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PREFACE

Aquaculture is now recognized as a viable and profitable enterprise worldwide. As
aquaculture technology has evolved, the push toward higher yields and faster growth
has involved the enhancement or replacement of natural foods with prepared diets.
In many aquaculture operations today, feed accounts for more than one-half the
variable operating cost. Therefore, knowledge on nutrition and practical feeding of
fish is essential to successful aquaculture.

This book was not written exclusively for scientists but for students,
practicing nutritionists, and aquaculturists. It covers the known nutrient
requirements and deficiency effects for different fishes, and digestion and metabolism
of nutrients and energy. It discusses nutrient sources and preparation of practical
and research feeds. It gives direction for conducting fish nutrition and feeding
experiments. Feeding practices for salmonids, channel catfish, tilapias, shrimps and
hybrid striped bass are presented.

Since the first edition of this book was printed, the National Research
Council of the National Academy of Sciences has revised the nutrient requirements
for fish. These revisions are in the present edition. Other additions to this revised
edition are chapters on nutrition and fish health, and bioavailability of nutrients.
Each original chapter has been meticulously revised and updated with new
information. Aquaculture is a dynamic area and new technologies are being
introduced continuously; therefore, some of the material discussed in this revised
edition may become obsolete quickly. Nonetheless, the material presented has been
thoughtfully selected and updated so that it will be of maximum use to persons
whose interests range from general aquaculture to animal nutrition to feed
manufacture.

The author deeply appreciates the assistance given by the five contributing
authors, each being pre-eminent in the area he discussed.



1 THE CONCEPT OF FEEDING FISH

EVOLUTION OF AQUACULTURE

Shell (1993) defines aquaculture as “the planned and purposeful intervention in the
production of aquatic animals,” and explains that the underlying reason for the
evolution of aquaculture was to reduce the uncertainty and unpredictability of
production in natural systems. One of the major driving forces in human
development has been the effort to seek ways to reduce uncertainties in food supply.
This was an obvious reason for domesticating plants and animals some 10,000
years ago. In contrast to terrestrial animals, there has been virtually no
domestication of aquatic animals; there are few recognized varieties, strains, or
breeds of aquatic animals. Historically, as the demand for aquatic animals
increased, people simply harvested more or harvested more efficiently from natural
waters. This trend generally persisted until the latter half of the 20th century at
which point the harvest of fish from wild populations could no longer keep pace
with the world demand for fish. It became apparent that significant increases in the
supply of aquatic animals could only be achieved by direct intervention in the
production process, thus, through aquaculture.

Although aquaculture made its greatest advancements in the latter part of
the 20th century, fish farming is believed to have been practiced in China as early as
2000 B.C., and a classical account of the culture of common carp was written by
Fan Lei in 475 B.C. (Villaluz 1953). The Romans built fish ponds during the first
century A.D. and during the Middle Ages fish ponds for carp farming were built
throughout Eastern Europe by religious men (Lovell, Shell, and Smitherman 1978).
Carp farming in Eastern European countries was popular in the 12th and 13th
centuries. In Southeast Asia, fish ponds were believed to have evolved naturally
along with salt-making in the coastal areas; the salt beds were utilized to grow
milkfish during the rainy season. This practice was originated by the Malay natives
before A.D. 1400 (Schuster 1952). Early interest in fish culture in the United States
was carried over from England before 1800 and was concentrated on propagation and
culture of trout and salmon.
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By early in the 20th century, several forms of fish culture were fairly well
established, such as milkfish farming in Southeast Asia, carp polyculture in China,
carp monoculture in Europe, tilapia culture in tropical Africa, culture of indigenous
finfish and crustaceans in estuarine impoundments in Asian and Southeast Asian
coastal areas, and hatchery rearing of salmonids in North America and Western
Europe. With the exception of salmonid culture, these forms of aquaculture were
generally extensive, where the nutrient inputs into the system were restricted or
limited to fertilizers and crude sources of foods, and yields were low.

Aquaculture has made its greatest advancements during the latter part of the
20th century. New species are being cultured, new technologies for more intensive
culture have been introduced, a large research base has been established, and
commercial investment is being attracted into aquaculture. Aquaculture is now
recognized as a viable and profitable enterprise worldwide. For example, channel
catfish farming in the United States has grown from almost obscurity in 1970 to an
annual yield of over 223,000 tons in 1996 (USDA 1997). Farming of penacid
(marine) shrimp, primarily in South and Central America and Asia, is the fastest
growing aquaculture enterprise worldwide, supplying approximately 43% of the
world's consumption. Ocean pen culture of salmon is a thriving industry in Norway
and other areas of Western Europe, where it provides 90% of the salmon consumed,
and in regions of North and South America and Australia. High value marine
species, such as sea breams, sea basses, turbot, and yellow tail tuna, are being
cultured on a large commercial scale in Europe and Japan. Tilapia species are
produced for export from tropical areas of America and Asia.

Aquaculture will continue to grow and supply an increasingly larger
percentage of fishery products consumed. This is assured because supply, price and
quality of marine fish fluctuate considerably because the ocean is inadequately
managed and its yield is unpredictable. But when fish are cultured, like corn in a
field, supply can be controlled more effectively. With the present technology and
research base, yields and risks for a number of aquaculture enterprises are now
predictable, which makes them attractive investment opportunities.

LEVELS OF AQUACULTURE

Several authors have recommended different systems of classification of the various
stages of aquaculture. Some classify according to level of intervention, i.e., how
much the culture environment has been modified. This ranges from impounding
natural waters and harvesting any and all animals therein, without adding seed stock
or nutrients, to a closed system where water is recirculated. Some classify on the
basis of quantity and quality of nutrients utilized by aquaculturists, such as
extensive (no nutrients added), fertilization (to enhance production of aquatic
organisms), supplemental feeding (incomplete feeds), intensive feeding (nutritionally
balanced feeds), and hyperintensive feeding (high inputs of concentrated,
nutritionally complete feeds). Some classify on the basis of energy inputs (labor,
fossil fuel, feed) or technology input (harvesting, stocking, feeding, pumping,
aeration, biofiltration). Generally, the higher the level of intervention in production
of aquatic animals, the more important is the feed to the success of the operation.
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Figure 1.1 Low-level aquaculture, where no nutrients are added to the culture system. Compost of
vegetation and manure is placed in the edge of the pond; as it decomposes, nutrients leach into the
water and stimulate plankton growth which provides food for the fish.

Production of Fish Exclusively From Natural Aquatic Foods

Some fish obtain their food exclusively from plankton. These fish are usually
continuous grazers and have mechanisms for filtering and concentrating the
suspended animal and plant organisms from the water. An example is the silver
carp. Others, such as some of the tilapias, have the ability to feed on plankton, but
also feed on bottom materials. The common carp is an efficient bottom feeder.
Some fishes, such as grass carp, have herbivorous appetites and consume large
quantities of higher aquatic plants. Such fishes can be cultured without artificial
feeds, as shown in Figure 1.1, but usually with pond fertilization. This level of
production is most applicable in countries where supplemental feeds are expensive
or unavailable.

Supplementing Natural Foods with Feed

This level of fish farming essentially involves taking full advantage of natural
aquatic productivity and using various feedstuffs or prepared feeds as a supplement
to increase yield further. An example is shrimp culture in Central and South
America (Figure 1.2) where large ponds are fertilized to enhance natural productivity
and also receive pelleted feeds. Usually with species that will accept supplemental
feeds, the additional yield of fish resulting from the additional feeding is profitable.
For example, the yield of common carp in fertilized ponds was 390 kg ha-1; the
addition of grain or grain byproducts increased yield to 1,530 kg ha-1; and high
quality formulated feed further improved yield to 3,000 kg ha-! (Lovell, Shell, and
Smitherman 1978).
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Figure 1.2 Semi-intensive pond aquaculture is represented by large (25-hectare) shrimp ponds in
Honduras (top) which are stocked with 5 to 10 shrimp per square meter. The ponds are fertilized to
produce a significant amount of food for the shrimp. Pelleted feed is added as a supplement. Yield at
harvest (bottom) is 800 to 1200 kg per hectare per crop.
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Where natural aquatic food may make a relatively small contribution to the
total protein and energy requirements of the cultured fish, it can provide essential
micronutrients that will allow nutritionally incomplete supplemental feeds to be
used. As biomass of fish in the pond increases, however, the fish will become more
dependent on the supplemental feed for all nutrients. Channel catfish grown in
earthen ponds to maximum standing crops of 2,000 kg ha-1 grew normally and
showed no deficiency signs when vitamin C was deleted from their feed. However,
when fish density was increased to 4,000 kg ha-1 and above, growth was normal but
resistance to bacterial infection was reduced and subclinical deficiency signs
occurred.

Intensive Culture of Fish in Highly Modified Environments

With these systems, natural foods are an insignificant source of nutrients.
Maximum yield per unit of space and effort, and minimum accumulation of
unretained nutrients in the culture system are primary concerns. Thus, highly
concentrated, nutritionally complete feeds are justified. Examples of this type of
production are rainbow trout cultured in spring-fed raceways and Atlantic salmon
grown in net pens in the coastal areas of the sea, as shown in Figure 1.3. Also,
channel catfish or marine shrimp in intensively stocked ponds may obtain
negligible amounts of nutrients from natural foods. Figure 1.4 shows intensively
stocked catfish ponds in the southern United States.

COMPARISON OF FEEDING FISH AND LAND ANIMALS

Feeding fish in their aqueous environment takes on dimensions beyond those
considered in feeding warm blooded food animals. These include the nutrient
contribution of natural aquatic organisms in pond cultures, the effects of feeding on
water quality, and the loss of nutrients if the feed is not consumed immediately.
Because fish cannot be fed ad /ibitum, the feeder, not the fish, decides how much
feed is fed and thus a higher level of management is required to feed fish. However,
the concept of feeding is the same as that applied in feeding other food animals; to
nourish the animal to the desired level or form of productivity as profitably as
possible. Thus, application of knowledge on the nutritional requirements of fish
and the husbandry of feeding various cultured species is essential to successful
aquaculture.

Nutrient Requirements

The nutrients required by fish (finfish and crustaceans) for growth, reproduction, and
other normal physiological functions are similar to those of land animals. They
need protein, minerals, vitamins and growth factors, and energy sources. In many
cases, the qualitative and quantitative requirements are similar between fish and land
animals. For example, all fishes investigated have dietary requirements for the same
10 amino acids as mammals.

Notable nutritional differences between fish and land animals are the
following: (a) energy requirements arc lower for fish than for warm-blooded
animals, thus giving fish a higher dietary protein to energy ratio; (b) fish require
some lipids that warmblooded animals do not, such as omega-3 (n-3) series fatty
acids for some species and sterols for crustaceans; (¢) the ability of fish to absorb
soluble minerals from the water negates the dietary need for some minerals; and (d)
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Figure 1.3 Intensive aquaculture where no natural food is available to the fish is represented by
rainbow trout farming in Idaho (top) where fish are grown in raceways through which constant
temperature ground water flows continuously. Nutritionally complete feed is placed in the demand
feeders and the fish feed ad libitum. Net pen culture of salmon in Puget Sound on the coast of
Washington (bottom) is also an example of intensive aquaculture.
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Figure 1.4 Intensive pond aquaculture is represented by commercial catfish farming in the Mississippi
Delta. The top photograph shows a 10-hectare pond receiving feed. The pond will yield 4000 to 7000
kg per hectare at harvest (bottom photograph). Most of the nutrients consumed by the fish come from

the processed feed.
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most fish have limited ability to synthesize ascorbic acid and must depend upon
dietary sources.

Also, fish are not fed ad libitum, as are livestock and poultry; their feed
allowance is based upon the discretion of the feeder. Feed allowance influcenes the
dietary nutrient requirements for maximum growth for fish. For example, Rumsey
(1993) reported that the arginine requirement for maximum growth for young
rainbow trout was significantly lower when the fish were fed to satiation than when
the fish were given a restricted feed allowance. This interaction between feed
allowance and optimum dietary nutrient concentration makes formulation of
commercial feeds more difficult for fish than for farm animals. Unlike intensively
reared livestock and poultry, which are fed ad libitum, fish are given a restricted feed
allowance that will minimize waste. Because feedlot farm animals eat as much and
as often as they want, their nutrient allowances are based upon satiation feeding.
Fish are often (perhaps usually) not fed to satiation and daily feed allowance has
been shown to affect fish response to various dietary nutrient concentrations. Li and
Lovell (1992) found that the optimum dietary protein allowance for channel catfish
fed to satiecty was 26% while fish fed to less than satiation responded to higher
protein concentrations.

Nutritional requirements of fish do not vary greatly among species. There
are exceptions, such as differences in essential fatty acids, requirement for sterols,
and ability to assimilate carbohydrates, but these often can be identified with
warmwater or coldwater, finfish or crustacean, and marine or freshwater species. The
quantitative nutrient requirements that have been derived for several species have
served adequately as a basis for estimating the nutrient needs of others. As more
information becomes available on nutrient requirements of various species, the
recommended nutrient allowances of diets for specific needs of individual species
will become more refined.

Feeding Practices

Because fish are fed in water, feed that is not consumed within a reasonable time
represents not only an economic loss, but can reduce water quality. Therefore, feed
allowance, feeding method, and water stability of the feed are factors that the fish
culturist must consider, but that the livestock feeder does not. The culture
environment may make valuable nutrient contributions to the fish. For example,
most waters contain enough dissolved calcium to provide most of the fish’s
requirement. For fish that feed low on the food chain, such as shrimp and some
tilapias, the pond environment can be a valuable source of protein, energy, and other
nutrients.

Efficiency

Fish convert practical feeds into body tissue more efficiently than do farm animals.
Cultured catfish can gain approximately 0.84 g of weight per gram of practical diet,
whereas chickens, the most efficient warmblooded food animal, gain about 0.48 g of
weight per gram of diet (Table 1.1). The reason for the superior food conversion
efficiency of fish is that they are able to assimilate diets with higher percentages of
protein, apparently because of their lower dietary energy requirement. Fish have a
lower energy requirement than terrestrial animals because of a lower maintenance
requirement and lower heat increment. Fish, however, do not hold an advantage
over monogastric farm animals in protein conversion; as shown in Table 1.1,
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Table 1.1.. EFFICIENCY OF UTILIZATION OF FEED AND DIETARY PROTEIN AND METABOLIZABLE
ENERGY (ME) BY FISH, CHICKEN AND CATTLE.

Feed composition Efficiency

Weight gain Protein gain
ME-protein  per g of food per g of protein ME required per

Protein ME ratio consumed consumed g of protein gain
Animal (%) (keal/g) (kcal/g) (® (g) (kcal)
Channel catfish 32 2.7 8.5 075 0.36 21
Broiler chicken 18 2.8 160 0.48 0.33 43
Beef cattle 11 2.6 240 0.13 0.15 167

Source: Lovell (1991).

poultry convert dietary protein to body protein at nearly the same rate as fish. The
primary advantage of fish over land animals is lower energy cost of protein gain
rather than the superior food conversion efficiency. Protein gain per megacalorie of
energy consumed is 47 for channel catfish versus 23 for the broiler chicken.

NUTRITIONAL VALUE OF FISH AS A HUMAN FOOD

The percentage of edible lean tissue in fish is appreciably greater than that in beef,
pork, or poultry. For example, more than 80% of the dressed carcass of channel
catfish is lean tissue; only 13.7% is bone, tendon, and waste fat (Lovell 1993).
The caloric value of dressed fish is less than that of the edible portion of beef or
pork. The net protein utilization (NPU) value of fish flesh, 83 (as compared to 100
for eggs), is about the same as that of red meat, 80, although the essential amino
acid profiles of fish and red meat both reflect high protein quality.

Fish as well as other animal flesh, is a fair to good source of all of the
nutrients except calcium and vitamins A and C. For example, 8-ounce servings of
catfish and hamburger would each provide 100% of the recommended daily
allowance (RDA) for an adult male of protein, niacin (vitamin), vitamin B, and
phosphorus; 25% to 50% of the iron, zinc, and copper; and about 25% of the
vitamins thiamine, B¢, and riboflavin. However, this size serving of fish would

contain only 280 calories as compared to 750 calories for a similar portion of
hamburger. Nutritional values for channel catfish are presented in Tables 1.2 and
1.3. These values are fairly similar to those of other fish with the exception of
lipids. Fish vary in quantity and quality of lipids; some have less than 1% total
lipid and some have over 20% in their flesh. As shown in Table 1.4, wild salmon
contain a high concentration of n-3 highly unsaturated fatty acids while freshwater
channel catfish contain very little unless they are fed marine fish oil. By feeding fish
oil, the concentration of n-3 highly unsaturated fatty acids in channel catfish can be
increased significantly.
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Table 1.2. PROXIMATE AND LIPID COMPOSITION OF CULTURED CHANNEL CATFISH FILLETS.

Item Composition (g 100 g-1 of raw fillet)
Calories 128 0

Protein 156

Water 76.4

Ash 1.0

Total lipid 6.9

Saturated fatty acids 1.51

Highly unsaturated n-3 fatty acids 0.10
Cholesterol (mg) 33.40

Fish size was 0.45-0.68 kg. Values are means of four collections made at different times during the year.
Source: Nettleton et al. (1990).

Table 1.3. VITAMIN AND MINERAL CONTENTS OF RAW FILLETS OF CULTURED CHANNEL CATFISH

Content Content
Vitamin (mg 100 g-1) Mineral (mg 100 g-1)
Vitamin A <100 IU Sodium 33
Vitamin E <1IU Potassium 315
Thiamin 034 Iron 034
Riboflavin 007 Copper < 0.06
Niacin 2.30 Manganese < 0.33
Vitamin Bg 0.19 Chromium < 1.00
Pantothenic acid 057 Selenium 0.013
Ascorbic acid < 1.00 Calcium 71
Phosphorus 1.84
Magnesium 23.00
Zinc 0.57

Fish size was 0.45-0.68 kg Values are means of four collections made at different times during the year.
Source: Nettleton et al. (1990).

Table 1.4. TOTAL LIPID AND HIGHLY UNSATURATED FATTY ACID (HUFA) CONTENTS (AS
PERCENTAGE OF RAW FILLET) OF CULTURED CHANNEL CATFISH FED A PRACTICAL DIET
SUPPLEMENTED WITH THREE CONCENTRATIONS OF MENHADEN OIL, AND OF SEA-CAUGHT SALMON

Content

Cultured channel catfish

Control Fish o1l supplement Sea-caught
Lipid feed 2% 4% 6% salmon
Total fat 86 105 115 121 15
Total HUFAs 170 190 205 215 21
n-3 HUFAs 30 57 84 101 15
n-6 HUFAs 123 10 4 98 90 5
n-3/n-6 ratio 02 05 09 11 3

Source: Lovell (1991).
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2 DIETARY REQUIREMENTS

Fish require dietary sources of energy and nutrients for growth, reproduction, and
health. Dictary requirements for energy, protein and amino acids, vitamins,
essential lipids and minerals have been established for several fish species of
commercial importance. With a few exceptions, the nutrient requirements for fish
are similar to those for terrestrial animals although energy requirements for fish are
lower. Assimilation and metabolism of nutrients and energy are similar in these
animal groups; however, there are some that are unique to fish, such as processes in
osmoregulation, nitrogen excretion, and energy expenditures. To perform
optimally, the fish must have all of its necessary nutrients and a supply of energy in
optimum balance and quantity. These nutrients and energy may come from natural
aquatic organisms or prepared feeds; however, in contemporary aquaculture, prepared
feeds from commercial feedstuffs are the primary source. Thus a familiarization of
the nutrients and their sources, requirements, and roles in metabolism are necessary
for successful aquaculture.

ENERGY

Energy is not a nutrient--it is released during metabolic oxidation of carbohydrates,
fats, and amino acids. Absolute energy requirements of the animal can be quantified
by measuring either oxygen consumption or heat production. However, estimates
of dietary allowances must be determined by equating animal performance with feed
materials in which the amount of available energy is accountable.

Nutritional Energetics

Nutritional energetics, or bioenergetics, is the study of the balance between energy
intake, in the form of food, and energy utilization by animals for life-sustaining
processes such as maintenance, activity, and tissue synthesis. The original source of
food energy is the sun: through photosynthesis, chloroplasts in green plants capture
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radiant energy from the sun and convert it into chemical energy through the
synthesis of glucose. This compound serves as the hydrocarbon source from which
plants synthesize other organic compounds, primarily carbohydrates, proteins and
lipids, which are the primary energy sources for fish and other animals.

The basic unit of heat energy is the calorie, defined as the amount of heat
required to raise the temperature of 1 g of water 1°C, measured from 14.5°C to
15.5°C. This unit is too small for most convenient use in nutrition, therefore the
kilocalorie (kcal), or 1,000 calories, is more commonly used. The international unit
of work and energy, the joule, is also used: 1 joule = 0.239 calories or 1 calorie =
4.184 joules.

Gross Energy. Energy content of a substance is determined by completely
oxidizing the compound to carbon dioxide, water, and other gases and measuring
the heat released, which is called the gross energy of the product. This is done with
an instrument called an adiabatic bomb calorimeter (Figure 2.1). Gross energy
values for several pure compounds and feedstuffs are presented in Table 2.1. Note
that fats (triglycerides) have approximately twice as much gross energy as
carbohydrates. This is related to the relative contents of oxygen, hydrogen, and
carbon in the compounds. Heat is released only when hydrogen or carbon can react
with oxygen from outside of the molecule. Glucose, for example, has enough
endogenous oxygen to react with all of the hydrogen in the molecule; therefore, only
carbon is oxidized by exogenous oxygen. Because oxidation of a gram of carbon
produces only approximately one-forth as much heat as oxidation of a gram of
hydrogen, fats, which have much less endogenous oxygen than carbohydrates, yield
more heat upon oxidation than carbohydrates.

Available Energy. Gross energy content of a food is not an accurate measure of its
energy value to the consuming animal. Difference between gross energy and energy
available to the animal for productive purposes varies widely among food materials.
Digestibility accounts for most of the differences in available energy among feedstuffs
for fishes.

Apparent digestible energy is the difference between the gross energy of the
food consumed and the energy lost in the feces:

Food energy — Feces energy X 100

0 -
HADE = Food energy

2.1)

Apparent digestible energy in fishes can be determined directly or indirectly. In the
direct method, total food consumed and total feces excreted are measured. The
indirect method involves collecting only a sample of the food and feces, and
apparent digestion coefficients are calculated on the basis of ratios of energy to
indicator in the food and feces. An indicator is an inert, indigestible compound in
the food; it may be a natural component such as ash or fiber, or it may be an added
component such as chromic oxide. Procedures for calculating apparent digestiblity
of nutrients and energy in feedstuffs for fish are discussed in Chapter 3.

Metabolizable energy, which represents digestible energy less energy lost
from the body through gill and urinary wastes, is more difficult to determine. The
fish must be confined in a metabolism chamber to collect gill and urine wastes. The
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Figure 2.1 An oxygen bomb calorimeter is used to measure gross energy values of foods. It consists
of a bomb (1), in which the food is burned in a concentrated oxygen atmosphere, enclosed in an
insulated jacket (2) containing water which absorbs the heat of combustion, controller (3), and
mercury (4) or electronic (3) thermometry to indicate temperature rise of water.

fish are force-fed and total fecal, gill, and urinary wastes are collected. Reliable
metabolizable energy values have been determined for feedstuffs with rainbow trout;
however, some species, including channel catfish, will not adapt to a metabolism
chamber. Apparent metabolizable energy (AME) is defined according to equation
(2.2):

YAME - Food energy — (Energy lost in feces ,urine, gills)

Food energy X 100

2.2)

Use of metabolizable energy instead of digestible energy to evaluate fish
feeds would allow a more absolute estimate of the dietary energy metabolized by the
tissue of the animal; also, the National Research Council Committee on Animal
Nutrition has adopted this system. Practically, however, metabolizable energy offers
little advantage over digestible energy in evaluating useful energy in feeds for fish
because energy loss in digestion accounts for most of the variation in recoverable
energy among foods. Energy losses through gill and urinary excretions by fish do
not vary among foods nearly as much as fecal energy losses and are smaller than
nonfecal energy losses by mammals and birds. F urthermore, confinement of the fish
in metabolism chambers to determine metabolizable energy is difficult for some
species and stresses the fish. Digestible energy is easier to determine and the fish are
not stressed when allowed to feed voluntarily. Comparison of metabolizable energy
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Table 2.1. GROSS ENERGY VALUES FOR SOURCES OF CARBOHYDRATES, FATS, AND
PROTEIN DETERMINED BY BOMB CALORIMETER

Substrate keal g1
Glucose 3.77
Comn starch 4.21
Triglyceride:
Beef fat 9.44
Soybean oil 9.28
Casein 5.84

and digestible energy values for various feedstuffs for rainbown trout (Smith, 1997)
show that the ratio of digestible energy to gross energy varies greatly among
feedstuffs, but the ratio of metabolizable energy to digestible energy varies only
slightly. This indicates clearly that digestion accounts for most of the variation in
available energy among foods for fish.

Energy Balance in Fish. The fate of ingested energy for fish is illustrated in
Figure 2.2. There are several places where energy is lost between ingestion and
recovery in animal products. Losses occur in feces, in gill and urine excretions, and
as heat. Digestible energy represents ingested energy corrected for fecal energy loss;
metabolizable energy represents digestible energy corrected for energy lost through
gill and urine excretions; and recovered energy, such as weight gain, represents
metabolizable energy less energy lost as heat. Heat losses occur primarily by two
processes: the heat increment, which represents energy cost of digestion, nutrient
metabolism and excretion; and maintenance, which includes basal metabolism and
voluntary activity.

Heat increment is the increase in heat production subsequent to ingestion
of feed. Factors contributing to heat increment include the digestion and absorption
processes, the transformation and interconversion of the substrates and their
retention in tissues, and the formation and excretion of metabolic wastes. The main
biochemical basis for heat increment in mammals and birds is the energy required
for the ingested amino nitrogen to be deaminated and excreted; however, this
represents less of an energy loss in fish because they can eliminate nitrogenous end
products of protein metabolism (ammonia) without the need to synthesize urea, uric
acid, or other similar compounds. Energy expenditures associated with diet
ingestion and digestion are small compared with that associated with metabolic
work.

The energy cost of synthesis for urea and uric acid is 3.1 and 2.4 kcal g-1
N, respectively (Martin and Blaxter, 1965). In contrast, ammonia, the primary
nitrogenous waste product of protein catabolism in fish (Goldstein and Forster,
1970), can be readily released into the water through the gills. Thus, energy
expenditure on urea or uric acid synthesis is not needed (Cowey, 1975). Cho et al.
(1982) found that heat increment for rainbow trout at 15°C was 5 to 15 percent of
the gross energy consumed and fell as the ratio of protein to energy decreased. The
heat increment for livestock can be as much as 20 to 30 percent of the ingested
energy (Farrell, 1974; National Research Council, 1984).
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Figure 2.2 Partitioning gross energy in food consumed by fish.
Source: National Research Council, 1993.

Maintenance energy is that spent for basal metabolism, such as respiration,
transport of ions and metabolites, body constituent turnover, circulation, voluntary
or resting activity and, in the case of homeothermic animals, thermoregulation of
body temperature. Since fish do not regulate body temperature and they expend less
energy in maintaining position in the water than do terrestrial animals in
maintaining their posture, the maintenance energy requirement of fish is lower than
for land animals. Cho and Kaushik (1990) determined fasting metabolic heat
production in rainbow trout (16 to 145 g in size), in kcal/fish/day, to be 8.85W0.82,
where W is body weight. This was determined indirectly from oxygen
consumption measured. Smith (1989) reported a fasting heat production value of
4.41W0.63 for rainbow trout weighing 4 to 50 g at 15°C where fasting heat
production was measured directly by placing the fish in a calorimeter. When these
fasting heat production values for fish are compared with 70W 0-75 for mammals and
83W?075 for birds (Brody, 1945), it is apparent that the fasting heat production of
fish is much lower. The maintenance energy requirements of fish are one-tenth to
one-twentieth of those of homeothermic animals of similar size in a thermoneutral
environment (Brett, 1973). The lower maintenance requirement for fish means a
greater percentage of the net energy that is not dissipated as heat but retained within
the body as new tissue or recovered energy.

Energy Sources

Because fishes evolved in an aqueous environment where carbohydrates were scarce,
their digestive and metabolic systems seem to be better adapted to utilization of
protein and lipids for energy than carbohydrates. Some fishes, however, such as
warm-water herbivores or omnivores, can digest and metabolize carbohydrates
relatively well. Salmonids utilize carbohydrates poorly. Table 3.1 in chapter 3
compares digestibility of protein, fat and carbohydrate in various feedstuffs for
channel catfish, Nile tilapia, and rainbow trout. The digestion coefficients for the
high protein feedstuffs are similar, but the digestion coefficients for the carbohydrate
sources are markedly lower for the rainbow trout. Although some fishes consume
macrophytes (higher aquatic plants) readily, they digest native cellulose poorly.
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Carbohydrates. The basic chemical structure of carbohydrates consists of sugar
units that are aldehyde or ketone derivatives of polyhydric alcohols containing
carbon, hydrogen, and oxygen. Hydrogen and oxygen are usually in the same ratio
as in water and as in glucose (Figure 2.3). Carbohydrates exist in nature as ringed
structures and are more accurately depicted in Haworth perspective on the right.

Carbohydrates are classified by the number of “sugar” units in the
molecule. Monosaccharides are one-sugar units, such as glucose (6-carbon) and
ribose (5-carbon). Disaccharides are conjugates of two monosaccharides. Examples
are maltose, composed of two glucose units, and sucrose, composed of glucose plus
fructose. Polysaccharides are long-chain polymers of monosaccharides. The two
most important carbohydrates in animal nutrition are starch and cellulose, each
being polymers of glucose units; the difference between the two is the type of
glucose molecules. Starch (Figure 2.4) contains a.-D-glucose (glucose units are
joined by a 1-4 linkage) and cellulose contains B-D-glucose (glucose units are
joined by 1-4 linkage).

Cellulose (Figure 2.5) is the major structural component of plant cell
walls. It is highly insoluble at neutral pH and is indigestible to monogastric
animals, including fish. Cellulose has a flat, band-like structure, instead of a helical
form as starch, and the molecules are held more firmly to each other by hydrogen
bonding.

The endosperm of grains is composed mostly of starch and this is the
major source in animal feeding. Two forms of starch are found in the starch granules
in grains: amylose and amylopectin. Amylose is a straight-chain, a-1,4-glucose
polymer. It comprises 20% to 30% of the starch granule and is soluble in warm
water. The less soluble amylopectin is a branched chain glucose polymer; the «.-1,4
straight chain is branched by an a.-1,6 linkage to a side chain. Starch granules are
different in morphology and solubility among plant species. Some are quite
resistant to rupture, which is necessary for digestion. Moist heating ruptures, or
gelatinizes, the granule and increases solubility and digestibility of the starch.
Glycogen is the carbohydrate energy reserve in animal tissue, mainly the liver. It is
similar to amylopectin in molecular weight, but its 1,6 linked side chains are
shorter and it is more soluble in water.

Although carbohydrates are a significant source of energy and are
components of a number of body metabolites, such as blood glucose, nucleotides,
and glycoproteins, they are not essential nutrients. Brambila and Hill (1966)
showed that chicks can grow normally on carbohydrate-free diets if the
calorie/protein ratio is optimum and if triglycerides are included in the diet to
supply glycerol for carbohydrate synthesis. Several studies have shown that fish
grow satisfactorily and show no pathologies when fed carbohydrate-free diets.
However, if carbohydrates are not provided in the diet, other compounds, such as
protein or lipids are metabolized for energy.

Enzymes for digestion of carbohydrates appear to be present in fish. Also,
the enzymes for the major carbohydrate metabolic pathways, such as glycolysis,
glycogen synthesis, gluconeogenesis and the tricarboxylic acid cycle, have been
found in fish. However, the relative activity of these enzymes and hormonal
regulation of carbohydrate metabolism in fish is not well known and may be
somewhat different than in mammals.

Ability to utilize carbohydrates differs among fish species. Numerous
studies have indicated that the freshwater species, channel catfish, common carp and
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Nile tilapia, use higher dietary levels than salmonids or various marine species,
such as yellowtail. A general recommendation has been to not use over 25% starch
in salmonid and marine fish diets but the freshwater species can use more than this.

Glucose clearance from the blood subsequent to oral administration of
glucose or starch is much slower in fish than in warm blooded animals. A glucose
diet was more hyperglycemic than a starch diet in channel catfish, apparently
because starch is absorbed more slowly than glucose. The reason for the prolonged
hyperglycemia in fish following a carbohydrate meal is not well understood. It has
been assumed to be due to low levels of endogenous insulin; however,
determinations have shown insulin levels in fish comparable to those in mammals.
Another explanation offered is fewer insulin receptors in muscles; however, this
proposition has not been consistent when evaluated with high and low carbohydrate
diets. Possibly other factors besides impaired insulin release and receptor binding
are responsible for slow blood glucose clearance in fish.

Lipids as Energy Sources. Lipids are a large, varied group of organic
compounds that are insoluble in water but soluble in organic (nonpolar) solvents.
They represent concentrated energy sources, pigments, and essential growth factors
for fish. The lipids that are important energy sources are fats, or triglycerides.
Chemically, these are esters of fatty acids with glycerol. One mole of glycerol unites
with three similar or different fatty acids, with the loss of three moles of water
(Figure 2.6). R in the model represents the hydrocarbon chain in the fatty acid.
Length of the carbon chain in most of the fatty acids in land plants and animals is
14 to 18 carbons and in fish, up to 22 carbons.

The chain length and number of double (unsaturated) bonds determines
physical and nutritional properties of fats. Fatty acid composition of triglycerides
from several sources is presented in Table A.3 in Appendix A on Composition of
Feed Ingredients. Generally, the fat stores in warmblooded animals are highly
saturated (few double bonds), while fats from plants are more unsaturated; however,
chain length of fatty acids from land animals or plants is seldom longer than 18
carbons. Fats of farm-raised channel catfish resemble those of grain-fed livestock.
Fats from marine fishes, however, have significant amounts of polyunsaturated fatty
acids 20 carbons and longer in length. They obtain these through the food chain
from marine algae. Cultured salmonids, which are fed marine fish oil in their diets,
will have large amounts of polyunsaturated fatty acids in their body fat.

Proteins as Energy Sources. Fish use protein efficiently as a source of energy. A
higher percentage of the digested energy in proteins is metabolizable in fish than in
land animals which gives protein a higher productive energy value for fish. This is
attributed to the efficient manner of nitrogen excretion in fish, where 80 to 90% of
the nitrogen is excreted as ammonia through the gills and requires much less energy
than excretion as urea or uric acid. Although fish can catabolize protein more
efficiently than land animals, excessive amounts of protein in the diet, in relation to
nonprotein energy, suppresses growth rate of fish. Studies with channel catfish
showed that increases in dietary protein above 45%, without proportionate increases
in nonprotein energy, reduced rate of weight gain.
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Figure 2.6 Lipids.

Energy Requirements of Fish

A dietary excess or deficiency of useful energy can reduce growth rate. Because
energy needs for maintenance and voluntary activity must be satisfied before energy
is available for growth, dietary protein will be used for energy when the diet is
deficient in energy in relation to protein. On the other hand, a diet containing excess
energy can restrict food consumption and thus prevent the intake of the necessary
amounts of protein and other nutrients for maximum growth. Excessively high
energy/nutrient ratios can also lead to deposition of large amounts of body fat. This
can be undesirable in food fish if it reduces the dress-out yield and shortens shelf life
of the frozen fish; however, large body fat stores may be desirable in hatchery fish
raised for release.

Information on energy requirements of fish has been slow to accumulate. In
practice, fish nutritionists have given priority to meeting the requirements for
protein, major minerals, and the vitamins, and generally have allowed energy to
take care of itsclf. A deficiency or excess of energy will not have great effect on the
health of fish. Also, practical feeds for most species made with commonly available
ingredients are not likely to be extremely high or low in energy when the protein
requirement is met. For example, a 32% crude protein catfish feed containing
soybean meal (50%), grain (40%), and animal byproduct (8%), plus vitamin and
mineral supplements (2%), contains approximately 2.9 kcal of digestible energy per
gram; this provides a digestible energy (kcal) to digestible protein (grams) ratio of
approximately 10 to 1, which seems to be near optimum.

Livestock and poultry nutritionists have long recognized the importance of
meeting energy requirements in formulating practical feeds. Some feeding tables
present protein or amino acid allowances as a function of dietary energy plane; that
is, as the energy concentration of the diet increases, the protein percentage increases
proportionally. The rationale here is that in ad libitum feeding, energy intake
regulates food consumption and thus the amount of nutrients the animal ingests
daily. Fish, however, are not fed ad libitum, and often not to satiety, so nutrient
consumption would be controlled by feed allowance and not energy concentration of
the diet.

Ratios of digestible energy to digestible protein (kcal g-1) for maximum
weight gain for several fish species have been measured in growth studies and are
presented in Table 2.2. Values range from 8.5 to 12.3 kcal/g and are substantially
lower than energy-protein ratios for swine and poultry, which range from 16.6 to
25.0 kcal g-! (National Research Council, 1988, 1994). The reason the energy-
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Table 2.2. OPTIMUM PROTEIN : ENERGY RATIO FOR GROWTH FOR DIFFERENT FISH

Digestible Digestible
Protein (DP) Energy (DE) DE/DP Fish Size

Species (%) (kcal g-1) (kcal g-1) (2
Channel catfish 222 233 10.5 526

28.8 3.07 10.6 34

27.0 2.78 10.3 10

27.0 3.14 11.6 266

244 3.05 12.3 600
Red Drum 31.5 3.20 10.2 43
Hybrid bass 31.5 2.80 8.9 35
Nile tilapia 300 2.90 9.7 50
Common carp 31.5 2.90 9.3 20
Rainbow trout 330 3.60 10.9 90

42.0 4.10 9.5 94

Adapted from National Research Council, 1993.

protein ratio for fish is lower than that for farm animals is not because fish have a
higher protein requirement (fish convert dietary protein into tissue protein about as
efficiently as warm blooded animals [Smith, 1989]), but because fish require less
energy for maintenance and nitrogen excretion.

Since lipid is the primary nonprotein energy source in salmonid diets, the
energy-protein allowance for these diets is sometimes reported as the ratio of lipid to
protein. The optimum combination for weight gain for rainbow trout was 35 to
36% protein and 15 to 20% lipid (Cho et al.1982).

Mangalik (1986) determined energy and protein requirements of channel
catfish by growth trials. He fed channel catfish of three sizes (1 g, 20 g and 100 g)
as much as they would consume with diets containing various energy and protein
concentrations and used protein gain as a measure of growth rate. Daily digestible
energy requirement for maximum growth was 16.8 kcal 100 g-1 weight for 1-g to 3-
g fish, decreasing to 5 kcal 100 g-1 weight for 100-g to 250-g fish. As shown in
Table 2.3, protein requirement changed at almost the same rate as the energy
requirement with increase in fish size so that the optimum ratio of digestible energy
to protein increased only slightly as fish size changed from 3 g to 266 g in size
(Table 2.3).

Energy requirements of fish may be calculated empirically, based on energy
losses and expected energy recovery, if reliable information on energy balances in
the animal under a given set of conditions is available. Cho and Kaushik (1990)
constructed a model for calculating the digestible energy required to grow 1 kg of
rainbow trout, from 1 g to 100 g size at 15°C, based on derived heat and excretory
losses and estimated recovery of energy in the fish. The model indicated that 3.56
Mcal of digestible energy would be required to produce 1.91 Mcal of recovered
energy in 1 kg of fish biomass with a recovered energy/digestible energy efficiency
ratio of 0.54, which is comparable to a value of 0.56 from growth studies reported
for channel catfish (Gatlin et al., 1986a). However, several factors significantly affect
energy balance in fish, such as diet composition, feeding rate, and composition of
body gain. Therefore, this approach to calculating energy requirements for
production diets must be used cautiously until sufficient information is available to
establish reliable energy budgets for a variety of production conditions for a specific
aquaculture species.
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Table 2.3. PROTEIN AND DIGESTIBLE ENERGY (DE) REQUIREMENTS BY VARIOUS SIZES
OF CHANNEL CATFISH FOR MAXIMUM PROTEIN SYNTHESIS

Fish size Protein DE DE:Protein ratio
(®) (g/100g fislvday) (kcal/100g fish/day) (kcal/g)
3 1.64 16.8 10.2
10 1.11 11.4 103
56 0.79 9.0 11.4
198 0.52 6.1 11.7
266 0.43 5.0 11.6

PROTEINS AND AMINO ACIDS

Amino acids are the structural components of proteins. The basic structure of an
amino acid is illustrated in Figure 2.7. The essential components are a carboxyl
group (-COOH) and an amino group (-NHj) on the alpha carbon atom. All have the

basic structure shown where R is the remainder of the molecule attached to the alpha
carbon. Amino acids are linked together by a peptide bond to form proteins.
Proteins contain carbon (50-55%), hydrogen (6.5-7.5%), nitrogen (15.5-18%; an
average value of 16% is assumed), oxygen (21.5-23.5%), and usually sulfur (0.5-
2.0%).

There are 18 amino acids that can be found in most any plant or animal
protein, although proteins usually contain 22 to 26 amino acids. Amino acids can
be conveniently classified into groups according to the series of organic compounds
in which they belong. The formulas of 22 are presented in Figures 2.8 through
2.13.

Types of protein found in the fish body are generally based upon function
or solubility. Fibrous proteins are highly insoluble (indigestible) proteins and
include collagen, elastin, and keratin. Collagen is the component of connective
tissues, bone matrix, skin, scar tissue, fins, gill operculum, and blood vessels.
Elastins are found in arteries, tendons, and other stretch tissues. Keratins are found
in hair and hooves of land animals, but in only small amounts in fish. Contractile
protein is the muscle protein complex. Three proteins, actin, tropomyosin B, and
myosin, take part in muscle contraction. Muscle protein is highly digestible and
has high nutritional value. Globular proteins are proteins extractable from tissue
with water or dilute salt solutions. They represent enzymes, protein hormones, and
proteins of the serum (soluble) fraction of blood.

Essential Amino Acids

Amino acids can be divided into two nutritional groups, essential and nonessential.
The essential amino acids are those that the animal cannot synthesize or cannot
synthesize in sufficient quantity to support maximum growth. The nonessential
amino acids are those that can be synthesized by the animal in quantity to support
maximum growth, provided that amino nitrogen is available. Most monogastric
animals, including fish, require the same 10 essential amino acids: arginine,
histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan, and valine. In the rat, several of the essential amino acids, arginine,
histidine, isoleucine, leucine, methionine, phenylalanine, tryptophan, and valine,
can be replaced by their corresponding o.-hydroxy or a-keto analogs, indicating that
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Figure 2.7 Amino acids are linked together by peptide bonds to form proteins.
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the carbon skeleton is what the animal is unable to synthesize. However, these
analogs for threonine and lysine are not utilized for growth by the rat.

Qualitative requirements for amino acids are determined in fish by feeding a
purified diet containing isolated crystalline amino acids as a control diet, and
feeding test diets similar to the control except that one amino acid at a time has
been removed. Test diets that produce no growth or markedly less than the control
represent amino acids that are essential to the fish. Quantitative requirements for
essential amino acids are determined by feeding graded levels of one amino acid at a
time in a test diet containing crystalline amino acids or a combination of a purified
protein and crystalline amino acids. The amino acid profile of the test diet is
usually designed to be similar to that in the fish muscle. (In fact, the essential
amino acid profile of fish muscle has been found to agree closely with the dietary
amino acid profile for optimum growth of the fish.) Growth data from the amino
acid feeding trials are equated to concentrations of the amino acid in the diet, and
the optimum dictary requirement is determined by estimating or calculating the
break point in the response curve. In early studies involving salmon, the
requirement was estimated by visual inspection of the growth response curve. Later,
studies with channel catfish used the regression analysis method of Robbins et
al.(1979) to determine the break point in the growth response curve.

Actually, the response of fish to dietary increments of a limiting amino
acid, or other nutrient, is exponential and does not break at one particular point.
Thus, the “diminishing returns” characteristic of the response curve should be taken
into account when assessing the efficiency of incremental increases in amino acids in
the diet as the response approaches maximum. Derivation of a growth response
function (nonlinear regression equation) and supplementing with economic data to
determine the most economical concentration of the limiting amino acid to use is
recommended by Zeitoun et al. (1976). Santiago (1985) determined two
requirements for essential amino acids with Nile tilapia, one for maximum growth
(Ymax) and one for a level of growth less than maximum (Y;) but within the 95%

confidence limit of Yyay. This is illustrated, using arginine as an example, in

Figure 7.3 in chapter 7.

In some cases, fish can partially substitute a nonessential for an essential
amino acid. Channel catfish grow satisfactorily when methionine is the only sulfur-
containing amino acid in the diet, but not when cystine is the only sulfur-
containing amino acid; however, cystine can replace about 60% of the methionine.
Tyrosine, a nonessential aromatic amino acid, can replace about one-half of the
channel catfish’s requirement for phenylalanine, an essential aromatic amino acid.

Dietary imbalances of amino acids can cause reduced performance by
animals through amino antagonism or toxicity. When some amino acids are fed in
excess of their required levels, they cause an increase in the requirement for other
structurally similar amino acids, or amino acid antagonism. In some instances,
however, dietary excesses of certain amino acids are directly toxic and their negative
effects cannot be ameliorated by additions of other amino acids; this is amino acid
foxicity. Fish diets containing practical feedstuffs, such as grain byproducts, oil
meals, and animal byproducts, are not likely to be so seriously imbalanced, but
special diets could be.

For most essential amino acids, deficiency is manifest as a reduction in
weight gain. In some species of fish, however, a deficiency of methionine or
tryptophan leads to pathologies, because these amino acids are not only
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incorporated into proteins but also used for the synthesis of other compounds.
Salmonids suffer from cataracts when given a diet deficient in methionine or sulfur
amino acids. Cataracts also occur as a consequence of tryptophan deficiency in
rainbow trout; the developmental pattern of the cataracts is similar to that occurring
in methionine deficiency. Tryptophan deficiency can lead to scoliosis (lateral
curvature of the vertebral column) and to a derangement of mineral metabolism in
some salmonids. The condition may be related to a decline in levels of the brain
neurotransmitter serotonin, which is formed from tryptophan, because inclusion of
serotonin in tryptophan-deficient diets greatly reduces the incidence of scoliosis
(Akiyama et al., 1986).

The quantitative amino acid requirements of five fish species are presented
in Table 2.4. The data are presented as a percentage of dictary protein. This is
because different concentrations of dietary protein are used in practice, based upon
such factors as fish size, feeding strategy, and economics. It is assumed that the
amino acid requirement will change in proportion to the change in dietary protein
concentration, over a practical range in protein percentages. Except for arginine, the
amino acid requirements of fish follow a relatively similar trend as those for
mammals. The arginine requirement of fish and birds is higher than that of
mammals because they do not synthesize appreciable quantities of urea. Arginine is
a byproduct of the ornithine cycle in the urea synthesis process in mammals. The
amino acid requirements among the species presented in Table 2.4 are relatively
similar; however, there are some exceptions, such as methionine plus cystine, There
is probably less variation among fishes than these initial data indicate. Factors such
as fish size, temperature, genetics, feeding rate, energy concentration and other diet
factors, and method of data analysis can influence the reported requirement for amino
acids.

Meeting Amino Acid Requirements in Practical Feeds

Amino acid requirements for fish of the National Research Council, shown in Table
2.4, are presented on the basis of being 100% available, whereas amino acid
composition of practical feedstuffs is usually presented on a total content basis.
Thus, in formulating fish feeds to meet amino acid requirements, the total amino
acid content of the feed ingredients must be corrected for availability (digestibility).
Digestion coefficients for individual amino acids in several feedstuffs were
determined for channel catfish (Wilson et al. 1981) and Atlantic salmon (Anderson
et al., 1981). Digestible amino acid content of these feedstuffs is presented in Table
A.2 in Appendix A. Digestibility of some amino acids varies markedly among feed
ingredients; for example, apparent digestibility of lysine is approximately 25%
lower in cottonseed meal than soybean meal. Generally, though, the digestibility of
the protein may be used in estimating the availability of amino acids in the feedstuff
when digestibility of individual amino acids is not known, but digestibility of the
protein is.

Use of Isolated Amino Acids in Fish Feeds

The research literature is unclear on the efficacy of supplementing fish feeds with
isolated amino acids. Individual supplementation of soybean meal with lysine,
methionine, histidine, or leucine did not improve growth rate of rainbow trout, but
collective supplementation did increase growth rate. Methionine supplementation of
commercial soybean meal improved growth rate of rainbow trout, but methionine
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Table 2.4. ESSENTIAL AMINO ACID REQUIREMENTS OF CHANNEL CATFISH, RAINBOW
TROUT, PACIFIC SALMON, COMMON CARP AND NILE TILAPIA (PERCENTAGE OF
DIGESTIBLE PROTEIN)

Channel Rainbow Pacific Common Nile
Amino acid catfish trout salmon carp tilapia
Arginine 43 44 6.0 43 4.2
Histidine 1.5 2.1 1.8 2.1 1.7
Isoleucine 2.6 2.6 22 2.5 3.1
Leucine 35 4.1 3.9 33 34
Lysine 5.1 5.3 5.0 5.7 5.1
Methionine +
cystine 2.3 2.9 4.0 3.1 32
Phenylalanine +
tyrosine 5.0 53 5.1 6.5 5.5
Threonine 2.0 2.4 22 3.9 38
Tryptophan 0.5 0.6 0.5 0.8 1.0
Valine 3.0 35 32 3.6 2.8

Source: National Research Council (1993).
Note: These values have been determined with highly purified ingredients and are assumed to be near
100% digestible.

supplementation of reheated soybean meal did not. There was no benefit in
supplementing soybean meal with methionine or lysine in catfish diets; however,
supplementing soybean meal with both methionine and lysine improved carp diets.
Several studies have established that feeding channel catfish supplemental crystalline
lysine with peanut meal or cottonseed meal, both being severely deficient in lysine,
improved growth response in the fish.

Apparently fish respond to supplementation of isolated amino acids when
the diet is markedly deficient in the amino acid, but little is known about the
relative bioavailability of isolated amino acids compared to protein-bound amino
acids. There is concern that fish do not utilize dietary crystalline amino acids as
well as chickens or swine, or at least not with conventional once-per-day fish
feeding practices. Growth assays with swine (Batterham et al., 1979) and chickens
(Izquierdo et al., 1988) showed that free lysine was utilized as efficiently as protein-
bound lysine with ad /ibitum feeding. When swine were fed once daily, however,
isolated lysine was inferior to protein-bound lysine. Young carp fed once daily on a
diet containing a high level of crystalline amino acids excreted up to 40% of the free
amino acids intact through the gills and kidneys (Murai 1985). Increasing feeding
frequency of the carp to four times daily improved utilization of the crystalline
amino acids. This supports the concept that fish, like swine, do not utilize
supplemental crystalline amino acids well when fed once per day because the
crystalline amino acids are not absorbed from the gut at the same time as amino
acids from the ingested protein.

Studies were conducted by Zarate and Lovell (1997) to determine if free
lysine was used as efficiently as protein-bound lysine in practical diets by channel
catfish. A lysine-deficient basal diet with sesame meal as the primary protein source
was supplemented with various levels of lysine by adding free lysine or by
substituting increments of sesame meal with soybean meal. Sesame protein is
deficient in lysine, while soybean protein is not; other essential amino acids are
present in near equal amounts in the two proteins. Growth trials were conducted
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Figure 2.14 Growth response curves for channel catfish fed diets containing variable concentrations
of free lysine or protein-bound lysine. Comparison of slopes of the response curves showed that
protein-bound lysine (from soybean meal) was used 63% more efficiently than free lysine (lysine-
HCI).

Source: Zarate and Lovell, 1997.

and regression of weight gain on dietary concentration of lysine was established.
Comparison of the growth response curves, shown in Figure 2.14, indicated that
protein-bound lysine from soybean meal was used 63% more efficiently than the free
lysine. The research showed that free lysine disappeared from the stomach before
the protein-bound lysine, which suggests that the free lysine was absorbed from the
digestive tract faster than the protein-bound form.

Protein Requirements of Fish
When feeding guides recommend a minimum level of protein for a fish feed, it
should be assumed that the protein is balanced in the essential amino acids. Reports
in the technical literature have indicated that the optimum level of protein in feeds
for growth of fish has ranged from 25% to 50%. In all of these studies the researchers
were probably justified in making their conclusions that a specific percentage of
protein was optimum under their experimental conditions because a number of
factors influence the growth response of fish to feeds containing different levels of
protein. Some of these are size of fish, water temperature, feed allowance, amount of
nonprotein energy in the feed, quality of the protein, and natural food availability.

Fish have higher protein requirements during early growth than during
later phases of growth. Mangalik (1986) showed that 3-g channel catfish required
almost four times as much protein per 100 g body weight per day as 250-g fish for
maximum growth, but ratio of protein to energy in the diet changed only slightly
(as shown in Table 2.3). He also demonstrated that the smaller channel catfish
could grow as well from a 27% protein diet as from a 38% protein diet when the
energy level in the diet was low, but when the energy level increased, diet
consumption decreased and the low protein diet would not support maximum
growth.

Natural pond food consumed by fish can be an important protein source.
This is influenced by feeding behavior of the fish, natural pond productivity, and
density of fish in the pond. At low stocking densities, tilapia and shrimp obtain a
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significant amount of protein from pond organisms. Pond sources of protein are
primarily of animal origin and are high in quality and contain at least 50% protein
on a moisture-free basis. Thus, a significant dietary contribution from this source
would reduce the protein requirement of the supplemental diet. For example, tilapia
and shrimp, which feed efficiently on pond organisms, grow as well on relatively
low protein diets (25% or less) as on higher protein diets when natural pond food is
a significant part of their diet, but they respond to higher protein diets in an
environment with limited natural food.

When fish are underfed, they usually respond to higher amounts of dietary
protein. This has been demonstrated in a series of pond feeding experiments with
channel catfish (Li and Lovell, 1991). Reasons for interaction between feeding rate
and dietary protein percentage for maximum growth are not completely clear. It is
reasonable that a high protein diet will come closer than a low protein diet to
supplying the fish’s protein need for growth during restricted feeding. Also, when
fish are underfed, a higher percentage of the dietary protein will be used to meet the
metabolic energy needs of the fish unless the energy/protein ratio of the diet is
increased.

VITAMINS

Vitamins are organic compounds required in the diet in relatively small quantities
for growth, health, and function in animals. A vitamin that is a dictary essential for
some animals may not be for other species. For example, humans and other
primates, guinea pigs, and most fishes require vitamin C in the diet, but most land
animals do not. Although the requirements for vitamins are small, deficiencies of
these micronutrients can cause symptoms ranging from poor appetite to severe
tissue deformities. Deficiency signs for various nutrients identified in several fish
species are presented in Table 2.5.

Vitamins are classified as water soluble and fat soluble. Eight of the water
soluble vitamins are required in relatively small quantities and have primarily
coenzyme functions; they are known as the water-soluble B complex. Three water-
soluble vitamins that have functions other than coenzymes and are sometimes
required in larger quantities may be referred to as the macrovitamins. This group
includes vitamin C, myo-inositol, and choline. For some warmwater fishes,
intestinal synthesis by microorganisms supplies the requirement for certain
vitamins. Thus, deficiency signs result only in those cases when antibiotics are fed
along with a deficient diet. A constant supply of essential water-soluble vitamins is
required to prevent deficiency signs in fish, since these vitamins are not stored very
long in body tissues.

The fat-soluble vitamins, A, D, E, and K, are absorbed in the intestine
along with dietary fats. These vitamins are stored by animals if dietary intake
exceeds metabolic needs. Thus, animals can accumulate enough fat-soluble
vitamins in their tissues to produce a toxic condition (hypervitaminosis). This has
been demonstrated in the laboratory, but it is unlikely to occur under practical
conditions. Since fat-soluble vitamins can be stored in the body, the nutritional
history of experimental fish prior to their use in requirement studies becomes
critical. The time required to deplete fish of their stored fat-soluble vitamins is
highly variable. Differences in vitamin intake prior to an experiment may be
responsible for some of the conflicting findings on the induction and severity of
deficiency signs.
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Table 2.6 VITAMIN REQUIREMENTS OF CHANNEL CATFISH, RAINBOW TROUT, PACIFIC SALMON,
COMMON CARP AND NILE TILAPIA (AMOUNT PER KG OF DIET)

Channel Rainbow Pacific Common Nile
Vitamin catfish trout salmon carp tilapia
A TU 1-2,000 2,500 2,500 4,000 NT
D, IU 500 2,400 NT NT NT
E U 50 50 50 100 50
X, mg R R R NT NT
Riboflavin, mg 9 4 7 7 6
Pantothenic
actd, mg 15 20 20 30 10
Niacin, mg 14 10 R 28 NT
Vitamin By mg R 0.01E R NR NR
Choline, mg 400 1,000 800 500 NT
Biotin, mg R 0.15 R 1 NT
Folate, mg 1.5 1.0 2 NR NT
Thiamin, mg 1 1 R 05 NT
Vitamin Bg, mg 3 3 6 NT
Myoinositol, mg NR 300 300 440 NT
Vitamin C, mg 25-50 50 50 R 50

Source: National Research Council (1993).

Note: These values have been determined with highly punified ingredients and are assumed to be near 100%
digestible.

R = required; NT = not tested; E = estimated; NR = not required.

Essentiality of all of the 15 vitamins has becn established for fish, although
all fish species do not seem to have a dietary requirement for all 15 of the vitamins.
Qualitative and quantitative needs for vitamins have been studied with several
species using the controlled environment, purified diet approach, similar to the
previously described procedure for determining amino acid requirements. Vitamin
requirements for fish vary with species, size, growth rate, nutrient interrelationships,
environmental toxicants, and metabolic function (growth, disease resistance, etc.)
Intestinal microorganism synthesis is a significant source of vitamins for some
species. Culture system and feeding habits of the fish influence the need for vitamin
supplementation of practical fish feeds; fish feeding actively on natural aquatic
organisms may not need certain vitamins in the supplemental diet.

Vitamin requirements for channel catfish, common carp, and salmonids are
presented in Table 2.6. These values represent minimum requirements for growth
of young fish, determined under laboratory conditions. Little information is
available on vitamin requirements of large fish approaching marketable size, but
most vitamin requirements probably decrease as fish size increases. Vitamin C
requirements for channel catfish less than 10 g in size was reported to be 30 to 50
mg kg-1 of diet, while the requirement for 25 to 50 g fish was 10 to 20 mg kg-1.
The values in Table 2.6 make no allowance for processing or storage losses. Thus,
the vitamin levels chosen for the feed should be increased by 25% or more,
depending upon the vitamin, to allow for losses in feed processing and storage, and
possible increased needs by the fish due to stress, infection, or interaction with other
substances in the feed.

Vitamin A
Vitamin A is found only in the animal kingdom. It exists in the free alcohol form as
retinol and as esters of higher fatty acids. One International Unit (IU) of vitamin A
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Vitamin A,

Figure 2.15 Vitamin A
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Figure 2.16 Beta-carotene.

is equal to 0.3 pg of all-trans retinol. Vitamin A;, C,yH300, has been isolated from
lipids of many fishes and land animals, whereas vitamin A,, C,0H,50, has been

isolated only from freshwater fishes (Figure 2.15).

Plants produce red-to-yellow pigmented compounds called carotenoids,
some of which have vitamin A activity. Beta-carotene (Figure 2.16) has by far the
highest vitamin A activity. This compound appears to be capable of yiclding two
moles of retinol upon simple hydrolytic cleavage; however, the vitamin A activity
of beta-carotene is less than this for most animals. Several fishes have been found
capable of using beta-carotene for vitamin A activity; however, Poston et al.(1977)
found that coldwater fish could utilize beta-carotene at 14°C, but not at 9°C. Lee
(1987) found that channel catfish readily converted beta-carotene into vitamins A
(retinol) and A, (3-dehydroretinol) in almost a 1 to 1 ratio. Recent research with
tilapia has shown that other carotenoids besides b-carotene, such as astaxanthin,
zeaxanthin, and lutein, could be bioconverted into vitamin A.

Vitamin A, like other fat soluble vitamins, is stored in large amounts in
the body (liver) if intake exceeds metabolic need. It is possible for fish to store
enough vitamin A to produce a toxic condition (hypervitaminosis); however,
prolonged consumption of a diet with an unusually high level of vitamin A would
be required to produce this. Poston et al. (1977) found that 2.2 million TU of
vitamin A per kg in experimental diets was toxic to rainbow trout; the dietary
requirement is 1 to 2 thousand IU kg-1.

An established physiological function of vitamin A is its role in vision.
Retinol is combined with a protein, opsin, to form rhodopsin, which is the
compound involved in the photochemical reaction in the retina of the eye in the
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Figure 2.17 Dietary deficiency of vitamin A causes hypothalmia characterized by edema in the left
eye.

process of vision. Other metabolic roles of vitamin A are less well understood. It is
used for maintenance of mucosal membranes that line many body organs, the
gastrointestinal tract, the respiratory tract, and the eye. In vitamin A deficiency,
epithelial cells fail to differentiate beyond the squamous type to mucus-secreting
type, and mesenchymal cells fail to differentiate beyond the blast stage. Epithelial
cells from the eye and many other areas of the body keratinize and this lowers
resistance to infection. Several deficiency symptoms appear to be related to impaired
function of epithelial tissue. Reproduction is impaired in most animals.

Vitamin A deficiency causes poor growth rate in fish. In salmonids,
deficiency signs are described as light skin color, ascites (fluid in abdominal cavity),
anemia, and pathological condition of the eye characterized by exophthalmos,
hemorrhagic eyes, eye lenses displacement (see Figure 2.17), thinning of cornea,
degradation of the retina, and twisted gill opercula. Channel catfish fed vitamin A
deficient diets over a long period (2 years) developed exophthalmos, edema
(collection of fluid in tissues) and kidney hemorrhage. Common carp showed
deficiency signs of light skin color, fin and skin hemorrhages, exophthalmos, and
deformed gill opercula.

Plant carotenoids have been found to fill biological roles other than as a
vitamin A precursor. A number of reports are in the literature on beneficial effects of
carotenoids with no vitamin A activity on reproduction and resistance to infectious
and noninfectious diseases. Several reports have indicated that various carotenoids
with limited provitamin A potency are immunostimulatory when fed to fish. It is
assumed that this is due to an antioxidative property which protects cell membranes
against oxidation by free radicals.

Retinol and beta-carotene are sensitive to oxidation, so natural sources of
vitamin A are relatively labile. Thus, supplemental vitamin A should be added to
fish feeds. Synthetic vitamin A used in fish feeds is in stabilized forms, usually as
palmitate, acetate, or propionate esters. Dry additives are usually in beadlet form,
where the retinol is coated with gelatin or some other oxygen barrier.
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Figure 2.18 Alpha-tocopherol.

Vitamin E

Vitamin E is present in at least eight tocopherols which occur in plants. The name
tocopherol is from the Greek word focos, which means childbirth. Alpha-tocopherol
(Figure 2.18) has the highest vitamin E activity. Vitamin E activity of compounds
is measured in International Unit (IU), with 1 IU being equivalent to the biological
activity of 1 mg of D-a-tocopherol. Traditionally, biological activity has been
based on prevention of fetal resorption in rats.

Commercial antioxidants, like ethoxyquin (1,2-dihydro-2,2,4-
trimethylquinoline), which is used in feeds as a preservative and has no chemical
relationship to the tocopherols, also have vitamin E activity in fish and other
animals. Lovell et al. (1984) found that 125 mg of ethoxyquin kg-! of diet
prevented deficiency signs in channel catfish, which included nutritional muscular
dystrophy, but was not as effective as 25 mg of alpha-tocopherol kg-! of diet for
growth of the fish. Thus, under certain economic conditions, commercial
antioxidants may spare alpha-tocopherol in fish feeds.

A major function of vitamin E is its role as a metabolic antioxidant with a
specific role in preventing oxidation of unsaturated phospholipids in cellular
membranes, such as erythrocytes, and subcellular membranes such as mitochondria.
It is often referred to as a metabolic free radical scavenger or peroxide scavenger. In
most animal species, a dietary increase in polyunsaturated fatty acids, especially
when partially oxidized, produces an increase in dietary need for vitamin E. The
function of vitamin E as an antioxidant is evidenced by an increased need in the
absence of selenium. Selenium is a component of the enzyme, glutathione
peroxidase, which catalyzes the removal of metabolic peroxides. A specific role for
vitamin E in an enzyme system has not been identified, although impairment of
several enzyme systems, such as those involved in porphyrin and heme synthesis,
has been identified in vitamin E deficiencies in various animals.

Diverse physiologic abnormalities have been demonstrated with vitamin E
deprivation in animals. Common are nutritional muscular dystrophy, characterized
by atrophy and necrosis of muscle fibers and which has been produced in several
fishes and terrestrial animals (see Figure 2.19); and pathological conditions of male
and female reproductive organs, causing reduced fertility and reproduction. Increased
permeability of capillaries, which result in hemorrhages and edema in various body
areas, has been caused by vitamin E deficiency in various animals. The syndrome,
exudative diathesis, manifested by accumulations of fluid under skin or in the
abdominal cavity (sometimes of a greenish color caused by decomposed
hemoglobin), has been produced in channel catfish and salmonids fed vitamin E-
deficient diets. Vitamin E deficiency causes reduction in ability of erythrocytes to
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Figure 2.19 Channel catfish fed a vitamin E deficient diet (right) show nutritional muscular dystrophy,
characterized by sever atrophy of skeletal muscles. Fish on left received a nutritionally complete diet.
(Courtesy of Delbert M. Gatlin IIl.)

withstand peroxide deterioration of membranes. Severe anemia, characterized by
immature, irregularly shaped and sized erythrocytes, is produced in vitamin E
deficiency. Other vitamin E deficiency signs described for several fish species
include fatty livers and ceroid (dark lipoid) bodies in liver. “Sekoke disease” in
common carp, characterized by thinning of flesh on the back of the fish, was caused
by feeding oxidized silkworm pupae, but corrected by supplementing the diet with
vitamin E.

Subclinical measurements used to detect vitamin E deficiency include
erythrocyte fragility and histological examination of tissues for necrosis of muscle
fibers and ceroid concentration in liver and kidney.

In most experimental and practical situations where classical vitamin E-
related myopathy has been produced in fish, inclusion of high levels of
polyunsaturated fatty acids or omission of selenium from the diet has been
necessary. However, Lovell et al. (1984) fed channel catfish diets low in
polyunsaturated fatty acids, using stripped lard as the lipid source, and produced
fish with severe nutritional muscular dystrophy and other signs of vitamin E
deficiency. This implies that fish feeds not containing high levels of polyunsaturated
lipids, such as many commercial warmwater fish feeds, can cause reduced growth
rate and various pathologies when deficient in vitamin E. Rainbow trout were
found to be relatively insensitive to vitamin E deficiency at optimum growth
temperature (15°C) unless oxidized polyunsaturated fats were included in the diet.
Cowey et al. (1984) reduced the water temperature to 6°C and produced severe
myopathy in the fish. This suggested that maintenance of fluidity in biomembranes
is more demanding in fish at lower temperatures.

Hypervitaminosis E can be produced in fish. Rainbow trout fed about 100
times the requirement, 5,000 mg of DL-a-tocopherol kg-1 of diet, showed reduced
blood concentration of erythrocytes.
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Figure 2.20 Two forms of vitamin D.

Alpha-tocopherol is found in most plant seeds. Significant sources are
plant oils, germ or gluten meals, distillery or brewery dried products, and grain
brans and by-products. Whole grains, fish meal, and solvent-extracted oilseed meals
are poor sources and need supplementation for feeding fish. Free alpha-tocopherol is
unstable to oxidation; therefore acetate or succinate esters, which are very stable
during feed processing and storage, are the commercial forms of alpha-tocopherol.

Vitamin D

Vitamin D is found in nature in two forms: ergocalciferol (D,) and cholecalciferol
(D3) (Figure 2.20). Ultraviolet irradiation of two provitamins, ergosterol (found in
plants) and 7-dehydrocholesterol (found in animals), will produce vitamins D, and
D3, respectively. Animals not exposed to sunlight need a dictary source of vitamin
D. Fish get relatively little ultraviolet energy from the sun because of the shallow
depth of penetration of these rays in natural waters. Most land animals, except
chickens, can use D, and D3 interchangeably. Fish, however, utilize D, poorly or
not at all. Rainbow trout used D 3 about three times more efficiently than D,. One
LU. of vitamin D activity is equivalent to the antirachitic effect of 0.025 mg of
cholecalciferol.

At least two fish species have shown a dietary need for vitamin Ds.
Although little research has been done on vitamin D metabolism in fish, it can be
assumed that a physiological role of vitamin D3 in fish is similar to that in
warmblooded animals, where it is the precursor to 1, 25-dihydroxycholecalciferol,
important calcium-regulating and phosphate-regulating hormones. Vitamin D, after
absorption from the intestine, is converted in the liver to 25-hydroxycholecalciferol
and subsequently in the kidney to 1, 25-dihydroxycholecalciferol, the active
hormone. This hormone is responsible for maintaining serum calcium and
phosphorus levels by altering rate of intestinal absorption, renal resorption, and
bone mobilization. It is also thought to play a role in the synthesis of calcium and
phosphorus transport proteins.
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Figure 2.21 Vitamin K3 (menadione).

Channel catfish fed a vitamin D-deficient diet for 16 weeks showed reduced
weight gain and decreased body levels of ash, calcium, and phosphorus. Signs of
vitamin D deficiency in rainbow trout have been described as slow growth rate,
tetany of white muscle, ultrastructural changes in epaxial white muscle fibers,
impaired calcium homeostasis, high liver lipid content, and elevated levels of
triiodothyronine in blood. Feeding one million IU of D3 per kg of diet, or more
will cause hypervitaminosis D in rainbow trout. This compares with a normal
dietary requirement of 2,400 IU kg-1. Channel catfish raised in calcium-frec water
seemed to be less sensitive to excessive dietary levels of vitamin D3 than when
raised in water with calcium ions.

Fish oil is usually a good source of vitamin D3 but other animal products

are generally poor. Plant products are devoid of D3. Because of the scarcity of
vitamin D5 in feedstuffs, this vitamin should be supplemented in commercial fish
feeds.

Vitamin K

The name vitamin K was given to a fat-soluble factor necessary in the diet of chicks
to prevent hemorrhage and for normal blood clotting. Several compounds with
vitamin K activity have been isolated or synthesized. These include phylloquinone
(vitamin K ;), found in green plant leaves; menaquinone (vitamin K,), synthesized

by bacteria and found in animal feces, and menadione (K3), a synthetic compound
with more vitamin K activity than K; or K, (Figure 2.21). Presently, the term

vitamin K is used as a generic descriptor for 2-methyl-1,4-naphthoquinone and all
3-substituted derivatives of this compound, which exhibit antihemorrhagic activity
in animals.

Vitamin K is necessary for normal blood clotting in all animals, including
fish. Several proteins necessary for blood coagulation are dependent upon vitamin K
for their synthesis. These include prothrombin, proconvertin, plasma
thromboplastin antecedent, and Stewart-Prower factor. The metabolic role of
vitamin K involves a vitamin K-dependent carboxylase enzyme which carries out
the carboxylation of the glutamic acid residues in the active proteins to form y -
carboxyglutamic acid. The y-carboxyglutamyl residues are functional in the
interaction of the clotting factors with phospholipid cell surfaces. Other proteins,
such as in bone and kidney, have been found that contain y -carboxyglutamic acid
residues, so it is presumed that vitamin K is involved in other carboxylations
besides blood clotting.
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Channel catfish and trout have been shown to require dietary vitamin K for
normal blood coagulation; however, growth rate was not affected in either species
when vitamin K was deleted from the diet. Quantitative requirement for vitamin K
has not been determined for warmwater fishes. Levels of 0.5 mg to 1 mg of
menadione per kg of diet is sufficient to maintain normal blood coagulation in
fingerling trout.

Intestinal synthesis is an important source of vitamin K in some animals.
This source has not been demonstrated in fish. However, dietary sulfaguanidine (an
antibiotic) and low water temperature each prolonged blood coagulation time in
trout, which suggests that bacterial synthesis of vitamin K may have been involved.

Fish meal and alfalfa meal are good sources of vitamin K. Vitamin K is
added to fish feeds as a menadione salt: menadione sodium bisulfite or menadione
dimethylpyrimidinal bisulfite; the latter is more heat stable during feed proceeding.

Thiamin

Thiamin is found in many grains and seeds, being most concentrated in the seed
coat. Discovery of this growth factor began when persons consuming polished rice
developed beriberi but recovered when a factor in the seed coat was added to the
diet. Thiamin is composed of a pyrimidine ring and a thiazole ring, as shown in
Figure 2.22. It is synthesized by higher plants, but not by animals. It is relatively
sensitive to heat and moisture at pH above 5, so the commercial vitamin is sold in
the hydrochloride form to cnsure stability.

The active form of the vitamin is thiamin pyrophosphate. Phosphorylation
occurs in the liver. Thiamin pyrophosphate acts as a coenzyme for several metabolic
decarboxylation and transketolation reactions. It is involved in decarboxylation of
pyruvic acid and a-ketoglutaric acid in aerobic glycolysis. It also acts as a coenzyme
in transketolation in metabolism of glucose through the pentose phosphate shunt.
Transketolase activity in erythrocytes and kidney is a sensitive indicator for thiamin
status in rainbow trout.

Thiamin deficiency affects the central nervous system in fish, birds, and
mammals. Polyneuritis in chicks (lack of control of position of the head) and
Chastek paralysis in mink and foxes are caused by thiamin deficiency. Thiamin
deficiency in fish causes hypersensitivity to disturbance, loss of equilibrium, and
convulsions. Fish show thiamin deficiency quickly: channel catfish in 6 to 8 weeks,
carp in 8 weeks, and Japanese eel in 10 weeks.

Tissues of most fishes contain thiaminase, an enzyme that can destroy
thiamin in nonliving tissue by splitting it into its two component ring structures.
Heating the fish destroys the enzyme. Feeding fish or fish visceral organs without
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heat treatment has produced thiamin deficiency problems in mink and foxes and in
channel catfish. The thiamin is destroyed prior to ingestion, when the enzyme
(thiaminase) and substrate (thiamin) are in contact for a period of time. Channel
catfish fed diets containing 40% nonheated fish viscera developed thiamin deficiency
in 10 weeks, but when the fish were fed an additional diet containing thiamin in a
separate meal daily, no deficiency occurred.

Riboflavin

Riboflavin is widely found in nature; green plants, seed coat of grains, and yeast are
rich sources. It is synthesized by higher plants or microorganisms, but not by
animals. Thus, nonruminant animals require it in their diet. Chemical structure of
riboflavin (Figure 2.23) consists of a dimethyl-isoalloxazine moiety conjugated with
ribose through which the vitamin is linked to phosphate in the intestinal wall to
form the active coenzyme.

Riboflavin is a component of two flavoprotein coenzymes, flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD), which are
components of prosthetic groups of oxidases and reductases that act upon metabolic
degradation products of proteins, carbohydrates, and lipids. The coenzymes
function in the intermediary transfer of electrons in the mitochondrial electron
transport system.

A number of riboflavin deficiency signs have been identified in animals but
none have been related to a specific biochemical role of the vitamin. Crooked and
stiff legs occur in swine and chickens (curled-toe paralysis). Eye problems occur in
humans, farm animals, and fish. Photophobia and cataracts have been found in
several fish deprived of riboflavin (Figure 2.24). Skin discoloration has been
observed in salmonids; short, stubby bodies associated with vertebral compaction
were described in riboflavin-deprived channel catfish and tilapia; dermatitis and
hemorrhagic fins were found in eel; and necrosis of head kidney was observed in
carp.

Sensitive subclinical tests for riboflavin deficiency in fish are in vitro
measurement of erythrocyte glutathione reductase (EGR) or D-amino acid oxidase
activity in presence of added FAD. Approximately 3 mg of riboflavin kg-! of diet is
sufficient to prevent change in EGR activity in rainbow trout. The minimum dietary
requirement for normal growth and to prevent dwarfism in channel catfish is 9 mg
kg-1 of body weight. Rainbow trout fed up to 600 mg of riboflavin kg1 of diet
showed no adverse effects.
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Figure 2.24 Normal lens (above). Severe eye cataract in rainbow trout fed riboflavin-deficient diet
(below).

Many feedstuffs are reasonably good sources of riboflavin. Whole grains
are poor sources, whereas bran or polishings from grains and distillery grain
byproducts are fair to good sources. Synthetic riboflavin, which has equal
bioactivity as natural sources, is usually supplemented in fish feeds.

Niacin

Niacin, nicotinic acid, and nicotinamide are often used interchangeably. Niacin is
actually the generic descriptor for pyridine 3-carboxylic acid and derivatives
exhibiting biological activity of nicotinamide (Figure 2.25). Nicotinamide is found
in plant and animal tissues as a component of two coenzymes of the hydrogen
transport system, nicotinamide adenine dinucleotide (NAD) and nicotinamide
adenine dinucleotide phosphate (NADP). These coenzymes are involved in a
number of oxidation-reduction reactions. NAD is specific for hydrogenases involved
in passing electrons on to oxygen in the mitochondrial electron transport systems.
NADP is specific in other hydrogenases such as in fatty acid synthe51s and the
pentose phosphate shunt in glucose metabolism.

Niacin deficiency causes pellagra in humans, which is characterized
primarily by dermatological problems, and is commonly found in situations where
the diet is limited to corn or polished rice. Most fish show niacin deficiency signs
rather quickly, which indicates the inability to synthesize niacin. Skin lesions are a
common deficiency sign in fish. Channel catfish show skin and fin lesions along
with deformed jaws, exophthalmic, anemia, and high mortality rate. Eels show skin
lesions, dark pigmentation, and ataxia. Salmonids show sensitivity of skin to
sunburn along with fin erosion, intestinal lesions, and muscle weakness. Exposure
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Figure 2.25 Niacin.

of rainbow trout to ultraviolet irradiation caused loss of mucus-producing cells of
the epidermis, and enhanced the effects of niacin deficiency and increased niacin
requirement (Figure 2.26). High dietary intake of niacin alters lipid metabolism.
Megadose prescription of thiamin is frequently used to lower cholesterol in humans.

Although plant seeds, especially the outer coat, contain substantial
amounts of niacin, the niacin occurs mostly in bound form and is highly
unavailable to animals. Most land animals can convert the amino acid tryptophan to
niacin and this source can contribute to their niacin requirement. However, fish
appear to have limited ability to make this conversion. Brook trout were found
incapable of converting tryptophan to niacin efficiently. Also, niacin deficiency can
be demonstrated rapidly in fishes fed tryptophan in the diet. Because of the
presumed limited availability of niacin in grains and oil seed meals to fish, vitamin
supplementation of practical fish feeds is recommended.

Pantothenic Acid
Pantothenic acid is synthesized by plants and microorganisms. Chemically, it is
composed of pantoic acid (2,4-dihydroxy-3,3-dimethyl butyric acid) linked through

Figure 2.26 Niacin deficiency in rainbow trout. Top fish is control; two lower fish were fed a niacin-
deficient diet for 16 weeks. Bottom fish was exposed to 20 hr/day of ultraviolet irradiation and had
more serious fin erosion.
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Figure 2.27 Pantothenic acid.

a peptide bond to b-alanine (Figure 2.27). In nature, it occurs largely in bound form
as coenzyme A. Because of its sensitivity to destruction by heat and high or low
pH, it is available commercially as calcium or sodium salt.

The only known function of pantothenic acid is as a component of
coenzyme A (CoA), which is involved in transfer of acetyl (2-carbon) units in
numerous reactions in the metabolism of proteins, carbohydrates, and lipids.
Coenzyme A contains pantothenic acid linked through pyrophosphate to adenosine
3'-phosphate on one side and B-mercaptoethylamine on the other. The acceptance of
the acetyl units, which help form acetyl CoA, is through the sulfhydryl group of B-
mercaptocthylamine. Coenzyme A formation is an important route for carbohydrates
and fatty acids to enter the tricarboxylic acid cycle. Coenzyme A has manifold
functions, anabolic and catabolic, involving cellular energy release and synthesis of
fatty acids, steroids, sphingosine, and many other compounds.

Pantothenic acid is a dietary essential for monogastric animals, including
fish, and a dietary deficiency results in growth failure in all. Skin and hair problems
are common deficiency characteristics. Pantothenic acid deficiency results in
impaired functions of mitochondrial-rich, high energy expenditure cells. This may
partially explain why gill lamellae, kidney tubules, and acinar cells in pancreas, all
of which carry on a high level of metabolic activity, are all sensitive to pantothenic
acid deficiency.

Fish show pantothenic acid deficiency signs quickly. Young channel
catfish and yellowtail have shown deficiency signs within 2 weeks. Deficiency
causes dietary gill disease in several fish species, which is characterized by clubbed,
exudate-covered gill lamellae, fused gill filaments, and swollen operculums (Figure
2.28). Lesions on skin and fins, anemia, anorexia and poor growth are also found in
fish deprived of pantothenic acid.

Pantothenic acid is widely found in commercial feedstuffs, but the level and
availability in processed feed are likely to be lower than the requirement for most
fishes. Supplemental pantothenic acid, as calcium d-pantothenate (92% vitamin
activity) or calcium DL-panthenate (46% activity), is reccommended for commercial
fish feeds.

Vitamin B¢ (Pyridoxine)
The term Bg is the generic descriptor for the 2-methylpyridine derivatives that have

biological activity of pyridoxine. Three chemically related compounds that have
similar metabolic functions have been identified: pyridoxine, pyridoxamine, and
pyridoxal. Pyridoxine (Figure 2.29) was the first identified and was given this
name. Later, the other two were identified and the name B¢ was given to this group
of compounds. Vitamin Bg is now the approved name for this vitamin. Vitamin B¢

is a dietary requirement of all nonruminant mammals, birds, and fish. Vitamin Bg
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Figure 2.28 Gill filaments of channel catfish fed a pantothenic acid-deficient diet for two weeks
showing hyperplasia of gill lamellae (arrows). Continuation on this diet resulted in fusion of all lamella
on each filament and ultimate death.
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Figure 2.29 Vitamin Bg (Pyridoxine).

compounds are synthesized by plants and some microorganisms. It is widely found
in feedstuffs of plant and animal origin.

The metabolically active Bg coenzyme is pyridoxal or pyridoxamine
phosphate. It is functional in a number of enzymes in which amino acids are
metabolized, including decarboxylases, transaminases, sulfahydrases, and
hydroxylases. Increasing protein percentage in the diet causes an increase in the B
requirement of salmonids. Because fish are fed much higher protein diets than land
animals, it should be expected that the Bg requirement would be higher for fish.
Vitamin Bg is involved in metabolism of carbohydrates and lipids. It is essential for
the synthesis of heme (in hemiglobin), and in the synthesis of serotonin from
tryptophan, which may explain why By deficiency causes nervous disorders.

Deficiency signs in fish develop quickly. Young channel catfish,
salmonids, and carp show deficiency signs in 4 to 8 weeks. These include nervous
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disorders, such as hypersensitivity to disturbances; poor swimming coordination;
convulsion; and tetany when handled. Channel catfish develop a greenish-blue sheen
to the skin. Common carp show edema, exophthalmos, and skin lesions.

The requirement for fish is 3 mg kg-1 to 10 mg kg1 of diet, and most
commercial feedstuffs contain this amount without B¢ supplementation. However,

because of variation and uncertainty of content in feedstuffs and in processed, stored
feeds, vitamin Bg is often supplemented in commercial fish feeds as pyridoxine

hydrochloride.

Biotin

Biotin (Figure 2.30) was first recognized in its association to "egg white injury" in
rats because typical deficiency signs resulted when raw egg white was supplemented
in the diet. When liver was fed, egg white injury was prevented. The preventive and
causative factors were subsequently identified as biotin and avidin, the latter a heat
labile protein in egg white that combines with biotin and renders it inactive.

Biotin functions as a coenzyme in carboxylation (transfer of carbon dioxide)
reactions. Enzyme systems containing biotin are acetyl-CoA carboxylase,
propionyl-CoA carboxylase, and pyruvate carboxylase. Metabolic functions
requiring biotin are many and include synthesis of fatty acids, oxidation of energy
yielding compounds, synthesis of purines, and deamination of certain amino acids.
A reliable indicator of biotin status that has been used in fish and warm blooded
animals is pyruvate carboxylase or acetyl-CoA carboxylase activity.

Biotin deficiency is difficult to produce in nonruminant mammals without
feeding raw egg white. Deficiency signs in chicks and several fishes have been
produced, however, without feeding a biotin antagonist. Fish vary in sensitivity to
biotin deficiency. Channel catfish are relatively insensitive to biotin deficiency, but
rainbow trout are highly sensitive (Figure 2.31). Young channel catfish required 24
weeks, while young rainbow trout required only 4 weeks to show deficiency signs,
each under optimum environment for growth. Channel catfish showed reduced
growth rate, light skin color, and hypersensitivity to abrupt noise or movement.
Rainbow trout showed poor growth, degeneration of gill lamellae and epithelium,
and enlarged, pale livers. Subclinical signs in fish are reduced carboxylase activities
in liver and, in trout, abnormal synthesis of glycogen and fatty acids, degeneration
of acinar cells of pancreas, and glycogen deposition in kidney tubules.

Bioavailability of biotin in many feedstuffs is limited. For example, one-
half or less of the total biotin in wheat, barley, sorghum, meat and bone meal, and
fish meal is available to chickens. Biotin availability in corn and soybean meal,
however, is higher. Channel catfish do not require supplemental biotin in practical
corn-soybean meal or corn-soybean meal-fishmeal diets for normal growth and
pyruvate carboxylase activity. Rainbow trout also do not benefit from biotin
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Figure 2.31 Rainbow trout are highly sensitive to biotin deficiency in the diet. The fish on top was fed
a nutritionally complete diet while the one on bottom received the same ration except deprived of
biotin. (Courtesy of W.D. Woodward.)

supplementation of practical diets. The dietary requirement for fish is low, about
0.25 mg kg-1 diet, so practical fish diets do not usually need supplemental biotin.

Folic Acid
When chemically identified, folic acid was named pteroyglutamic acid. As seen in
Figure 2.32, it is composed of glutamic acid (right) plus pteroic acid, the latter
being made up of paraminobenzoic acid and a pteridine nucleus. A number of
biologically active forms or derivatives of folic acid exist in nature. These include
tetrahydrofolic acid, which is the active coenzyme form; 5-methyl-tetrahydrofolic
acid; folic acid glutamates; and others.

Folic acid is metabolically reduced to tetrahydrofolic acid which is
functional in the transfer of single-carbon units, a role analogous to that of
pantothenic acid in the transfer of two-carbon units. The one-carbon units may be
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