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Topic 1: Inheritance of Qualitative and Quantitative Traits

Learning Outcomes
By the end of this topic, you should be able to:
· Describe how alleles are transmitted from parents to offsprings

· Utilise inheritance principles in breeding programs

Key Terms
heterozygous; hemizygous; additive gene action; pleiotropy; penetrance; linkage
Introduction to Topic

A gene or set of genes contains the blueprints or chemical instructions for the production of a protein. This protein either forms or helps produce various phenotypes, such as body colour, sex, number of rays in the dorsal fin, length of a fin, body length, and weight. The genotype is the genetic make-up of the fish. It is the gene or genes that controls a particular phenotype. Because chromosomes occur in pairs, genes also occur as pairs (there are some exceptions).A gene can occur in more than one form. These alternate forms of a gene are called “alleles.” In a population, a gene may exist in only one form, which means that there is only one allele at a given locus (locus = gene), or there may be up to a dozen alleles at a locus. Because chromosomes occur in pairs, an individual can possess either one or two alleles at a given locus. Even if there are ten alleles for a specific gene in a population, an individual can possess no more than two. If the pair of alleles at a given locus is identical, the fish is said to be “homozygous” at that locus. If the pair is not identical, the fish is said to be “heterozygous” at that locus. A fish's genome is composed of tens of thousands of genes, which is a mixture of homozygous and heterozygous loci. The phenotype is the physical expression of what the gene or set of genes produce, and this is what we describe (for example, colour or sex) or measure (for example, length or weight). Breeders divide phenotypes into two major categories: qualitative phenotypes and quantitative phenotypes.
1.1 Single Autosomal Genes
· Qualitative phenotypes can be divided into two major categories: autosomal and sex-linked. 
· Autosomal phenotypes are those that are controlled by genes located on an autosome (a chromosome other than a sex chromosome). 
· Sex-linked phenotypes are controlled by genes located on the pair of chromosomes that determines sex. 

· There are some exceptions; some fish have more than one pair of sex chromosomes, while other species have an odd number-either one or three sex chromosomes. 
· All important-aquacultured food fish have a single pair of sex chromosomes.
· Autosomal genes are inherited and expressed identically in males and females (unless a sex hormone is needed for phenotypic expression). 
· Sex-linked genes are inherited and expressed differently in males and females.
· To date, all qualitative phenotypes that have been deciphered in food fish are autosomal. 
· Sex-linked genes are known only in ornamental fish, and most information about this type of inheritance comes from the guppy and platyfish.
· Most qualitative phenotypes that have been deciphered genetically in food fish are controlled by single autosomal genes with two alleles per locus. 
· In general, genes express themselves either in an additive or in a non-additive manner. 
· In additive gene action, each allele contributes equally to the production of the phenotypes in a stepwise unidirectional manner, and the heterozygous phenotype is intermediate between the two homozygous phenotypes. 
· In non-additive gene action, one allele (the dominant allele) is expressed more strongly than the other (the recessive allele), and it has a greater influence on the production of the phenotypes (Fig. 1.1).
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Figure 1.1.  Schematic diagram of qualitative phenotypes that are controlled by a single autosomal gene with various gene actions. 

· In the diagram above, gene A produces black and white colours by complete dominance, so there only two phenotypes. 
· Black is the dominant phenotype, and it is produced by both the homozygous dominant (AA) and heterozygous (Aa) genotypes. 
· White is the recessive phenotype, and it is produced by the homozygous recessive (aa) genotype. 
· Gene B produces black and white colours by incomplete dominance. 
· Because the mode of gene action is incomplete dominance, the heterozygous (Bb) genotype produces a unique phenotype (light-black), one that resembles but that is slightly different than the dominant phenotype (black), which is produced by the homozygous dominant (BB) genotype; white is the recessive phenotype, and it is produced by the recessive genotype (bb). 
· Gene C produces black and white colours by additive gene action. 
· Because neither allele is dominant, the heterozygous (CC') genotype produces a unique phenotype (gray) that is intermediate between the phenotypes (black and white) produced by the two homozygous genotypes (CC produces black and andC'C' produces white). 
· When the mode of gene action is additive, there is no dominant or recessive allele or phenotype.
1.2 Two or More Autosomal Genes

· Some qualitative phenotypes are controlled by two autosomal genes. 
· When two genes control the production of a set of phenotypes, there is usually some sort of interaction and one gene influences the expression of the other.
· This means one gene alters the production of the phenotypes that are produced by the second gene. This gene interaction is called “epistasis.”
· Most of the examples of epistasis that have been found in fish were discovered in ornamental fish, but several have been found in important cultured food fishes. 
· The two most important are scale pattern in common carp and flesh colour in chinook salmon. 
· Because common carp is one of the most important cultured food fishes in Asia and Europe, it is arguable that scale pattern in common carp is the most important set of qualitative phenotypes that have been found in any aquacultured species. 
· Scale pattern also helps determine colour pattern, and thus the value, of ornamental common carp (koi).
· The four scale pattern phenotypes in common carp-scaled (normal scale pattern), mirror, line, and leather-are controlled by two genes (S and N) with what is called “dominant epistasis.” 
· The S gene determines the basic scale pattern via complete dominance. The dominant S allele produces the scaled phenotype (SS and Ss genotypes), while the recessive s allele produces the reduced scale phenotype called “mirror” (ss genotype). 
· The N. gene modifies the phenotypes produced by the S gene. 
· There are two alleles at the N locus. The dominant N allele modifies the phenotypes as follows: in the homozygous state (NN). 

· The N allele kills the embryo; in the heterozygous (Nn) state, the N allele changes the scaled phenotype into the line phenotype and changes the mirror phenotype into the leather phenotype. 
· The recessive n allele has no effect on the phenotypes produced by the S gene.
· The five phenotypes (one is death) and the underlying genetics are illustrated in Figure 1.2.
· A set of qualitative phenotypes may be controlled by more than two genes. 
· Body colour in the Siamese fighting fish is an example of a set of phenotypes that is controlled by the epistatic interaction among four genes. 
· Working with these phenotypes is far more complicated because of the number of genes involved. 
· Fortunately, in food fish, no qualitative phenotype controlled by more than two genes has been discovered.
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Fig. 1.2. Inheritance of scale pattern in common carp
· Scale pattern is determined by the epistatic interaction between the S and N genes. 
· The S gene determines whether the fish has the scaled phenotype (SS and Ss genotypes) or the mirror phenotype (ss genotype). 
· The N gene modifies those phenotypes. The NN genotype kills the fish (SS, NN, Ss, NN, and ss, NN genotypes); the Nn genotype changes the scaled phenotype into the line phenotype (SS, Nn and Ss, Nn genotypes) and changes the mirror phenotype into the leather phenotype (ss, Nn). 
· The nn genotype does not alter the phenotypes produced by the S gene, so scaled fish have the SS, nn or Ss, nn genotypes, while mirror fish have the ss, nn genotype.

1.3 Sex-Linked Genes

· X and Y chromosomes carry the genes that determine male and female traits.
· They also carry genes for some other characteristics as well. 
· The genes that are carried by either of these (X or Y) sex chromosome are said to be sex linked.
· A sex-linked gene is any gene located on a sex chromosome, usually the “X” chromosome. It is the one allele that allows for its phenotypic expression based on the chromosomal sex of the individual.

· These can be easily and simply explained with the following examples: 

1. An axample of a ginger cat
· The ginger gene changes black pigment into a reddish pigment. 
· The ginger gene is carried on the X chromosome. 
· A normal male cat has XY genetic makeup so he only needs to inherit one ginger gene for him to be a ginger cat. 
· A normal female is XX genetic makeup so she must inherit two ginger genes to be a ginger cat. 
· If she inherits only one ginger gene, she will be tortoiseshell with some ginger areas and some black/brown areas.
· The ginger gene is called a sex-linked gene because it is carried on a sex chromosome.
· If seen closely, ginger cats have markings, though these may be faint or only visible on certain parts of the body i.e. the face, tail and lower legs. 
· This is because the gene that turns off these markings to give cats with solid colours does not work on the ginger colour.

2. An example of a white-eyed fruit fly

· After Mendels work in the 1800, Thomas Hunt Morgan in the early 1900's determined the location of many genes. 
· He deduced the role of chromosomes in determination of sex from work on fruit flies.
· Morgan discovered a mutant eye color in fruit flies and attempted to use this mutant as a recessive to duplicate Mendel's results. 
· Instead of achieving a 3:1 F2 ratio, the ratio was closer to 4:1 (red to white), he failed. 
· Most mutations are usually recessive, thus the appearance of a white mutant presented Morgan a chance to test Mendel's ratios on animals. 
· Morgan hypothesized that the gene for eye color was only on the X chromosome, specifically in that region of the X that had no corresponding region on the Y.
· Normally, eyes are red, but a variant (white) eyed fly was detected and used in the genetic study. 
· He crossed a homozygous white eyed male with a homozygous red eyed female, and all the offspring had red eyes. Red was dominant over white. 
· However, when he crossed a homozygous white eyed female with a red eyed male, the unexpected results showed all the males with white eyes and all the females with red eyes. 
· This can be explained if the eye color gene is on the X chromosome.

Explanation

· If the gene for eye color is on the X chromosome, the red eyed male in the second cross passes his red eyed X to only his daughters, who in turn receive only a recessive white-carrying X from their mother. 
· Thus all females have red eyes like their father. 
· Since the male fruit fly passes only the Y to his sons, their eye color is determined entirely by the single X chromosome they receive from their mother (in this case white). 
· Thus all the males in the second cross are white eyed. 
· These experiments introduced the concept of sex-linkage, the occurrence of genes on that part of the X that lack a corresponding location on the Y. 
· Sex-linked recessives (such as white eyes in fruit flies, baldness, and colorblindness in humans) occur more commonly in males, since there is no chance of them being heterozygous. Such a condition is termed hemizygous. 

Below is a diagrammatical explanation of the above: 








Inheritance of eye color in fruit flies. Images from Purves et al., Life: The Science of Biology, 4th Edition, by Sinauer Associates (www.sinauer.com) and WH Freeman (www.whfreeman.com), used with permission.

3. Colour genetics in Oryzias latipes
· From the freshwaters of Japan, which is a natural habitat for medaka, this species shows no marked variation even between sexes, where both males and females are dull greenish-grey.

· However Japanese aquarists developed a variety of colors through their breeding programs.

· Aida (1921) was the first scientist to follow the genetics of color varieties in this species, the varieties which included solid red, white or blue and variegated red or white.

· Aida cross-mated a wild type fish (green) with a red variant, and all F1s were normal green, but when these were crossed, the usual 3:1 ratio was observed. The dominant allele for normal green color was designated B and recessive allele was b, where homozygous bb meant red body color.

· And when red was crossed with variegated red, the F1s were all variegated red implying that variegated was dominant over red. Therefore variegated red was given a symbol B1.

· However, we wont dwell much on this, let us examine what happens when the homozygous variegated reds (B1B1) are cross-mated with homozygous wild type (BB), the heterozygous F1s were all variegated but to a lesser extent than in the homozygous B1B1.

· This implies that B, B1 and b represented an allelic series in which b was recessive to the other two which themselves can be described as co-dominant as they act in a more or less additive manner.

· Aida also cross-mated other strains of O. latipes which consisted of white females and red males, which bred true, and the offsprings from such a cross were either red males or white females.

· All fish were homozygous for a pair of b alleles which meant this red male white female situation had to be explained by other pair of alleles, and Aida based his explanation on the sex chromosomes which were already known to exist by then.

· The female had two X chromosomes and the male had X and Y chromosomes, and Aida proposed that the allele for white, r, was on the X chromosome, while the dominant allele R for red was on the Y chromosome. The cross can be diagramattically be shown by designating the white female as XrXr while the red male as XrYR, and see what F1s will be. This is an example of sex-linked inheritance.
1.4 Genes Exhibiting Pleiotropy, Variable Penetrance and Variable Expressivity

1.4.1. Pleiotropy
· The term pleiotropy comes from the Greek pleion, meaning "more", and trepein, meaning "to turn, to convert". 
· A common mistake is to use "pleiotrophic" instead of "pleiotropic". 
· Pleiotropy occurs when a single gene influences multiple phenotypic traits.
· Consequently, a new mutation in the gene may have an effect on some or all traits simultaneously. 
· This can become a problem when selection on one trait favors one specific version of the gene (allele), while the selection on the other trait favors another allele.
· Pleiotropy is one of the most commonly observed attributes of genes. Yet the extent and influence of pleiotropy have been underexplored in population genetics models. 
· Pleiotropy describes the genetic effect of a single gene on multiple phenotypic traits. 
· The underlying mechanism is that the gene codes for a product that is, for example, used by various cells, or has a signaling function on various targets.
· A classic example of pleiotropy is the human disease PKU (phenylketonuria). 
· This disease can cause mental retardation and reduced hair and skin pigmentation, and can be caused by any of a large number of mutations in a single gene that codes for the enzyme (phenylalanine hydroxylase), which converts the amino acid phenylalanine to tyrosine, another amino acid.
· Depending on the mutation involved, this results in reduced or zero conversion of phenylalanine to tyrosine, and phenylalanine concentrations increase to toxic levels, causing damage at several locations in the body. PKU is totally benign if a diet free from phenylalanine is maintained.

1.4.2. Penetrance

· Penetrance in genetics is the proportion of individuals carrying a particular variation of a gene (allele or genotype) that also express an associated trait (phenotype). 
· In medical genetics, the penetrance of a disease-causing mutation is the proportion of individuals with the mutation who exhibit clinical symptoms. 
· For example, if a mutation in the gene responsible for a particular autosomal dominant disorder has 95% penetrance, then 95% of those with the mutation will develop the disease, while 5% will not.

Associated terminology
· complete penetrance. The allele is said to have complete penetrance if all individuals who have the disease-causing mutation have clinical symptoms of the disease.

· highly penetrant. If an allele is highly penetrant, then the trait it produces will almost always be apparent in an individual carrying the allele.

· incomplete penetrance or reduced penetrance. Penetrance is said to be reduced or incomplete when some individuals fail to express the trait, even though they carry the allele.

· low penetrance. An allele with low penetrance will only sometimes produce the symptom or trait with which it has been associated at a detectable level. In cases of low penetrance, it is difficult to distinguish environmental from genetic factors.

Determination of penetrance
· Penetrance can be difficult to determine reliably, even for genetic diseases that are caused by a single polymorphic allele. 
· For many hereditary diseases, the onset of symptoms is age related, and is affected by environmental codeterminants such as nutrition and smoking, as well as genetic cofactors and epigenetic regulation of expression:

· Age-related cumulative frequency. Penetrance is often expressed as a frequency, determined cumulatively, at different ages. For example, multiple endocrine neoplasia 1 (MEN 1), a hereditary disorder characterized by parathyroid hyperplasia and pancreatic islet-cell and pituitary adenomas, is caused by a mutation in the menin gene on human chromosome 11q13. In one study the age-related penetrance of MEN1 was 7% by age 10 but increased to nearly 100% by age 60. 

· Environmental modifiers. Penetrance may be expressed as a frequency at a given age, or determined cumulatively at different ages, depending on environmental modifiers. For example, several studies of BRCA1 and BRCA2 mutations, associated with an elevated risk of breast and ovarian cancer in women, have examined associations with environmental and behavioral modifiers such as pregnancies, history of breast feeding, smoking, diet, and so forth.
· Genetic modifiers. Penetrance at a given allele may be polygenic, modified by the presence or absence of polymorphic alleles at other gene loci. Genome association studies may assess the influence of such variants on the penetrance of an allele.
1.4.3. Variable expressivity

· Although some genetic disorders exhibit little variation, most have signs and symptoms that differ among affected individuals. 
· Variable expressivity refers to the range of signs and symptoms that can occur in different people with the same genetic condition. 
· For example, the features of Marfan syndrome vary widely— some people have only mild symptoms (such as being tall and thin with long, slender fingers), while others also experience life-threatening complications involving the heart and blood vessels. 
· Although the features are highly variable, most people with this disorder have a mutation in the same gene ( FBN1).
· As with reduced penetrance, variable expressivity is probably caused by a combination of genetic, environmental, and lifestyle factors, most of which have not been identified. 
· If a genetic condition has highly variable signs and symptoms, it may be challenging to diagnose. 
· While measures of penetrance focus on whether or not a disease is expressed in a population, the degree to which a genotype is phenotypically expressed in individuals can also be measured. 
· For instance, one patient who is suffering from a disease may have more severe symptoms than another patient who carries the same mutated allele. 
· Meanwhile, a third patient who also has the mutated allele may seem almost normal. This phenomenon is described as variable expressivity. 
· Expressivity measures the extent to which a genotype exhibits its phenotypic expression. 

1.5 Genetic Linkage

· Genetic linkage is a term which describes the tendency of certain loci or alleles to be inherited together. 
· Genetic loci on the same chromosome are physically close to one another and tend to stay together during meiosis, and are thus genetically linked.
· At the beginning of normal meiosis, a chromosome pair (made up of a chromosome from the mother and a chromosome from the father) intertwine and exchange sections or fragments of chromosome. 
· The pair then breaks apart to form two chromosomes with a new combination of genes that differs from the combination supplied by the parents. 
· Through this process of recombining genes, organisms can produce offspring with new combinations of maternal and paternal traits that may contribute to or enhance survival.
· This crossing over of DNA can cause alleles previously on the same chromosome to be separated and end up in different daughter cells. 
· The further the two alleles are apart, the greater the chance that a cross-over event may occur between them, possibly separating the alleles.
· Among individuals of an experimental population or species, some phenotypes or traits occur randomly with respect to one another in a manner known as independent assortment. 
· Today scientists understand that independent assortment occurs when the genes affecting the phenotypes are found on different chromosomes or separated by a great enough distance on the same chromosome that recombination occurs at least half of the time.
· An exception to independent assortment develops when genes appear near one another on the same chromosome. 
· When genes occur on the same chromosome, they are usually inherited as a single unit. 
· Genes inherited in this way are said to be linked, and are referred to as "linkage groups." 
· For example, in fruit flies the genes affecting eye color and wing length are inherited together because they appear on the same chromosome.

· Genetic linkage was first discovered by the British geneticists William Bateson and Reginald Punnett shortly after Mendel's laws were rediscovered. 

· The understanding of genetic linkage was expanded by the work of Thomas Hunt Morgan. 

· Morgan's observation that the amount of crossing over between linked genes differs led to the idea that crossover frequency might indicate the distance separating genes on the chromosome.

· Alfred Sturtevant, a student of Morgan's, first developed genetic maps, also known as linkage maps. 
· Sturtevant proposed that the greater the distance between linked genes, the greater the chance that non-sister chromatids would cross over in the region between the genes. 
· By working out the number of recombinants it is possible to obtain a measure for the distance between the genes. 
· This distance is called a genetic map unit (m.u.), or a centimorgan and is defined as the distance between genes for which one product of meiosis in 100 is recombinant. 
· A recombinant frequency (RF) of 1 % is equivalent to 1 m.u.
Linkage map
· A linkage map is a genetic map of a species or experimental population that shows the position of its known genes or genetic markers relative to each other in terms of recombination frequency, rather than as specific physical distance along each chromosome. 
· Linkage mapping is critical for identifying the location of genes that cause genetic diseases.
· A genetic map is a map based on the frequencies of recombination between markers during crossover of homologous chromosomes. 
· The greater the frequency of recombination (segregation) between two genetic markers, the farther apart they are assumed to be. 
· Conversely, the lower the frequency of recombination between the markers, the smaller the physical distance between them. 
· Historically, the markers originally used were detectable phenotypes (enzyme production, eye color) derived from coding DNA sequences; eventually, confirmed or assumed noncoding DNA sequences such as microsatellites or those generating restriction fragment length polymorphisms (RFLPs) have been used.
· Genetic maps help researchers to locate other markers, such as other genes by testing for genetic linkage of the already known markers.

Learning Activities
Reading assigment: do literature search and find examples showing pleiotropy, variable penetrance, genetic linkage, sex-linked inheritance in fish.

Field trip: Visit Chitedze research station and see how they utilise allele inheritance principles in their breeding programs.
Summary of Topic
In this topic you have learnt how both autosomal and sex-linked genes affect the traits of interest in any organism. Utilising such principles will enable you plan any breeding program. However, the challenge comes in when the genes of interest are not assorting independently as per Mendel’s principle, but that the genes are linked and thus passed from parent to offspring as a package. Knowing how genes are spaces on chromosomes has helped scientists in many fields including medicine.
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Topic 2: Inbreeding, Crossbreeding and Hybridization

Learning Outcomes
By the end of this topic, you should be able to:
· Distinguish between hybridisation and crossbreeding
· Discuss the implications of crossbreeding and inbreeding
· Apply principles of crossbreeding/hybridisation and inbreeding in increasing the production in aquaculture.
Key Terms
Heterosis; heritability; inbreeding depression; lethal alleles; backcrossing
Introduction to Topic

The goal of every breeding strategy (be it crossbreeding, hybridization, inbreeding and selective breeding), is to improve productivity by improving certain traits, and examples of such traits in aquaculture can include growth rate, body weight at marketing, feed conversion efficiency, disease resistance, flesh quality and age at maturity, among others. Hybridisation of species with different sex determination systems has also resulted into monosex production. As a farm manager, one needs to have a basis and goal when doing either cross breeding/hybridization or inbreeding, as these can have negative impacts if wrongly done. When related individuals are mated for a longtime, chances of inbreeding depression developing is very high as closely related individuals share more alleles through descent. This is the challenge which most fish farm managers face since their broodstock is always small.
2.1. Quantitative Phenotypic Variation and its Constituent Parts
· The total variation of any trait can be partitioned into that produced by genes and that produced by the environment, such that:

                                     VP = VG + VE + (VG x VE).

Where the total phenotypic variance is VP, and VG represents the variance produced by genetic differences among individuals, VE is the variance produced by environmental differences, while (VG x VE) is the variance produced by the gene-environment interaction.

· The goal in breeding is then to exploit this genetic variance component, VG, and thus if genetic gains have to be realized, there is need to control environmental effects so that the results should reflect genetic gains only.

· So the genetic component of variance can be partitioned further as:

                               VG = VA + VD + VI
Where VA, is the additive genetic variance, VD is the dominance genetic variance, while VI is the epistatic or non-allelic interaction genetic variance (but this is seldomly exploited).

· VA is related to the presence or absence of particular alleles at a locus or QTL, and this is the most important element of genetic variation for the aquaculture breeder as the presence or absence of particular alleles is a character that is passed unchanged to the next generation.

· VD is a second source of genetic variation which is due to the presence or absence of particular genotypes at QTL, or it can be defined as a portion of phenotypic variance for a quantitative phenotype that is due to interaction between two alleles at a locus.

· For example, a particular heterozygous combination of alleles at a locus may confer an advantage or disadvantage on an individual with respect to a particular trait.

· VD is less amenable to simple artificial selection because genotypes are broken down at during meiosis and put together again in different combinations in the next generation.

· The proportion of the variance of a trait which is under genetic control is termed the heritability, denoted as symbol h2, and can be either “broad-sense heritability”, which is:

                          h2 = VG/VP

Or “narrow-sense heritability”, which is: 

                        h2 = VA/VP
· Values of h2 (either broad-sense of narrow-sense) theoretically vary from zero, where phenotypic variance is entirely due to environmental effects, to 1.0, where the variance is a result of genetic variance. The higher the heritability, the greater will be the resemblance between parents and offspring.
2.2. Additive Genetic Variance
Skipped this because this is for topic 3.

2.3. Dominance Genetic Variance and Hybridisation
· This is the breeding technique that can be used when little or no VA exists. Hybridization improves productivity by exploiting VD.

· Of course, hybridization can be used to exploit VD even when a large amount of VA exists.

· Basically, one has to discover a cross that nicks (produces superior hybrid progeny) and use that cross to improve productivity.

2.3.1. Hybridization Techniques

There are at least 2 techniques used to hybridize strains and/or species, namely:

i- no option scenario (where male and female of different strains are put in one place and have no choice but to mate)

ii- Strip eggs and sperms (either naturally or under the use of hormones)

2.3.2. Uses of hybridization

· It can be used as a ‘quick and dirty’ method before selection will be employed.

· It can be incorporated into a selection program as a final step to produce animals for grow-out.

· It can be used in production of new breeds or strains.

· It can be used in production of uniform products.

· It can be used in production of monosex populations {e.g. a cross between Tilapia niloticus ♀, which is XY system, and T. hornorum ♂, which is WZ system, will result in all-male offsprings, having XZ genotype (XX x ZZ))}.

· It can be used in producing hybrids to be stocked in natural waters that are unable to maintain self-reproducing populations.

Note: hybridization is mainly used to produce superior animals and plants for grow-out while selection is used to produce superior broodstock.
2.3.3. Planning crossbreeding programs

· The results of hybridization cannot be predicted; therefore to initiate a crossbreeding program requires judicious planning.

· The following principles have to be taken into account:

· The phylogenetic tree.

· The species’ karyotype: chromosome numbers and relative sizes and the morphology of the chromosomes.

· The biology and reproductive behavior of the two species.

2.3.4. Types of crossbreeding programs

i. Two-breed cross

a. Terminal cross

· This is the production of the F1 hybrids, e.g. A x B results into AB F1 hybrid.

b. Topcrossing

· This is a variation on the two-breed cross in which an inbred line is mated to a noninbred line or strain.

c. Backcrossing

· Here, the F1 hybrid is mated back to one of its parents or parental lines, e.g. A x B, giving AB offspring, then cross AB offspring  with A parent, giving AB-A offspring which is 75% A and 25% B. 

· This is done to produce a hybrid with a greater percentage of one group.

· This technique can be used to transfer desirable alleles from one strain or species to another.

· It can also be used to improve growth by exploiting maternal heterosis. To do this F1 hybrid females are backcrossed to parental strain males.

ii. Three-breed cross

· This is used to produce various combinations of three different groups, e.g. A x B, you get AB offspring, then you cross this AB with C, and you get ABC offspring..

iii. Recurrent selection

· Although one cannot select for hybrid vigor, one can select for combining ability or for certain specific combinations, which are most desirable.

· If certain individuals hybridize more easily than the rest of the population, initiate a breeding program called recurrent selection in order to improve reproductive success during hybridization.

· Select those that are willing to spawn, mate them within their own group (breed, strain or species), and use their progeny to produce hybrids in the following generation. This should improve reproductive success during hybridization.

· This is repeated until reproductive success reaches the desired level.

2.3.5. Heterosis

· The superiority of a hybrid is measured as heterosis. Heterosis (H) can be determined by using the following formula:

H =                              (mean reciprocal F1 hybrids – mean parents) x 100

Mean parents

· Note that both parental groups and the two reciprocal hybrids are needed in order to calculate heterosis.

· If H > 0 %, hybrid vigor was produced.

2.4. Inbreeding Genetic-Environmental Interaction Variance
· Inbreeding is simply the mating of related individuals.

· Related individuals are genetically more alike than unrelated individuals, i.e., they share more alleles in common, so the mating of related individuals will, on average, produce offspring that are more homozygous than those produced by unrelated parents.

· Inbreeding causes an increase in the frequencies of homozygous genotypes and a decrease of heterozygous genotypes

· Inbred individuals are homozygous because they have alleles that are identical by decent, IBD, whereas non-inbred individuals are homozygous because they have alleles that are alike in state, AIS.

· The measure of inbreeding (F) quantifies the percentage increase in homozygosity over the population average.

· Since F measures the percentage increase in homozygosity, the same level of inbreeding can produce different amounts of homozygosity in different populations, depending on the amount of homozygosity that existed before inbreeding began.

· Inbreeding coefficient ranges from zero, where there is no inbreeding at all, to 1.0, very inbreed line.

· Inbreeding does not change gene frequencies. Because it increases homozygosity, it does change genotypic frequencies by increasing homozygotes at the expense of the heterozygotes.

· The genetics of inbreeding is similar to that of crossbreeding. It is a function of VD.

2.4.1. Is inbreeding bad?

· Inbreeding, just as any breeding program, has its positive side although the negative side is the one that is commonly known due to the Inbreeding depression.

· The increase in homozygosity as a result of inbreeding can lead to inbreeding depression with the following signs:

· reduced rate of growth,

· less viability

· reduced reproductive performance

· increased biochemical disorders

· increased deformities

· All these problems arise due to lethal and sublethal recessive alleles.

· The detrimental effects of inbreeding are expressed when the inbreeding coefficient, F, reaches approximately 0.25, as it has been well-documented in cultured aquatic organisms, and it results into depression of growth, production, survival, reproduction as well as increase in bilateral asymmetry.

· Although here an F = 0.25 has been used as threshold, there has been cases where inbreeding depression has been observed in rainbow trout when F ( 0.18, and in other organisms, an F has to be conservatively determined to be about 0.05. 

· Because no universally undesirable F will ever exist, hatchery managers have to make intelligent “guestimates” about what levels of inbreeding they want to avoid.

· An illustration of inbreeding depression can be seen in the guppy example.

· Three closed lines of guppies, Poecilia reticulate, (n = 10), were propagated for six generations, achieving inbreeding levels of 0.19, 0.32 and 0.41 and salinity tolerances were 82.5, 71.7 and 67.6%, respectively, of their original values.

· It is therefore very important to maintain the stock quality and prevent the current stock from regressing in genetic quality so as to avoid inbreeding depression.

· Even when genetic improvement is not the goal, the avoidance of inbreeding depression and random genetic drift primarily revolves around population size.

2.4.2. Effect of population size on inbreeding and genetic drift
· Unintentional inbreeding and genetic drift occur in hatchery populations because they are small and closed.

· Effective breeding numbers depends on:

· Total number of breeding individuals;

· Sex ratios;

· Mating system; and

· Variance of family sizes.

· When no selection is occurring, there are two mating systems that a hatchery manager can use: random mating or pedigreed mating.

· Random mating is a breeding protocol where fish are mated without regard to phenotypic value, while pedigreed mating differs from random mating in the sense that in pedigreed mating each male leaves one son and each female leaves one daughter, to be used as broodstock in the next generation. 

· Effective population number (Ne) in a population where random mating is used is calculated as follows:

Ne = 4(F)(M)/(F+M)

· An examination of the preceding formula shows that Ne can be increased in of the two ways:

· Increase the number of breeding individuals

· Bring the population closer to a 50:50 sex ratio.

· As Ne decreases, inbreeding and the variance of changes in gene frequencies as a result of genetic drift increase.

· Inbreeding produced by a single generation of mating in a closed population is:

F = 1/2 Ne
· Or alternatively accumulation of inbreeding per generation can be calculated as follows:

                      ΔF/generation = 1/8 (number of males that successfully spawn) + 1/8 

                                                 (number of females that successfully spawn)

· This indicates the change in F each individual generation and must be calculated for each generation.

· Values are then added from all generations to determine the accumulated inbreeding to the present.

· Generally, if 50 pairs of fish randomly mate each generation, an F of 0.25 will not accumulate for 50 generations.

· As an exercise, try estimating F with varying number of males and females, then also determine number of generations needed to get a critical F of 0.25.

· Genetic drift is random changes in gene frequency created by sampling error.

· Genetic drift is expressed as the variance of the change in gene frequencies, and it is inversely related to Ne:

(2(q = pq/ 2Ne
where (2(q is the variance of the change in gene frequency, and p and q are the frequencies of alleles p and q at a given locus.

2.4.3. Preventing reductions in Effective Breeding Number

· Keep Ne as large as possible every generation.

· Spawn a more equal sex ratio.

· Switch from random mating to pedigreed mating.
· When pedigreed mating is used, the Ne of a population increases because the genetic variance is artificially increased by ensuring that each broodfish is represented in the next generation.  When pedigreed mating is used, Ne is determined by the following formulae:
· Ne = 16(♂  )(♀ )/3(♂  ) + (♀ ) if there are more males

OR

· Ne = 16(♂  )(♀ )/3(♀ ) + (♂  ) if there are more females

· Alter certain management practices, e.g., mixing the gametes from several spawners.

· On this one, care must be taken in not taking sperms from different males and fertilize eggs as this has been shown to be ineffective is salmon since sperm from one male were more competitive and dominated the fertilization. The practical way is to divide the eggs from single females into multiple lots and then fertilize each lot with sperm from different single males to eliminate competition of the sperm and to maximize genetic diversity.

2.4.4. Uses of inbreeding
· It is important in line breeding where an outstanding individual (usually male) is brought back to the line to mate with a descendant in order to increase an outstanding animal’s contribution to the population.

· There are 2 types of line breeding, namely: mild line breeding and intense line breeding. The former is like A x B     C, then C x D     E, then E x F        G, and finally G x A, the outstanding individual, while in intense, A x B, you get C, and you cross C with A, you get D, and cross D with A, and so on.

· It is used in creation of inbred lines that will hybridize to produce F1 hybrids for grow-out.

· It is used to produce animals that will be used in various experiments. Highly inbred lines react in a similar manner to experimental variables.

· It can be used to create new breeds or varieties that breed true for the “type”. i.e. a particular body conformation or set of qualitative phenotypes.

· Inbreeding can be used to improve response to selection when h2 is small by combining inbreeding with between-family selection.

Learning Activities
Practicals: set 2 sets of experiments, first one, use offsprings derived from crosses between different species, and second one use crosses fo different strains from same species and compare growth performance for at least 2 months.

Tutorials: 1) Do a couple of examples here with body weight for students to calculate H, make sure you have mean weights for the following: P1, P2, P1♂ x P2♀, P1♀ x P2♂.
2) Solve problems related to inbreeding coefficient and also effective breeding numbers.
Summary of Topic
Further Reading Materials and Useful Links
Tave, D. (1986). Genetics for Fish Hatchery Managers. The AVI Publishing Co.Inc.,Westport, Connecticut.

fins.actwin.com/killietalk/month.9809/​msg00204.html

www.fao.org/docrep/006/x3840e/​X3840E06.htm
nitro.biosci.arizona.edu/workshops/​Aarhus2006/pdfs/...

Topic 3: Selective Breeding
Learning Outcomes
By the end of this topic, you should be able to:
· Describe the 2 major selective breeding types and their sub-types
· Articulate the impact of selective breeding on gene pool
· Design a selective breeding program for any fish species
Key Terms
Mass selection, independent culling, tandem selection, additive genetic variance, heritability.
Introduction
Selection is a breeding program in which individuals or families are chosen in an effort to change the population mean in the next generation.  Selection is based on minimal performance levels: individuals that exceed minimal performance levels will be selected (saved) and used as breeders; those that fall below minimal performance levels will be culled (removed).  In order for selection to change the population mean of a quantitative phenotype, the genetic variance responsible for the production of the phenotype must be transmitted from parents to offspring in a predictable and reliable manner. Selection is able to exploit only the additive genetic variance, VA.  Conscious efforts of artificial selection are not required, but some selection is likely to be practiced during domestication by a non-random choice of individuals picked out for reproducing the next generation.  Criteria of artificial selection are likely to include traits such as: Growth rate, Survival, Body conformation, Meat quality, and Ease of handling.

3.1. Requirements for a successful breeding program

· Concrete goals that can be quantified and realistic goals within the constraints of the budget, hatchery size and time span.

· Well-conceived plans: sets of instructions that outline the methods that will be used to grow the fish, how phenotypes will be measured, when phenotypes will be measured, and explain the way cutoff values will be determined.

· Gather data:

· Range

· Mean;

· Variance;

· Standard deviation, SD;

· Coefficient of variation, CV [(SD/mean)100];

· Range; and

· Heritabilty, h2
· Correlations between economically important traits (it is difficult to obtain accurate genetic correlations so use phenotypic correlations as good approximations).
· Although h2 is considered the factor that dictates whether selection will be effective or not, the SD and CV tell you whether the population has enough phenotypic variation to allow goal achievement via selection.

· The SD also gives you a good idea as to where to place the cutoff value. Larger SDs and CVs improve the likelihood of success in a breeding program. For instance, consider 2 populations, both with same mean of 400g, but Pop 1 has SD of 10g (i.e CV of 2.5%), while Pop 2 has SD of 100g (CV is 25%), selection will be effective in a population with a 100g SD because it has far more variance. 

3.2. Types of Selection Programs

3.2.1. Mass or individual selection
3.2.1.1. No selection

· The absence of selection is often the most important breeding program that a hatchery manager can employ.
· When accompanied by goals and plans, selection is desirable, but unprogrammed or unintentional selection is not.

· Unprogrammed selection can either alter the gene pool of game fish populations so that they are unable to survive and reproduce in the wild. It can also change gene pools of food fish populations by eliminating potentially valuable alleles for disease resistance or growth, thus hamstringing/constraining future selective programs.
3.2.1.2. Tandem selection

· This is used when one wants to change two or more phenotypes.

· First select for one phenotype until the goal is reached, then select the second, third, etc.

· Tandem selection is inefficient for two reasons:

· It takes a long time.

· Selecting for one phenotype automatically means selecting for others unless the correlation among traits is zero. Negative correlation of phenotypes is also a major concern like the way it is in salmon and trout for growth rate and sexual maturity age which are negatively correlated. This means selecting for faster growing fish produces fish that mature at a younger age.
3.2.1.3. Independent culling

· This is a selection program that can be employed when one wishes to select simultaneously for two or more phenotypes.

· Here, there is a need to establish minimal performance levels for each phenotype and the individual that passes all minima is selected (Fig. 3.2.1a).

· It is more efficient than tandem selection but has two disadvantages:

· An individual that is outstanding in one phenotype and only average in another will be culled, which may lead to elimination of valuable alleles.

· The overall population that is saved is very small, however the modified independent culling can increase overall population alittle bit (Fig. 3.2.1b).

· The simultaneous selection of many traits restricts the population quite severely. Very intense selection can cause two problems:

· It may not be possible to maintain a constant population.

· Severe reductions in the effective breeding number can alter the gene pool through genetic drift and inbreeding.

3.2.1.4. Index-based Selection 
· This is the most efficient selection program when selecting simultaneously for two or more phenotypes, because all phenotypes are entered into a formula that will produce an overall value for each individual.

· An individual’s numerical score is determined by the following formula:

I = b1X1 + b2X2 + b3X3+((((((((((((((((((((( + bnXn
Where I is an individual’s score, the bs are multiple regression coefficients, and the Xs are individual’s phenotypes.

· The bs are obtained from h2s, correlations, and the economic importance of the phenotypes.
· Although this type of selection program is the most efficient, the baseline data needed to calculate the bs do not exist for most of cultured species.
· Despite the fact that the data to generate selection indexes do not exist for most populations, one can approximate a selection index by assigning own values to the bs. These values (importance factors) are based on one’s ideas about the importance of each phenotype and its relative value.

Importance factor (I) = relative importance (%)/population mean.
· Let us consider an example whereby a catfish farmer wants to select for increased weight at 18 months of age, for decreased dressing percentage (based on head size to body size ratio), and for increased gain per day during August to his population of channel catfish. The phenotypes and their population means are as follows: weight (454g); dressing percentage (60%); gain/day (3g/day).  Then the farmer has the task of assigning relative values to the three phenotypes, which he does as follows: weight (50%); dressing percentage (30%); gain/day (20%).  Then calculate the Is as IW (Iweight), ID (Idressing), IG (Igain/day), by using formular above, and approximate selection index for this breeding program as follows:

            I = (IW)(weight) + (ID)(dressing %) + (IG)(gain/day)

· Any fish that ranks at the 50th percentile in all 3 phenotypes (Imean) will have an I = 100.  This means the fish farmer has created an approximated selection index, so the next step will be to compute the I values for every fish in the population. 

· Any fish with I greater than 100 is above average, while with less than 100 is below average. So if you want to retain the top 10% of the population, you simply keep all fish that are above the 90th percentile in terms of the I values.

· The two subtypes we have looked above belong to what we can call Individual selection or commonly known as mass selection.

· Mass selection works better when h2 is large, but when dealing with phenotypes whose h2 ≤ 0.15, it is difficult to improve by mass selection, and one has to switch to family selection.

3.2.2. Family selection

· This type of selection is based on familial ties. Individuals are not pooled but are kept isolated by families.

· The population averages is not as important as family averages, and selection is based on relationship to family means.

· The chief circumstance under which family selection is to be preferred is when the character selected has a low heritability.

· The phenotypic mean of the family comes close to being a measure of its genotypic mean, and the larger the family the closer is the correspondence between mean phenotypic value and mean genotypic value.

· Family selection is somewhat more difficult to carry out than individual selection.

· It involves establishing a number of full sib families by a series of single pair spawns.

· These families are tested and their relative importance is the criterion for selection or rejection.
3.2.2.1. Between family selection

· Family means are compared, and whole families are either culled or selected based on family means (Fig. 3.2.2).

· The whole family does not have to be selected; a random sample will suffice.

· There are two types of between family selection:

· Sib selection : whereby the fish that are culled or selected are not measured but the decision to select or cull the families is based on the phenotypic values of the fish that were slaughtered.
· Progeny testing : a type of breeding program which assesses the genetic value of broodstock by examining their offspring. The performance of families will differentiate parents whose phenotypes are produced by heritable variance (VA) from those whose phenotypes are due to non-heritable variance (VD, VI, VG-E, or VE). One major drawback of progeny testing is that it takes an inordinate/excessive amount of time, like doubling the generation interval. And also in species like salmon, progeny testing is impossible unless gametes are cryopreserved, because the fish die after they spawn.
3.2.2.2. Within family selection

· Each family is considered a temporary sub-population, and selection occurs simultaneously and independently within each family.

· Individuals within each family are selected or culled solely on their relationship to their family mean (Fig. 3.2.2).

3.2.2.3. Combination of between and within family selection

· This is a two-stage selection program:

· The first step is to use between-family selection to select the best families.

· The second step is to use within-family selection to select only the best fish from each of the selected families (Fig. 3.2.2).

· The advantage of the combined family selection is that when using between-family selection, whole families are selected, so runts tag along with their families. When within-family selection is used, the best fish in one family may be half as large as the fish that were culled in other families.
3.3. Control population

· A key aspect of any breeding program is to use a control population to enable you to evaluate the genetic gains.
· If no control population exists, it will be impossible to separate improvements that occurred due to exploitation of VA from those which occurred due to improved environment.

· Usually the F1-generation control population’s mean is larger than the parental generation’s mean, which indicates that environmental gains occurred.
· There are several ways to create a control population (Fig. 3.3.1):

· Take a random sample of the population before selection is conducted; or

· Select fish from around the mean; or

· Respawn the parental generation.

· Once the control population is created, it is perpetuated every generation and raised under the same culture conditions as the select population.

Learning Activities
Assignment: You search for GIFT project on internet, and also search published   

                      papers on selective breeding program in Malawi and compare the 2, 

                     concentrating on the strengths and weaknesses for each and make 

                     recommendations on the way forward for selective breeding program in 

                     Malawi.

Duration: 3 weeks

Field trip: You will visit NAC and Chingale in Zomba where you will be exposed to 

                 on-farm trials for the selective-bred Oreochromis shiranus. You will be 

                 require to submit a report for the trip, a week after the the trip. 
Summary of Topic
In this topic you have learnt how to exploit another important component of phenotypic variation, additive genetic variance (VA), through selective breeding program. You have also been exposed to different types of selective breeding programs, thus enabling you to chose which program to use depending on your resources and goals set for the breeding program. Just remember, poorly planned selective breeding program is costly and can result into negative impacts.
Further Reading Materials and Useful Links
Tave, D. (1986). Genetics for Fish Hatchery Managers. The AVI Publishing Co.Inc.,Westport, Connecticut.

www.biology-online.org/2/12_selective_​breeding.htm
www.absoluteastronomy.com/topics/​Selective_breeding
www.encyclopedia.com/topic/Selective_​breeding.aspx
Topic 4: Sex Determination and Control

Learning Outcomes
By the end of this topic, you should be able to:
· Describe the lability of sex determination in fish
· Utilise the lability in boosting aquaculture production
Key Terms
Germ cell, somatic; gonocytes; mitosis; meiosis; ploidy; vitellogenesis
Introduction to Topic

Sexual development studies in fish have made major breakthroughs, attracting the attention of researchers in other fields such as developmental biology, genetics, evolution, ecology, conservation and aquaculture. Sex determination is defined as a biological system that determines the development of sexual characteristics in an organism. The processes of sex determination and differentiation are labile in teleosts and are amenable for manipulations by ploidy during fertilization, hormone during hatching, temperature during the juvenile stage and other environmental or surgical factors during the adult stage.  Sexual development in fish is characterized by extraordinary variation, including genetic and non- genetic influences. Sex determination in fish is a very flexible process with respect to evolutionary patterns observed among genera and families, and within individuals is subject to modification by external factors which can affect the fate of both somatic and germ cells within the primordial gonad, and include the action of genetic, environmental (e.g. temperature), behavioural, and physiological factors. Exogenous sex steroids administered at the time of sex determination can strongly influence the course of sex differentiation in fish, suggesting that they play a critical role in assignment of gonad determination as well as subsequent differentiation.  In conclusion, a sex-determination system is a biological system that determines the development of sexual characteristics in an organism. Most sexual organisms have two sexes. In many cases, sex determination is genetic: males and females have different alleles or even different genes that specify their sexual morphology. In animals, this is often accompanied by chromosomal differences
4.1 Developmental and Cellular Events of Germ Cells and Gonadal Development

4.1.1. Development and cellular events of germ cells  

· Germ cells are the cells that give rise to the gametes of organisms that reproduce sexually. They are specialized cells which are involved in reproduction.
· In many animals, the germ cells originate near the gut and migrate to the developing gonads. 
· There, they undergo cell division of two types, mitosis and meiosis, followed by cellular differentiation into mature gametes, either eggs or sperm. 

· The most well known examples of germ cells are gametes, the sperm and eggs which come together to create a zygote which can develop into a fetus. 
· In addition to gametes, a number of other cells involved in reproduction are also germ cells, including gonocytes, the cells which regulate the production of eggs and sperm. 
· Germ cells carry the germline (the genetic material which an organism can pass on to its offspring). 
· In humans, germ cells are haploid, meaning that they carry only half the number of chromosomes necessary to create an organism. 
· When germ cells from two different people meet, their haploid genetic material combines to create diploid cells which can replicate themselves through cell division, ultimately building a baby.
· Cells which do not carry the germline of an organism are called somatic cells. The bulk of the cells in your body are somatic cells. 
· Somatic cells are diploid, containing all of the information needed to make an organism, and many of them have special tasks. 
· Flaws in somatic cells such as cancers cannot be passed on to offspring, because somatic cells are not involved in reproduction.
· In addition to being haploid, germ cells are technically immortal, capable of replicating themselves infinitely, unlike somatic cells, which can only duplicate themselves a limited number of times before they start to mutate or simply fail at division. 
· However, research has shown that although germ cells are technically immortal, they are prone to errors in the duplication process as they age, which explains why children born to older people are more prone to genetic defects caused by problems with replication. 
· Since germ cells are involved at every step of the reproductive process, they generate the gametes which have the potential to join with other gametes to create a fertilized egg, and they regulate the cell duplication which allows a fertilized egg to turn into a fetus and eventually a child. 
· Many researchers are very interested in germ cells because they have some potential applications in research and medical treatment. 
· However, study of germ cells is sometimes controversial because they are often closely linked with fetuses, a hot topic in many societies due to beliefs about when, precisely, life begins for humans.

4.2 Gonadal Development and Differentiation
· The first appearance of the gonad is essentially the same in the two sexes, and consists in a thickening of the mesothelial layer of the peritoneum. 
· The thick plate of epithelium extends deeply, pushing before it the mesoderm and forming a distinct projection. This is termed the gonadal ridge. 
· The gonadal ridge, in turn, develops into a gonad. This is a testis in the male and an ovary in the female.
· At first, the mesonephros and gonadal ridge are continuous, but as the embryo grows the gonadal ridge gradually becomes pinched off from the mesonephros.
· However, some cells of mesonephric origin join the gonadal ridge. 
· Furthermore, the gonadal ridge still remains connected to the remnant of that body by a fold of peritoneum, namely the mesorchium or mesovarium.
· The prenatal development of the gonads is a part of the development of reproductive system and ultimately forms the testes in males and ovaries in females. 
· They initially develop from the mesothelial layer of the peritoneum.
· The ovary is differentiated into a central part, the medulla of ovary, covered by a surface layer, the germinal epithelium. 
· The immature ova originate from cells from the dorsal endoderm of the yolk sac.
· Once they have reached the gonadal ridge they are called oogonia. 
· Development proceeds and the oogonia become fully surrounded by a layer of connective tissue cells (pre-granulosa cells). 
· In this way, the rudiments of the ovarian follicles are formed.
· In the testis, a network of tubules fuse to create the seminiferous tubules. 
· Via the rete testis, the seminiferous tubules become connected with outgrowths from the mesonephros, which form the efferent ducts of the testis. 
· The descent of the testes consists of the opening of a connection from the testis to its final location at the anterior abdominal wall, followed by the development of the gubernaculum, which subsequently pulls and translocates the testis down into the developing scrotum. 
· Ultimately, the passageway closes behind the testis. A failure in this process causes indirect inguinal hernia.

Below is a picture illustrating gonadal development:
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Differentiation of Gonads

· Early in fetal life, germ cells migrate from structures known as yolk sacs to the genital ridge. 
· By week 6, undifferentiated gonads consist of germ cells, supporting cells, and steroidogenic cells.
· In a male, SRY (“sex-determining region Y “) genes and other genes induce differentiation of supporting cells to for testes, which become microscopically identifiable and begin to produce hormones by week 8. Germ cells become spermatogonia.
· Without SRY, ovaries form during months 2-6. 
· Failure of ovarian development in 45,X girls (Turner syndrome) implies that two functional copies of several Xp and Xq genes are needed. 
· Germ cells become ovarian follicles. Supporting and steroidogenic cells become theca cells and granulosa cells, respectively.

4.3 Endocrine and Molecular Control of Sex Differentiation
· Sex differentiation is the process of development of the differences between males and females from an undifferentiated zygote (fertilized egg). 
· As male and female individuals develop from zygotes into fetuses, into infants, children, adolescents, and eventually into adults, sex and gender differences at many levels develop: genes, chromosomes, gonads, hormones, anatomy, psyche, and social behaviors.
· Sex differences range from nearly absolute to simply statistical. 
· Sex-dichotomous differences are developments which are wholly characteristic of one sex only. 
· Examples of sex-dichotomous differences include aspects of the sex-specific genital organs such as ovaries, a uterus or a phallic urethra. 
· In contrast, sex-dimorphic differences are matters of degree (e.g., size of phallus). 
· Some of these (e.g., stature, behaviors) are mainly statistical, with much overlap between male and female populations.
· Sex differences may be induced by specific genes, by hormones, by anatomy, or by social learning. 
· Some of the differences are entirely physical (e.g., presence of a uterus) and some differences are just as obviously purely a matter of social learning and custom (e.g., relative hair length). 
· Many differences, though, such as gender identity, appear to be influenced by both biological and social factors ("nature" and "nurture").
· The early stages of human differentiation appear to be quite similar to the same biological processes in other mammals. 
· The interaction of genes, hormones and body structures is fairly well understood.
· In the first weeks of life, a fetus has no anatomic or hormonal sex, and only a karyotype distinguishes male from female. 
· Specific genes induce gonadal differences, which produce hormonal differences, which cause anatomic differences, leading to psychological and behavioral differences, some of which are innate and some induced by the social environment.
· The various ways that genes, hormones, and upbringing affect different human behaviors and mental traits are difficult to test experimentally.
· Sexual differentiation in for example, malacostracan Crustacea is controlled by the androgenic gland hormone (AGH). 
· In males, the primordial androgenic glands (AG) develop and AGH induces male morphogenesis. 
· In females, the primordial AG does not develop and the ovaries differentiate spontaneously. 
· Implantation of the AG into females yields various results, showing that the sensitivity to AGH differs with the species and the receptive organs. 
· Purified AGH of the isopod Armadillidium vulgare consists of at least two molecular forms, which exist as proteins with molecular weights of 17,000 ± 800 and 18,300 ± 1,000 Da and with isoelectric points of about 4.5 and 4.3, respectively.
· Neurohormones control male and female reproduction. 
· In males, they are involved in the maintenance of the male germinative zone and the control of AG activity. 
· In females, the secondary vitellogenesis is controlled by the vitellogenesis-inhibiting hormone (VIH) and the vitellogenesis- stimulating hormone (VSH). 
· VIH isolated from the lobster Homarus americanus is a peptide with a molecular weight of 9,135 Da and shows homology to the crustacean hyperglycemic hormone and molt inhibiting hormone. 
· Involvement of the molting hormone and the juvenile hormone-like compound in the secondary vitellogenesis has also been suggested. 
· In the amphipod Orchestia gammarella, the vitellogenesis- stimulating ovarian hormone (VSOH) seems to control vitellogenin synthesis.

4.4 Sex Determination Systems
· Most organisms have complete sets of matching chromosomal pairs, known as autosomes. 
· In mammals, birds, and some other organisms, one pair of chromosomes is not identical. 
· Known as the sex chromosomes, this pair plays a dominant role in determining the sex of an organism. 
· Females have two copies of the X chromosome, while males have one Y chromosome and one X chromosome. 
· Both males and females inherit one sex chromosome from the mother (always an X chromosome) and one sex chromosome from the father (an X in female offspring and a Y in male offspring). 
· The presence of the Y chromosome determines that a zygote will develop into a male.
· The Y chromosome is about one-third the size of the X chromosome and contains only a fraction of the number of genes. 
· These unmatched sex chromosomes produce a pattern of gene inheritance known as sex-linked inheritance, which differs from genes found on autosomes.
· In males, which carry an X and a Y chromosome, some genes found on the X chromosome may be missing on the Y chromosome. 
· As a result, the organism will usually develop the trait associated with the gene on the X chromosome.

· In most mammalian species, the male-inducing master sex-determining gene, SRY, is located on the Y chromosome and is therefore absent from XX females.
· SRY is presumed to be specific to mammals but Matsuda et al. have described an outstanding candidate for the first master sex-determining gene in fish, from Oryzias latipes.
· In contrast to mammals and birds, teleost fish display an amazing diversity of sex-determination systems.
5 Bottom of Form

4.4.1. Sex chromosomes

a) XY sex-determining system
· The XX/XY sex-determination system is the most familiar sex-determination systems because apart from fish, it is also found in human beings, most other mammals, as well as some insects.
· Females have two of the same kind of sex chromosome (XX), while males have two distinct sex chromosomes (XY). 
· O. niloticus and O.mossambicus have been reported to have male heterogamety (males are XY and females XX, as is generally the rule in mammals) with additional influence on sex ratios coming from autosomal loci and temperature.

b) WZ/ZZ sex-determining system
· The WZ/ZZ sex- determining system has been reported in Oreochromis aureus with female heterogamety (females are WZ and males ZZ)  

c) X0 sex-determination system
· XX/X0 sex determination system, females have two copies of the sex chromosome (XX) but males have only one (X0). 
· The 0 denotes the absence of a second sex chromosome thus inheriting only one X, and are thus denoted XO; they are genetically female (with Turner syndrome).
· Such animals are often, but not always, sterile.

d) XXY- Klinefelter syndrome
· Through accidents of chromosomal sorting (meiosis) during sperm and egg production, some animals inherit an XXY combination, but are still male (with Klinefelter syndrome). 
· More complicated systems can involve multiple sex chromosomes and multiple gene loci (influence from autosomal loci on sex determination and polyfactorial sex determination). 
· Hermaphroditism has been observed in fish; environmental factors (for example temperature) can also influence their sex-determination systems.

e) YO – Condition

· This condition is fatal, because it lacks the X which carries many genes that are indispensible for survival.
4.5. Environmental Effects on Sex Determination
4.5.1. TEMPERATURE
· Environmental factors affect the sex ratio of many gonochoristic fish species.
· They can either determine sex or influence sex differentiation. 
· Temperature is the most common environmental cue affecting sex. 
· Temperature regulates the expression of the ovarian-aromatase cyp19a1 which is consistently inhibited in temperature masculinized gonads. 
· Foxl2 is suppressed before cyp19a1. 
· Recent in vitro studies have shown that foxl2 activates cyp19a1, suggesting that temperature acts directly on foxl2 or further upstream. 
· Dmrt1 up-regulation is correlated with temperature-induced male phenotypes.
· Temperature through apoptosis or germ cell proliferation could be a critical threshold for male or female sex differentiation.
· Differential growth or developmental rate is suggested to influence sex differentiation in sea bass. 
· Studies in most fish species used domestic strains reared under controlled conditions. 
· In tilapia and sea bass, domestic stocks and field-collected populations showed similar patterns of thermosensitivity under controlled conditions.
· Genetic variability of thermosensitivity is seen between populations but also between families within the same population. 
· Furthermore, in the Nile tilapia progeny testing of wild male breeders has strongly suggested the existence of XX males in 2 different natural populations.
· Tilapia and Atlantic silverside studies have shown that temperature sensitivity is a heritable trait which can respond to directional (tilapia) or frequency dependent selection. 
· In tilapia, transitional forms within a genetic sex determination (GSD) and environmental sex determination (ESD) continuum seem to exist. 
· In some fish and reptiles, sex is determined by the temperature at which the egg is incubated. 
· Thermal lability of sex determination has been documented in a number of teleosts; for instance, fish exposed to colder or warmer temperature from hatchling to juvenile stage lead to the production of all-female or all-male progenies, hence, thermal induction may serve as a  technique to regulate the sex of teleosts.
· Thermal manipulations to induce sex reversal in teleosts have been explored only in recent years; it has thus far been possible to successfully accomplish sex reversal by thermal induction in about 11 species only. 
· While documenting the thermolabile sex determination in the atherinid fish, Odontesthes bonariensis, Strussmann et al. who reared the hatchlings at 17° C obtained 100% females and 100% males when the juveniles were reared at 25° C for 48 days. 
· A very similar thermal labile sex determination has also been demonstrated to occur in Clarias lazera. 
· It is not yet known how such a thermal treatment can reverse the sex of a genotypic male or female. 
· However, it is known that such thermal treatment induces specific proteins, which may modify the expression and hence, the activity of aromatase, which is a ‘turn-key’ enzyme in sex diferentiation; its full expression may reduce normal androgenic profile in genetic males, resulting in 100% female progeny; alternatively the reduction of its activity maintains normal endogenous androgen profile in genetic females resulting in 100% male progeny.

4.5.2. HYPOXIA 

· Hypoxia, density and pH have also been shown to influence the sex ratio of fish species from very divergent orders. 
· Recent discoveries show oxygen depletion in water could lead to more male fish and imbalance in sex ratio. 
· This may happen naturally in areas where fresh water and salt water meet and more commonly in polluted Agric and sewerage areas. 
· In normal condition 61% of Zebra fish hatched in males and under hypoxia figure rose to 75% (Prof. Wu, n.d)

4.5.3. PLOIDY

· In oviparous teleosts early embryonic events, namely insemination, second polar body extrusion and first mitotic cleavage are manipulable and render 37 different types of ploidy induction possible; such ploidy inductions during early embryonic stages result in the production of all-male, all-female or all-sterile population.
· However, the scope for ploidy alterations to regulate sex determination is restricted to early embryonic stages alone. 
4.5.4. HORMONES

· Exogenous sex steroids administered at the time of sex determination can strongly influence the course of sex differentiation in fish, suggesting that sex steroid play a critical role in assignment of gonad determination as well as subsequent differentiation.
· The process of sex differentiation in teleosts is also labile, rendering hormonal induction of sex reversal possible in 37 gonochoristic species and 13 hermaphroditic species, hormonal manipulations during the labile period result in the production of monosex population; again, the labile period is restricted mostly to just before and after hatching stages. 
· Thus sex determination and differentiation in fish are labile and can be reversed by manipulating ploidy, and hormone during fertilization and hatching stages, respectively. 

4.5.5. SOCIAL AND SURGICAL FACTORS

· In other cases, sex is determined by social variables, the size of an organism relative to other members of its population.
· In tropical clown fish, the dominant individual in a group becomes female while the other ones are male, and blue wrasse fish are the reverse.
· Factors such as social and surgical may also induce sex reversal in adults.
· In many coral fish and in the freshwater Chinese paradise fish Macropodus opercularis, hierarchy and aggressive behaviour have led to the formation of a definite social organization and any manipulation to alter the social structure lead to sex reversal. 
· Besides, it has long been known that gonadectomy induces sex reversal in a few teleosts. 
· For instance, female Betta splendens developed testes after ovariectomy and became functional male.
· Many fish change sex at some point. In some coral reef fish, male controls a harem of females, and the females have a dominance hierarchy among themselves. 
· If the male dies or disappears, the top-ranking female changes into a male within a few days. 
· Her ovaries regress, testes develop, and she/he soon produces sperm and takes over control of the harem.
· Therefore, the processes of sex determination and differentiation are labile in teleosts, rendering manipulations of ploidy during fertilization, hormone during hatching, temperature during juvenile, and surgical and social during adult stages. 
4.6. Elucidation of Sex-Determining Mechanisms in Fish species
· In many vertebrate species, sex is determined at fertilization of zygotes by sex chromosome composition, knows as genotypic sex determination (GSD). 
· But in some species—fish, amphibians and reptiles—sex is determined by environmental factors; in particular by temperature-dependent sex determination (TSD). 
· However, little is known about the mechanisms involved in TSD and GSD. 
· Genes that activated downstream of sex determining genes are conserved throughout all classes of vertebrates. 
· Sex steroids can reverse sex of several species of vertebrate; estrogens induce the male-to-female sex-reversal, whereas androgens do the female-to-male sex-reversal.
· For such sex-reversal, a functioning sex-determining gene is not required.
· However, in R. Rugosa CYP19 (P450 aromatase) is expressed at high levels in indifferent gonads before phenotypic sex determination, and the gene is also active in the bipotential gonad of females before sex determination. 
· Thus, we may predict that an unknown factor, a common transcription factor located on the X and/or W chromosome, intervenes directly or indirectly in the transcriptional up regulation of the CYP19 gene for feminization in species of vertebrates with both TSD and GSD. 
· Similarly, an unknown factor on the Z and/or Y chromosome probably intervenes directly or indirectly in the regulation of androgen biosynthesis for masculinization. 
· In both cases, a sex determining gene is not always necessary for sex determination. Taken together, sex steroids may be the key-factor for sex determination in some species of vertebrates.

Learning Activities
Reading assignment: students should search for relevant literature to differentiate sex determination and differentiation processes in different organisms. 
Summary of Topic
In this topic, you have seen how labile is sex determination and differentiation in fish. Much as genetically a fish can be decided to be a male or female, there are alot of non-genetic factors that can skew the sex to the opposite sex, as such, fish are amenable to any manipulation in as far as aquaculture is concerned. Fish have also been shown as the only organism that has different sex determination systems, a deviation from the universal XY system.

Further Reading Materials and Useful Links
Beveridge  C.M.,and McAndrew B.J. ,2000.Tilapia: Biology and Exploitation.pp 247-249

Kluwer Academic Publishers,London.

Encarta Encyclopedia, 2004.

Kargar, S. and  A.G Basel, 2009). Sex determination and sex differentiation.

Nicolas V., 2002. Genonm Biology,Report 0052.

Robert H. D., and Nagahama Y., 2009. Sex determination and sex differentiation in fish: an overview of genetic, physiological, and environmental influences .

http://en.wikipedia.org/wiki/Germ_cell.

http://icb.oxfordjournals.org/content/33/3/403.abstract
http://onlinelibrary.wiley.com/doi/10.1002/jez.616/pdf 

http://en.wikipedia.org/wiki/Development_of_the_gonads 

http://physrev.physiology.org/cgi/content/abstract/87/1/
simple.wikipedia.org/wiki/Sex_​determination
www.env.go.jp/chemi/end/sympo/j_special.pdf
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Topic 5: Chromosome engineering
Learning Outcomes
By the end of this topic, you should be able to:
· Produce YY supermales

· Explain why fish are easily amenable to chromosome engineering
· Design experiments that can lead to gynogen, triploidy and tetraploidy creation
· Discuss the limitations of developing countries in chromosome engineering technology
Key Terms
Chromosome, supermale; gynogen; androgen; interploid triploid; tetraploidy; monosex
Introduction to Topic

Tilapia, a favoured fish for culture in Africa and elsewhere, is known to attain sexual maturity at an early age and breed repeatedly at short intervals thereafter. This often results in stunted growth since energy is expended for reproduction rather than for growth and also due to crowded conditions.  Though different management strategies have been tried to counteract such problems, success has been limited. Therefore, for increased productivity in Tilapia culture to be realised, there is need to adopt the chromosome engineering technology, the easiest and most applicable in developing countries being the creation of YY supermales which can assure every farmer of producing an all-male population and thus curbing precocious breeding.  There is also need to be well conversant with other chromosome engineering techniques, so that when developing countries will have the infrastructural capacity to go beyond YY technologies, human capacity shouldn’t be a problem.

5.1.  YY Male Technology in Tilapia
· Monosex populations of fish are desirable in aquaculture for a variety of reasons which mostly emanate from sexual dimorphism in traits which are of economic value.

· For example, the male grows faster in some species, e.g. Nile Tilapia, or females grow faster in some species, e.g. grass carp, rainbow trout, some salmonid species and cyprinids.

· It is possible to manipulate fertilized eggs or embryos (fry) in fish, but not possible with mammals or birds, because for most part:

· Fertilization in fish occurs externally, and

· Embryological development takes place without the protection of an internal womb or a hard-shelled egg.

· It is possible to direct phenotypic sex of fish by the addition of anabolic steroids in feed or water. This is because while genotypic sex is determined at fertilization, phenotypic sex is not.

· There is a window time, during which phenotypic sex can be altered, and this window is species specific. If a fish ingests or absorbs anabolic steroids during this period, the steroid can direct the development of the totipotent cells.

· Among the techniques employed, is the application of hormones to produce monosex populations. Some success has been achieved in the development of such monosex cultures by the use of androgenic and estrogenic steroids for masculinization of genotypic females and feminization of genotypic males, respectively.

· Masculinization of genotypic females of some tilapia species has been achieved by feeding any of the following: 17α-methyltestosterone (MT), 19-norethynyltestosterone, 11-ketotestosterone and ethynyltestosterone in the diet to fry, and similarly monosex female tilapia have been produced by treatment with estrone, ethynylestradiol and stilbesterol.

· The dosage of artificial hormone is sufficient to overcome the natural hormone or gene product and dictate the sex of the individual.

· Sex-determination is size and developmental stage-dependent rather than age-dependent, and this is critical for planning the initiation and cessation of the hormone treatment. 

· While steroid administration is capable of reversing sex in tilapia, the percentage of fishes showing sex reversal is highly variable. Since the presence of only a few males in an all-female population or vice versa often jeopardizes the very purpose of monosex cultures, it is imperative that nature and amount of sex-reversing substances be reinvestigated to obviate/prevent chances of failure.
· Figure 5.1.1 shows a direct protocol for production of monosex populations while Figure 5.1.2 shows a schematic diagram of the protocol needed to produce YY supermales by creating sex-reversed broodstock that are capable of producing all-male populations for species with XY sex-determining system.

5.2. Meiotic Diploid Gynogenesis
· Hertwig’s work in 1911 on frogs is the origin of chromosome engineering in fish and other organisms.

· He fertilized frog eggs with irradiated spermatozoa in order to examine the relationship between radiation dose and the rate of embryo survival. 

· Despite recording a 100% lethal dose, Hertwig continued to examine effect of far much higher doses of radiation until he discovered that beyond 1000Gy, low level of embryo survival returned.

· This paradoxical effect was interpreted being due to the fact that spermatozoa’s genetic content was completely destroyed and thus permitted the egg to undergo maturation and mitotic divisions unhampered by the broken chromosomes left behind after the lower levels of radiation doses.

· This meant the egg developed without the male’s genetic input, and the term gynogenesis was coined for such a process, and individuals created through this process are known as gynogens. 

· A complementary process, androgenesis, whereby the egg was irradiated to destroy its genetic material and thus subsequent embryonic development involved only the chromosome set from spermatozoa, was also established in this early amphibian work.

· It was in the 1960s when fish geneticists first explored the genetic implications of such processes in connection with fish farming through the works of Romashov et al. (1961), Golovinskaya (1968) and Purdom (1969).

· Restoration of diploid state in gynogens was a matter that wasn’t resolved in this amphibian work, and it was the fish geneticists who clarified this. And since then, a lot of work has been done in fish as regards to chromosome manipulation.

Why chromosome manipulation is easier in fish?

In fish, it has been seen that chromosome engineering is easier because of the following 2 reasons:

· External fertilization makes it possible to have sperms and eggs outside the fish and be manipulated easily.

· Uncompleted meiosis in eggs until fertilization enables embryos to be manipulated as they undergo meiosis II.

· There are three ways of producing gynogens, viz; through meiotic disruption, through mitotic intervention and finally through the use of one tetraploid parent against a diploid parent. In this course we will concentrate on the first two.
· Meiotic gynogens or meiogynes are produced by activating eggs with a UV irradiated sperm. Shortly after activation, the egg is shocked to prevent the 2nd polar body from leaving, which means the egg will contain its own haploid nucleus and the nucleus of the 2nd polar body, and when these fuse, the zygote will have 2N all from the mother (see Fig. 5.2.1).
5.3. Mitotic Diploid Gynogensis

· On the other hand, mitotic gynogens or mitogynes are produced by activating the egg with UV irradiated sperm producing a gynogenetic haploid but when the haploid zygote undergoes first cleavage, it is shocked to prevent cell division. This will lead to fusion of the two haploid nuclei to form a 2N zygote (see Fig. 5.3.1).
5.4. Androgenesis

· This is the chromosome engineering process that produces individuals (androgyns) with chromosomes all from the father.

· Androgyns can be created through two methods, which are:
· Use the normal sperm to fertilize UV irradiated eggs, and when the haploid zygote undergoes first cleavage, it is shocked to prevent cell division, resulting in a fusion of two haploid nuclei to form 2N (see Fig. 5.4.1).

· Fertilize irradiated eggs with sperm from a tetraploid male since such males produce diploid sperms. The ensuing zygote will be diploid and such androgens are more viable than the mitotic androgens above, because they are far less inbred (see Fig. 5.4.2).
· Androgenesis can have a very important application in the area of germ plasm maintenance and the conservation of endangered species because genes from cryopreserved sperm can be recovered even when the species is extinct.

· Such cryopreserved sperms can be used to fertilize eggs from closely related species, though such an approach will result in hybrids since the mitochondria DNA (due to its maternal inheritance nature) will come from this related species while nuclear DNA will be from the sperm.

5.5. Triploidy

· This is the type of chromosome engineering which most aquaculturists are familiar with due to its applicability in fish farming industries.

· Triploids are individuals with three sets of chromosomes, thus 3N.

· Triploids can either be autotriploids (which are fish with 3 sets of conspecific chromosomes), or allotriploids (which are fish of hybrid origin, with 3 sets of heterospecific chromosomes).

· Triploids can be created through two ways which are:

· Shocking of newly fertilized eggs soon after fertilization so that the second polar body shouldn’t be extruded. This leads to a zygote with three haploid nuclei, one from the egg itself, 2nd from 2nd polar body, and 3rd is from sperm, and these three haploid nuclei fuse to form a zygote’s nucleus which is triploid, 3N (see Fig. 5.5.1)..  A lot of triploids have been created through this process, in species like: common carp, Tilapia aurea, T. nilotica, T. mossambica, African catfish, rainbow trout and many others.

· Triploids can also be created by mating tetraploids with diploids, and triploids generated through this approach are known as “interploid triploids” (see Fig. 5.5.2).. Actually this approach started as an alternative to the first approach above due to the lower early survival rate of triploids produced by shocking. It is said that the shock may have adverse effect on the egg cytoplasm hence low early survival rate. Interploid triploids have been produced in rainbow trout.
5.6. Tetraploidy

· These are fish that have 4 sets of chromosomes.

· Tetraploids are created by shocking a diploid zygote when it is undergoing first cleavage (see Fig. 5.6.1).
· Tetraploid rainbow trout, T aurea, T. nilotica, T. mossambica, channel catfish, stripped bass and many more have been created.

· Tetraploids are created with the main purpose of using them to produce interploid triploids when tetraploids are mated to diploids and also for creating androgens.

· When mating tetraploid to diploid, the logical way is to use tetraploid female because if you use diploid female, the micropyle from such diploid females might not be large enough to admit sperm produced by tetraploid males, since 2N sperm from tetraploid male is twice larger than N sperm from normal diploid male.

· Once created, tetraploids can be mated to perpetuate themselves which means you don’t need to produce them continually.

Limitations for these techniques in Tilapia culture

· For this technology to work, a species must be easy to induce spawning and must be easy to strip thousands of eggs, the features which lack in tilapia since tilapias are asynchronous spawners, not very fecund and sequential spawners. This means that tens of thousands of broodfish would have to be stripped annually to produce eggs for large-scale farm, and thus rendering this triploid technology impractical for tilapia industry.
· Chromosome engineering requires some sosphisticated equipment which may not be a priority for most developing countries to invest in, and at the same time, maintenance of such equipment is costly.
Learning Activities
Practicals: set 2 sets of experiments, first one, use temperature to skew sex ratios,
                 and second one feed newly-hatched fry from their first feeding, a feed   

                 containing 17α-methyltestosterone (MT) and terminate such a feed after 30 
                days and observe sex ratios.
Paper critique: You will be assigned to different chromosome engineering techniques    

                         and you are required to search for published papers, read thoroughly 

                         and summarise then present to fellow students.

Duration: 3 weeks

Field trip: You will visit WorldFish Centre in Zomba where you will be exposed to 

                 on-farm trials for their sex-reversed monosex cultures. 
Summary of Topic
If tilapia culture has to be more productive and meaningful to alleviate hunger and poverty for most Africans, then these chromosome engineering technologies have to be adopted. Governments should also invest in infrastructure to enable researchers do more research in these technologies in order to adapt them to African context.
Further Reading Materials and Useful Links
Arai, K. (2000). Chromosome Manipulation in Aquaculture: Recent Progress and Perspective. Suisanzoshoku 48(2): 295-303.

Pandian, T. J. and Koteeswaran, R. (1998). Ploidy Induction and Sex Control in Fish. Hydrobiologia 384: 167-213.

Tave, D. (1986). Genetics for Fish Hatchery Managers. The AVI Publishing Co.Inc.,

Westport, Connecticut.

www.dls.ym.edu.tw/.../(5-13-2008)Chromosome%20Engineering.pdf
www.ncbi.nlm.nih.gov/pubmed/7501018
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Topic 6: Genetic Engineering
Learning Outcomes
By the end of this topic, you should be able to:

· Describe the whole process of transgenesis

· Articulate major applications of genetic engineering technique and its limitations
Key Terms
Transgenesis; promoter; cloning; inheritance; GMO; plasmid; biolistics

Introduction 
Increased demand for food due to ever-increasing human population worldwide, requires people to be innovative in finding means to increase productivity to meet such demand if food and economic security has to be realised. Global warming has also exacerbated this food insecurity problem, thus forcing people to adapt to such climate change by utilising strains (be it animals or crops) that can withstand such changes. Genetic engineering, also known as transgenesis, is probably the only technique that promises to cope up with such climate change by producing strains within a relatively shorter period than what conventional breeding could have done. Transgenesis is not only relevant in this global warming era, but is also crucial for increased productivity by producing transgenic organisms that grow faster, are more resistant to diseases than non transgenics.
6.1. The DNA Construct: The Transgene and the Promoter

· Genetic engineering is a molecular technique by which one or a few genes are transferred from one animal into another.

· Transgenesis, which is the transfer of foreign genes into new hosts, is one of the approaches to genetic improvement of aquatic organisms that has emerged as a discipline in recent years.

· A transgenic organism can be defined as possessing within their chromosomal DNA, either directly or through inheritance, genetic constructs, which have artificial origins.

· The key word here is within the chromosomal DNA: introduced constructs must be incorporated into the target organism in such a way as to be expressed and passed along to subsequent generations.

· The benefits of this technology in aquaculture are many, for instance there is rapid, almost instantaneous gains in many important production traits such as growth, cold tolerance, or disease resistance.

· The first successful gene transfer for fish was reported in China in 1985, and since then, genetic engineering in aquaculture has been accomplished in many countries.

· Five objectives must be met to have a successful gene transfer, namely:

· The appropriate gene needs to be isolated and cloned

· The foreign gene, transgene, must be transferred to the fish and be integrated in the host’s genome

· The transgene must be expressed, as transfer of the gene does not guarantee that it will express and function

· A positive biological effect must result from the expression of the transgene, and no adverse biological or commercial effects must occur

· Finally, the trangene must be inherited by subsequent generations.

6.1.1. The DNA construct

· The initial step in transgenesis is to design and build a DNA construct.

· The construct must consist of the DNA to code for the protein of interest (the transgene) together with DNA coding for regulatory elements that direct gene expression (the promoter) (see Fig. 6.1.1.1).

6.1.1.1. The transgene

· The most commonly employed genes so far in fish transgenesis are growth hormone (GH) genes of humans (hGH), rats (rGH), chinook salmon (csGH), rainbow trout (rtGH), tilapia (tGH) and sea bream (sbGH).

· These GH genes have been used in attempts to increase growth rates and thus reduce time-to-market size.

6.1.1.2. The promoter

· The promoter consists of DNA sequences that direct transcription and translation of the gene into a protein.

· The promoter sequence regulates when, where and how much expression of the gene will occur.

· Early experimental work on fish transgenesis used promoters from avian (Rous sarcoma virus, RSV) or primate viruses (simian virus, SV40; cytomegalovirus, CMV), or mice (metallothionein, MT) but recently, efforts have been made to design an “all-fish promoter” from fish genomes.

· All-fish promoters used so far are as follows: ocean pout antifreeze protein (opAFP), winter flounder antifreeze protein (wfAFP), carp β–actin (c β-actin), and sometimes a fish component is combined with other animal component, e.g. Chinook salmon metallothionein (csMT-1).

· Once the DNA construct has been formed by splicing together the gene and the promoter, it must be amplified to produce the billions or trillions of copies needed for each transgenesis attempt.

6.1.2. Cloning the DNA construct (see Fig. 6.1.2.1)
· The DNA construct is then inserted into bacterial plasmid with restriction enzymes, attaching the gene to the plasmid, and then closing the plasmid with ligases (repair enzymes).

· The plasmid-DNA construct complex is then transferred to bacteria via osmotic shock, and the bacteria are then cultured.

· The bacteria replicate the plasmid as they grow and divide, and this produces millions of copies of the plasmid and the attached gene.

· The bacteria are cultured until there are enough for the project, at which point they are killed and ruptured to release the plasmids.

· The plasmids are then isolated and purified, and the DNA construct is removed from the plasmids by restriction enzymes.
6.2. Transgene Delivery Methods

· There are a couple of transgene delivery methods, but none gives more than limited success.

· Because of such weakness, special reporter genes have been used.

· Reporter genes are genes that are obvious if they have successfully been incorporated into the host genome, for instance they code for proteins which cause embryo to turn blue or fluoresce green.

· Once purified, thousands to millions of copies of the DNA construct are delivered into each egg.

· Once in the nucleus, the transgene will, hopefully, be incorporated into a chromosome so that it can be transmitted from the transgenic fish to its offspring.

· Some of the procedures of introducing the genes are:

6.2.1. Microinjection

· An extremely fine glass tube, as a tube of a micropipette, is utilized to introduce multiple copies of constructs directly into newly fertilized eggs (see Fig. 6.2.1.1).
· A small volume of buffer (usually 1-2nl) containing a high copy number (106-107 copies) of the transgene construct is then injected into the egg.

· Injection of the transgenes into a zygote nucleus seems to produce better results than injection of the transgene into the zygotic cytoplasm.

· With the aid of special in vivo fluorescent staining and the use of UV light, precise localization of the zygote pronuclei is possible, otherwise injection can be a hit and miss issue.

· Being able to locate the injected DNA as close as possible to the region where chromosomes are located is an important criterion, because otherwise the integration of the novel DNA into the chromosomes of the GMO is far less likely.

· The major problem is fish is that the time from spermatozoa activation to first cleavage in fish is quite short and early embryonic cell division is very rapid, which means there is only a short window of opportunity for microinjection into the fertilized egg or early embryo. 

· Ideally, the transgene should be injected at the single cell stage to ensure intehration in all cells of the GMO, failing which, it leads to mosaicism, which is a condition whereby the transgene is present in some cells and not others.

· Injection is not efficient as it causes damage that affects embryonic survival and can result in high mortalities.

6.2.2. Electroporation 

· Fertilized ova are placed in a solution containing millions of copies of the genetic construct of interest. 

· High voltages of extremely short duration are then used to produce a transient, high-permeability state in the membranes of the ova (see Fig. 6.2.2.1).
· The major pitfall of this method is that the stresses on the embryo seem far much greater with this method than is with microinjection, as such, embryo survival is very poor.

6.2.3. Biolistics
· The method is called biological ballistics and it involves the firing of microscopic particles coated with DNA constructs directly into living cells, through the use of devices known as gene guns (see Fig. 6.2.3.1)
· The method has produced viable transgenic embryos in fish, sea urchins and oysters, however, there is currently no evidence that biolistics offers a more effective or more efficient method of producing transgenic fish than microinjection.

6.2.4. Lipofection (liposome-mediated transfection)
· It involves the encapsulation of DNA constructs in lipid vesicles and subsequently bringing the vesicles into contact with a living target cell. 

· Uptake can take place through fusion with the plasma membrane and/or endocytosis.

6.2.5. Sperm-mediated transfer
· What is the one thing that is guaranteed to get into the egg during fertilization and deliver a package of DNA directly to the female pronucleus? Obviously a spermatozoa.

· Attempts have been made to electropolate spermatozoa with DNA construct before fertilization.

· The major pitfall is that normally it is just a single sperm that enters the egg, therefore the number of copies of DNA construct entering the egg is quite small when compared with electropolation and microinjection.

6.2.6. Viral vectors
· The transgene is spliced into the defective virus that is nevertheless able to infect host cells and induce the replication of the transgene.

· However obvious fears regarding working with virus make this method unfavoured.

6.3. Detecting Integration and Expression of the Transgene

· There is great need to establish that the DNA construct is present in the GMO, that it has become integrated into the host genome and that the expected gene product is being expressed at the right level and in the right tissues.

· It is necessary for the transgene to be present in all germ cells for it to be passed to the next generation and ultimately for the creation of true breeding lines of transgenic fish.

· Success is affected by the following:

· The gene can be damaged in that only part is incorporated;

· The gene can be incorporated in the wrong place,

· The message the gene may carry may not be properly transcribed into messenger RNA, or

· The gene may fail to be transferred together with its regulators and promoters.

· When only a portion of an organism’s cells contain the introduced construct, the resultant organism is said to be mosaic.  

· Despite such circumstances, successful transgenesis is still possible as long as some of the cells that will eventually form ovaries or testes receive copies of the construct. 

· Integration of DNA can be determined by using either dot blot method or PCR.

Learning Activities
Assignment: Get any case study on transgenesis, not only from fish, and 

                       present to your colleagues.

Field trip: Visit Chitedze research station to see their trials on Bt Cotton.
Summary of Topic
In this topic, you have learnt all the basics you need to produce a transgenic organism, and have seen how it has been applied to solve problems of less productivity in different animals and crops. It is just very unfortunate that we don’t have facilities for a hands-on experience in most of the techniques you have learnt in this topic.

Further Reading Materials and Useful Links
Beaumont, AR and Hoare, K. (2003). Biotechnology and Genetics in Fisheries and Aquaculture. Blackwell Publishing Co.

Ranga, MM and Shammi, QJ. (2005). Fish Biotechnology. Agrobios India.

Tave, D. (1986). Genetics for Fish Hatchery Managers. The AVI Publishing Co.Inc.,

Westport, Connecticut.

http://en.wikipedia.org/wiki/Transgenesis
www.ucalgary.ca/~browder/transgenic.html
www.transgenesis.org/
Topic 7: Short-term storage and Cryopreservation of gametes
Learning Outcomes
By the end of this topic, you should be able to:

· Describe cryopreservation process and its implications

· Cryopreserve the gametes of any endangered species
Key Terms
Cryoprotectant; extender; diluent; gene bank; spermiation
Introduction

In this world where species are extincting at an alarming rate, and also where there are species whose sexes mature at different times, there is great need to perfect the art of preserving gametes so that the species can be recovered even if it got extinct several hundred years back.  And this technique is also going to assist farmers in having gametes of one sex readily available on the shelf by the time the late maturers get ready for spawning, as such, productivity will not be compromised. The technique is also one way of ensuring genetic diversity is maintained. Spermatozoa can be chilled for short period or frozen and stored in liquid nitrogen. Note that chilling and freezing are two different processes.

7.1. Short-term or chilled storage

· Sperm can be stored at about 5 °C for periods ranging from afew days to several weeks.

· Since much is not known yet about the control and prolongation of sperm motility, the best strategy is to store undiluted sperm.

· Addition of antibiotics can prolong storage, but the right concentration and method of addition must be found through a trial and error.

· Containers must allow for gas exchange.

· Storage of milt for as little as a few hours can be very useful in induced breeding, allowing breeders to concentrate on stripping females or to transport sperm over short distances.

7.2. Long-term storage (Cryopreservation)
· Cryopreservation is a branch of cryobiology, which relates to long-term preservation and storage of biological material at very low temperatures, usually at –196(C, the temperature of liquid nitrogen.

· And cryobiology is the study of the effects of low temperatures on living systems.

· At this temperature, i.e. -196(C, cellular viability can be stored in a genetically stable form.
· The theory behind cryopreservation is straight forward: milt is diluted with a diluent containing one or more cryoprotectants that reduce cryoinjuries, cooled in various containers on dry ice or liquid nitrogen vapour, stored (usually immersed in liquid nitrogen), then rapidly thawed for addition to eggs.

7.3. The effects of cooling/freezing on cellular systems

· During cooling, cells may be subjected to various stresses arising from:

· The reduction of temperature;

· Physical and mechanical effects of extracellular ice; and

· Concentration of extra and intracellular solutions during freezing.

· The effect on the cells of the increasing solute concentration in the residual solution, as water is converted to pure solid during freezing, is generally regarded as the single most important stress factor.

· The resultant osmotic stress caused by this solute imbalance leads to movement of water from the cell and results in cell shrinkage.

7.4. Cryoprotectants and diluents

· Cryoprotectants are chemicals that are used to prevent ice-crystal damage to the sperm cells.

· If milt is untreated and cooled to the temperature of liquid nitrogen, two forms of fatal injury occur, and these are: first, ice forms inside the cell and second, the dehydration that takes place during cooling, results in membrane damage as the salt concentrations outside the cell increases.

· So in order to reduce or eliminate both effects, cryoprotectants must be added to milt.

· Cryoprotectants are added by mixing them in a solution of balanced salts, known as extender, and this combination of cryoprotectant and extender is called a diluent.

· Cryoprotectants themselves must inhibit sperm motility since sperms swim for a short period only, then we want them to swim when in contact with eggs and not while being readied for freezing.

· Examples of cryoprotectants which are widely used are as follows: dimethyly sulfoxide (DMSO), glycerol, propylene glycol, methanol, powdered milk and egg yolk.

7.4.1. Criteria for choosing a cryoprotectant:

· It should be least toxic to the cells

· It should be permeable to the cells

· It should be soluble in water during freezing

· The degree of protection offered by various cryoprotectants will vary depending on:

· The nature of the cryoprotectant;

· Its molecular size and membrane permeability;

· Its concentration; and

· The types of cells being frozen

· For the cryoprotectant to be effective, a certain amount of time, the equilibration period, is required for the chemical to diffuse through the cell membrane.

· The way cryoprotectants work is not well understood. Cryoprotection appears to result from the suppression of salt concentration during cooling, and a reduction in cell shrinkage and the fraction of solution frozen at a given temperature.

7.4.2. Preparation of extender

· The efficacy of cryopreservation is greatly enhanced if the milt is diluted with a suitable extender.

· An extender is a solution consisting of inorganic and organic chemicals resembling that of blood or seminal plasma in which the viability of spermatozoa can be maintained during in vitro storage.

· The chemical formulations of the extenders used for cryopreserving spermatozoa vary widely.
· Out of several extenders cited in literature, these three below (see Table I) are the commonly used ones:

Table I: Widely used extenders

	A :
	NaCl-400mg, CaCl2-23mg, KCl-38mg, NaHCO3-100mg, NaH2PO4-41mg, MgSO4-23mg, Double distilled water-100ml

	B :
	NaCl-600mg, CaCl2-23mg, KCl-38mg, NaHCO3-100mg, NaH2PO4-41mg, MgSO4-23mg, Double distilled water-100ml

	C :
	NaCl-750mg, CaCl2-20mg, KCl-20mg, NaHCO3-20mg, Double distilled water-100ml


· Such solutions can be kept in refrigerator for one month. 

7.4.3.  Preparation of diluents

· Diluents are prepared by mixing cryoprotectants such as DMSO/Glcerol with extender as below:

Diluent I                      Diluent II                               Diluent III

Extender ‘A’….90ml   Extender ‘B’….90ml                Extender ‘C’….65ml

DMSO……..5ml          DMSO……..8ml                       DMSO……..15ml

Glycerol….10ml         Glycerol…..10ml

· The diluents must be kept in refrigerator as well, and when it is time to mix with milt, mixing should be done at a proportion of 4:1 (diluent : milt).

· The milt-diluent mixture is frozen at very low temperature and the freezing should be correct to avoid cryoinjuries.

· There are three ways of freezing, namely: a) pellet method b) straw method c) vial method. 

7.5. Why is a sperm/gene bank necessary?

· A gene bank of frozen sperm is important for several reasons, viz:

· Sperm can be on the shelf ready to use when the more difficult-to-induce females have ovulated.

· Useful in case of fishes where males and females mature at different times.

· It is an excellent, cost-effective tool to reduce the cost of male broodstock maintenance through the exploitation of a limited stock.

· Helpful in preserving genetic diversity and in conserving endangered species.

· It helps in preventing “inbreeding depression” created when too few broodstock are relied for larval production, through the incorporation of sperm from more distantly related males into the breeding program.

· It helps in increasing the effective population size.

7.6. Egg and embryo storage

· We have dealt mostly with storage of sperm since egg storage, just like embryo storage, is very difficult and their protocols are just being developed, not yet perfected.

· Egg storage problems have been attributed to several factors, which include:

· Large size of egg

· Existence of several membranes with variable permeability

7.7. Importance of gamete quality

· Breeders know that gamete quality, e.g. fertility, varies a lot, and this must be taken into account when cryopreserving sperm.

· For instance, sperm frozen early in the spermiation period is usually more fertile than sperm frozen at the end of spawning. This may have to do with changes in the composition of sperm-cell membrane during breeding period.

· Egg quality can also affect outcome of sperm-freezing trials, and a rule of thumb, eggs from the same female must be fertilized whenever sperm treatments are compared.

7.8. Recovery of frozen sperm for fertilization
· Spermatozoa stored in liquid nitrogen remain fertile indefinitely, and must be thawed only when fresh eggs are waiting to be fertilized.

· The process of fertilization is the same as with fresh milt, with the warning that thawed milt is probably already partially motile and must be added to eggs without delay.

· Several factors affect the fertility of the frozen-thawed sperm, viz:

· Motility induction and duration

· Removal of cryprotectant

· Sperm density for insemination

· Quality of the donor female for eggs

· Incubation.

Learning Activities
Practicals: You will be assigned to 3 groups, and each group will try short-term 
                  storage of sperm of 3 different species commonly found at our farm, at    

                  different time intervals.
Field trip: Visit Veterinary head office where you will be exposed to cryopreservation 

                 of bull semen.
Summary of Topic
In this topic you have learnt two different techniques of storing your gametes, mainly sperm, for future utilisation. And also you have learnt why it is difficult to cryopreserve eggs or embryos, however, it is your responsibility to perfect protocols for storing eggs and embryos, otherwise storing sperms only may not recover a species if all females went extinct as well.
Further Reading Materials and Useful Links
Beaumont, AR and Hoare, K. (2003). Biotechnology and Genetics in Fisheries and Aquaculture. Blackwell Publishing Co.

Tave, D. (1986). Genetics for Fish Hatchery Managers. The AVI Publishing Co.Inc.,

Westport, Connecticut.

www-cyanosite.bio.purdue.edu/protocols/​cryo.html

www.ivf.com/cryo.html
en.wikipedia.org/wiki/Cryopreservation

www.RightHealth.com/Infertility

Topic 8: Species Diversity
Learning Outcomes
By the end of this topic, you should be able to:
· Describe different axes of biodiversity
· Characterise different taxa/species of organisms using DNA protocols 
· Design conservation strategies for any endangered species
Key Terms
Biodiversity, Polymorphism, Polymerase Chain Reaction, Sequencing, Mitochondria. 
Introduction
Species diversity is the variety and abundance of different types of organisms which inhabit an area. Species diversity refers to the variety of species within a region. Such diversity can be measured in many ways, and scientists have not settled on a single best method. The number of species in a region, its species "richness" is one often- used measure, but a more precise measurement, "taxonomic diversity", also considers the relationship of species to each other. For example, an island with two species of birds and one species of lizard has a greater taxonomic diversity than an island with three species of birds but no lizards.

Human activities, such as direct harvesting of species, introduction of alien species, habitat destruction, and various forms of habitat degradation (including environmental pollution), have caused dramatic losses of biodiversity; current extinction rates are estimated to be 100–1000 times higher than pre human extinction rates. Humans have a huge effect on species diversity through the following activities: destruction, modification and fragmentation of habitat; introduction of exotic species; over harvesting; global climate change, e.t.c.

Recent estimates of the total number of species range from 7 to 20 million, of which only about 1.75 million species have been scientifically described. Species diversity affects the quantity and quality of human food supply. For example, conserving pollinators and natural enemies of pests is essential for successful grain, fruit, and vegetable production. Considering the many species that are not scientifically described, there is need to develop human capacity that can genetically characterize these species as a vital component of taxonomy. One can only talk of conserving a certain species/taxa if it is scientifically described and recognized.

8.1. Genetic Characterization

· Characterization is the description of a character or quality of an individual. 
· The word characterize is also a synonym of ‘distinguish’, that is, to mark as separate or different, or to separate into kinds, classes or categories. 
· Thus, characterization of genetic resources refers to the process by which accession are identified or differentiated. This identification may, in broad terms, refer to any difference in the appearance or make-up of an accession.
· Genetic characterization is a technique that uses the genome of individuals to differentiate it from other individuals mostly of the same taxon or where phenotypic variations are hard to detect.  
· It uses distinctive genetic markers to identify and locate useful traits and traits that are used to describe population structures. 
· The identification of such markers requires the examination of either large pedigrees or populations that are carefully phenotyped. 
· Markers themselves may be polymorphisms within genes that are suspected to actually confer a particular trait (candidate genes) or, more commonly, they may be anonymous regions of the genome that are examined with the expectation that they will be adjacent, i.e. linked, to genes of importance.
· The markers of choice must be polymorphic, thereby enabling the quantification of variations between and within species and further to provide a method of detecting the genetic admixture between species. 
· In genetic terms, characterization refers to the detection of variation as a result of differences in either DNA sequences or specific genes or modifying factors. 
8.1.1. How can genetic variation be measured?

· Genetic variation can be measured and quantified at several levels, namely:
· Protein differences that result from DNA coding sequence variation (allozymes and Isozymes, no longer used these days).
· Precise sequence of a length of DNA and how it varies between individuals
· Differences between sizes of DNA fragments
· There are two major sources of DNA within any cell, and these are Nuclear DNA (nDNA) and Mitochondria DNA (mtDNA), and for plant tissues we have also Chloroplast DNA.
· Depending on the biological question being addressed and also resources, one has to determine which markers he has to use and which DNA to target, be it nuclear or mtDNA.

· However, the first step is to extract that DNA, and this crude DNA extraction involves mechanically or chemically breaking down the insoluble cellular structures and removing them by centrifugation.

· Soluble cellular proteins and the proteins that bind the DNA to the chromosomes, can be broken down using a strong protease enzyme and removed by using solvents such as phenol-chloroform.

· Once DNA has been extracted and precipitated by alcohol, the next worry is how to produce multiple copies of specific fragments of DNA.

· Multiple copy production is easily done by either cloning of the fragment or by the use of the Polymerase Chain Reaction, PCR.

· In this course we will concentrate on the PCR since cloning is rarely done.

8.1.2. What is a PCR?

· The PCR is a technique for the amplification of a small sample of DNA to an amount large enough to work with.

· In extreme cases, one can start with the haploid genome from a single sperm and amplify selected sequences sufficiently for detailed analysis e.g. in forensic cases.

· The whole amplification process takes place in microtubes or in microwells in plastic plates in a small thermal-cycling machine, thermal cycler, but commonly known as “PCR machine” (Fig. 8.1.1).

· Some knowledge of the DNA sequence on each side of the segment that is to be studied is needed to perform PCR.

· In order to perform PCR, it is necessary to have a pair of short single-stranded oligonucleotides, known as primers, that are capable of priming/kickstarting synthesis of the sequence that is to be amplified and its reverse complement.

· The primer must anneal with the 3'- portion of the template strand so that it can prime DNA synthesis that proceeds from 5' to 3' across the region to be amplified.

· The synthesis itself is carried out by a heat-stable DNA polymerase derived from bacteria that live in near-boiling water either in hot springs or in deep-ocean vents.

· A good example of a thermalstable DNA polymerase enzyme which is widely used is Taq polymerase, derived from the bacterium Thermus aquaticus, a resident of hotsprings. 

8.1.2.1. Temperature Cycling

· The original DNA, the primers, the heat-resistant DNA polymerase, and a supply of dNTPs are mixed together in microtube and placed in a thermal cycler.

· dNTPs is a collective term for the four deoxynucleotide triphosphates, namely dATP, dCTP, dGTP and dTTP.

· There are 3 stages to PCR, each one lasting only about a minute and each operating at a different temperature (Fig. 8.1.2).
· Denaturation step: The temperature is raised enough, above 90°C, to separate the strands of the parent/template DNA. 

· Annealing step: The temperature is then lowered enough, to around 55°C, so that the primers, which are present in excess, will anneal onto the separated DNA strands.

· Polymerization step: The temperature is then increased to about 72°C, the temperature at which Taq is most active, to enable the DNA polymerase to synthesize a new strand that is complementary to each of the parent strands.

· These steps are then repeated
· The temperature is then raised to separate the newly synthesized strands from the original strands. 

· When the temperature is lowered in the next cycle, all four strands are primed and serve as templates for synthesis of new complementary strands.

· In the next cycle, eight strands are primed and serve as templates, etc. 

· By the time 30 cycles have been completed, the theoretical multiplication factor is 230, which is roughly equivalent to 109. 

· In theory, there is no limit to the amount of amplification that is possible, but in practice the system will ultimately run out of dNTPs or primers and the enzyme will gradually lose its activity.

· The sizes of DNA fragments produced from PCR can be determined by subjecting the DNA to electrophoresis.

8.1.3. Electrophoresis

· Electrophoresis is used to separate molecules by size.

· It works on the principle that charged molecules, such as proteins or DNA, will be drawn through a slab of gel when current is passed across it.

· There are different types of gel which are used, namely: hydrolysed starch, cellulose acetate, agarose or polyacrylamide. 

· Polyacrylamide gels are normally oriented vertically while other gels are usually horizontally positioned.

· Polyacrylamide gel electrophoresis is sometimes known by the acronym PAGE.

· In vertical polyacrylamide gels, samples are placed at the top and are separated from one another by a comb-like structure or by spacers, while in horizontal gel systems, samples are inserted into slots in the gel close to, or at, one end.

· Because passing an electrical current through water changes the pH, the solution used to make electrical connection with the gel is always buffered.

· Once the current has been run for sufficient time to separate the faster-migrating from the slower-migrating molecules, electrophoresis is stopped and the gels are prepared for visualization of the resulting bands of DNA.

· A known-size standard has to be always electrophoresed together with your samples to enable you determine the sizes of your DNA fragments.

8.1.4. Genetic Characterisation methods

· Somewhere above (section 8.1.1), several levels at which genetic variation can be measured have been mentioned, and now let us look at the techniques under each of those categories.

8.1.4.1. Protein Differences

· A protein solution is electrophoresed through a gel and an enzymespecific reaction highlights-one locus whose alleles (allozymes) may migrate different distances because of differences in charge.
· Protein polymorphisms, although somehow still used in population studies, are of limited value in the assessment of genetic variation because of the relatively low levels of polymorphism found in protein loci, resulting in a lower taxonomic limit to the resolving power of protein electrophoresis. 

8.1.4.2. DNA Sequence Variation

· Sequencing of DNA is a highly automated and, in some cases, roboticized procedure.

· Well-provisioned large genetic laboratories have their own sequencers but there are also a number of commercial companies that provide a relatively cheap sequencing service.

· Sequencing one piece of DNA involves carrying out four separate reactions for Adenine, Cytosine, Guanine and Thymine using ddATP, ddCTP, ddGTP and ddTTP, respectively.

· These 4 reactions are run in 4 lanes, side by side, down a high resolution polyacrylamide gel, then the sequence of the DNA can be read from these 4 ACGT lanes from the bottom of the gel upwards (Fig. 8.1.3).
· Sequence data for a wide range of organisms can be obtained from DNA databases such as EMBL and GenBank whose access is free. 
8.1.4.3. DNA Fragment Size Variation

· Now let us look at how differences between sizes of DNA fragments can be identified and used to address particular genetic questions.

· Techniques or genetic markers that fall into this category include those known by acronyms such as RFLP, VNTR, DNA fingerprinting, RAPD and AFLP.

· Of these, VNTR markers (microsatellites in particular) are the ones widely used here in Malawi, especially at Chancol genetic lab.
8.1.4.3.1. Restriction Fragment Length Polymorphism (RFLP)

· RFLP is a technique in which organisms may be differentiated by analysis of patterns derived from cleavage of their DNA.

· If two organisms differ in the distance between sites of cleavage of a particular restriction endonuclease, the length of the fragments produced will differ when the DNA is digested with a restriction endonuclease.

· Restriction endonucleases are enzymes that cleave DNA molecules at specific nucleotide sequences depending on the particular enzyme used. 

· Enzyme recognition sites are usually 4 to 6 base pairs in length. Generally, the shorter the recognition sequence, the greater the number of fragments generated.

Recognition sequences of three commonly used restriction endonucleases.

	Restriction endonuclease
	Recognition sequence
	End sequence

	EcoRI
	5’-GAATTC-3’

3’-CTTAAG-5’
	5’-G      AATTC-3’

3’-CTTAA      G-5’

	AluI
	5’-AGCT-3’

3’-TCGA-5’
	5’AG       CT-3’

3’TC       GA-5’

	HinfI
	5’-GANTC-3’

3’-CTNAG-5’
	5’-G      ANTC-3’

3’-CTNA      G-5’


· Restriction enzymes are isolated from a wide variety of bacterial genera and are thought to be part of the cell's defenses against invading bacterial viruses. 

· These enzymes are named by using the first letter of the genus, the first two letters of the species, and the order of discovery.

· For example EcoRI comes from Escherichia coli strain R, while HindII comes from Haemophilus influenzae strain d.

· This technique can be used to determine taxonomic identity, assess kinship relationships, detect interspecific gene flow, and analyse hybrid speciation.

· Apart from the above applications of RFLPs, they can also be used to identify diseases before onset. Let us look at an example of sickle cell anemia.

RFLP Screening for Human Diseases

· Let's look at specific RFLP example that will detect an individual with sickle cell anemia. 

· Remember that sickle cell is the result of a change in the #6 amino acid of the ß- globin chain of hemoglobin. 

· Specifically glutamic acid is converted to valine. This results from a change in the nucleotide A to T. This change eliminates a site recognized by the restriction enzyme DdeI. 

Restriction enzyme: DdeI (recognition sequence: 5'-GTNAG-3')
 

Normal ß-Globin  |   175 bp |    201 bp     |

  Allele         ____________________________


                                       Site Eliminated

Sickled ß-Globin |            376 bp               |

  Allele         ____________________________



         Normal   Sickled

        ß-Globin  ß-Globin

        ------------------ 

376 bp               ___

201 bp     ___

175 bp     ___

        ------------------

· RFLP is usually applied on mtDNA, and the pattern of mtDNA restriction fragments from an individual is called its haplotype.

· The frequencies of particular haplotypes in a population are used to determine differences between populations.

· The three types of polymorphisms uncovered for mtDNA are due to either length polymorphisms or restriction-site polymorphisms caused by base-pair additions or deletions or both, or heteroplasmy.

· mtDNA heteroplasmy is the existence of more than one form (genotype or haplotype) of mtDNA in an individual.

· Heteroplasmy, a very rare event, may occur due to the fact that mtDNA can be inserted and inherited from the male parent, partenal leakage, defying the universal maternal-inheritance only for mtDNA.

· The easy interpretation and scoring which makes this technique one of choice is easily offset by the following disadvantages:

· Polymorphism is generally very low

· Sequence information is needed if using PCR

· It is too slow and tedious to generate large number of markers

8.1.4.3.2. Microsatellites

· A microsatellite consists of a specific sequence of DNA bases or nucleotides which contains mono, di, tri, or tetra tandem (i.e. linked in chains) repeats.

· For example,

AAAAAAAAAAA would be referred to as (A)11
GTGTGTGTGTGT would be referred to as (GT)6
                        CTGCTGCTGCTG would be referred to as (CTG)4

ACTCACTCACTCACTC would be referred to as (ACTC)4
· In the literature they can also be called simple sequence repeats (SSR), short tandem repeats (STR), or variable number tandem repeats (VNTR) and these are spread throughout the genome. 

· The number of repeated units contained within a particular microsatellite locus can vary among individuals within a population, and this produces variation in the length of the locus.

· This variation can be detected by amplifying the locus using PCR, followed by electrophoresis. 

· Alleles at a specific location (locus) can differ in the number of repeats.

· Microsatellites are inherited in a Mendelian fashion, i.e. one allele comes from the mother and another from the father, hence appearance of two bands after electrophoresis in heterozygotes and one band if homozygotes.

· Because microsatellites are widely dispersed in eukaryotic genomes,  are highly variable, and are PCR based (requiring only minute amounts of starting template)  they have been used in many different areas of research such as Forensics, Diagnosis and Identification of Human Diseases, Population Studies, Conservation Biology e.t.c. 

8.1.4.3.3. Randomly Amplified Polymorphic DNA

· RAPD markers are polymorphic DNA sequences separated by gel electrophoresis after PCR, using one or a pair of short (8-12 bp) random oligonucleotide primers.

· Polymorphisms are a result of base changes in the primer-binding sites or of sequence-length changes caused by insertions, deletions or rearrangements.

· RAPD is very powerful in detecting large numbers of polymorphisms because oligonucleotide primers scan the whole genome for perfect and subperfect binding sites in a PCR reaction.

· The amplified DNA product is scored based on size and presence.

· A polymorphism occurs when a band is present in one parental type and absent in the other.

· RAPD markers meet the requirements of a good marker system such as:

· The generation of large numbers of polymorphic markers

· Simplicity

· Economical

· Normal Mendelian inheritance

· However, the major drawback of RAPD is the reduced reproducibility which occurs because of the use of short random primers, which results in binding to even suboptimal (non-specific) regions creating a risk of non-specific amplification.

8.1.4.3.4. Amplified Fragment length Polymorphism

· AFLP combines the strengths of RFLP and RAPD.

· Genomic DNA is digested with two restriction enzymes, EcoRI and MseI, suitable adaptors are ligated to the fragments and the ligated DNA fragments are selectively amplified with different primer combinations.

· AFLP’s polymorphism is due to base substitutions at the restriction sites, insertion or deletion between two restriction sites, base susbstitution at the preselection and selection bases.

· AFLP is capable of producing very complex fingerprints (around 100 bands).

· The advantages of AFLP include the following:

· Capability of producing large numbers of polymorphic bands in a single analysis at a relatively low cost per marker

· Because of its PCR-based approach, it requires small amount of DNA

· Does not require any known sequence information or probes.

· Because of the use of long PCR primers, unlike in RAPD, it allows high annealing temperatures thus leading to high reproducibility.

· AFLP’s disadvantages include:

· More technically demanding and specialized

· Expensive equipment such as DNA sequencers, is needed. 

· AFLPs have also been applied just like microsatellites, and on top of that have also been used in parentage analysis.

8.2. Genetic Risks to Fishes

· Genes determine the characteristics of living things. 
· Human intervention in the rearing of wild animals has the potential to cause genetic change. 
· These genetic changes impact fish species diversity and the health of the fish populations. 
· Hatchery programs vary and therefore the risks also vary by hatchery. 
· Genetic risks of artificial propagation on wild populations include:

8.2.1. Inbreeding
· Inbreeding can occur when the population for a hatchery comes from a small percentage of the total wild and/or hatchery fish stock (for example, 100 adults are used out of a population of 1 million). 
· If only a small number of individuals are used to create the new hatchery stock, genetic diversity within a population can be reduced. Inbreeding can affect the survival, growth and reproduction of fish.

8.2.2. Selective breeding.
· Although not common practice today, some hatchery programs intentionally select for larger fish (or other specific traits). 
· This selection changes the genetic makeup of the hatchery stock, moving it further away from naturally reproducing stocks.

8.2.3. Selection resulting from non-random sampling of broodstock.

· The makeup of a hatchery population comes from a selection of wild salmon and/or returning hatchery salmon that are taken into captivity (i.e., broodstock).
· If, for example, only early-returning adults are used as broodstock, instead of adults that are representative of the population as a whole (i.e., early, normal, and late-returning adults), there will be genetic selection for salmon that return early.


8.2.4. Unintentional or natural selection that occurs in the hatchery environment
· Conditions in hatchery facilities differ greatly from those in natural environments. Hatcheries typically rear fish in vessels (i.e., circular tanks and production raceways) that are open and have lower and more constant water flow than that which occurs in natural streams and rivers. 
· They also tend to hold fish at higher densities than those that occur in nature.
· This type of environment has the potential to alter selection pressures in favor of fish that best survive in hatchery, not natural, environments.


8.2.5. Temporary relaxation during the culture phase of selection that otherwise would occur in the wild. 

· Artificial mating disrupts natural patterns of sexual selection. 
· In hatcheries, humans select the adult males and females to mate, not the salmon. 
· Humans have no way of knowing which fish would make the best natural breeders. 
· In addition, selection is relaxed up until the time when juveniles are released from the hatchery (because they don't face the same predation and foraging challenges as wild juvenile fish). 
· Fish raised in hatchery environments face very different pressures than those raised in the wild.

8.3. Conservation genetics
· Is an interdisciplinary science that aims to apply genetic methods to the conservation and restoration of biodiversity. 
· Researchers involved in conservation genetics come from a variety of fields including population genetics, molecular ecology, biology, evolutionary biology, and systematics. 
· Genetic diversity is one of the three fundamental levels of biodiversity, so it is directly important in conservation of biodiversity, though genetic factors are also important in the conservation of species and ecosystem diversity. 
· Conservation genetics promotes genetic diversity by providing a forum for data and ideas, aiding the further development of this area of study. 
· Contributions cover population genetics, molecular ecology and biology, evolutionary biology, and systematics, among others. 
· The focus is on genetic and evolutionary applications to problems of conservation, reflecting the diversity of concerns relevant to conservation biology.

· Wild species, increasingly endangered by loss of habitats, will depend on organized protection for their survival. 
· On a long term basis this is feasible only within natural communities in a state of continuing evolution; hence there is an urgent need for exploration and clarification of the genetic principles of conservation. 
· Gene pools of wild species are increasingly needed for various uses, from old and new industries to recreation. 
· But the possibility of a virtual end to the evolution of species of no direct use to man raises questions of responsibility and ethics.

8.3.1. Ex-situ conservation
· Ex-situ conservation is the process of protecting an endangered species of plant or animal outside of its natural habitat for instance ex-situ conservation of a fish species can involve removing part of the population from a threatened habitat which can be a river and placing it in a new location like an aquarium. 
· The best method of maximizing a species chance of survival (when ex-situ methods are required) is by relocating part of the population to a less threatened location. 
· It is extremely difficult to mimic the environment of the original colony location given the large number of variables defining the original colony (microclimate, soils, symbiotic species, absence of severe predation).
· It is also technically challenging to uproot (in the case of plants) or trap (in the case of animals) the required organisms without undue harm.

· The genetic information needed in the future to reproduce endangered animal species can be preserved in gene banks, which consist of cryogenic facilities used to store living sperm, eggs, or embryos.

· Disadvantage of ex-situ conservation is that it is to be used as a last resort or as a supplement to in-situ conservation because it cannot recreate the habitat as a whole in a sense that the entire genetic variation of a species, its symbiotic counterparts, or those elements which, over time, might help a species adapt to its changing surroundings. 
· Instead, ex-situ conservation removes the species from its natural ecological contexts, preserving it under semi-isolated conditions whereby natural evolution and adaptation processes are either temporarily halted or altered by introducing the specimen to an unnatural habitat. 
· In the case of cryogenic storage methods, the preserved specimen's adaptation processes are frozen altogether. 
· The downside to this is that, when re-released, the species may lack the genetic adaptations and mutations which would allow it to thrive in its ever-changing natural habitat.

8.3.2. In-situ conservation

· In-situ conservation, also known as on-site conservation, is the conservation of genetic resources in natural populations of plant or animal species. 
· It is the process of protecting an endangered plant or animal species in its natural habitat, either by protecting or cleaning up the habitat itself, or by defending the species from predators.
· The advantage of in-situ conservation is that it maintains the recovering populations in the habitat where they have developed their distinctive properties.
· It also helps ensure on going processes of evolution and adaptation within their environments. ex-situ conservation may be used  as a last resort on some populations when in-situ conservation is too difficult, or impossible.

· Furthermore, ex-situ conservation techniques are often costly, with cryogenic storage being economically infeasible in most cases since species stored in this manner cannot provide a profit but instead slowly drain the financial resources of the government or organization determined to operate them. 
· Seed banks are ineffective for certain plant genera with recalcitrant seeds that do not remain fertile for long periods of time. 
· Diseases and pests foreign to the species, to which the species has no natural defense, may also cripple crops of protected plants in ex-situ plantations and in animals living in ex-situ breeding grounds. 
· These factors, combined with the specific environmental needs of many species, some of which are nearly impossible to recreate by man, make ex-situ conservation impossible for a great number of the world's endangered flora and fauna.

Learning Activities
Practicals: collect fresh fish samples and extract DNA then use RFLP protocols to characterise the taxa.
Paper critique: Search for published papers that have utilized at least 2 or more genetic markers in any field of application. 

Duration: 3 weeks
Summary of Topic
In this topic, you have learnt about different axes of biodiversity, of which genetic diversity is one them. You have also learnt different genetic markers and how to utilise them in characterising different taxa/ species. You can also apply such markers in conservation biology and help you design a conservation strategy for any species/ taxa of interest.
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