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Opakapaka (Pristipomoidesfilamentosus) is a snapper (family Lutjanidae)

native to the waters around Hawaii. Recent population declines of this commercially

important species have increased interest in the culture of this fish. Survival of this

fish through the larval period in culture has been consistently low, usually not

exceeding 2%. The aim of this thesis was to provide an extensive diagnostic report of

diseases affecting opakapaka larvae in culture. Opakapaka larvae mortality was found

to be the result of a synergy of factors including larvae development stage, larvae

nutrition, environmental conditions, and the presence of infectious agents. During

culture, high larval mortalities occur around first feeding and around a period of rapid

development. Crucial periods of development in both the digestive system and the

respiratory system coincided with these catastrophic mortality events. It is therefore

suspected that failure to complete the progression of development from one stage to

the next is partially responsible for low larvae survival. A large proportion of

opakapaka surviving to the juvenile stage had deformed jaws andlor vertebral

columns. Therefore, the development of the jaw and other skeletal elements was

investigated. Lower jaw deformities were found to occur as early as 2 days post hatch
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and larvae with some deformity represented roughly 30% of the population. Given the

severity of these deformities, it is likely that this results in increased larvae mortality.

Due to the identified risk of ammonia toxicity, experiments were designed to

determine the concentration of ammonia lethal to opakapaka larvae. The 50% lethal

dose for post-hatch opakapaka larvae was found to be 1.4 mg/L total nitrogen.

Ammonia toxicity could have been a factor in opakapaka larvae mortality, because

this concentration was lower than that observed in larvae rearing tanks. The

evaluation of the role of infectious disease in opakapaka culture showed that current

infections are primarily opportunistic. Observed infections included bacterial gill

disease and external lungal infection. Although infectious disease is not currently a

significant cause of mortality, continued surveillance for infectious disease

introduction is recommended. The success of intensive opakapaka culture hinges on

the ability to culture a large number of opakapaka to the juvenile stage. As a result of

this study, major issues of concern in opakapaka culture were identified. This

information could provide direction for culturists in the refinement of opakapaka

culture and subsequent improvement of larvae survival.
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Chapter 1:
Introduction

Pristipomoidesfilamentosus, referred to as opakapaka in the Hawaiian Islands,

is a member of the family Lutj anidae inhabiting marine Indo-Pacific waters from East

Africa to Hawaii, Japan to Australia (Allen, 1985). Opakapaka are valuable

economically, ecologically, and culturally in the Hawaiian Islands. Considered both

snappers and bottomfish, opakapaka inhabit depths of 30-360 m (Kami, 1973) and

concentrate at the steep drop-off zones around the 100-fathom isobath (Polovina,

1985). Bottomfish harvesting by hook and line has long been a part of native

Hawaiian culture. The colonization of Hawaii by Europeans in the late 1800's marked

the beginning of the commercial fishery. Although some technology has been

introduced, techniques have remained virtually unchanged (Dalzell, 2003).

The market demand for opakapaka has driven both the decline of wild

populations and given impetus for culture. Considered a prize catch, flesh of

opakapaka sells at high market price, and provides significant revenue for the state of

Hawaii. Bottomfish production in Hawaii is inherently limited by the narrow range of

satisfactory habitat (Haight, 2004), yet commercial demand remains high. The

estimated commercial catch of opakapaka in 2004 was 62,804.4 kg (NOAA, 2005).

As a result, opakapaka commercial harvest is carefully monitored by the Hawaii

Department of Aquatic Resources (TIDAR), in an effort to prevent overharvest.

Snappers are often an ecologically important component of marine ecosystems.

As adults, they are top-predators and exert top-down control of an ecosystem; and, as

larvae and fingerlings, they are important components of the lower trophic levels
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(Espafla, 2003). Although the specific role of opakapaka and other associated

bottomfish has not been widely explored, it is likely that population declines of these

species could have broader ecological consequence.

Opakapaka is one of seven deepwater lutjanids in the Hawaiian bottomfish

fishery. Two bottomfish species of the Hawaiian Islands have been classified as

locally depleted according to HDAR (Kelley et al., 2003). As a result of the declines,

the state of Hawaii has restricted the bottomfish fishery by prohibiting fishing in

certain areas, establishing recreational bag limits, and restricting allowable fishing

gear (Hawaii Administrative Rules, Ch. 13-94). Additionally, research was initiated to

determine the cause of decreased yields, inventory bottomfish habitat, determine

population structure of the species of concern, and develop bottomfish culture

techniques for the purpose of stock enhancement (Kelley et al., 2003). The first

species selected for boftomfish culture development has been opakapaka.

Culture

Investigation of the feasibility of opakapaka culture was initiated in 1998 with

the capture and subsequent grow-out of opakapaka juveniles. In following years,

additional opakapaka capture allowed for the establishment of broodstock at the

Hawaii Institute of Marine Biology (111MB) located in Kaneohe Bay, Hawaii.

Broodstock spawned naturally in net pens and effective techniques for egg collection

were developed. Subsequently, fish were successfully reared from eggs to 3+ years

old (Kelley et al., 2003).
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Approximately 5 million eggs and 16 million eggs were produced during the

2003 and 2004 seasons, respectively, from about 12 breeding females (A. Moriwake

and V. Moriwake, personal communication). Pre-spawning behavior initiates in late

afternoon, and eggs are released during the night and float to the water surface. Eggs

are assumed to be from one female as all eggs appear to be in the same stage of

development, but on occasion, a spawn might contain eggs from two (B. Alexander,

HIMB, personal communication). As all broodstock are kept in a single net pen,

determination of exact heredity of eggs collected on a particular day is not possible.

Tank preparation for a new brood of opakapaka typically begins several days

to a month before eggs are introduced. This time allows for the establishment of

micro-algae and copepods in the tank, the latter of which serves as food for newly

hatched larvae. Both populations are carefully monitored until they are at the

appropriate density. When assessed tank conditions are appropriate, eggs are collected

from the net pens with nets and transported to the nearby hatchery.

At the hatchery, an estimate of egg number/volume, stage of development, and

percentage of egg fertilization is determined. Eggs are then rinsed and treated with a

reduced salinity bath followed by a formalin bath to remove hydroids. A pre-

determined number of eggs are stocked in a prepared tank, which is generally one of

several 3.6 m diameter round tanks, at the 111MB, filled with filtered and UV-treated

seawater to approximately 6500 liters (Figure 1).

Intensive trials are sometimes conducted in a series of 200 liter cylindrical

tanks. Additionally, HIMB continuously maintains algae and copepod populations to

be used in opakapaka rearing studies.
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Regularly monitored water quality parameters include temperature, dissolved

oxygen, and salinity. Other parameters, including light intensity, ammonia, nitrite,

and pH were monitored irregularly and in association with specific experiments.

During the 2004 season, ammonia, nitrite, and pH were measured more frequently

than in 2003. As the stage and quality of algae and copepod populations affects the

success of the opakapaka larvae, these specific parameters are monitored daily.

Figure 1. Typical larvae culture tanks at the Hawaii Institute of Marine Biology.

Difficulties in culture

As with many species of marine fishes, developing techniques to successfully

rear opakapaka through larval stages has been difficult. Indeed, developing

production protocols for a new species usually takes many years (Brown et al., 2003).

Culturists develop technique through trial and error, starting with the examples of

other species. Difficulties in culturing marine fish are often associated with small size

of larvae, small size of mouth gape, unknown nutritional needs, and unknown natural

or required water quality parameters (Marte, 2003; Brown et al., 2003).
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With opakapaka culture, the lack of information on the life history of the

species creates additional challenges. Indeed, there have been relatively few studies

on the life history of the family Lutjanidae as a whole, and even fewer on opakapaka

specifically. Eggs of other lutajanids float to the surface and hatched larvae remain

planktonic for the duration of the larval period (Zapata and Herron, 2002; Leis, 1987).

At some point in the larval or fingerling stage, there is a general descent in the water

column, accompanied by the establishment of diurnal movements (Dorenbosch et al.,

2004). Other than this, natural egg and larval stages of lutjanids are poorly understood

(Haight, 2004).

Another challenge in opakapaka culture and health evaluations is the size of

the larva. At hatch, larvae measure approximately 2 mm in length and 400 pm in

diameter, which is roughly equivalent to the diameter of three human hairs. At first

feeding, the mouth width of the larva at greatest extension is no more than 100 jim.

This small mouth size greatly limits the size of food culturists must provide.

Currently, HIMB culturists use copepod nauplii, in particular cyclopoid (Oithona sp.)

and calanoid (Bestolina sp.) copepods isolated from Kaneohe Bay, as a live food

source. Maintaining the required abundance of copepod nauplii is challenging and

demanding. Rotifers, a common diet for larvae, are added to rearing tanks after 10

days post hatch (DPH), and artemia are usually added to the diet near 20 DPH.

Culturists have observed that opakapaka larvae survival greatly improved in

the presence of substantial algal populations (A. Moriwake and V. Moriwake, HIMB,

personal communication). Consequently, HIMB currently cultures two algae species

in rearing tanks: Nannocholopsis sp. (green algae) and Chaetoceros sp. (diatom).



Algae provides a food source for copepods and as well as cover for larvae (Marte,

2003). However, the effect of larvae size and transparency combined with the

decreased light penetration due to algae populations renders observation of the larvae

for diagnostic analysis difficult, if not impossible.

Mortality patterns in culture

Although exact timing of larvae mortality is difficult to detect due to size,

some overall patterns of larvae mortality have been observed. Larvae mortality occurs

over the entire larval period; however, mortality tends to peak at two time periods, the

timing of which varied between broods. Similar patterns of mortality have been noted

in the culture of several other species including red snapper, Lutjanus cainpechanus

(Ogle and Lotz 2000), summer flounder, Paralichthys dentatus (Alves et al., 1999),

and yel!owfin tuna, Thunnus albacares (Kaji et al., 1999). These patterns were

important to consider in association with mortality. Overall average survival through

the larval stage (40 DPH) does not exceed 2%, and some broods suffer complete

mortality prior to day 20 (A. Moriwake and V. Moriwake, HIMB, personal

communication). Such significant losses, when compared to the amount of resources

expended, make the goal of extensive opakapaka culture impractical, at this time.

Recent progress

Despite numerous set backs and complications, culturists at HIMB have

successfully grown-out opakapaka from egg to juvenile. In the summer of 2004, 28

cultured juvenile opakapaka (about 1 year old) were released into Kaneohe Bay,



7

initiating bottomfish restoration efforts. Culturists have also made extensive progress

in larval rearing techniques, and annual average survival has increased gradually.

Research Objectives

Survival through the larval phases of development continues to be a bottleneck

in opakapaka culture. Therefore, it is the aim of this thesis to provide a detailed

description of development and disease affecting opakapaka larvae in culture.

Assessment included several areas of larvae health, including histological evaluation

of healthy and moribund larvae, screening for a viral pathogen, assessment of bacterial

and fungal infection, and evaluation of water quality problems. A summary of 2003

and 2004 broods and samples taken for these studies is found in Table 1.1.

Table 1.1. Summary of 2003 and 2004 broods and samples. "X" indicates that
samples were taken for the specific investigation indicated.

year brood start-end date
tank
size temperature

sam les
histology virology deformity toxicity

2003 1 04/28-05/05 6500-L 23.3-25.0 X
2003 2 05/14-06/18 6500-L 23.6-26.1 X
2003 3 06/02-07/12 6500-L 24.8-27.4 X X
2003 4 06/24-07/15 6500-L 25.1-26.9 X X
2003 4L 06/24-06/29 200-L 25.2-27.3 X
2003 5 07/10-07/13 200-L 25.8-26.9 X
2003 6 07/17-07/24 6500-L 25.1-25.8 X
2003 7 07/21-07/24 200-L 26.1-27.5 X
2003 8 08/09-09/18 6500-L 24.6-25.9 X X
2003 9 09/23-11/02 6500-L 25.1-27.9 X
2003 10 10/02-10/05 200-L 25.6-27.7 X
2004 11 10/10-11/20 6500-L 23.8-27.1 X
2004 2 06/02-07/12 6500-L 24.6-26.9 X X X
2004 3 07/25-08/19 6500-L 24.5-28.0 X X X
2004 iT 07/28-07/30 bucket 27.0-28.0 X X
2004 21 08/05-08/08 bucket 28.0-28.4 X X



In Chapter 2, I review the ontogeny of the digestive and respiratory systems of

opakapaka using histological analysis. Analysis began with the establishment of

normal ontogeny for these systems of interest, which were required as a baseline for

comparative purposes when describing histopathological changes in moribund fish.

In Chapter 3, I document axial skeleton deformities commonly seen in

opakapaka culture. I focus on describing the development of the jaw and vertebral

column, detailing the nature of common deformities, and assessing the likelihood of

possible causes of deformity.

Chapter 4 describes water quality problems that may be associated with larvae

mortality. In particular, the toxic effect of ammonia was investigated by experiment.

From these tests, the 50% lethal dose was determined and conditions of internal

organs were assessed.

Chapter 5 is an investigation of infectious disease in opakapaka larvae in

culture. The investigation included examination for bacterial, viral, and flingal

pathogens, which could have been associated with mortality.

In the final chapter, I summarize all results and discuss the overall implications

of my research. The success of intensive opakapaka culture hinges on the ability of

culturists to overcome the major mortality events of the larval period. It is hoped that

the results of this study will be beneficial in refining of opakapaka culture.
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Chapter 2:
ilistological observations of opakapaka

Pristopomoidesfilamentosus larvae in culture

Briana Keafer

Abstract

11

The decline of opakapaka, Pristipomoidesfilamentosus, around the Hawaiian

Islands has stimulated the development of culture technique for the species. During

culture, high larval mortalities occur around first feeding (3 to 4 days post hatch) and

again around 16 to 20 days post-hatch. The morphologic development of the digestive

and respiratory system were investigated to determine their condition during periods

of mass mortality. It was found that crucial periods of development in both the

digestive system and the respiratory system coincided with catastrophic mortality

events. Knowledge of the development of opakapaka larvae could help to identify fish

readiness for food, determine the optimal type of food, and lead to adjustments in

environmental conditions.
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Introduction

Opakapaka or Hawaiian pink snapper, Pristipomoidesfilamentosus, is a

commercially important bottomfish native to the waters surrounding the Hawaiian

Islands. Concerns about the decline of opakapaka and other bottomfish of the region

(Pooley, 1993) have led to extensive research into the culture of opakapaka at the

Hawaii Institute of Marine Biology (HIMB). Researchers at 111MB have demonstrated

that opakapaka can be bred and reared in captivity (Kelley et al., 2003). However,

they have encountered extensive mortality events during the larval period, which

extends from hatch to approximately 40 days post-hatch (DPH). As a result of this

mortality, rate of overall average survival to fingerling stage is often less than 2%

(Aaron Moriwake and Virginia Moriwake, HIMB, personal communication).

Larval size and pelagic distribution have made collection and study of wild

opakapaka larvae in a natural setting unfeasible. Consequently, the ontogeny of

opakapaka has not been previously documented. Cultured larvae were therefore used

to establish normal ontogeny of the species. Although cultured larvae do not

completely exemplify development of the species as it occurs in the wild,

understanding development in-captivity could provide insight into larval health.

Major morphological transformations that occur throughout larval

development are essential for fish survival (Caizada et al., 1998, Gisbert et al., 2004;

O'Connell, 1981). It is during these developmental transformations that larvae

mortalities are thought to increase. Opakapaka larval mortality commonly peaks

during first feeding (3-5 DPH) and then again at about 13-25 DPH. This mortality

pattern mirrors saltatory ontogeny, which was described by Balon (1984) as
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"a sequence of rapid changes in form and function alternating with prolonged intervals
(steady states) of slower development during which complex structures are prepared
for the next rapid change."

To investigate the possible role of developmental stage in larvae mortality, the

morphological development of the digestive tract, digestion-related organs, and the

respiratory system were investigated. These systems were chosen because their proper

and timely development has been shown to be critical to larvae survival in other

species. Particular attention was directed to the condition of these organs during

common periods of larvae mortality.

Organs of the digestive system are frequently used as a predictor of

development of a particular species, as it is thought that development of digestive

organs is both indicative and determinative of the overall development of a fish larva

(Chilzua, 2003). Knowledge of digestive tract development also leads to better

understanding of food assimilation processes (Baglole et al., 1997), thus allowing for

the synchronizing of development stage with the most appropriate feeding regime and

rearing technology (Hamlin et al., 2000; Gisbert et aT., 2004). Developmental patterns

differ between fish species (Kamler, 1992), thus describing normal ontogeny for a

individual species is crucial for identifring deviations from normal that may be

associated with disease.

In addition to critical stages of digestive tract development, catastrophic

mortality events have also been linked to incomplete or delayed development of the

respiratory system (Marty et al., 1995; Iwai and Hughes, 1977). Although larval fish

are known to obtain oxygen from the yolk sac and through the skin, yolk sac resources

are eventually expended and respiration through the skin is limited (Philips and
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Summerfelt, 1999; Rombough, 2002; Bond, 1979), thus necessitating a timely

development of the gills. Similarly, whereas skin and yolk sac have osmoregulatory

roles in larval fish (Philips and Summerfelt, 1999; Rombough, 2002), that function

becomes limited with age, and gills become the principle osmoregulatory organ.

Internal salts balance is primarily maintained by chloride cells located at the base of

gill lamellae (Eddy and Penrice, 1998). Thus, until full development of lamellae,

opakapaka larvae may be more susceptible to abnormal salinity levels than older fish.

The development of the gas or swim bladder has been shown to be critical to

both normal behavior and proper development of the skeletal and digestive systems

(Crespo et al., 2001). Inflation of the swim bladder occurs through concentration of

gas by the gas gland and associated rete (Rommens, 1997). Proper swim bladder

inflation allows larvae to adjust positioning in the water colunm (Bond, 1979),

physically controls formation of other organs by displacement (Crespo et al., 2001),

and assists in proper skeletal formation (Chatain, 1994). Swim bladder non-inflation

has been shown to be the result of fungal infection (Lehmann et al., 1999), bacterial

infection (Marty et al, 1995), disturbance of the water-air interface (Crespo et al.,

2001), and inadequate water quality (Divanach et al., 1996).

Histology is frequently used to investigate ontogeny of specific fish species

(Table 2.1). Review of sequential thin sections of tissue allows for detailed analysis of

the development and pathological changes of internal organs, which are easily

damaged in larvae. Additionally, extremely small (2mm total length at hatch) and

nearly translucent nature of opakapaka larvae makes macroscopic evaluation by

dissection impractical. Also, many of the diseases that have been identified in larval
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fish have been identified by histology. Examples of pathological changes observed by

histology include atrophy of digestive organs in response to inadequate nutrition

(Crespo et al., 2001; Gisber and Dorshov, 2003; McFadzen, 1994), swim bladder non-

inflation (Marty et al., 1995; Crespo et al., 2001), enteropathy (Elston and Pearson,

1986; Mani-Ponset et al., 1994), liver and spleen pathology (Sakai et al., 1998), gill

disease (Perry, 1998), pancreatic degradation (Crespo et al., 2001), nodavirus infection

(Toshihiro et al., 1995; Johansen et al., 2002), bacterial infection (Crespo et al., 2001;

Villamil et al., 2003), toxicity (Hakkinen et al., 2003), and many other diseases and

conditions that have also been observed in adult fish.

Table 2.1. Studies using histology to study fish ontogeny.

Common name Scientific name Reference
Anemone fish Amphirion melanopus Green and McCormick, 2001
Atlantic halibut Hippoglossus hippoglossus Luizi et al., 1999
Carp Cyprinus carpio Fishelson and Becker, 2001
Cod Gadus morhua Kjorsvik et al., 1991
Common dentex Dentex dentex Crespo et al., 2001
Fathead minnow Pimephales promelas Yonkos and Kane, 1999
Gilthead seabream Sparus aurata Sarasquete et al., 1995
Goby Chaenogobius annulari Watanabe and Sawada, 1985
Haddock Melanogrammus aeglefinus Hamlin et al ., 2000
Japanese flounder Paralichthys olivaceus Miyazaki et al., 1990
Northern anchovy Engraulis mordax O'Connell, 1981
Pacific blue tuna Thunnus thynnus Kaji et al., 1996
Red drum Sciaenops ocellatus Lazo, 1999
Red snapper Lutjanus campechanus Chilizua, 2003
Seabass Lates calcarfer Walford and Lam, 1993
Senegalese sole Solea senegalensis Ribeiro et al., 1999
Sole Solea solea Veggetti et al., 1999
Striped bass Morone saxantilis Gabaudan, 1984
Summer flounder Paralichthys dentatus Bisbal and Bengtson, 1995
Turbot Scophthalmus maximus Segner et al., 1994
Walleye Sander vitreus Marty et al., 1995
White seabream Diplodus sargus Oritz-Delgado et al., 2003
White sturgeon Ac:penser transmontanus Gawlicka et al., 1995
Whitefish Coregonusfera Loewe and Eckmann, 1988
Whitefish Coregonus lavaretus Mahr et al., 1983
Yellowfm tuna Thunnus albacares Kaji et al., 1999
Yellowtail flounder Pleuronectesferruginea Baglole et al., 1997
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Morphological characterization of normal and diseased fish larvae will assist in

understanding the causes of larvae mortality, allow for determining when larvae are

able to accept different food sources, aid in the development of appropriate nutritional

regimes, and demonstrate when larvae are most susceptible to less than optimal

environmental conditions.

Methods

Culture and sampling

Samples were collected from rearing facilities at the HIMB based in Kaneohe

Bay, Hawaii during the spawning seasons of 2003 and 2004 (Table 1.1). Larvae

sampled were part of ongoing culture research at HIMB facilities and were maintained

under standard culture conditions, as further described in the introduction. A larva

was defined as any hatched opakapaka not having completed metamorphosis to adult

form; the larval period normally stretched from hatch to 3 0-40 DPH.

Larvae were collected from 15 separate broods (Table 1.1) on an irregular

schedule while moribund larvae were collected when available. Samples were

randomly collected from rearing tanks by scooping gently with beakers as opposed to

nets to minimize handling stress. Larvae were preserved in Davidson's fixative (Kent

and Poppe, 1998) for 4 days, which was replaced with 50% ethanol for storage.

Larvae were considered moribund if they displayed lack of equilibrium,

extreme lack of response to external stimuli, or obvious macroscopic changes. Due to

the extremely small size of larvae opakapaka, detection of morbidity was not possible

before 10 DPH, and difficult throughout the later larval period. Therefore, larvae
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collections, particularly before 10 DPH, can be assumed to be a mixture of both

healthy and possibly moribund larvae.

Culture conditions, such as precipitation, natural lighting, wind, water

temperature, concentrations of algae and copepods, and salinity, varied between

broods, as is representative of varying conditions at the culturing facility. Variance of

temperature, algae and copepod concentrations, salinity were measured regularly by

HIMB personnel and considered in analysis.

Processing

Samples were embedded in JB-4 polymer embedding media (Electron

Microscopy Sciences, Fort Washington, PA) in small flat molds, which allowed for

optimal positioning of the larvae in the block, and kept in calcium sulfate dessicant

until sufficiently hardened for sectioning. Sectioning was performed on ultra-

microtomes at 111MB and OSU. Sagital, parasagital, transverse, and paratransverse

sections, approximately 3-5jim thick, were cut to develop a comprehensive view of

organ and tissue structure.

Sections were stained with hematoxylin and eosin adapted for staining larvae

embedded in JB-4 plastic media most effectively (Appendix 1). Sections were viewed

and photographed using a SPOT digital camera system (version 3.5.5 for Windows;

Spot Diagnostic Instruments, Sterling Heights, Michigan).

Larvae were categorized into stages according to similarities in the

development of digestive organs. These stages are described in the results. For



clarity, references to stage always referred to the state of development in the digestive

system.

A baseline for normally developed tissues was established for each

development category after evaluating at least 10 sections from 10 different presumed

normal larvae. For older larvae, sections of known moribund larvae were evaluated

histologically and compared to the established baseline of normal development.

Results

Digestive system

Stage 1.

The first stage of larvae development was characterized by mouth formation

and yolk absorption. Following hatch, opakapaka larvae retained a yolk sac and an oil

droplet (Figure 2.1). Over the period of 2-4 days, the yolk and oil droplet decreased in

size and structure.

The mouth underwent rapid development during the first two days following

hatch. The gut began as a simple tube about 6 hours after hatch, and was initially

blocked from the mouth cavity by the yolk sac. As yolk material began to decrease,

the gut tube connected anteriorly to the mouth cavity and posteriorly to a urogenital

pore. The mouth cavity opened to the gut at about 24 hours post hatch (HPH), and to

the external environment about 60 HPH. The jaw structure expanded from three

hyoidal arches, at about 6 HPH, and became distinguishable as a jaw by 2 DPH (see

Chapter 3 for more detail). Additionally, the appearance of muscle fibers correlated



with development of the mouth opening. Epithelial cells were observed at the anterior

end of the diminishing yolk sac (Figure 2.1).

In stage one, the pancreas was the largest digestive organ (Figure 2.1),

whereas, the liver tissue was still poorly developed. Hepatocytes were observed

immediately adjacent to the disintegrating matrix of the yolk and anterior to the

pancreas (Figure 2.1).

Figure 2.1. The digestive system of a stage 1 larvae. 0, oil droplet; Y, yolk sac; L,
liver; P, pancreas; G, gut tube; I, intestine; epithelial cells (arrow).

Stage 2.

Following rapid development during stage 1, stage 2 is characterized by more

gradual morphological changes until about 15 DPH. The most noticeable change was

the presence of a pseudostomach (Figure 2.2.B), formed from an expansion and

bending of the gut tube ventrally. A pseudostomach has characteristics of a stomach

in that it functions in food storage and initiation of digestion; however, it does not
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have the muscular development or gastric glands of a true stomach. Pancreatic tissue

gradually became more dispersed along the gut tube with age. The liver increased in

size compared to younger specimens and was located more adjacent to the

pseudostomach. Quantity of mucous glands along the esophagus increased from

earlier larvae (Figure 2.2).

IiL L

P

E

Figure 2.2. Stage 2 digestive system. A. Esophagus led from buccal cavity to
pseudostomach. B. Intestine is distinct from pseudostomach. C. Pseudostomach
twist formed to compartments. D. Esophagus leads to pseudostomach with two
compartments. E, esophagus; L, liver; Sb, swim bladder; C, copepod in
pseudostomach; Ps, pseudostomach; I, intestine; P, pancreas.
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Stage 3.

At approximately 15 DPH, larvae began another period of rapid development.

This period, which was characterized by the development of the digestive tract into a

near adult form, lasted approximately 3-5 days. From the buccal cavity, a distinct

esophagus with longitudinal folds was observed. The esophagus emptied into the

rapidly developing cardiac region of the stomach (Figure 2.3). During the transition

from pseudostomach to a true stomach, the cardiac region displayedan increased

abundance of gastric glands and consistent muscular walls (Figure 2.4). Distinct

differentiation of cranial cardiac and caudal pyloric portions of the stomach was

apparent (Figure 2.3). The pylorus did not possess gastric glands, but did have

numerous mucous glands. Pyloric cecae (Figure 2.4), characterized by numerous

mucosal folds and extensive absorptive area, formed as blind sacs from the pyloric

stomach. Posterior to the pyloric region followed the intestine, which ran straight

toward the urogenital pore. Diameter of the intestine tapered from the pylorus to a

small enlargement seen as the intestine bends ventrally toward the urogenital pore.
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Figure 2.3. Digestive system of stage 3 opakapaka larvae. E, esophagus; H, heart; G,
gill; L, liver; Sb, swim bladder; P, pancreas; Sc, cardiac stomach; Sp, pyloric stomach.

Pancreatic tissue became well dispersed throughout the peritoneal cavity along

the digestive tract, particularly around the pyloric cecae (Figure 2.4). Pancreatic acini

became more clearly distinguishable (Figure 2.4). The liver retained position at the.

anterior end of the visceral cavity, and had expanded to become the visually dominant

digestive organ (Figure 2.3). However, there was no sign of lipid storage in this

tissue.



Pc

Sc Sp

P

Figure 2.4. Cardiac stomach and pancreas (A). Pa, pancreatic acmar cells; Gg, gastric
glands; stomach lining (arrow). Posterior portion of digestive tract of stage 3 larvae
(B). Sc, cardiac stomach; P, pancreas; Pc, pylonc cecae; Sp, pyloric stomach.

Stage 4.

Following the rapid developments of stage 3, larvae digestive system

development continued in comparatively slow progression to the adult form at

approximately 35-40 DPH. An increase in mucosal cells was evident along the

esophagus (Figure 2.5.A). In contrast to stage 3, regions of the stomach are fully

differentiated and had distinct sphincters. The transition between the cardiac and

pyloric stomachs became evident as the number of gastric glands increased in the

cardiac region, and mucosal cells increased in the pyloric region (Figure 2.5.B). The

liver (Figure 2.5.C) expanded and increased lipid storage. The pancreas appeared

more dispersed along the digestive tract (Figure 2.5.D).
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Figure 2.5. Stage 4 of opakapaka digestive system development. A. Esophagus at
stage 4. Mg, mucous cells; E, esophagus. B. Stomach region at late stage 4. P,
pancreas; Sp, pyloric stomach; Mg, mucous cells; Sc, cardiac stomach; Gg, gastric
glands. C. Liver at stage 4. By, blood vessel; L, liver. D. Stomach region at early
stage 4. P, pancreas; Sc, cardiac stomach; Sp, pyloric stomach.

Respiratory system and swim bladder

As previously stated, stage designation was set in reference to digestive system

development. However, development of the gills and the swim bladder was also

described, because these organs are known to be affected by pathological changes in

older opakapaka.

Stage 1.

During stage 1, the respiratory system is largely undeveloped. Gill arches

form shortly after hatch (Figure 2.6), followed by formation of a parabrancial



25

compartment directly dorsal to the arches. Formation of a buccopharyngeal cavity and

mouth opening occur toward the end of the stage, at approximately 2 DPH. There is

no evidence of gill lamellae. Respiratory function is thought to occur through the skin

and diminishing yolk sac.

Figure 2.6. A. Development of respiratory system in 2 DPH larvae. B. Diagram of
plane of section, box indicates location of histological section. Basihyal (Bh),
Ceratohyal (Ch), Branchial arch 1 (B 1), Branchial arch 2 (B2).

Swim bladder tissue, eventually consisting of a gas gland and associated

epithelial cells, accumulates proximal to the kidney toward the end of stage 1.

However, it was not inflated nor fully developed by the end of this stage.

Stage 2.

Stage 2, which occurs from approximately 3 DPH to 14 DPH, is characterized

by a gradual development of the respiratory organs. Gill tissue began to become more

pronounced as the yolk sac disappears at about 4 DPH. Gill lamellae bud at about 8

DPH, and small primary lamellae can be seen by around 10 DPH (Figure 2.7).



26

Figure 2.7. Primary gill lamellae at stage 2. Note absence of secondary lamellae.

Dorsal to the esophagus and developing stomach, a small gas gland (Figure

2.9.A) appeared as the yolk sac diminished at 2-3 DPH. Inflation of the swim bladder

was observed as early as 3 DPH and was common at 5DPH. However, swim bladder

development did not inflate or progress past gas gland formation in some larvae.

Stage 3.

As with the digestive system, the respiratory system underwent rapid

development during stage 3. Development of primary and secondary gill lamellae in

larvae was variable. In most larvae, primary and secondary lamellae formed during

this stage. However, the extent of development ranged from no sign of secondary gill

lamellae to full development. The cellular component of the gills include pillar cells,

epithelial cells, ionocytes (chloride cells), and goblet cells. Although all cells were

present by stage 3, the proportion of these cellular components varied by brood. Gill

lamellae in some broods, notably brood 9 in 2003 and brood 1 in 2004 had an apparent

abundance of ionocytes.
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Stage 4.

Gill structure appeared to complete development during stage 4, which ended at about

35 DPH. Secondary lamellae elongated and increased in number giving the

characteristic gill appearance.

Respiratory disease

After 7 DPH, gills were developed sufficiently to allow for detection of

abnormalities or pathogenic changes. Abnormalities included proliferation of

ionocytes, gill hyperplasia, and evidence of bacteria infection (Table 2.2). Epithelial

hyperplasia (Figure 2.8.A) first occurred at 7 DPH in the pseudobranch, which

performs sensory function, and at 10 DPH in the respiratory gill. Roughly 30% of

analyzed larvae had hyperplasia prior to stage 4 of larvae development, and

hyperplasia increased to 50% of all analyzed larvae (Table 2.2). Bacterial infection

(Figure 2.8.A), usually accompanied by mucus and/or telangiectasis, was first

observed at 19 DPH. Fish with severe bacterial gill disease exhibited masses of

basophilic, long, thin bacilli occupying the interlamellar spaces. Adjacent tissue

exhibited severe, diffuse epithelial hyperplasia leading to complete fusion of the

secondary lamellae.

Prevalence of infection increased in stage 4 to 3 7.5% of analyzed larvae

(Table 2.2). Chloride cell hyperplasia (Figure 2.8.B) through gill lamellae was first

noted at 14 DPH in brood 9 of 2003. An increased number of chloride cells were seen

in larvae from this brood throughout the larval period. Chloride cell hyperplasia was

also detected in fingerlings from brood 1 of 2004.
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Table 2.2. Gill abnormalities in analyzed opakapaka larvae.

Abnormality Stage 2*(1 1) Stage 3(10) Stage 4(16)

lonocyte hyperplasia 9.1% 20% 12.5%

Epithelial cell hyperplasia 27.3% 30% 50%

Bacterial infection 0.0% 10% 37.5%
* Stage 1 not included as gill development was insufficient for specific cell
evaluations.

t

Figure 2.8. A. Abnormalities in gill tissue. Severe, diffuse, epithelial cell hyperplasia
in gill lamellae is associated with bacterial infection (arrow). B. Diffuse hyperplasia
of ionocytes.

Swim bladder disease

The swim bladder elongates immediately ventral to the kidney and dorsal

along the visceral cavity. Uninflated swim bladders were observed at all larval stages

(Table 2.2). Failure to the swim bladder to inflate was associated with hyperplasia of

the gas gland (Figure 2.9).



Figure 2.9. Non-inflation and normal inflation of the swim bladder in opakapaka
larvae. A. Normally inflated swim bladder in a 20 DPH larva. Arrow points to gas
gland. B. Hyperplastic gas gland in a 17 DPH larva.

Discussion

Both digestive and respiratory system ontogeny of opakapaka show accelerated

periods of growth, development, and differentiation (stages 1 and 3) followed by

periods of markedly slower transformation (stages 2 and 4). This supports the

saltatory theory of fish development proposed by Balon (1984), and is similar to the

development pattern seen in red snapper (Chilzua, 2003). During accelerated growth

and organ development, larvae have enhanced nutrition and oxygen requirements

(Kamler, 1992), which may not be supplied to opakapaka in the current culture

system. As this time of accelerated growth generally corresponded with periods of

catastrophic mortality, it is likely that the successful completion of certain thresholds

of development is necessary for larvae survival.

The early development of the pancreas as seen in stage 1 is indicative of its

essential role in this larval stage. Pancreatic tissue initially forms in one or more

discrete pieces, interrupted only by the simple gut tube, but eventually disperses along

the digestive tract, a distribution common in fish (Yonkos and Kane, 1999). In fish,

the pancreas produces most of the digestive enzymes, including trypsin, considered
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one of the most important proteases of fish digestion (Lazo, 1999; Bond, 1979). Lack

of proper pancreatic enzyme production would thus lead to severe malnutrition during

this crucial stage of larvae development (Crespo, 2001).

As larvae grow during stage 2, nutrient and energy storage is depleted, as

evidenced by the lack of lipid storage in the liver (Gisbert and Doroshov, 2003). The

development of the pyloric cecae greatly enhance the absorptive capacity of the

digestive system (Chilzua, 2003), providing critical increases in absorptive surface to

accommodate nutritional needs at this time. Indeed, following stage 3, no larvae were

found without pyloric cecae.

The optimal temperature regime for culture of opakapaka larvae has yet to be

determined. Rate of development responds to temperature due to the relation of

activity of digestive enzymes, absorption rate, and muscular activity of the digestive

tract to temperature (Lein, 1997; Bond, 1979), suggesting that higher temperatures

lead to increased rate of development. The effect that a temperature modified rate of

larval development might have on the overall health of the larvae is unclear, because

an increased rate of development also requires an increased need for larvae nutrition.

However, given the limitations of the opakapaka culturing system, these nutritional

needs may not be met as rapidly as they are required. As a result, I suspect that less

than optimal temperature regimes may be associated with opakapaka larvae

malnutrition.

Larvae depend on skin for respiration and osmoregulation from yolk sac

absorption to formation of secondary gill lamellae (Rombough, 2002). As the larva

grows, relative surface area available for oxygen and ion exchange has been shown to
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decrease dramatically (Rombough, 1999). Furthermore, cutaneous ionic exchange has

been shown to be particularly limited as larvae skin thickens (Rombough, 2002).

Thus, opakapaka larvae are most susceptible to respiratory or osmoregulatory assaults

toward the end of stage 2 and at the beginning of stage 3. Interestingly, this time of

increased susceptibility corresponds to common period of catastrophic mortality in

opakapaka.

The prevalence of bacterial gill disease rose after first detection of epithelial

hyperplasia. Bacterial gill disease is usually associated with suboptimal water quality,

and is consequently alternatively referred to as "environmental gill disease" (Klontz

1995). As was observed in the present study, epithelial hyperplasia often precedes

initial infection. Whereas these infections are usually opportunistic and secondary to

poor water quality, the infections can still cause mortality. Thus, prophylactic

improvement of environmental conditions that may stimulate lamellar cell hyperplasia

and necrosis (Witters, 1998; Perry, 1997) is recommended.

The significance of ionocyte hyperplasia in some broods is unclear from this

study. However, it is likely that their proliferation was associated with water quality

parameters encountered during rearing. lonocytes have been shown to be involved in

interrelated processes including sodium chloride exchange, and acid-base balance

(Perry, 1997). When these processes are challenged, lamellar chloride cell proliferate,

thus increasing ion-transporting capacity. Although this enhances osmoregulatory

function, it also increases the thickness of the blood-to-water diffusion barrier (Peny,

1997) thereby impairing respiratory function. (Rombough, 2002). In opakapaka

larvae, possible stimuli for ionocyte proliferation include less than optimal pH,
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salinity, or ammonia levels. In the two broods showing the highest level of ionocyte

hyperplasia, salinity ranged from 28-33.6ppt (2004 brood 1) and 34-36.2ppt (2003

brood 9), and total ammonia ranged from 0.25-1.5 mg/L (both broods) (Aaron

Moriwake and Virginia Moriwake, HIMB, personal communication). Regardless of

the stimuli, the impact of ionocyte hyperplasia is a reduction in respiratory function.

Although opakapaka larvae mortality, disease, or deformity was not

specifically associated with swim bladder non-inflation, this condition has been

associated with disease in other species (Marty et al., 1995; Crespo et al., 2001), and

the case of opakapaka, it is probable that any impact was masked by other factors. At

this point, it is unclear if swim bladder development was delayed or arrested in

opakapaka larvae with non-inflated swim bladders. Regardless if the non-inflation is

temporary or permanent, larvae could experience the immediate impact of not having

a functional and inflated swim bladder. The major effect of non-inflation is a

decreased ability to adjust buoyancy leading to an increase in energy expenditure as

larvae must adjust position in the water column using mechanical movement

(O'Connell, 1981). Additionally, skeletal and digestive system malformation may be

related to non-inflation (Marty et al., 1995).

Crucial periods of development in both the digestive and the respiratory

systems appeared to coincide with catastrophic mortality events of opakapaka larvae

in culture. Although opakapaka development patterns cannot be altered,

understanding the source of mortality should assist culturists in addressing rearing

problems. Adjustments in nutritional and temperature regimes could increase survival

of developing larvae at critical periods. Similarly, water quality parameters, including
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total ammonia levels, salinity, and pH, should be of highest quality prior to the full

development of gill respiratory and osmoregulatory function.
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Chapter 3:
Axial skeletal deformities in opakapaka

(Pristipomoidesfilamentosus) larvae in culture

Briana Keafer
Oregon State University

Abstract

The decline of opakapaka, Pristipomoidesfilamentosus, in Hawaii has

stimulated attempts to develop culture technology for this species. In culture, high

mortality through the larval period is commonly observed. As a large proportion of

surviving fmgerlings showed defonned jaws and/or vertebrae, it was suspected that

these malformations partially explained low survival. Therefore, development of the

jaw and other skeletal elements was investigated using histology and cleared whole

fish. Lower jaw deformities were associated with a lack of ossification of some

elements of the hyoid apparatus, and occurred as early as 2 days post hatch. Given

their severity, it is likely that jaw deformities result in reduced larvae health and

increased mortality. Deformity of the vertebral colunm was primarily associated with

fracture and fusion, first appearing at about 10 days post hatch. Although several

possible causative agents are less probable given the results of this study, the specific

cause(s) of these deformities remain unknown.



Introduction

Populations of the Hawaiian bottomfish opakapaka (Pristipomoides

filamentosus) have declined below desired recruitment levels (Pooley, 1993). As part

of the restoration effort, opakapaka adults were captured and development of

opakapaka culture technology ensued at the Hawaii Institute of Marine Biology

(HIMB). Despite extensive research, culture attempts have consistently met with low

larvae survival (Kelley, 2003). A large proportion of surviving fingerlings show

deformed jaws and or skeletons (A. Moriwake and V. Moriwake, HIMB, personal

communication). It was suspected that malformations of the jaw and skeleton reduce

larvae heath by decreasing feeding success, which subsequently increases overall

mortality.

Malformation of skeletal elements in larvae of various cultured teleosts is

common (Divanach et al., 1996), and has been well documented in several species:

rainbow trout, Oncorhynchus mykiss (Madsen and Dalsgarard, 1999), common

pandora, Pagellus erythrinus (Sfakianakis et al., 2004), Japanese flounder,

Paralichthys olivaceus (Haga et al., 2003), Atlantic salmon, Salmo salar (Ornsrud et

al., 2004), gilthead seabream, Sparus aurata (Andrades et al., 1996), sea bass,

Dicentarchus labrax (Cahu et al., 1999), and milkfish, Chanos chanos (Gaspin and

Duray, 2001), to name a few. In aquaculture, these deformities often result in high

mortality and low product quality (Andrades et al., 1996). There is a wide variety of

causative agents of skeletal deformities. In some species, malformations have been

associated with nutritional imbalances including deficiency of phospholipids (Cahu et

al., 2003), vitamin C, amino acids (Gapasin and Duray, 2001), peptides (Cahu et al.,
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1999), fatty acids (Gaspin et al., 1998), as well as hypervitaminosis, particularly

retinoic acid (Ross et al. 2000, Haga et al., 2003). Other malformations result from

inbreeding (Kincaid, 1976) or genetic predisposition (Gjerde, 2005). Infection by

bacteria (Madsen and Dalsgaard, 1999), parasites (Kent et al., 2004; Bartholomew and

Reno, 2002), and viruses (LaPatra et al., 2001) may also result in malformation by

disrupting proper development. Other deformities have been linked to physical

parameters such as inappropriate light intensity (Bolla and Holmefjord, 1988),

unsuitable temperature during egg incubation (Ornsrud et al., 2004), pH shock (Oyen

et al., 1991), salinity changes (Johnson and Katavic, 1984), and various toxicants

(Bengtsson, 1991; Sloof, 1981; Meyers and Jorgenson, 1983).

Proper formation of the jaw and skeleton is essential to the health and survival

of the developing fish larvae. The head of a fully developed fish is highly kinematic.

To accommodate the movements necessary for food intake and normal respiration, an

adult bony fish has over 30 osseous and cartilagenous parts and about 50 distinct

muscles (Stissny, 2000). By expansion and contraction of the oral cavity, the fish

head creates suction essential for pulling in food and water, ingesting the food and

pushing the water across the gills to obtain oxygen. Certain jaw and skeletal

malformations decrease the strength and effectiveness of this suction ability, thereby

reducing prey capture and respiratory capacity (Bond, 1979). As nutrition is critical

during early development, such deformities can be significant causes of mortality.

Normal development of the skull initiates at the anterior end of the notochord.

Two cartilaginous elements emerge, enlarge, and fuse to form the basal plate. The

basal plate continues to enlarge, and eventually the occipital arch cartilage, otic
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capsules, posterior brain covering, and ethmoid plate all fuse together to form the

chondrocranium. Species specific ossification follows. Simultaneously, the

neurocranium forms from a series of arches in the pharyngeal region (Bond, 1979).

The anterior most arch eventually develops into elements of the mandibular arch also

referred to as the jaw suspensorium. The suspensorium is further divided into the

upper jaw and lower jaw, the latter which is also referred to as the mandibular arch or

Meckel's cartilage. The second arch becomes the hyoid arch. Elements of the hyoid

arch allow for jaw and tongue suspension, and gill support and protection.

In comparison to jaw deformity, vertebral deformity often results in reduced

performance rather than direct mortality (Sadler et al., 2001). However, extent and

timing of appearance of the deformity determine the severity of the impact. A

properly formed vertebral column allows for considerable lateral flexibility while

resisting compression and providing a framework for muscle attachment (Stiassny,

2000). In larval fish, proper development of the vertebral column allows for increased

fluidity and strength of swimming, thus allowing for optimal prey capture ability.

The vertebral column originates from mesoderm and differentiates into

somatomeres relatively early in development. When somatomeres surround the

notochord and the spinal cord, they are referred to as schlerotomes. Precartilagenous

vertebral bodies form between schlerotomes, and musculature forms from the

vertebral bodies to provide support for the column. The vertebral bodies ossify

forming the vertebrae (Brown and Nunez, 1998). Vertebral column structure varies

along its length to accommodate differing functions (Stiassny, 2000). The typical
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vertebra is composed of ossified biconcave centra, a neural spine and arch, basaphysis

and zygopophysis. Notochord fills the concavities (Bond, 1979).

A study investigating the development of the jaw and other skeletal elements

in larval opakapaka was conducted using histology and cleared whole fish. Normal

ontogeny of development was characterized and used to assess skeletal structures in

deformed larvae. Deformities were characterized according to physical structure and

time of development. Additionally, egg handling techniques were evaluated for their

impact on prevalence of malformations.

Methods

Larvae culture

Opakapaka larvae were cultured at the HIMB during the 2003 and 2004

spawning seasons. All eggs were collected from spawns of existing broodstock at

HIMB facilities. Eggs were collected from 2 broods, HIMB trials 2 and 3, and were

processed and introduced to culture tanks (see chapter 1 for detail). In the first brood,

10 larvae samples were taken randomly at days 2, 5, 10, 15, 20, 25, 30, 35, and 40, for

a total 90 larvae.

The possible impact of formalin treatment on skeletal formation was examined.

In processing half of the eggs from the second brood, standard formalin treatment, as

described in Chapter 1, was not applied. Eggs without formalin exposure were held in

a separate tank from formalin treated eggs. Culture conditions in the two tanks were

kept as similar as possible. From the second brood, 10 larvae were collected from

days 5, 10, 15, and 25, in both formalin treated and untreated groups, for a total of 40
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per group. Larvae from all broods were maintained under HIMB rearing conditions

(see Chapter 1 for detail) to best imitate conditions which previously produced

deformed larvae.

Moribund larvae and daily mortalities were evaluated for deformities and

compared to healthy larvae by macroscopic and cleared fish analysis. Additionally,

live larvae behavior in the rearing tank was observed and described. Water quality

parameters including temperature, dissolved oxygen, and salinity were monitored

daily. Other parameters, including ammonia, nitrite, and pH were also measured at

least once during the rearing of each brood.

Clearing and staining

Larvae collected from two trials in 2004 were preserved in 10% buffered

formalin and transferred to 50% ethanol after 3-5 days. Larvae were re-fixed in 10%

buffered formalin for 2 days, before staining. Larvae were then dehydrated in an

ethanol series ending in 100% ethanol over a period of 2 days. All solutions used in

fish clearing and staining were prepared according to Potthaff (1984). Clearing and

staining protocol was modified from Pothaff (1984) as described here. Larvae were

placed in alcian blue solution for 24 hours. Alcian blue was removed from the larvae

and larvae were placed in sodium borate to neutralize pH. Larvae were bleached in

hydrogen peroxide solution for 24 hours and placed in trypsin. Trypsin solution was

changed as needed, at various concentrations, and served to further decolorize larvae.

When larvae were approximately 60% clear, they were placed in an alizarin red

solution for 24 hours. Larvae were returned to trypsin solution until samples were



44

cleared sufficiently for analysis, then placed in a glycerol/sodium borate series ending

in 100% glycerol for long term preservation. As staining of larvae was not uniform

between groups, staining, destaining, and bleaching times varied as needed.

Larvae were visualized microscopically using compound and dissecting

microscopes. Microscopic images were collected with SPOT (version 3.5.5 for

Windows; Spot Diagnostic Instruments, Sterling Heights, Michigan).

Histological observation

Larvae were collected gently from several broods during the 2003 and 2004

seasons. Larvae were euthanized with an overdose of MS-222 and transferred to

Davidson's formalin solution (Kent and Poppe, 1998) for 3-5 days, then transferred to

50% ethanol for storage. Larval specimens were later dehydrated and embedded in

JB-4 polymer embedding media (Electron Microscopy Sciences, Fort Washington,

PA). Embedding occured in small flat molds, which allowed for optimal positioning

of the larvae in the block. After embedding, samples were kept in dessicant until

sufficiently hardened for sectioning. Sections were cut by microtome at 3-5tm.

Sagittal, near sagittal, transverse, and near transverse sections were taken to develop a

comprehensive view ofjaw structure. Sections were stained with hematoxylin and

eosin stains (see Appendix 1 for detail). Jaw malformations were observed with light

microscopy and photographed with a SPOT digital imaging system (version 3.5.5 for

Windows; Spot Diagnostic Instruments, Sterling Heights, Michigan). Difficulties

inherent with embedding and sectioning larvae as small as opakapaka made



45

histological evaluation of the vertebral colunm unfeasible. Histological sections were

also used to detect pathogens.

Results

Normal development pattern

Jaw

The following description is not fully inclusive, but rather focuses on bones

and cartilage associated with deformities. Information presented relies primarily on

cleared fish specimens, and histological specimens were used in secondary verification

of the nature ofjaw deformity.

Day 2

No ossification was detected at 2 days post hatch (DPH). The dentary and

maxilla, both pre-cartilagenous paired structures, formed along the lower and upper

borders of the mouth. The dentary had a distinctive ventral curl in most specimens.

The maxilla was small and did not extend rostrally as far as the dentary. The

parashenoid extended from the maxilla caudally, between the eye sockets, which were

more ventrally placed than in adult opakapaka. Also present at day 2 was the

branchial-hyoid apparatus, including three branchia! arches and the hyoid arch (Figure

3.1). The basohyal was present and had two rostra! lobes, but no sublingual projection

was noted. All structures were cartilaginous at this time.



Figure 3.1. A. Forming hyoid apparatus in 2 DPH larvae. B. Diagram of plane of
section, box indicates location of histological section. Basihyal (Bh), Ceratohyal (Ch),
Branchial arch 1 (B 1), Branchial arch 2 (B2).

Day 5

A fourth branchial arch developed caudal to three previously formed by day 5

(Figure 3.2). Area of the maxilla increased slightly, as it developed to look more like

the adult form. No jaw structures showed ossification.

Hbr1 Hbr2

b1b2\\ Uh

Figure 3.2. Ventral view of hyoid apparatus. Sublingual rod (Sr), which appears later
in development; basihyal (Bh); hypohyal (Hh); ceratohyal (Ch); ceratobranchial (Cbr);
basibranchial (Bb) overlayed by the urohyal (Uh).



Day 10

Premaxilla formation and continued development of the maxilla gave the
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characteristic of an adult mouth shape (Figure 3.3). The early ectopterygoid was seen

in some larvae. The dentary and angular appeared to accumulate mass, and the ventral

curl of the dentary became nearly straight. The basihyal had expanded rostrally to

form a broad plate. The characteristic near crescent shape of the urohyal was seen in

lateral perspective (Figure 3.3). Although not fully connected, the dorsal and caudal

extension of the urohyal to the vertebral colunm was initiated. Gill lamellae support

was seen budding from the third and fourth branchial arches.

Figure 3.3. Normal jaw development of opakapaka larvae at 10 DPH, lateral view (A),
ventral view (B). Orbital (0), parasphenoid (Ps), premaxilla (Pm), maxilla (M),
dentary (D), ectopterygoid (Ep), angular (An), articular (Ar), quadrate (Q), urohyal
(U), basihyal (Bh), ceratohyal (Ch), hypobranchial (Hb), basibranchial (Bb), eye (E).

Day 15

By day 15 most larvae had developed all adult jaw and skull elements,

generally in the same shape of the adult element (Figure 3.5). Individual components

were thus more easily identifiable. In some larvae, the maxilla and premaxilla had
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teeth and showed partial ossification. Additionally, dorsal elements, including the

parasphenoid and the sphenoic, of the skull had initiated ossification. The

ectopterygoid, optic and otic elements were fully formed, but not ossified. The

opercular components were present, cartilaginous, and did not fully cover the gill

chamber. Articulating processes of the quadrate, angular, and retroangular were

variably shaped between larvae, showing differing levels of maturity.

Elements of the branchial-hyoid apparatus were observed in fish viewed

ventrally. Branchiostegals, basobranchials, hypobranchials, and ceratobranchials were

clearly distinguishable. Additionally, a short sublingual rod was seen extending

rostrally (Figure 3.4). Gill lamellae support structures increased in length and were

observed on all four branchial arches. The urohyal and branchiostegals showed

ossification in larger larvae (Figure 3.5), but not in smaller larvae (Figure 3.4).

Figure 3.4. Ventral view of 15 DPH larvae from trial 2, not treated with formalin bath.
Premaxillary (Pm), Dentary (D), Sublingual rod (Sr), Urohyal (U), Second branchial
arch (B2).
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Figure 3.5. Jaw and skull of 15 DPH larvae. Parietal (P), frontal (F), otic bones (Ot),
maxilla (M), dentary (D), basihyal (Bh), ectopterygoid (Ep), urohyal (Uh), ceratohyal
(Ch), branchiostegals (Bs).

Day 20

Between days 15 and 20, very little additional jaw development occured. The

maxilla and pre-maxilla showed complete ossification. The dentary was partially

ossified. Additional teeth appeared on the premaxilla and on the basihyal.

Branchiostegals showed complete ossification. Ossification of the urohyal was varied

from fully cartilaginous to nearly fully ossified (Figure 3.6). In some larvae, the

urohyal was observed connecting to the vertebral column at the second vertebrae in

other larvae (Figure 3.10).
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Figure 3.6. Section of hyoid apparatus of 20 DPH opakapaka larvae. Hypobranchial
(Hb), Basibranchial (Bb), Ceratohyal (Ch), Basihyal (Bh).

Day 25

Rate of ossification appeared to increase between day 20 and day 25 post hatch.

In particular, dorsal elements of the skull were almost completely ossified. The

dentary continued to ossify caudally. The quadrate was ossified on outside borders.

The basihyal showed some ossification in most larvae. However, the remaining

components of the brachial-hyoid apparatus, including the urohyal, were not ossified

in all larvae at this time. The preopercle, opercle, and other components of the

operculum were fully ossified and covered the entire gill chamber area.

Day 30

By 30 DPH, the urohyal had some ossification in all larvae. Similarly, the

basihyal showed variable ossification between larvae. Gill lamellae supports

proliferated on all branchial arches. Otherwise, the jaw and skull remained unchanged.
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All jaw skeletal elements that are ossified in fmgerlings appeared to be ossified

at some level, including the basobranchials, hypobranchials, and ceratobranchials.

The basihyal and urohyal were mostly ossified, but the degree of ossification varied

between larvae.

Day 40

Elements that remained cartilaginous, with the exception of the dentary in

some larvae, are most likely cartilaginous in adult opakapaka. These elements

included the orbital, some otic bones, and gill filament supports (Figure 3.7).

Figure 3.7. Opakapaka larvae 40 DPH, in lateral (A) and near ventral (B) perspective.

Vertebral column

At hatch, larvae possessed a series of segmented somites, which quickly

surrounded the notochord and spinal chord and constituted the schierotomes.

Schleretomes appeared connected with no to little interlaying mesenchymal tissue at

day 2 post hatch (Figure 3.8).



Figure 3.8. Forming vertebral colunm of opakapaka larvae, 2 DPH. Schierotome (Sc),
notochord and spinal cord surrounded by schierotome (NS).

Mesenchymal tissue increased and was apparent dorsally at 5 days post hatch.

By 10 DPH, formation of actual vertebrae began with the appearance of neural

processes dorsally, starting at two centers: the second schierotome from the head and

the schierotome above the rostral edge of the anal fin. Formation of neural processes

proceeded caudally and rostrally from these centers. Additionally, haemal processes

began to develop starting from the caudal development center. By 15 DPH, the neural

and haemal processes were fully formed. Ossification appears to proceed from the

same two centers, at the second vertebrae and at the rostra! end of the anal fin, in the

same order as cartilage development and was initiated shortly before day 15 post hatch.

By 10 DPH, cartilagenous vertebral centrae formation initiated between vertebrae 5

and 8, then proceeded in both rostra! and caudal directions. Vertebrae of the tail

region appear to form slightly before those of the caudal peduncle region. Ossification
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of the vertebral centrae followed the same pattern as cartilaginous development,

starting at about 15 DPH (Figure 3.9). Rib formation was first observed at 25 DPH.

Ribs were full length at 30 DPH, and ossification occurred near day 35 DPH.

Figure 3.9. Caudal vertebrae of 40 DPI-I opakapaka. Neural spine (Ns), centrum (C),
haemal spine (Hs).

Description ofdeformities

Jaw deformities

Protrusion of the hyoid apparatus below the dentary and other lower jaw

components was the most common jaw deformity observed. Lower jaw deformities

were first detected in 2 DPH larvae (Figure 3.10, Table 3.1). The cartilaginous hyoid

arch, composed of the basihyal, ceratohyal, urohyal, and three branchial arches

(Figure 3.10.C) curled dorsally well below the ventrally curling dentary (Figure

3.1 0.B).



Figure 3.10. 2 DPH larvae skull with normal (A) and abnormal jaw development in
lateral (B) and ventral (C) perspectives. In abnormal larvae, note that the hyoid
apparatus is ventral to other lower jaw components. Dentary (D), basihyal (Bh),
ceratohyal (Ch), branchial arch (B), urohyal (U).

A similar type of lower jaw deformity was also observed in 10 DPH, 15 DPH,

and 25 DPH larvae. As larvae developed, the deformity appeared more complex, but

the same basic elements protruded ventrally below other elements of the lower jaw.

Elements of the hyoid apparatus, in particular the basihyal and urohyal,

showed variable ossification in larvae (as described previously). In deformities

detected in younger larvae, the urohyal and basihyal were not ossified. Later stage

deformities were also associated with less ossified hyoids (Figure 3.11). Additionally,

some urohyals lacking ossification were bent or otherwise displaced dorsal-laterally

(Figure 3.12). Protrusion of the hyoid arch appeared throughout the larvae and

fingerling (Figure 3.13) stages of opakapaka development.



Figure 3.11. Opakapaka larvae, 20 DPH, with no ossification of the basihyal and
urohyal. Maxilla (M), dentary (D), basihyal (Bh), urohyal (Uh), urohyal connection to
vertebral colunm (arrow).
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Other jaw deformities were detected by histology (Figure 3.14) and

macroscopic observation. These deformations were associated with hemorrhage

and/or trauma.

0/
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Figure 3.14. A. Opakapaka larvae, 30 DPH, with hemorrhage (arrow) and unusual jaw
deformity. B. Magnification of panel A, area indicated by box, showing basihyal
(arrow) and hyoid apparatus in normal location.

Table 3.1. Skeletal deformities in opakapaka larvae. Brood indicates HIMB trial from
one collection of eggs, whereas set indicates the experiment grouping. Eggs from sets
1 and 2 were exposed to normal formalin treatment; set 3 eggs were not exposed. Sets
2 and 3 were from the same brood.

Brood/set Deformity First appearance (DPH) Prevalence
2/1 lowerjaw 2 27%(28/102)

trauma 2 6% (6/102)
vertebral fusion/fracture 15 1% (1/102)

3/2 lowerjaw 5 10%(4/41)
trauma 15 7%(3/41)
vertebral fusion/fracture 10 22% (9/41)

3/3 lowerjaw 15 4%(1/26)
trauma 5 12% (3/26)
vertebral fusion/fracture 10 27% (7/26)

Skeletal deformities

Fusion of vertebrae was the most commonly observed skeletal deformity of the

vertebral column (Figure 3.15, Table 3.1). This deformity was detected most



frequently in the caudal vertebrae; however, the deformity was not seen consistently at

a particular vertebra and was sometimes noted more rostrally. It was most frequently

noted in 15 DPH larvae, but was detected earlier in 7 DPH larvae. The fusion visually

appeared as a darkened line across the forming vertebrae (Figure 3.15). Other

abnormalities in vertebrae structure were related to fracture of the vertebrae column

seen in two larvae (Figure 3.16), and a single larva had a hemivertebra or misshapen

vertebral centra (Figure 3.17).

Figure 3.15. Normal (A, B) and deformed (C) vertebral column in 15 DPH opakapaka
larvae. Fusion deformity (arrow).
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Figure 3.16. Fracture in the vertebral column of a 40 DPH opakapaka larvae. Neural
spines (Ns), centra (C), rib (R), fracture (arrow).
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Figure 3.17. Hemivertebrae of a 25 DPH opakapaka larvae. Arrow points to
deformed centra.



Formalin exposure

In HIMB brood 3, eggs were divided into two groups. One group was exposed

to normal formalin treatment. There was not a significant difference in prevalence of

deformities between these two groups (Table 3.1).

Discussion

In the present study, it became clear that jaw and skeletal deformities occur

early in opakapaka development, before 5 DPH, under standard culture conditions.

However, macroscopic manifestation of these deformities took longer to appear, in

some cases. Given the severity of the jaw deformities, the likely outcome of these

deformities is death associated with starvation.

The first notable jaw deformity was seen at 2 DPH, corresponding to first

external feeding as well as the first major mortality event in larvae. Successful first

feeding, the transition of larvae from endogenous to exogenous food supply, has

proven difficult in the culture of many species (Daniels et al., 1996; Devauchelle et al.,

1987). In addition to the normal difficulties of first feeding, opakapaka larval mouth

gape is extremely small and only able to accommodate prey the size of copepod

nauplii. A jaw deformity that decreases ability of the larva to ingest food will greatly

diminish chances of larvae survival (Alves et al., 1999).

The nature of malformation of skeletal elements associated with the

malformation varies between larvae. However, the predominant deformity was

characterized by the protrusion of the branchial-hyoid apparatus below the jaw

suspensorium (Table 3.1). This protrusion appears to be associated with the failure or
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delay of urohyal ossification (Stiassny, 2000) in some cases. Increased flexibility

eventually results in the disconnecting of the branchial-hyoid apparatus, which is

connected to the urohyal at the basihyal, from its connective tissue support and

consequent ventral rupture though the skin.

This protrusion of the branchial-hyoid apparatus directly affects the pressure

dynamics of the larvae head. Thus, the immediate repercussions of this deformity are

twofold in that it reduces larvae ingestion and respiratory capacity. As the larvae

displayed the deformity as early as first feeding, reduction of health due to decreased

nutrition and oxygen intake may affect survival throughout the larval period.

Appearance ofjaw deformity continued to occur throughout the larval period

and into the fingerling period. There are two possible explanations for these findings.

The first possibility is that the deformity is not observed by culturists and larvae are

able to survive for some time with the malformation. A second explanation is that the

observation of deformity could be concurrent with actual first appearance of the

deformity. Given the timing of skeletal development, external appearance is not likely

to be indicative of internal initiation of malformation. Rather, some other factor

contributes to the external display of an already weakened and malformed skeletal

element. No pathogens were found in association with deformities.

Similarly, no evidence was found to suggest that formalin toxicity causes

skeletal deformities in opakapaka larvae. Exposure to formalin has been found to

have pathological effects in developing rodents (Pitten et al., 2000), chickens (Magras,

1996), and adult fish (Jung et al., 2003), including axial skeleton deformity (Hansen et
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al., 2004). However, no differences in skeletal development were detected between

formalin treated and untreated groups (Table 3.1).

Given the higher prevalence of lower jaw deformities in trial 2 and higher

spinal deformity in trial 3 under similar culturing conditions, genetic predisposition is

possibly involved in opakapaka deformities. Eggs in each brood are assumed to be

from one female (Chapter 1). Therefore, it is recommended that egg samples taken

from each run be used to determine if particular broodstock are more likely to produce

deformed offspring.

Although this study begins to address the ontogeny of skeletal and jaw

malformation in opakapaka, the causative agent of these deformities remains unknown.

Findings from this study suggest that formalin, known to cause deformity in other

species, are unlikely to cause deformity in opakapaka larvae. No indication of

parasitic, fungal, bacterial, or viral infection was found in association with larvae

deformity.

Remaining possible causative agents could be environmental, nutritional, or

genetic. Therefore, it is suggested that future trials should focus on causes of

deformity that are most likely to occur at opakapaka rearing facilities. As is common

in the initiation of culture in a new species, the parameters for successful culture are

largely determined by trial and error (Brown and Nunez, 1998). Investigation of

appropriate temperature regimes and the effect of temporal acidic tank conditions on

fish development is recommended. Additionally, it is likely that improvements in

general health and nutrition will result in fewer malformations, particularly those

appearing in later stage larvae, and thus, greater overall larvae survival.
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Chapter 4:
Acute toxicity of ammonia to cultured

larval opakapaka, Fri stipomoides filamentosus

Briana Keafer
Oregon State University

Abstract

The decline of opakapaka, Pristipomoidesfilamentosus, in Hawaii has

stimulated attempts to develop culture technology for this species. Despite significant

research, culturists have consistently met with low larvae survival. Experiments were

designed to determine the concentration of ammonia lethal to opakapaka larvae,

because ammonia toxicity was identified as a risk. The median lethal concentration

(LC50) for post-hatch opakapaka larvae was found to be 1.4 mg/L total ammonia (0.08

mg/L unionized ammonia). This concentration was lower than concentrations

occasionally observed in larvae rearing tanks, and thus ammonia toxicity was

identified as one factor that may contribute to opakapaka larvae mortality.
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Introduction

The decline of opakapaka (Pristipomoidesfilamentosus) below desired

recruitment levels (Pooley, 1993) has led to increased interest in culture of the species.

Techniques for the culture of opakapaka are currently under investigation at the

Hawaii Institute of Marine Biology (HIMB), (Kelley et al., 2003). Despite significant

research, success in rearing juveniles, and maintenance of broodstock, culturists have

consistently met with low larvae survival (A. Moriwake and V. Moriwake, HIMB,

personal communication).

Numerous water quality parameters can influence the health of this fish in

culture. These variables are more easily controlled in static tank culture systems.

However, the closed nature of these culture systems makes them more prone to certain

water quality problems (Speare, 1998; Noga, 1996). The effect of inappropriate water

quality is particularly evident in larvae, which are more sensitive to abnormal

environmental conditions (Brown and Nunez, 1998). Developmental defects and

infectious disease may result from inadequate environmental conditions (Meade,

1985). Ammonia toxicity was identified as a possible source of opakapaka larvae

mortality.

Ammonia in fish culture can be from several sources, including incoming

water, decomposing live food carcasses, uneaten food, and decomposing fish carcasses.

Measurement of total ammonia includes both unionized ammonia (NH3) and ionized

ammonium ions (NH). Ionization of ammonia to the less toxic ammonium is

directly related to pH, temperature, and inversely related to salinity (Lemarie et al.,

2004). Because most biological membranes are impermeable to NEL but permeable



to NH3, only the latter results in toxicity (Randall and Tsui, 2002). Consequently, a

change in pH, temperature, or salinity may result in a change in fish susceptibility to

ammonia.

Ammonia has been implicated in the deterioration of fish health leading to the

expression of various pathologic signs (Ip et al., 2001). Specifically, acute ammonia

toxicity impacts the central nervous system of fish eventually leading to intoxication,

convulsions, and death. Additionally, chronic exposure to elevated ammonia

concentration has been implicated in anorexia, decreased prey capture ability, erratic

swimming behavior, increased oxygen consumption, modified hematological and

enzymatic parameters, and overall decreased fish health (Lemarie et al., 2004; Das et

al., 2004). Due to these impacts to fish health, it is generally recommended that

unionized ammonia concentration be maintained lower than 0.03 mgIL (Klontz, 1995).

Specific concentrations of ammonia causing 50% mortality (median lethal

concentration or LC50) have been determined for several species at different life stages

(Table 4.1). Ammonia is usually more toxic to fish larvae than older fish.

Susceptibility to ammonia toxicity peaks during larval stages following yolk sac

absorption and completion of larval development (Meade, 1985). For instance,

exposure of red sea bream (Pagrus major) larvae to concentrations of unionized

ammonia as low as 0.002 mg/L resulted in increased mortality, reduced growth, and

weakening of cartilage by vacuolation of chondrocytes (Gullien et al., 1993).

Fish species vary in ability to cope with elevated ammonia levels. Some

species, adjusted to living in water with high nitrogen loads, are able to convert

ammonia to less toxic substances or actively excrete ammonia (Randall and Tsui,



2002). Because of variation between species, determination of specific tolerance of a

species is desirable.

Although the exact location of wild opakapaka larvae habitat is unknown,

likely, it is in open ocean conditions, where total ammonia concentrations are naturally

low. In contrast, culture practices during the early development period does not allow

for frequent water exchanges. This provides conditions for potential elevation of

ammonia concentration in rearing tanks. Due to the risk of ammonia toxicity,

experiments were designed to determine the concentration of ammonia lethal to

opakapaka larvae and the effect of ammonia on larvae tissue.

Table 4.1. Median lethal concentration of unionized ammonia in various fish

Species Life stage LC50 (mg/L) Exposure time Reference
Acipenser brevirostrum fmgerlings 0.58 96 hours Fontenot et al. (1998)
Catla catla adult 0.05 24 hours Tilak et al. (2002)
Cirrhinus mrigala adult 1.03 96 hours Das et al. (2004)
Cyprinodon variegates 14 days 2.07 96 hours Boardman et al. (2004)
Dicentarchus labrax mixed 1.70 96 hours Person-Le Ruyet (1995)
Menidia beryllina 2 weeks 0.98 96 hours Miller et al. (1990)
Menidia menidia 14 days 1.08 96 hours Boardman et al. (2004)
Odontesthes argentinensis 2 months 0.80 96 hours Ostrenky et al. (1992)
Sciaenops ocellatus fingerling 0.80 48 hours Wise et al. (1989)
Onchoryhchus gilae adult 0.47 96 hours Fuller et al. (2003)
Paralichthys dentatus 2 months 1.08 48 hours Boardman et al. (2004)
Salmo salar parr 0.08 96 hours Knoph (1992)
Scophthalmus maximus mixed 2.55 96 hours Person-Le Ruyet (1995)
Sparus aurata mixed 2.55 96 hours Person-Le Ruyet (1995)
Cynoscion nebulosus larva 0.28 24 hours Daniels et al. (1987)

Methods

Opakapaka larvae used in this study were cultured at the HIMB during the

2003 and 2004 spawning seasons. Larviculture techniques were derived from

standardized HIMB protocol (Chapter 1). All eggs were collected from spawns of

existing broodstock at HIMB facilities during 2003 and 2004.
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Ammonia toxicity experiments

Larva culture

Eggs were collected following natural spawning of wild-caught broodstock in

HIMB netpens and rinsed with UV filtered seawater for 30 minutes. Eggs were then

skimmed from the water surface, placed in water with reduced salinity, approximately

20 parts per thousand (ppt), causing eggs to sink and permitting removal of untreated

seawater. Eggs were transferred to UV treated and sand filtered water at normal

salinity concentrations (approximately 35 ppt), which caused eggs to return to the

water surface. Using a pipet, eggs were pulled off the surface and transferred to study

buckets. A total of 300 eggs were placed into each study bucket. Hatch rate was

determined in a separate bucket maintained at study conditions.

Larvae were cultured in 20 liter plastic buckets filled with IJV treated and

filtered seawater. Aeration was maintained throughout the study. Buckets were

placed in waterbaths to minimize temperature variation. Light intensity was kept at

minimum as light exposure has been found to have a detrimental effect on opakapaka

larvae (A. Moriwake and V. Moriwake, HIMB, personal communication). At hatch,

larvae retained yolk sac; no additional food was provided during the duration of the

study.

Ammonia concenfration

Concentrated stock solutions of reagent grade 4 M ammonium chloride

solution diluted with deionized UV-treated water were prepared. The animonium

chloride solution was further diluted with UV-treated sea water proportionate to the
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desired concentration required for the test case. Ammonia concentration was

measured using pHPlus Direct Meter (LaMotte, Chestertown, Maryland), with an

ammonia probe and verified using ammonia test kits (Tetra, Melle, Germany).

Corresponding unionized ammonia concentrations were determined using the equation

of Johansson and Wedborg (1980):

[%NH3 = 100/[1 + 10(bogKt '] with logKi = -0.467 + 0.00113 x S + 2,887.9 x T'

where K1 is the dissociation constant, S, salinity (in ppt), and 1, temperature (in °K).

As temperature, pH, and salinity values were held relatively constant during the study,

an average value for each parameter was taken and used in determination of

concentration of unionized ammonia. Temperature averaged 27.2°C in the first trial

and 28.3°C in the second trial. The pH averaged 8.0 in both trials. Salinity averaged

34.5 ppt in both trials.

Ammonia toxicity experimental design

Toxicity trial 1

The first toxicity trial was designed to determine concentration of ammonia

causing 50% acute toxicity in post hatch larvae. Larvae were exposed to four

concentrations of ammonia: 0, 0.5, 2.5, and 5.0 mg/L. Unionized ammonia

concentrations were determined to be 0, 0.03, 0.15, and 0.30 mg/L, respectively.

These concentrations were chosen based on results from the pilot study that showed

that total ammonia concentrations greater than 5 mg/L caused 100% mortality. Each of

the four treatment concentrations was done in triplicate groupings and placed in three
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separate waterbaths. Total ammonia ([NH3] [NHi], mg NIL) concentration was

monitored and adjusted as needed. At 72 hours post hatch (HPH), larvae survival was

evaluated by pouring rearing water through a fme screen and identif'ing live larvae on

the screen. Samples were taken and preserved in Davidson's fixative solution (Kent

and Poppe, 1998) for histological analysis.

Toxicity trial 2

The purpose of the second toxicity trial was to examine the effect of exposure

duration to larvae health and survival. Newly hatched larvae were exposed to four

concentrations of ammonia adjusted to the appropriate range determined from the first

toxicity test. Total ammonia concentrations were 0, 0.5, 1.5, and 3.0 mgIL. Each of

the four treatments was done in triplicate. Corresponding unionized ammonia

concentrations were determined as in the first study. As temperature, pH, and salinity

values were held relatively constant during the study but at slight different levels than

in the first study, an average value for each parameter was taken and used in

determination of the concentration of unionized ammonia. Unionized ammonia

concentrations were thus determined to be 0, 0.03, 0.10, and 0.20 mg/L. Total

ammonia concentration was monitored and adjusted as necessary. One set of buckets

was drained and evaluated for larval survival at three time periods: 48 UPH, 72 HPH,

and 96 HPH. Replication was not possible due to space and time limitations.

Surviving larvae were counted after collection using a fme screen. Samples were

preserved in Davidson's fixative solution for later analysis.
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Histological analysis

Samples preserved for histological analysis from both studies were embedded

in JB-4 polymer embedding media (Electron Microscopy Sciences, Fort Washington,

PA) in small flat molds, which allowed for optimal positioning of the larvae in the

block. After embedding, samples were kept in dessicant until sufficiently hardened

for sectioning. Sectioning was performed by ultra-microtome. Sagittal, parasagittal,

transverse, and paratransverse sections were cut, at about 3-5tm, to develop a

comprehensive view of organ and tissue structure. Sections were stained with a

mixture of hematoxylin and eosin using a protocol developed for tissue embedded in

JB-4 plastic media most effectively (Appendix 1). Sections were viewed and

photographed at OSU facilities using a SPOT imaging system (version 3.5.5 for

Windows; Spot Diagnostic Instruments, Sterling Heights, Michigan). In evaluation of

larvae tissue, particular attention was given to developing organs and tissues.

Statistics

The median lethal concentration (LC50) was calculated using a probit model

and scale (Buikema et al., 1982), adjusted for hatch rate determined for each brood. P-

values and significance was determined using t-tests (two sample assuming unequal

variance).
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Results

Ammonia toxicity experiments

Trial 1

Larvae survival decreased slightly between the control and lowest

concentration (0.5 mg/L); however, the difference was not significant (a = 0.05),

(Table 4.2). Survival decreased in the 2.5 mgIL groups to well below 50%. Only one

larva survived until the end of the study period at 5 mg/L. The 72-h LC50 for

opakapaka post-hatch larvae was calculated to be 1.4 mgIL using a probit model

(Buikema et al., 1982) and scale (Figure 4.2). Larvae from the replicate 2 control

bucket showed much lower survival than replicates 1 and 3 (Figure 4.1). When

replicate 2 was not considered in statistical analysis, larvae at the 2.5 mgIL

concentration showed significantly lower survival than did the control group. Larvae

at 5.0 mg/L total ammonia showed significantly lower survival with and without

replicate 2.

Table 4.2. Statistical analysis of results from ammonia toxicity trial 1.

concentration average standard p-value with p-value without
mg/L survival (%) deviation replicate 2 replicate 2

0 73.6 23.1
0.5 66.3 22.1 0.652 0.224
2.5 23.9 18.6 0.070 0.008
5.0 0.12 10.6 0.031 0.003
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Figure 4.1. Survival of larvae exposed to ammonia for 72H in trial 1 for three
replicates. A, not significantly different from control (0 mg/L); B, not significantly
different from control when all replicates are considered, but significantly different
when replicate 2 is not considered; C, significantly different from control.
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Figure 4.2. The concentration of total ammonia resulting in 50% mortality of post-
hatch larvae (indicated by the arrow) using the probit model. Points indicate probit-
transformed survival rate from individual buckets.
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Although analysis of behavior was difficult due to dark culturing conditions

and size of larvae, some general behavioral observations were made. Larvae

experiencing higher concentrations of total ammonia accumulated at the bottom of the

tank or aquarium in comparison to control larvae, which swam throughout the entire

water column. Larvae exposed to higher concentrations of ammonia also showed

increased excitement when exposed to additional light during examination. In contrast,

control larvae showed little to no response to increased light intensity.

Trial 2

The purpose of the second toxicity trial was to examine the effect of exposure

duration on larvae health and survival. Unfortunately, a freshwater introduction, from

water bath exchange and of unknown quantity, disturbed the 72-hour and 96-hour

buckets, completely eliminating control larvae and compromising the other buckets.

Additionally, failure of the ammonia meter necessitated use of only ammonia test kits,

which did not give as precise reading as the meter. In contrast, the 3 buckets

examined at 48 HPH were undisturbed. Larvae showed about 35% mortality after 48

hour when exposed to the LC50 concentration calculated in trial 1 for 72 hours (Figure

4.3).
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Figure 4.3 48-hour survival in toxicity trial 2.

Histology

By histological analysis, only the pancreas appeared to be affected by

increased ammonia concentration. Pancreatic tissue in controls appeared normal and

solid, whereas the tissue of all observed larvae treated with total ammonia

concentrations greater than 3 mg/L (5/5), showed diffuse vacuolation of pancreatic

acinar cells (Figure 4.4).

Figure 4.4. Elevated ammonia concentration was associated with pancreatic
vacuolation. Panel A shows a normal pancreas of a control larvae, arrow points to
pancreas. Panel B shows a vacuolated pancreas of a larvae exposed to a total
ammonia concentration of 3 mg/L.



Discussion

Results of this study indicate that allowing total ammonia concentrations to

increase above the 1.4 mg/L (0.O8mg/L unionized ammonia) threshold would be

detrimental to larvae. Despite difficulties encountered in trial 2, the trend of survival

rate seen at 48 hours was consistent with the trends seen in trial 1. Therefore, it is

predicted that if these larvae had been maintained for an additional 24 hours, LC50

would have been similar to that determined by trial 1. Results from this study are not

inconsistent with some other studies reporting acute toxicity on unionized ammonias,

although most of these studies were conducted over a 96 hour period rather than the 72

hour period used in this study. For example, Knoph (1992) found a 96 hour LC50 for

Atlantic salmon parr of 0.08 mg/L and Tilak et al. (2002) reported the LC50 for Catla

catla (family Cyprinidae) as 0.05 mg/L for 24 hours.

Determining safe ammonia concentrations for a particular group at all life

stages may be difficult to estimate and should be based acute toxicity level as well

chronic toxicity evaluations (Meade, 1985). Chronic exposure to sub-lethal ammonia

concentrations decreases fish health by slowing growth (Foss et al., 2003), decreasing

food conversion (Foss et al., 2003), decreasing feeding (Lemarie et al., 2004),

decreasing oxygen carrying capacity (Das et al., 2004) consequently increasing

oxygen uptake (Knoph, 1996). Although chronic toxicity was not actively measured

in this study, establishing acute toxicity level for opakapaka larvae creates a baseline

for further studies (Fontenot et al., 1998).

Gill damage is commonly associated with ammonia toxicity. However, the

gills of larvae 0-4 days post hatch, as used in these toxicity trials, were largely



undeveloped and respiratory and osmoregulatory functions are carried out through the

yolk sac and skin (Philips and Summerfelt, 1999; Rombough, 2002). Consequently,

other tissues were evaluated. No pathological changes were observed in nervous

tissue.

The pancreas of larvae exposed to high concentrations of ammonia showed a

pathological change. There is no precedent of elevated ammonia concentrations

producing pancreatic vacuolations in larval fish. However, it is likely that pancreatic

disturbance would lead to decreased performance of the pancreas, and thus a decrease

in the digestive enzymes produced. In the early development of opakapaka, the proper

function of the pancreas is critical, as other digestive organs are not well-developed.

The vacuolation was not associated with acute necrosis, and thus it is likely that the

condition is reversible. Nevertheless, it is unclear if pancreatic damage directly

caused larvae mortality, and it is unknown if the change is reversible.

Opakapaka larvae exposed to higher concentrations of ammonia demonstrated

increased excitement when exposed to light in comparison to control larvae, and

hyperexcitability has been associated with elevated ammonia levels in other species

(Ip Ct al., 2001). Possible impacts of this behavioral modification include increased

stress and potential for collision with tank walls.

The exact acceptable ammonia concentration for opakapaka throughout grow-

out has yet to be determined. However, as the total ammonia concentrations were

occasionally measured as high as 1.5 mg/L (about 0.10 mg/L unionized ammonia at

HIMB conditions) in both 2003 and 2004 (A. Moriwake and V. Moriwake, HIMB,

personal communication), ammonia toxicity may have been a factor in opakapaka



larvae mortality in culture. Precision of the LC50 determined in trial 1 should not be

viewed as conclusive, as trial 1 was only conducted once and there were problems in

trial 2. Nevertheless, based on other studies reported in literature and results from this

study, it is recommended that the total ammonia concentrations be monitored and kept

at minimum whenever possible. This study provides nothing to refute the general

recommendation of Klontz (1995) that unionized ammonia be maintained below 0.03

mg/L.

Although elevated ammonia concentration was determined to be a possible

factor in larvae mortality, there are certainly others factors that contribute to

opakapaka larvae mortality. The result of this interplay of factors can be a somewhat

perplexing outcome, as was the case with some of the larvae survival rates observed at

111MB facilities in 2004. In a brood of 2004, the overall total ammonia concentration

was high, yet larvae survival to 40 days post hatch (DPH) was 2.4%, which is higher

than average survival at 111MB facilities (A. Moriwake and V. Moriwake, HIMB,

personal communication).

Various techniques can be used to maintain ammonia concentrations

considered safe for fish culture. Methods include establishment of algae and seaweeds

as a sink for ammonia and nitrogen (Neon, 2003), continuous or frequent water

exchange (Klontz, 1995), and removal of the toxicant with various bioremediation

techniques (Abraham, 2004; Neon, 2003). However, culture techniques at 111MB

facilities at the initiation of this study were inadequate for ammonia monitoring and

control, which occasionally led to an accumulation of ammonia in culturing tanks. In

response to the results of this study and other culture strategies, early larvae rearing



was adjusted to accommodate greater water exchange (A. Moriwake and V. Moriwake,

HIMB, personal communication), particularly from the bottom of the tank where

uneaten food and decomposing carcasses augment the high ammonia concentration.

At present, problems with elevated ammonia in the facilities have been addressed.

To broaden appropriate inferences, more spawns from multiple females could

be used. In addition, the number of replicates used could be increased to minimize

bucket effect, and water baths could be rearranged to reduce the chance of outside

disturbance. Also, a broader range of concentrations could be used to more

specifically identif' the lethal concentration. Until culture survival rates improve,

deriving statistically significant lethal concentration estimates for toxicants will be

problematic.
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Chapter 5:
Investigations of infectious diseases of opakapaka

(Pristipomoidesfilamentosus) larvae in culture

Briana Keafer
Oregon State University

Abstract

The decline of opakapaka (Pristipomoidesfilamentosus) in Hawaii has led to

increased interest in culture of the species. Despite significant investment in research,

culturists have consistently met with low larvae survival. As infectious diseases have

been recognized as important causes of mortality in other larval finfish, an

investigation was conducted to ascertain the role of pathogens in larval mortality.

Bacterial infections of the gills and external fungal infections were observed, and were

likely opportunistic infections. No viral agents were detected. Although infectious

disease is not identified as a significant cause of mortality in opakapaka larvae,

continued surveillance for pathogens introduction is recommended.



Introduction

Opakapaka, Pristipomoidesfilamentosus, has recently been targeted as a

potential aquaculture species in the Hawaiian Islands. Culture is desirable, as this

species has great economic and ecologic value. Flesh of opakapaka sells at high

market price; consequently, the species has been under high fishing pressure for

decades. Recent concern regarding the status of the opakapaka and other bottomfish

populations has resulted in fishing restrictions and given impetus for the development

of culture techniques (Kelley et al., 2003). It is hoped that cultured opakapaka could

be used in restoration of wild populations as well as in commercial production.

Extensive research and trial at the Hawaii Institute of Marine Biology (I{IMB)

has demonstrated that culture of opakapaka and other bottomfish is possible. Captured

juveniles were grown-out until sexually mature. In addition, opakapaka spawned

naturally in net pens, and eggs collected from these spawns were raised entirely in

culture to juvenile stage. Yet, despite success in completing the life-cycle, culturists

have consistently met with low survival through the larval stages (A. Moriwake and V.

Moriwake, HIMB, personal communication). Infectious diseases, both new and

previously recognized, have been identified as important causes of mortality in marine

fish particularly during larval development (Brock and Bullis, 2001; Nishioka et al.,

1997). Bacterial, viral, and fungal infections have been reported in larval finfish

(Table 5.1), and pathogens commonly seen in adults are also suspected to be present in

larvae (Muroga, 2001). Although a considerable amount of study has been conducted

on the most virulent pathogens in commonly cultured species, less is known about less

virulent pathogens and pathogens identified in newly cultured fish species. The rapid



Table 5.1. Described infectious diseases of fish larvae.

Causitive agent Disease/Condition Affected species Reference

Bacteria
Vibrio ichthyoenteri
Vibrio aguillarum

Vibrio pelagius
Vibrio spp.
Aeromonas salmonicida

Flexibacter morhua

Renibacterium salmonarum
Cytophagapsychrophilum
Rotifer-associated
Various

Viruses
Herpesvirus (FHV)
Birnavirus (YTAV)
Birnavirus (VDV)
Birnavirus (YTAV)
Rhabdovirus (HIRRV)
Nodavirus (SJNNV)
Bimavirus (IPNV)

Paramyxovirus

Bacterial enteritis Japanese flounder (Paralichrhys olivaceus) Muroga et at., 1990
Mortality Atlantic halibut (Hippoglossus hippoglossus) Bergh, 1999

Atlantic cod (Gadus morhua)
Japanese flounder (Paralichthys olivaceus) Yamanoi, et al., 1988

Mortality Turbot (Acopthalmus maximus) Villamil et al., 2003
Abdominal swelling Black seabream (Acanthopagrus schiegeli) Yasunobu et al, 1988
Mortality Atlantic halibut (Hippoglossus hippoglossus) Bergh, 1999

Atlantic cod (Gadus morhua)
Mortality Atlantic halibut (Hippoglossus hippoglossus) Bergh, 1999

Atlantic cod (Gadus morhua)
Bacterial kidney disease salmonids Evelyn et al., 1984
Bacterial coldwater disease salmonids Wood, 1974
Mortality Turbot (Acopthalmus maximus) Benavente et al., 1988
Behavior changes Atlantic halibut (Hippoglossus hippoglossus) Skiftevik et al., 1993

Turbot (Scophthalmus maximus) Skiftevik et al., 1993

Viral epidermal hyperplasia Japanese flounder (Paralichthys olivaceus) lida et al., 1989
Viral ascites Yellowtail (Seriola quinqueradiata) Sorimachi et al., 1985
Deformity Yellowtail (Seriola quinqueradiata) Nakajima et al., 1993
Infection Japanese flounder (Paralichthys olivaceus) Kusada et al., 1989
Infection Japanese flounder (Paralichthys olivaceus) Kimura et al., 1986
Viral nervous necrosis Various species Arimoto et al,, 1993
Pancreatic necrosis Atlantic halibut (Hippoglossus hippoglossus) Biering et al., 1994

Japanese flounder (Paralichthys olivaceus) Sohn et al., 1995
Viral epithelial necrosis Black seabream (Acanthopagrus schiegeli) Miyazaki et al., 1989

Fungi
Saprolegnia sp. Saprolegniosis Various species Brock and Bullis, 2001 00



increase of new species in finfish aquaculture coupled with the overall growth of

aquaculture exacerbates these problems (Muroga, 2001).

Many bacterial infections often occur under suboptimal rearing conditions, and

are thus considered opportunistic pathogens (Bergh, 1999; Plumb, 1999). Larvae are

particularly susceptible to bacterial disease (Ringo and Birkbeck, 1999), yet a

complete understanding of bacterial pathogenesis in early stages of development has

been problematic (Bergh, 1999). Potential sources of bacteria in larviculture are

numerous and include the eggs, food, water, algae, and anthropogenic sources.

Although considerable care is taken to minimize introduction of pathogens in

opakapaka culture, elimination of all routes for bacterial introduction in outdoor

rearing facilities is impossible. In most commercial aquaculture facilities, rearing

tanks are suspected of possessing a fluctuating assortment of bacteria, including both

pathogenic and benign species (Ringo and Birbeck, 1999).

Viral diseases have resulted in significant and rapid larval mortality in other

species. Viruses implicated in causing disease in cultured larvae are often transmitted

vertically from infected parents, as viruses in the water supply can be avoided using

disinfection techniques. One viral agent of concern is a piscine nodavirus, which has

recently been associated with disease outbreaks in larvae of over 30 fish species

(Barker et al., 2002; Grotmol et al., 1997; Oh et al., 2001; Valle et al., 2000; Mon et

al., 1992; Koutna et al., 2003). Nodaviruses are small, icosahedral, non-enveloped,

single-stranded RNA viruses, which cause viral encephalopathy or retinopathy

(Johansen, 2002). Nodaviruses have been shown to be transmittable both vertically

(Breuil et al., 2002) and horizontally (Koutna et al., 2003). Infection with these



nodaviruses is associated with catastrophic mortality events. Thus, if present at HIMB

facilities, they would pose a potential problem to opakapaka culture.

Fungal infections, particularly of the common water molds, are usually

opportunistic in finfish culture (Noga, 1996). Certain environmental conditions,

particularly decreases in temperature below optimal levels (Moeller, 2001), have been

shown to increase severity and prevalence of fungal infections. Most disease

associated with fungal infections tends to develop slowly on external surfaces, and

diagnosis usually occurs before the onset of widespread mortality (Plumb, 1999).

However, some fungal pathogens penetrate deeply into the skin forming serious ulcers

(Devaraja et al., 2004; Bhattacharya, 1988; Silphaduang et al., 1999), while others

infect internal organs, such as the swim bladder (Lehmann et al., 1999). To date, most

fungal infection studies have been associated with egg or late stage juvenile freshwater

fishes. Thus, little is known about the impact of fungal infections on marine larval

fish.

This investigation was conducted to evaluate the possible role pathogens may

have in causing larval mortality. Bacterial, viral, and fungal species observed in

association with larval mortality in other finfish species were specifically targeted in

this study.

Methods

Larval culture

Larvae sampled were part of ongoing culture research at Hawaii Institute of

Marine Biology (HIMB) facilities and were maintained under HIIMB standard culture
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techniques. Under standard conditions, the larval period stretches from hatch to 30/40

days post hatch. Larvae were collected from several separate broods (Table 1.1).

Parameters of culturing conditions varied between broods, as is representative of

varying conditions at the culturing facility. Variance of these parameters, particularly

temperature, was measured and considered in analysis.

Larval behavior was observed and recorded when possible, and this became

more feasible as larvae became older. However, as culture requires dense algal

populations be placed in the same tank as larvae, observation was limited to general

position in the water column and general swimming pattern until the end of the larval

period. Dead larvae were collected from the bottom of the tank using siphons. Larvae

often decomposed to an unrecognizable form before siphoning, and thus mortality

counts were considered a minimum rather than an absolute value.

Histopathology

Moribund larvae were collected when available. Larvae were considered

moribund if they displayed lack of equilibrium, extreme lack of response to external

stimuli, or obvious and irrecoverable signs of disease. As the period of morbidity was

generally short for larvae, random sampling of larvae during times of catastrophic

mortality was also conducted.

Larvae were preserved in Davidson's fixative (Kent and Poppe, 1998), which

was replaced with 50% ethanol after 3-4 days. Samples were embedded in JB-4

polymer embedding media (Electron Microscopy Sciences, Fort Washington, PA) in

small flat molds. After embedding, samples were kept in dessicant until sufficiently
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hardened for sectioning. Sections 3-5p.m thick were cut using a microtome. Sections

were stained with a mixture of hematoxylin and eosin found by experiment to stain

larvae embedded in JB-4 plastic media most effectively (Appendix 1). Sections were

viewed and photographed using SPOT (version 3.5.5 for Windows; Spot Diagnostic

Instruments, Sterling Heights, Michigan).

Bacteriology

Due to the small size of larvae, bacterial culture from internal organs was not

feasible. However, larval through fingerling stages were kept in the same rearing

facilities until they were a size suitable for transfer to net pens. At the end of this

phase, opakapaka were of sufficient size for necropsy and culture of internal organs

was possible. During disease outbreaks in opakapaka fingerlings, necropsies were

performed and cultures were aseptically obtained from the spleen, liver, and kidney.

A general survey of bacteria in larval, copepod, and algal rearing water was

conducted to identify the spectrum of culturable bacteria present in rearing tanks.

Water from source, copepod, algal, and larval tanks was collected from tanks, at

varying depths, using sterile pipets. Aliquots of water, at 1 and lOp.1, were spread on

ZoBell agar (Park et al., 2002), (prepared at 111MB), which is permissive for general

marine bacteria, and thiosulfate citrate bile sucrose (TCBS) agar (Difco, Franklin

Lakes, New Jersey), which is used for specific growth of Vibrio species. These data

were used to establish a baseline of what constituted a normal bacterial load and

species assortment, thus allowing culturists to distinguish a bacterial bloom from

normal bacterial load.
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Virology

Opakapaka larvae were tested for the presence of nodaviruses using a modified

nested reverse-transciptase polymerase chain reaction assay (RT-PCR) developed by

Valle et al. (2000). Moribund and recently expired larvae were collected during

catastrophic mortality events. Samples were placed directly into Trizol (Invitrogen)

and frozen at -80°C until processing. At processing, samples were thawed on ice.

Trizol was removed and replaced with RLT buffer. Samples were then homongenized

and RNA was extracted using a RNeasy kit (Quiagen Ca. 74104). In addition to the

larvae samples, RNA was extracted from a known positive sample isolated from a

nodavirus outbreak in Japanese flounders; this extracted RNA was used as a positive

control in all steps of the reaction. Concentration of RNA was determined by

spectrophotometer. When RNA concentrations were low, RNA was precipitated and

concentrated using ethanol. Single strand cDNA was synthesized from 8j.il extracted

RNA template using oligo (dT)1218 procedure and SuperScript First-Strand Synthesis

System for RT-PCR (Invitrogen, Ca.No. 11904-018). Nested RT-PCR technique was

modified from Valle et al. (2000). A reaction solution was made containing 2.5tl lOx

PCR buffer, 0.75tl 50mM MgC12, 0.5tl dNTPs, 0.5j.tl sense primer, O.5j.tl antisense

primer, 0.25m1 TaqDNA, l5jil water, and 5j.tl cDNA. Cycling conditions for the PCR

are as follows: one incubation at 94°C for 5 minutes (reverse transcriptase

inactivation); then thirty cycles of 94°C for 30 seconds (DNA denaturation), 55°C for

1 minute (annealing), 72°C for 1 minute (extension); one cycle of 72°C for 7 minutes;

and storage at 4°C. Electrophoresis of amplified PCR products was conducted to

evaluate for the presence of nodavirus.
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Results

Histopathology

Histological analysis revealed that a proportion of healthy and moribund larvae

exhibited abnormal gills (Table 2.2). However, it was often difficult to ascertain

whether the condition of gills was the result of disease or state of normal development.

Affected gill lamellae exhibited diffuse, mild to severe epithelial hyperplasia starting

shortly after gill development at about 7 DPH (Figure 5.1). About 50% of affected

gills (7/14) exhibited concurrent bacterial infections, which appeared later in larval
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Figure 5.1. Bacterial gill disease. A. Healthy gills from a larva 3ODPH at 20x. B.
Bacteria infection, epitheial cell hyperplasia, and increased mucus in gills of a 30
DPH larva at lOOx. Note masses of bacterial rods between lamellae (arrow). C.
Hyperplasia of gill lamellae in a 15 DPH larva 40xmagnification. D. Distal
accumulation of undifferentiated basal cells (arrow) in a larva 20 DPH 20x
magnification.



development (after 14 DPH) (see Chapter 2, Table 2.2). Other than in gill tissue, there

was no sign of bacteria infection in larvae.

Bacteriology

One brood of opakapaka fingerlings, at about 70 DPH, exhibited flared gills,

labored breathing, and extensive mortality. One larva with flared gills was examined.

Wet mount observation of the clipping revealed that the gills had a high numbers of

bacteria.

One brood with greater survival through larval stages, developed clinical signs

of disease following transfer from hatchery culturing facilities to net pens. These

fingerling opakapaka exhibited anorexia, loss of balance, lethargy, and in some cases

external ulcers (Figure 5.2). Wet mount of the gills of diseased fingerlings showed

that most had hyperplastic and/or necrotic gills. Some fingerlings had hemorrhagic

livers. Bacteria were isolated from the kidney and liver on TCBS agar. Isolates were

sent to the bacteriology lab at Anuenue Fisheries Research Center, Honolulu, HI, and

identified as Vibrio haemolyticus.

Figure 5.2. Opakapaka early juvenile displaying an ulcer during net pen mortality
event.



At least 8 bacteria species were identified as a result of the overall survey of

water in the culturing systems (Table 5.2). Presence of bacteria is in no way indicative

of causality of disease; information was collected for descriptive purposes only.

Identification by biochemical analysis was performed by Anuenue Fisheries. DNA

sequence analysis was performed at HIMB core sequencing facility.

Table 5.2. Bacteria identified in culture tanks at the Hawaii Institute of Marine
Biology. Artemia (Ar), Algae (Al), Copepod (C), Rearing (R) tanks.

Bacteria Tank type Method of identification
Pasterella haelmolytica R biochemical
Chromobacterium violaceum Ar, Al, C, R biochemical, DNA sequence
Aerococcus viridans I R biochemical
Vibrio alginolyticus R,A,C biochemical
Vibriofluvialf C biochemical
Vibrio harveyi R DNA sequence
Vibrio sp. Ar, Al,C, R biochemical, DNA sequence
Pseudoalteromonas sp. R biochemical, DNA sequence

Virology

No viral infections were suggested by histology. In particular, there was no

vacuolation of nervous cells in the brain or eye, which is indicative of nodavirus

infection. The nested RT-PCR method successfully identified the positive control, but

was negative for all tested opakapaka larvae samples (results not shown).

Mycology

No fungal infections were detected in histological sections. Specifically, no

fungal induced granulomas or swim bladder infection was observed. Also, no fungal

infections were detected in opakapaka of larval age. However, external cottony
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growths, usually appearing on the rostral portion of the larvae, were observed on post-

larvae (approximately 40-100 days post hatch) during a period of lower than normal

water temperature. Under light microscopy, variable width fungal hyphae were

observed. The superficial infection and non-septate hyphae allows a presumptive

diagnosis of saprolegnia-like infection. The fungal infection was associated with a

gradual mortality pattern over about a 40-day period.

Discussion

State of fish health is determined by interrelated factors including husbandry

conditions, environmental conditions, nutrition, host physiological status, and the

presence of pathogens. In the case of opakapaka larval rearing, bacterial and fungal

pathogens are clearly present. However, the degree to which these pathogens are able

to cause disease is likely dependent on the suitability of environmental conditions

(Wedemeyer, 1996). Inadequate water quality conditions could result in larval stress,

and the synergistic effect may thereby result in mortality (Plumb, 1999). Eliminating

all potential for bacterial or fungal infection is impossible given that the opakapaka are

reared in outdoor facilities and are exposed to numerous sources of pathogens,

including feed, UV-resistent bacteria, and iatrogenic introduction. Therefore, every

effort should be made to reduce stress on developing larvae.

Although complete elimination of bacteria in rearing tanks is not feasible, it

may be possible to reduce exposure of larvae to bacterial pathogens. Current rearing

protocols include establishment of adequate algae and copepod populations in a

rearing tank before larval introduction. During this time, bacteria populations are also



established. Various populations of bacterial species are normal, providing for

ammonia cycling and intestinal protection from pathogenic bacteria (Ringo and

Birbeck, 1999). Other species are pathogenic, particularly when the larvae has not had

developed an adequate normal gut flora or any immunity to the pathogen (Ringo and

Birbeck, 1999).

Bacterial gill disease is one of the most important causes of chronic mortality

in intensive hatchery systems (Roberts, 1978). It has also been referred to as

environmental gill disease, because of its common association with certain

predisposing factors such as overcrowding, floating organic debris, accumulation of

waste products and ammonia, and increased water temperature (Plumb, 1999). As

some of these predisposing conditions have been noted in opakapaka culture, it is

likely that this bacterial infection is secondary to gill damage from suboptimal water

quality conditions. The observation that epithelial hyperplasia and lamellar

disturbance were detected in larvae many days prior to first detection of bacterial

infection (Chapter 2, Table 2.2) supports this conclusion.

Some bacteria identified in the hatchery survey, in particular some Vibrio spp.

are known pathogens. These bacteria were found transiently, that is they were not

found in all tested samples or in the same abundance each time they were discovered.

Risk associated with such species increases dramatically in bacterial blooms. Bacteria

can form colony films on various surfaces including detritus and algal cells. Vibrio

spp. and other bacterial species form films on algal cells (Epstein, 1993). Thus, when

algae populations bloom, attached bacteria also bloom. Other bacterial blooms are

associated with accumulation of dead and decaying material (Brock and Bullis, 2001).



A couple of control measures can be taken to reduce potential exposure of larvae to a

bloom of pathogenic bacteria. Currently practiced control measures, including

mechanical rinsing and disinfection of hatchery equipment and removal of detritus at

the bottom of the tank, should continue (Brock and Bullis, 2001). Second, the overall

bacterial load of a particular tank could be assessed prior to larval introduction.

Modifying rearing condition may allow for fungus control. As it appears that

fungal infection occurs only opportunistically when larvae are exposed to lower than

optimal rearing temperature, preemptive heating of water tanks during cool weather

conditions may prevent fungal infection outbreaks. Currently, there is no approved

and proven treatment for fungal infections in marine fish (Noga, 1996); therefore,

prophylaxis is the best strategy for fungal control.

Understanding the specific role pathogens play in the overall health of

opakapaka larvae is difficult due to the multiplicity of factors involved. Nevertheless,

optimization of water quality parameters is likely to reduce the impact of disease

related to pathogens.
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Chapter 6:
Discussion and Conclusions

Preface

104

The objectives of my thesis were to describe larval ontogeny and to elucidate

the cause(s) of opakapaka larvae mortality in culture through an in depth diagnostic

study of larvae disease and by conducting specific experiments. I identified and

described four primary causes of larval mortality and as well as several other issues of

concern. To improve larval survival, I have recommended specific adjustments to

culture protocol be made and provided suggestions for future studies.

Primary causes of larval mortality

The major factors identified as causes of larval mortality were transition

between developmental stages (Chapter 2), jaw and skeletal deformities (Chapter 3),

inappropriate water quality parameters (Chapter 4), and consequent opportunistic

infection (Chapter 5). Although these causes of mortality were considered

individually within this thesis, larval mortality was found to be the result of

interrelated factors. The synergistic effect of these factors may culminate in extensive

larval mortalities, as observed in opakapaka culture. Indeed, seldom was there greater

than 2% survival of these fish to the fingerling stage.

Chapter 2 focused on the development of the digestive and respiratory systems.

It was found that both digestive and respiratory systems developed according to the

saltatory development theory, with accelerated periods of development followed by

periods of slower transformation. Furthermore, times of accelerated growth
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corresponded with periods of catastrophic mortality. Thus, it is likely that at least

some larval mortality results from larvae failure to complete thresholds of

development. Although opakapaka development patterns cannot be altered,

understanding the source of mortality may assist culturists in addressing rearing

problems.

The impact ofjaw and vertebral colunm deformities were discussed in Chapter

3. Proper development of the jaw and vertebral colunm is essential to the ability of

larvae to capture and process food. Lower jaw deformities in opakapaka, seen as early

as 2 days post hatch, greatly decrease the health and survival of the developing

opakapaka larvae, because the deformity limits or eliminates the capacity to draw food

particles into the mouth and water across the gills. Although perhaps not as severe as

jaw deformity, vertebral deformity likely impairs larval swimming and prey capture

ability, which results in decreased nutrition and overall health.

In Chapter 4 I investigate the toxic effect of ammonia in opakapaka larvae. As

a result of this study, the 50% lethal dose was determined to be 1.4 mg/L total nitrogen

(0.08 mgIL unionized ammonia). As total ammonia concentration occasionally

exceeds 1.5 mgIL in larval rearing tanks, ammonia toxicity may be a source of

opakapaka larval mortality. Acute ammonia toxicity affects the larval central nervous

system eventually leading to intoxication, convulsions, and death. Opakapaka larvae

may experience chronic ammonia toxicity, at persistent ammonia concentrations

below the acute toxicity level. Hyperplasia of ionocytes, as described in Chapter 2,

may be a sign of this chronic exposure. Additionally, pancreatic vacuolation, which
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was only seen in larvae exposed to concentrations of ammonia greater than 3 mg/L

total nitrogen in the acute experiment, may increase gradually under chronic exposure.

In chapter 5, I showed that opakapaka develop both bacterial and fungal

infections, but viral infections were not detected. Results from this investigation

indicate that infections are most likely opportunistic, and the extent to which they

cause disease is dependent on the suitability of environmental conditions. Bacterial

gill disease was commonly observed, which is a condition often associated with

inadequate water quality. Fungal infection only appeared when temperatures

decreased, indicating that water temperature had dropped below optimal.

Identification of major factors of larval mortality should be viewed as a critical

step for optimization of opakapaka rearing. Although described factors may not

explain all larval mortality, it is likely that addressing these concerns will lead to

improved larval survival. Also, other factors influencing larval survival, currently be

obscured by the issues of ammonia toxicity, jaw deformities, and nutritional

deficiency at particular developmental stages, could be revealed.

Recommendations

Increased monitoring and evaluation of the impact of certain environmental

conditions on the health and survival of larvae is imperative. In addition to

influencing ammonia toxicity, temperature and pH influence larval health, and both of

these water quality parameters deserve further evaluation.

In marine systems, few investigations have been carried out to study the impact

of low pH, because the buffering capacity of the water is generally sufficient to
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counter causes of water acidification (Noga, 1996). However, pH levels are worth

investigating at HIMB facilities for two reasons. First, during storm events, pine

needles accumulate on shade cloth above tanks and in tanks, and these needles were

shown to decrease water pH when soaked. Second, low water exchange creates

conditions that could possibly exhaust buffering capacity. Thus, I suggest that more

regular monitoring of water pH be conducted, particularly during storm events. To

prevent a decrease in pH during a storm event, the addition of crushed shells or other

commercial buffers could increase alkalinity or buffering capacity (Bower et al.,

1981).

The influence of temperature on rate of external development has been

observed by culturists (A. Moriwake and V. Moriwake, HIMB, personal

communication). Therefore, it not surprising that it affects internal development as

well. Maintaining larvae at optimal rearing temperature would likely lead to increased

larval survival and an optimal development rate (Lein et al., 1997). I recommend that

the optimal temperature for rearing opakapaka be determined by specific experiments.

Application of optimal environmental conditions in opakapaka rearing, particularly

when larvae are stressed by other factors, should improve overall larval survival.

Failure of larvae to complete rapid metamorphosis from one stage to the next

has been identified as a source of opakapaka larval mortality. Besides improving

environmental conditions, culturists are limited in methods of addressing this concern.

I recommend boosting nutrition prior to phases of rapid metamorphosis, which were

associated with mass mortality. Prior to the first major mortality event, which occurs

near first feeding, larvae rely on yolk for nutrition. It is also during this period that the
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first jaw deformities began to appear. Therefore, it is recommended that broodstock

nutrition, as it pertains to quality of yolk nutrition, be examined and modified to meet

early larval needs. Additionally, maximizing both quantity and nutritional value of

available prey several days prior to the second rapid metamorphosis event is advisable.

Although results from this study did not implicate infectious disease as being a

major cause of mortality in opakapaka larvae, there is no reason to eliminate this as a

possible source of mortality in the future. Culturists should remain vigilant in all

prevention measures to decrease likelihood of an outbreak of infectious disease.

Summary

Opakapaka are valuable economically, ecologically, and culturally in the

Hawaiian Islands. Their successful culture would be useful in restoration efforts as

well as in the establishment of commercial culture. The success of intensive

opakapaka culture hinges on the ability to culture a large number of opakapaka to the

juvenile stage. As a result of this study, culturists now have an increased

understanding of the causes of larval mortality. It is hoped that this information will

lead to the refining of culture techniques and subsequently improve larval survival.
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Appendix 1:
Hematoxylin and Eosin Staining Technique for Plastic Sections

Briana Keafer

Introduction

During the summer and fall of 2003, I conducted a histological analysis of

opakapaka (Pristipomoidesfilamentosus) larvae. Conducting histology on opakapka

larvae samples was challenging for three reasons. First, the small size of the larvae

limited the number of sections that could be obtained. Second, larvae had to be

positioned carefully to acquire the needed aspect of larvae tissues. Due to the small

size of the larvae and need for optimal positioning ability, a plastic embedding

material was chosen. This presented the third challenge, as most stains used in

histology have been formulated for paraffin wax sections. Description of the stain and

protocol found to best stain opakapaka larvae is described in this appendix.

Method

Previous to staining, all samples were preserved in Davidson's fixative,

embedded in JB-4 polymer media (Electron Microscopy Sciences, Fort Washington,

PA), and sectioned at 3-5tm by microtome. Sections were heat-fixed to microscope

slides.

Materials presented in Table 1 were mixed in preparation of hematoxylin

solution, and stored at least 1 week in a well lit area before use. Glacial acetic acid

was added to increase longevity of the stain. Sodium iodate was added to allow for

immediate use.
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Table 1. Hematoxylin for plastic sections.

Quantity Material
1 g hematoxlin (dry)
0.1 g sodium iodate
8. 8g aluminum sulfate
1 77.5m1 distilled water
62.5 ml ethylene glycol
1 OmI glacial acetic acid

Using a transfer pipet, hematoxylin was applied to the slide, completely

covering the section to be stained. After 30 seconds on low heat, the slide was rinsed

in water twice for at least 2 minutes, placed in 70% ethanol for at least one minute,

then rinsed in water for at least 30 seconds. Slides were tapped gently to remove

excess water, slide backs were wiped dry, and placed on low heat to dry.

Slides were dipped for 4 seconds in instant eosin-alcoholic prepared according

to instruction (Shandon, Basingstoke, Hampshire, UK). Slides were rinsed twice in

tap water for at least 2 minutes, then placed in ethanol for 1 minute. Slides were

rinsed in tap water and allowed to dry on low heat. After slides dried and cooled,

Pennount (Fisher Scientific, Fair Lawn, New Jersey) was applied and sections and

coverslips were placed on slides to cover all sections.
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Appendix 2
Report of Opakapaka Tissue Culture Investigation

Introduction

The culture of opakapaka, Pristipomoidesfilamentosus, is currently under

development at the Hawaii Institute of Marine Biology (HIMB). As the number of

species in culture as well as overall production increases worldwide, many diseases,

including new diseases, have been observed (Muroga, 2001). These increases as well

as the appearance of disease has attracted interest toward the development of cell lines

for aquatic species (Lai, 2003). To expedite later disease research for opakapaka,

development of a cell line for the species was initiated. This document reports results

from the initial investigation.

Report

Tissue source

Three attempts to culture tissue from juvenile opakapaka were made.

Juveniles were removed from net pens at the Hawaii Institute of Marine Biology

(HIMB), anesthetized to overdose in MS-222. Tissues cultured included the liver,

head kidney, spleen, muscle, and heart. One additional culture attempt used a larva

(17 days post hatch) obtained from the HIME bottomfish hatchery. All internal

organs of the larvae were used as a tissue source in culture.
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Tissue preparation

External surfaces of the fish were bathed and wiped with ethanol, and fish

were placed under a sterile hood. Tissue dissection and preparation was as described

in Faisal et al. (1995) and Freshney (2000). A lateral incision was made on the fish to

reveal internal organs. Target tissue was removed and placed in a Petri dish with

media. Tissue was cut into very small pieces. Both tissue and media were drawn into

a sterile syringe, then pushed through 75jim sieve into a centrifuge tube. Single-cell

suspensions were centrifuged at 1200 rpm for 10 minutes, supernatant was discarded,

and the pellet was re-suspended in 1 Oml media. This centrifugation and resuspension

step was repeated at least twice. A 30j.tl sample was taken and mixed with 30.tl trypan

blue for viability and cell count, then cells were seeded into sterile flasks.

Media

Eagle minimum essential media (MEM) was used as base media for all trials.

In the first juvenile trial, 5% FBS (fetal bovine serum), 1% glutamax, 1% penstrep,

and 1% antibiotic/antimycotic were added to MEM. Cells were seeded at about 1 x

106 cells/flask.

FBS in the media was increased to 15% for the second trial with juvenile tissue

and larvae tissue trial. The amount of cells seeded was increased slightly where

possible, 2% antibiotic/antimycotic was used, and penstrep was not used.

In the third juvenile trial, 15% FBS was supplemented with one of two other

growth factors: epidermal growth factor (EGF) and interleukin-2 (Int-2) as these
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growth factors have been found to enhance new cell lines for other species (Lu et al.,

1990). Also, the cells were seeded at twice that of previous trials where possible.

Results

Cells from this trial had low initial survival. The liver, muscle, and head

kidney persisted longer. The muscle cells showed the best attachment, but persisted

poorly. The largest quantity of cells was harvested from the liver, but the cells were

obscured by fat. The head kidney cells had the longest viability without subculture

and had some attachment.

Initial survival improved substantially. Again, the head kidney produced the

best overall results will cells attaching, dividing, and persisting for at least two months

and after subculture. The spleen also had some attachment; however, most of the cells

persisting were erythrocytes, which do not proliferate. The muscle cells once again

did well initially, but died suddenly. The heart was not cultured. The liver culture had

low initial survival and excessive fatty debris.

Culture of larval tissue showed low survival of cells. Low survival is mostly

attributed to using digestive system tissue and low harvest of cells.

The third juvenile cell culture had the most promising results. In all ten flasks

from this trial, cells persisted greater than 14 days. Cultures with the best results were

head kidney with addition of either growth factor, muscle with either growth factor,

and liver with Int-2. These four cultures were passed twice before cell death.
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