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ABSTRACT





The history of tilapias in Hawaii includes four decades of importations, numerous research and commercial culture projects, stocking of natural and artificial water bodies, eradication programs, and several efforts to sort out existing stocks and relationships.  Commercial culture has generated interest in the current status of local stocks and in the prospects for government-approved acquisition of more productive species and strains.  This paper reports on the stock assessment phase of a project aimed at development of a coordinated broodstock acquisition and maintenance program.





Four species of tilapias (Oreochromis mossambicus, O. macrochir, Tilapia rendalli, and T. zillii) were imported to Hawaii by the state fisheries agency during the 1950’s as prospects for food fish culture, aquatic pest control, and baitfish for the tuna capture fishery.  In 1962 Sarotherodon melanotheron was imported as a baitfish prospect and soon became widespread in freshwaters and estuaries.  The 1970’s and 1980's saw importation of a true-breeding red strain of O. mossambicus found in a pet shop, and local development and active commercial culture of red strains.  Finally, the 1990’s saw importation of O. aureus, O. mossambicus and an O. aureus /O. niloticus hybrid from the U.S. mainland.  There are documented and undocumented cases of miscellaneous hybridization and escape.  In late 1994 and early 1995, tilapias on the island Oahu suffered severe mortalities from infection with Hawaii Tilapia Rickettsia-Like Organisms (HTRLO), which led to a voluntary quarantine preventing transfers of stocks or product to or from that island.





Thirty fish samples of 20 individuals when possible were collected from each of 19 farm and 11 wild stocks dispersed among the 5 most populous Hawaiian Islands.  Meristic, morphometric, and electrophoretic analysis identified six distinct groups corresponding to the six species imported, and other groupings indicating hybridization.  The groups that were closest to the original imported stocks representing O. aureus, S. melanotheron, and some samples of O. mossambicus were relatively pure, while the other groups showed various degrees of introgression.  Some introgressed and hybrid groups included characteristics of O. niloticus, probably related to the hybrids known to have been imported.  Imprecise growth rate estimates for a few stocks showed none approaching the “standard” growth curve for O. niloticus males in fresh water developed by the American Tilapia Association.





These results indicate the potential commercial value of importing one or more stocks of O. niloticus, and it is hoped that this information will support an application for regulatory approval of this action.





INTRODUCTION





It is common knowledge that tilapias were spread from their African origin throughout the tropics by fisheries managers after World War II.  It is less well known that, in many cases, tilapias were imported primarily to control aquatic weeds and mosquitoes, and only secondarily as food fish.  Genetic issues such as sizes of founder stocks, introgressive breeding, and future bottlenecks received little attention because aquaculture development was not a forefront consideration.  Genetic purity and deterioration of tilapia stocks has since become a major concern (Pullin 1988).


Oreochromis mossambicus was the first species to be widely distributed, but it inadequately controlled aquatic pests and, in many countries, was unappreciated as a food fish due to its large head, dark color, poor dress-out percentage, slow growth rates, and tendency to reproduce at a small size.  As a result, most O. mossambicus stocks were unmanaged and little utilized; nearly all imported stocks of this species have escaped to the wild and have deteriorated.  By the 1980's, O. mossambicus had become nearly pan-tropical in the wild and was thought to have impacted some native aquatic ecosystems (Randall 1987), particularly in the tropical Pacific (Lobel 1980).  However, O. mossambicus did contribute positively to human nutrition in Sri Lanka (Desilva and Senaratne 1988) and Indonesia (Costa-Pierce et al. 1988).  It is the only tilapia species available in some states of the U.S.A., which has had negative experiences with the spread of exotic tilapias.


Deterioration of stocks and consumer rejection led to a worldwide shift away from O. mossambicus to O. niloticus in the largest tilapia farming nations (Pullin 1988).  Although this species is now cultured worldwide and there are some well-managed stocks, it is likely that a situation similar to O. mossambicus exists for O. niloticus - genetic bottlenecks exist because small founder stocks were imported from the wild in Africa (Eknath et al. 1991; Pullin et al. 1991; Pullin 1988).  For example, the initial O. niloticus stock brought to the Philippines, now the world's largest producer of farmed tilapia, originated from a small number of fish imported from Thailand in 1972.  Thailand’s nationwide stock is in turn derived from about 200 fish from Japan, whose ancestors were collected from open waters in Egypt in 1962.  Later importations and stock development now support the Philippine industry.


Tilapias were first brought to Hawaii in 1951 and 1952, when the Division of Fish and Game imported O. mossambicus from Singapore and introduced it to all the major islands to control aquatic pests, to serve as a food fish, and as a baitfish for tuna (Hida et al. 1962).  Other species followed during four decades.  There is at present a tilapia culture industry in Hawaii with an annual revenue of about $140,000.  Twenty-four commercial farms ranging in size from a few tanks to just under 4 ha pond area produce a total of about 20,000 kg, nearly all of which is sold live.  The industry is expected to expand.  The genetic integrity of the tilapia stocks is poor, as was noted by Malecha (1968), and by G. Hulata and B. Costa-Pierce in the 1980’s (personal communications).


A lack of specific information on the genetic composition and growth status of both wild and farmed stocks in Hawaii prompted a review of the history of tilapia importations, and the collection, examination and evaluation of tilapia stocks in the Hawaiian Islands.  The goal of this work was to provide the baseline information needed for development of a tilapia broodstock maintenance program in Hawaii, and for justification of importation permits for improved stocks, particularly of O. niloticus.


METHODS


Historical Review


The history of tilapia importation was reviewed by examination of literature  and records of permits and importation actions from the Plant Quarantine Branch of the state Department of Agriculture.  A fact sheet by Olin (1993) outlines current regulations and  procedures to import living organisms into Hawaii.  Species identifications were based solely on information provided by the importers.  It would have been almost impossible for Quarantine Branch to verify the identification of tilapia fry.  Given the difficulty in identifying tilapias, particularly hybrids, it is likely that errors were made on some permits and importation records.


The operators of all 24 farms were interviewed about the origins of their stocks and husbandry practices pertinent to breeding.  Seven of the farms had more than one stock; the other 17 farms had only one.  Identifications by the farmers were based on their examination of external physical characteristics or on what the supplier called the fish.  Initial stock identifications for this work were based on import records or on the farmers’ identifications.


Sampling and Preservation


Tilapias were collected from 19 farm and 11 wild stocks from the five largest and most populous of the Hawaiian Islands: Hawaii, Kauai, Maui, Molokai, and Oahu.  These 30 populations were sampled by various methods including hand nets, hook and line, and cast nets.  A farmed O. niloticus stock from the Philippines was included in the analyses for comparison.  This Egypt-Swansea strain originates from Lake Manzala in Egypt, was collected by Stirling University in 1979, and was transferred to the Philippines in 1989.


Twenty fish were collected from each population when possible, placed immediately on ice, and with few exceptions dissected within two hours for tissue samples.  A few of the samples were frozen for up to 5 days before dissection.  Samples of liver, eye, muscle, and caudal fin were taken (from the right side of the fish in order to leave the left side intact for other measurements), frozen at -10 oC, and transported on dry ice to a -80 oC freezer for storage.  They were shipped on dry ice to Genetic Analyses (Smithville, Texas) for electrophoretic analysis.  The remainder of each carcass was tagged and fixed in 10% formalin, then transferred to 70 % ethanol after several weeks.


Analysis and Identification


Stocks were examined by measurements of general morphology and meristics, truss morphometrics, and electrophoretic analysis.  General morphology and meristics refers to those measurements which have been traditionally used to identify fish.   The  characters suggested for identification of tilapia by  Strauss and Bond (1990) were used as the basis for our measurements (Table 1).


Table 1.  Traditional measurements made on tilapias in this study.


	


	General Morphology	Meristics





	Sex 		Anal ray number


	Body depth	Anal spine number


	Body width	Caudal bar number


	Caudal fin marks	Dorsal ray number	


	Caudal peduncle depth	Dorsal spine number


	Caudal peduncle length	Gill raker number


	Head length	Lower lateral line scale number


	Head profile	Upper lateral line scale number


	Interorbital width 


	Lower jaw length


	Lower pharyngeal bone length


	Lower pharyngeal bone width


	Lower pharyngeal bone dentiferous area length


	Orbit (eye) diameter


	Pectoral fin length


	Standard length


	Total length


	Teeth shape








	General morphology suffers from several disadvantages when used to describe differences in body form.  Because the characters are selected independently of each other, the character set does not reflect the underlying geometric shape.  Truss morphometrics, in contrast, uses a set of distances measured between homologous points along the body.  This study used the network of 21 lines (Eknath et al., 1991).  This data was then analyzed using multigroup discriminant analysis in BioStat II ver 3.5 (Pimental, 1995).  Starch gel electrophoresis is used to distinguish species at the biochemical level by analysis of extracted enzymes and other proteins (Leary and Booke, 1990).  


	The first step for the electrophoretic work was to identify the enzymes to be examined.  Because several species were included, preliminary screening of one fish from each population examined 54 isozymes, according to methods in Morizot and Schmidt 


�
(1990).   Thirteen liver and muscle proteins were selected for analysis with the remaining fish (Table 2), based on 1) previous identification as diagnostic for one of the species, 2) good resolution, or 3) clear polymorphism.  Financial constraints precluded the inclusion of other potentially useful enzymes.


	In order to clarify identification and comparison of the sampled stocks, six of them were chosen as reference stocks, including the O. niloticus from the Philippines and 5 farm stocks considered to be the oldest or otherwise closest to their imported source stocks, as determined during interviews with farmers and persons knowledgeable about the wild stocks.   


Table 2.  Enzymes and other proteins used in electrophoretic analysis of stocks.


Abbreviation�
E.C. No.�
Enzyme Name�
Tissue�
�
ADA�
3.5.4.4�
Adenosine deaminase�
Muscle�
�
ADH�
1.1.1.1�
Ethanol dehydrogenase�
Liver�
�
AH�
4.2.1.3�
Aconitate hydratase�
Liver�
�
EST3�
3.1.1.-�
Esterase�
Muscle�
�
GAPDH�
1.2.1.12�
Glyceraldehyde-3-phosphate dehydrogenase�
Muscle�
�
GPI�
5.3.1.9�
Glucose phosphate isomerase�
Muscle�
�
IDHP�
1.1.1.42�
Isocitrate dehydrogenase�
Liver�
�
LDHB�
1.1.1.27�
Lactate dehydrogenase�
Muscle�
�
PGDH�
1.1.1.44�
Phosphogluconate dehydrogenase�
Muscle�
�
PGM�
5.4.2.2�
Phosphoglucomutase�
Muscle�
�
PROT1�
�
General protein�
Muscle�
�
PROT2�
�
General protein�
Muscle�
�
SOD�
1.15.1.1�
Superoxide dismutase�
Liver�
�
Nomenclature from Shaklee et al. (1990)�
�
�



In general, these populations had been growing in some degree of isolation from other tilapia species.  The general morphology and meristic data for these stocks were compared to literature values for the species represented.  Comparisons based on truss morphometrics were not readily available in the literature.  Results of electrophoretic analysis were examined in detail to assess the purity and reasonable designation of the reference stocks.


Assessment of Growth Potential


	Except at the University of Hawaii at Hilo’s research farm, growth rates had not been monitored for these stocks.  Rates from the research farm stocks, and growth rates estimated from harvest data on seven other stocks were compared with the American Tilapia Association’s (1995) standard growth curve for O. niloticus males in fresh water on commercial farms, and with growth rates of the Florida red tilapia in saltwater (Watanabe et al. 1997) as appropriate.


RESULTS


Historical Review of Stocks


 	In addition to O. mossambicus as noted, three other species were also introduced in the 1950’s: T. melanopleura (later reclassified as T. rendalli) and O. macrochir from the Belgian Congo in 1957, and T. zillii from the British West Indies in 1957 (Maciolek 1984).  These fish were imported in small numbers, bred in captivity, and later stocked into reservoirs and canals. They were highly successful in controlling vegetation but were never accepted by fishermen (Devick 1991).


	The Federal Bureau of Commercial Fisheries (now National Marine Fisheries Service) imported S. melanotheron in 1962 for experimental culture as a baitfish for the tuna pole-and-line fishery.  In 1965, it escaped into Honolulu Harbor and by 1970 had been identified in Oahu reservoirs (Devick 1991).  


	In 1972, during a state tilapia eradication program in Wahiawa Reservoir, red O. macrochir mutants were found and transferred to the state laboratory.  Another red tilapia, the "Red Firemouth" was discovered in a pet store on Oahu in 1978, and thought to have been developed by a California-based aquarium company.  It was recognized locally as a red O. mossambicus.  Both of these fish were subsequently crossed with other stocks to develop a proprietary strain of red tilapia.


	The 1980s saw private importation and production of T. zillii, O. mossambicus, and a red tilapia from Florida called golden perch (believed to be an O. mossambicus x O. urolepis hornorum  hybrid), which escaped into natural waters during a flood.  Another red tilapia was imported from Taiwan in 1980 listed as a O. mossambicus x O. niloticus hybrid.  These fish were supposed to be sex-reversed males but contained some viable females, which were later allowed to interbreed with other stocks.  Taiwanese and a Florida red hybrid tilapia were imported several times in the early 1980s.  During the mid- and late 1980s, tilapia culture in Hawaii was centered on these red tilapias.  Backcrossing and hybridization with other stocks was allowed to occur and these thoroughly mixed fish were moved throughout the state.  Also, a single pair of an unidentified tilapia was obtained from the Waikiki Aquarium and allowed to breed with the mixed stock.  This tilapia was suspected to have been O. rukwaensis because it had a genital tassel, resembled O. macrochir but had no spots, had a deep caudal peduncle, and a deep notch in the gill cover.  No samples of this fish are now available.


	In the 1990’s, O. aureus was imported by the university Hawaii Institute of Marine Biology’s research farm, the Mariculture Research and Training Center (MRTC), and has been maintained there for research purposes.  O. mossambicus was imported from an Alabama source which had been subject to flooding, and so it is possible that the fish sent to Hawaii were not pure O. mossambicus.  Finally, a hybrid of O. aureus and O. niloticus (Rocky Mountain White) was imported in 1995 by a commercial farmer on Hawaii island.


	During the latter part of 1994 and 1995, Hawaii Tilapia Rickettsia-Like Organism Disease (HTRLO) caused severe mortalities of tilapia on Oahu.  S. melanotheron were particularly hard hit although all of the other stocks which have been tested to date have also shown susceptibility (James Brock, personal communication).  This disease has limited tilapia production culture on Oahu and, through a voluntary quarantine, prevented the transfer of tilapia from Oahu to other islands.


Stock Identification


	Farmers described 10 basic stocks, naming the six species that had been imported and four red hybrids.  Six distinct tilapia groups, corresponding to the imported species, and numerous less-distinguishable hybrids were identified by analysis of samples.  The O. aureus, some of the O. mossambicus and the S. melanotheron were relatively pure while the others (O. macrochir, T. rendalli, and T. zillii) showed various degrees of introgression.  Some of the hybrids showed characteristics of O. niloticus, probably from hybrid O. mossambicus x O. niloticus which had been imported.  The Rocky Mountain White hybrid, imported after the collection phase of this work, has so far been limited to the island Hawaii.


	The general morphology and meristic data for the reference stocks (Table 3) were compared to literature values (Table 4).  The meristic characters corresponded quite closely.  However, in many of the comparisons of general morphology, the range of values measured in the reference stocks extended outside the range of literature values (Table 5).  Possible reasons for the variance include introgression, stunting (in the reference stock of O. mossambicus), and extreme robustness in some well-fed cultivated populations. 





�
Table 3.  General morphology and meristic characteristics of the reference tilapia stocks.


�
�
�
Species�
O. aureus�
O. macrochir�
O. mossambicus�
O. niloticus�
S. melanotheron�
T. rendalli�
T. zillii�
�
Source of Stock�
MRTC�
Nuuanu  Res. #4�
Kualapuu  Reservoir�
Philippines�
Honolulu Harbor�
Nagao Fish Farm�
Kealia Fish Farm�
�
Type of Stock�
Cultured�
Wild�
Wild�
Cultured�
Wild�
Cultured�
Cultured�
�
�
�
�
�
�
�
�
�
�
Meristics�
�
�
�
�
�
�
�
�
Gill rakers, lower�
19 - 22�
19 - 23�
14 - 17�
19 - 24�
14 - 18�
7 - 11�
8 - 11 (15)�
�
Dorsal spine, range�
XV - XVI�
XV - XVII�
XV - XVI�
XV - XVIII�
XIV - XVI�
XIV - XVII�
XV - XVI�
�
Dorsal spine, mode�
XVI�
XVI�
XVI�
XVI�
XV�
XVI�
XV�
�
Scales, lateral line*�
32 - 35�
28 - 34�
31 - 36�
33 - 41�
27 - 32�
29 -33�
29 - 34�
�
Caudal Bars�
0 - 6�
0�
0�
6 - 9�
0�
0�
0�
�
�
�
�
�
�
�
�
�
�
General Morphology�
�
�
�
�
�
�
�
�
Depth (% SL)�
39 - 44�
39 - 44�
34 - 42�
35 - 42�
38 - 46�
42 - 50�
34 - 46�
�
Head length (%SL)�
(26.9) 32.8 - 36.7�
31.8 - 38.8�
31.2 - 40.2�
33.0 - 37.8�
34.1 - 41.5�
31.7 - 34.8�
30.3 - 35.7�
�
Pectoral fin (%SL)�
23 - 35�
36 - 42�
30 - 43�
29 - 37�
30 - 46�
30.9 - 42.7�
26.8 - 39.3�
�
Caudal peduncle length (%SL)�
10 - 13�
11 - 16�
11 - 17�
11 - 15�
10 - 21�
9 - 14�
10 - 14�
�
Caudal peduncle length/depth�
0.64 - 0.86�
0.71 - 1.02�
0.81 - 1.18�
0.80 - 1.14�
0.52 - 1.26�
0.6 - 0.9�
0.6 - 0.9�
�
Eye (%HL)�
19.7 - 27.1�
18.3 - 26.3�
20.3 - 29.7�
21.9 - 31.1�
18.6 - 25.9�
21.4 - 48.6�
23.7 - 30.2�
�
Interorbital width (%HL)�
31.4 - 42.7�
34.1 - 44.0�
28.9 - 36.7�
31.1 - 49.1�
32.9 - 39.1�
30.4 - 38.9�
31.9 - 40.1�
�
Lower jaw length (% HL)�
23.6 - 33.8�
25.6 - 33.8�
25.2 - 48.5�
23.4 - 37.5�
22.5 - 27.1�
23.6 - 33.5�
30.6 - 36.4�
�
Pharyngeal bone length (% HL)�
27 - 38�
32 - 39�
34 - 42�
25 - 33�
25 - 38�
25 - 31�
26 - 31�
�
Pharyngeal bone blade/ dentiferous area length�
0.94 - 1.47�
0.83 - 2.60�
0.64 - 1.39�
0.62 - 1.67�
0.27 - 3.02�
0.41 - 1.07�
0.3 - 1.31�
�
�
�
�
�
�
�
�
�
�
* Includes overlapping scales�
�
�
�
�
�
�
�
�



Table 4.  General morphology and meristic characteristics of tilapia species.  Source of the Oreochromis and Sarotherodon data is Trewavas (1983).  Source of the Tilapia data is Thys van den Audenaerde (1964).�
�
�
�
�
�
Species�
O. aureus�
O. macrochir�
O. mossambicus�
O. niloticus�
S. melanotheron�
T. rendalli�
T. zillii�
�
Meristics�
�
�
�
�
�
�
�
�
Gill rakers, lower�
18 - 22�
20 - 26�
(14,15)16-19(20)�
(18,19)20-26(27,28)�
(12,13)14-19�
 7 - 10�
 8 - 9�
�
Dorsal spine, range�
(XIV)XV-XVI(XVII)�
XV - XVII�
XV-XVII�
(XV)XVI-XVIII�
XV - XVII�
XV- XVI�
XIV-XVI�
�
Dorsal spine, mode�
XVI�
XVI�
XVI�
XVII�
XV�
XVI�
XV�
�
Scales, lateral line*�
30 - 33�
(29) 30 - 33�
30 - 32, mode 31�
(31) 32 - 33 (34)�
27 - 30�
28 - 32�
28 – 31


�
�
General Morphology�
�
�
�
�
�
�
�
Depth (% SL)�
35.0 - 49.0�
42.5 - 55.7�
36.0 - 49.5�
34.0 - 56�
37.0 - 51.5 (54)�
42.2 - 49.4 �
42.2 - 47.6�
�
Head length (%SL)�
33.0 - 37.2�
31.2 - 38.4�
32.3 - 37.0�
31.5 - 40.5�
35.2 - 41.5�
31.1 - 37.5 �
31.9 - 34.1�
�
Pectoral fin (%SL)�
29.0 - 40.5�
38.5 - 49.5�
30 - 44.5�
33.0 - 43.5�
37.0 - 50.0�
33.7 - 39.7�
30.3 - 36.8�
�
Caudal peduncle length (%SL)�
(9,10)11-13(14)�
9.8 - 16.6�
10.0 - 13.7�
8.5 - 12.1�
10.6 - 14.4�
�
�
�
Caudal peduncle length/depth�
0.5 - 1.0�
0.5 - 0.84�
0.7 - 1.0�
0.5 - 0.9�
0.6 - 0.9�
0.57 - 0.76 �
0.61 - 0.77�
�
Eye (%HL)�
16.7 - 30�
15.9 - 27.2�
17.5 - 25�
15.0 - 30.5�
18.0 - 27.5�
�
�
�
Interorbital width (%HL)�
28.5 - 38.5�
34.5 - 47.9�
30.3 - 43.8�
31.4 - 41.0�
32.3 - 34.9�
30.0 - 37.7�
31.3 - 37.2�
�
Lower jaw length (% HL)�
29.5 - 37.0�
27.0 - 36.0�
32.0 - 45.5�
29.2 - 33.8�
27.0 - 34.5�
32.0 - 37.7�
31.3 - 36�
�
Pharyngeal bone length (% HL)�
23.8 - 31.1�
31.5 - 38.0�
28.1 - 33.8�
28.0 - 33.4�
31.6 - 37.0�
�
�
�
Pharyngeal bone blade/ dentiferous area length�
0.7 - 1.36�
1.0 - 1.9�
0.7  -  1.35�
0.56 - 1.55�
0.9 - 2.2�
�



�
�



*Does not include overlapping scales.�
�
�
�
�
�
�
�
�
�
�
�
�
�



Table 5.  Comparison of the meristics and general morphology of the reference stocks to literature values.   "=" means stock values within literature range, "-" means below, "+" means above.�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
Species�
O. aureus�
O. macrochir�
O. mossambicus�
O. niloticus�
S. melanotheron�
T. rendalli�
T. zillii�
�
�
-�
=�
+�
-�
=�
+�
-�
=�
+�
-�
=�
+�
-�
=�
+�
-�
=�
+�
-�
=�
+�
�
Meristics�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
Gill rakers�
�
xxx�
�
xxx�
xxx�
�
�
xxx�
�
�
xxx�
�
�
xxx�
�
�
xxx�
�
�
xxx�
xxx�
�
Dorsal spine range�
�
xxx�
�
�
xxx�
�
�
xxx�
�
�
xxx�
�
xxx�
xxx�
�
�
xxx�
�
�
xxx�
�
�
Dorsal spine mode�
�
xxx�
�
�
xxx�
�
�
xxx�
�
xxx�
�
�
�
xxx�
�
�
xxx�
�
�
xxx�
�
�
Scales, lateral line*�
�
xxx�
�
xxx�
xxx�
�
xxx�
xxx�
�
�
xxx�
xxx�
xxx�
xxx�
�
xxx�
xxx�
�
�
xxx�
�
�
Caudal bars�
�
xxx�
�
�
xxx�
�
�
xxx�
�
�
xxx�
�
�
xxx�
�
�
xxx�
�
�
xxx�
�
�



General Morphology�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
Depth�
�
xxx�
�
xxx�
xxx�
�
�
xxx�
�
�
xxx�
�
�
xxx�
�
xxx�
xxx�
xxx�
xxx�
xxx�
�
�
Head length�
�
xxx�
�
�
xxx�
�
xxx�
xxx�
xxx�
�
xxx�
�
xxx�
xxx�
�
�
xxx�
�
xxx�
xxx�
xxx�
�
Pectoral fin length�
xxx�
xxx�
�
xxx�
xxx�
�
�
xxx�
�
xxx�
xxx�
�
xxx�
xxx�
�
xxx�
xxx�
�
xxx�
xxx�
xxx�
�
Peduncle length�
�
xxx�
�
�
xxx�
�
�
xxx�
xxx�
�
xxx�
xxx�
�
xxx�
�
�
�
�
�
�
�
�
Peduncle length/depth�
xxx�
�
�
xxx�
xxx�
�
xxx�
xxx�
�
xxx�
xxx�
xxx�
xxx�
xxx�
�
xxx�
xxx�
�
xxx�
xxx�
�
Eye (%HL)�
�
xxx�
�
�
xxx�
xxx�
�
xxx�
xxx�
�
xxx�
xxx�
�
xxx�
�
�
�
�
�
�
�
�
Interorbital width�
xxx�
xxx�
�
xxx�
xxx�
�
xxx�
xxx�
�
�
xxx�
�
�
xxx�
xxx�
�
xxx�
xxx�
�
xxx�
xxx�
�
Lower jaw length�
xxx�
xxx�
�
xxx�
xxx�
�
xxx�
xxx�
xxx�
xxx�
xxx�
xxx�
xxx�
xxx�
�
�
xxx�
xxx�
xxx�
xxx�
xxx�
�
Pharyngeal bone length�
xxx�
xxx�
�
xxx�
xxx�
�
�
xxx�
xxx�
xxx�
�
xxx�
xxx�
�
�
�
�
�
�
�
�
Pharyngeal bone L/A�
�
xxx�
xxx�
xxx�
xxx�
xxx�
xxx�
xxx�
xxx�
�
xxx�
xxx�
xxx�
xxx�
xxx�
�
�
�
�
�
�
�
�
	Electrophoretic examination of the reference stocks showed that, for:


O. aureus  -  Both ADH-A and IDHP-C diagnostic alleles were monomorphic.   The O. niloticus diagnostic allele EST3-B (Galman et al., 1988) was not present in the O. aureus stock, indicating that no significant introgression with O. niloticus had taken place.


O. macrochir -  Electrophoretic analysis of the reference stock of O. macrochir identified no diagnostic alleles.  Furthermore, the fixed allelic difference at PGDH reported by McAndrew and Majumbar (1983) was absent.  The high level of polymorphisms indicates that this stock is severely introgressed with other species.  Indeed, it may have been introgressed when it was originally imported. 


O. mossambicus - The representative O. mossambicus stock was monomorphic for the diagnostic allele GPI2-C (Phelps, 1995) as well as ADA-D and SOD-A.  As IDHP-C and SOD-C alleles were absent, no introgression with O. aureus and O. niloticus was evident.


O. niloticus - The O. niloticus stock was monomorphic for both IDHP-B (unlike the O. aureus) and SOD-B (unlike the O. mossambicus).  A few fish contained ADH-A (O. aureus’ diagnostic allele) instead of ADH-B.  However, all of the O. niloticus were monomorphic for EST3-B instead of EST3-D which was monomorphic in O. aureus.  This indicates a relatively low probability of hybridization with those species.  


S. melanotheron  - Unfortunately the tissue samples for the reference stock were destroyed in transit by the shipping company.  However, in all of the three of the other S. melanotheron stocks, the ADA-E allele was monomorphic.  Furthermore, the three stocks were monomorphic for ADH-B, IDHP-C, LDHB-A, GAPDH-B, GPI1-B, GPI2-B, PGDH-A, PGM-A and PROT2-B.  This indicates a very high degree of genetic uniformity in these stocks and a very low level of introgression, if any, with other tilapia species.


T. rendalli and T. zillii - No diagnostic alleles suitable for separating these two species were identified.  However, these two species can be separated from the other species in that they were monomorphic for both PGDH-B and SOD-C.


	The electrophoretic data provided support for the selection of the reference stocks of O. aureus, O. niloticus, O. mossambicus, and S. melanotheron.  The choice of the O. macrochir stock, from a reservoir on Oahu, was made by rejecting the other two stocks because one had caudal bars while the other came from a fishpond that contained several species of tilapia.  Live T. zillii and T. rendalli were readily distinguished on the basis of body stripes (which fade in preserved fish), steepness of the forehead and deepness of the body; this was the basis for selection of the reference stocks of these species.


	Of the 30 Hawaiian stocks examined, 23 clearly showed some degree of introgression.  Identifications of the non-reference stocks were based, like the analyses of the reference stocks, on separate discriminant analyses of the meristics, general morphology and truss morphometrics and an examination of allele frequencies.  Detailed data, including diagnostic probabilities, is available from author Hopkins.  In many cases the introgression was the result of intentional or negligent crossbreeding.  Some of the sampled fish appear to contain the genes of at least 3 species, O. niloticus, O. mossambicus and O. macrochir, and possibly others.


Assessment of Growth Potential     


	All Hawaii tilapia stocks grew more slowly to their harvest or sampled ages than a fish following the projected curves (Table 6) for either the standard O. niloticus (American Tilapia Association - ATA, 1995) or the Florida red tilapia (Watanabe et al., 1997).  At best, the Hawaii tilapia grew at only 80% of the rate of the standard O. niloticus.  For fish cultured in seawater, the Florida red grew several times faster than the Hawaii fish.


Table 6.  Comparison of growth estimates from Hawaii tilapia stocks with growth curves for farmed O. niloticus and Florida Red tilapia in saltwater.  Growth periods for analysis began at different ages for the different stocks.
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�
DISCUSSION





	Very few efforts were made to prevent tilapia from hybridizing after they were imported.  Neither farmers nor the university and state research facilities actively managed their broodstock for genetic integrity. It was not uncommon to find that broodstock of more than one species were kept together in the same pond and that little effort was made to control backcrossing of offspring with the adults.  


	Although three of the reference stocks exhibited reasonable correspondence to identifying characteristics of their species (O. aureus, O. mossambicus and S. melanotheron), these are the rare exceptions among Hawaii stocks, and they do not represent the most desirable species for commercial culture.  There is, in fact, professional debate about whether or not pure stocks still exist for many tilapia species.  No Hawaii stocks exhibited growth rates approaching those of current commercial species in the U.S.  These facts indicate that Hawaii’s tilapia culture industry would benefit from permitted importation of better stocks and maintenance of these stocks under a coherent plan.


	The importation of all living organisms into Hawaii is controlled by the Plant Quarantine Branch of the State Department of Agriculture.  Only three cultured tilapia species are currently listed as permissible for importation, O. aureus, O. mossambicus, and O. spilurus, with permits required for each specific action.  O. macrochir, S. melanotheron, T. zillii, T. rendalli, and O. niloticus are not allowed to be imported even though these fish or their hybrids are already established throughout the state. More than 400 other cichlids including species in the genera Cynotilapia, Petrotilapia, and Xenotilapia are permissible.  One of the primary environmental concerns about tilapias in Hawaii is that escaped individuals may spread and displace more desirable coastal fishes.  The low salt tolerance of O. niloticus, one of the most stenohaline tilapia species (Wohlfarth and Hulata 1981), precludes its accidental spread into coastal waters, between neighboring estuaries, and among the islands.  The authors hope this information will facilitate development of a stock management plan, importation of desirable culture stocks, and health of the culture industry consistent with environmental protection.
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