaw. Fig. 3~ shows the results after freez-
ing and then incubating at room temperature for 24 h. All
of the diol-ester had disappeared, leaving only OA and
DTXl. These observations suggested enzymatic hydroly-
sis reactions.

A peak at 5.3 min in the m/z 819.5 mass chromatogram
(peak 1 m, Fig. 3a) was identified as being due to the me-
thyl ester of OA. The level of this compound was highly
variable even between replicate subsamples of culture, and
was sometimes greater than that of OA. The amount of
methanol used in the extraction step had a marked effect,
with lower percentages increasing the level of methyl es-
ter, opposite to what would be expected if there was a prob-
lem with extraction yields due to lipophilicity.  This sug-
gested a reaction between methanol and the analytes. Dif-
ferent amounts of water in cell pellets during extractions
could partially explain the variations in methyl ester lev-
els observed previously. Substitution of deuterated metha-
nol (CD,OH)  in the extraction protocol showed a shift of
the m/z 819.5 ion to m/z 822.5, proving that the methyl
ester was an artifact of the extraction procedure. This con-
clusion was substantiated by substitution of acetonitrile
or tetrahydofuran for methanol, with elimination of me-
thyl ester formation. However, yields of OA and its dial-
ester proved much lower with these solvents for reasons
which became apparent after the discovery of DTX4 (see
below). When methanol was added to the French press
homogenates and the mixtures allowed to incubate, me-
thyl ester could be detected. At 40% methanol, nearly com-
plete conversion of compound 5 to OA methyl ester oc-
curred. This observation, along with the lack of conver-
sion in boiled extracts (Fig. 3d), led to the conclusion that
hydrolysis and methanolysis of 5 in these extracts were
occurring enzymatically. Immersing the cell pellet in boil-
ing water for 3 mm prior to extraction with methanol el&
nated the methyl ester formation, but under these condi-
tions the dial-ester  concentration was very low (Fig. 3d).

At this point, information on the existence ofDTX4
became available (Hu et al. 1995). An additional peak close
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Fig. 3. LC-MS analyses of replicate subsamples of P. liia cul-
ture extracted according to methods 1 to 4 (a to d, in that order),
Conditions: positive ion-spray, selected ion monitoring, Vydac
2OITP52  column, and 0.2 mUmin  aqueous 80% methanol with
0.1% TFA. Peak identities as in Figure 1; Im = OA methyl ester:
f = fragment ion

to the solvent front in the m/z 805.5 chromatogram (peak
6f, Fig. 3) could then be explained, It is now known that
this signal is due to a weak positive fragment ion from
DTX4. The peak is most intense in the boiled cell extract.
A specific LC-MS method for the analysis of DTX4 has
now been developed. Fig. 4 shows the negative ion full-
scan LC-MS analysis of the same extract of boiled cells
analyzed in Fig. 3d. DTX4 was easily detected by [M-
3H]-3  and [M-2H]  -2 ions. Interestingly, a number of re-
lated new compounds were also detected. The signals from
these compounds are evident in the other reconstructed
mass &romatograms  in Fig. 4 and peak identities are pro-
vided in Table 1. Most of the struchd ~a&iti~i~S  appear
to be associated with the sulfated end group as only one
&ol-eSter  of OA is observed in this R lima isolate, Some
derivatives of DTXl are also observed but at much lower
concentrations than those of OA. OA and DTXl  CZZIJ  &JO
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Table 1. DSP toxins observed in ~orocentrum  lima  extracts.

Gpd. # Mol. wt. Ions observed (m/z)”
1 804.5 805.5 (=); 803.5 (-)
2 818.5 819.5 (=);  817.5 (-)
5 928.6 929.6, 805.5 (+)
6 1472.6 489.9, 735.3.803.5  (-)
7c 1486.4 494.5, 742.3,8 17.5 (-)
8 1488.6 495.2,743.3,803.5  (-)
9 1504.6 500.5,751.3,803.5  (-)
10 1514.6 503.9, 756.3,803.5  (-)
Ilf 1518.6 505.2.758.3.817.5  (-)
12 1552.6 387.2,516.5,775.3,  803.5 (-)
13 1568.6 391.2,521.9,783.3,803.5 (-)
14 1576.6 524.5,787.3,803.5  (-)
15 1584.6 395.2,527.2,791.3,803.5 (-)
16c 1598.6 398.7,531.9,798.3,817.5 (-)
aPositive or negative ironization indicated by (+) or (-) following ions.
b Stnt~tures  of compounds 1,2,5 and 6 are given in Figure 1.
CCompounds  7, 11 and 16 are derivatives of DTXl (methyl group at C35).

Toxin assignmentb
Okadaic acid (OA)
DTXl
OA diol ester
DTX4
DTX4 + CH,
DTX4 + O
DTX4 + 2 O
DTX4 + 42
DTX4 + CH2 + 2O
DTX4 + SO3
DTX4 + SO, + O
DTX4 + 104
DTX4 + SO3 + 20
DTX4 + CI$ + SO3 + 2 O

be determined in the same analysis, although at lower sen-
sitivity than for DTX4.  An LC-UV method for detecting
DTX4 and the dial-ester  was also developed which allowed
for the rapid quantitation  of these compounds in algal ex-
tracts,

Analyses mve&d that DTX4 was the most abundant of
the DSP toxins in boiled I! 1Sma ceils,  yet was present at
very low concentrations in fresh French press extracts. A
cormsponliing  irKEase in diol-ester concentrations in the
French pmss  homogenates (Pig. 3b)  suggested that enzy-
matic conve&m of DTX4 to diokster was occurring within
min. Free&thaw treated samples also had low DTX4 levels
in contrast to those in boiled extracts, pmviding  tkrther evi-
dence for enzymatic hydrolysis of DTX4. It was observed
that the cells store most of the DSP toxins in the DTX4 form
whichis  ftrstenxymatically hydmIyxe&othedioksterwhen
ceils are disrupted and then mom slowly hydrolyzed to OA.
From these observations, it appears that DTX4 and the
enzyme&)  msponsible for its hydrolysis are sequestered in
different compartments in the ceil.

The ability to analyze  selectively for the suite of DSP
toxins and restrict enzymatic hydrolysis using the boiling
technique was applied to study the kinetics of DSP toxin
p”“d”$~a  anb enctetiQn t?y  R lima in culture. Analysis
o f ~tb~4~~ov~a~y~~~v~~
cl= and ~n~i~~t trends  in the ir%axlluIar  levels of all
the toxins (Fig, 5). Total intmwlluim to& teveb in CUI-
ture  increased keariy with time throughout the cuhure
period. On a per cell basis, a positive correlation with
growth rate is indieatcxf DSP toxin production is there-
fo~n0tdi~~fromgrowth~isthecasewithmany

0 2 4 6 8 10 12 14
Tii (minutes)

Fig. 4. Negative ion-spray X-MS Malysis  of the same P. lima
extract  mlyzed in Figure 3d using selected ion monitoring Of
M-3W Md [IW-~H]-~  ions for traces a-k ana’ [M-H]-’ ion for
traces l-m Peak identities and ions are listed in Table 1.
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secondary metabohtes. After cessation of cell growth,  toxin
production continued, resulting in progressively higher
intracellular levels, reaching 40 fmole/cell  after 90 days.
DTX4 is clearly the dominant intracellular DSp compo_
nent, exceeding the levels of all other toxins combined.
Both OA and DTXl were present in about equal amounts;
however, only trace levels of OA diol-ester were present_
OA and, to a much lesser extent, DTXl  were found to
accumulate in the medium while only trace levels 0fDTX4
and the dioi-ester were detected (Fig. 6). Release 0f OA
into the medium is probably enhanced by the high aque_
ous solubility of DTX4 and mediated by the enzymatic
pathway described above. This could explain why DTXI
is present at much lower concentrations in the medium
than OA even though the intracellular concentrations were
similar. Evidence for the role of the hydrolytic enzymes in
OA excretion is suggested by the lack of other DSP com-
pounds in the medium and by the rapid conversion of
DTX4 to OA-diol-ester upon cell disruption, followed by
enzymatic conversion of the diol-ester to OA. Since OA is
a potent inhibitor of eukaryotic phosphatases, the excre-
tion of DTX-4, and thus ultimately OA, by I! lima  may
constitute a chemical defense system directed at preda-
tors, competitors, or pathogens (Windust et al. in press).

CONCLUSIONS
We are currently investigating the fate of the diol-ester

and DTX4 derivatives in shellfish. We hypothesize that
they are hydrolyzed to OA and DTXl due to esterases in
the shellfish digestive gland as well as those from the al-
gae. Although the diol-ester is not toxic, hydrolysis yields
OA. Therefore, comprehensive analysis of all toxin-related
compounds is necessary to properly assess the toxicity of
any new plankton isolate. Clearly LC-MS will be an im-
portant tool for this task. The fingerprinting of the suite of
toxins is also of interest for chemotaxonomic studies. In
preliminary experiments, we have seen tremendous varia-
tions in toxin profiles among different isolates of II lima
and between different species of Pmrocentrum.  For those
laboratories without access to LC-MS equipment. the
freeze/thaw/hydrolyze method should be useful for assess-
ing the toxic potential of plankton samples and culture
material. Experiments directed toward the accumulation
and depuration of toxins in shellfish using I? lima should
be carefully designed to avoid the analytical errors that
are possible due to enzymatic transformations.

ACKNOWLEDGMENTS
We thank W.R. Hardstaff and A. Reeves for technical

assistance and J.L.C. Wright for a sample of DTX4.  This
research was supported  in part by DFO/NSERC  subven-
tion and NSERC operating grants awarded to JLM-  NRcc
No. 39692. I

0 20 40 60 so
rrJcabatioo -rime (day?@

Fig. 5. Cell growth and intracellular toxin production by p. lima
in batch culture.
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Fig. 6. Cell growth and excretion of toxin to medium by P. lima
in batch culture.
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