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Table 4.1a. Analysis of variance of a randomised block design for estimating genotypic and environmental variance among clones.
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Table 4.1b. Analysis of variance of a design with a population of clones studied in different environments.







	Sources of variation
	Mean squares
	Expected mean squares


	Environment
	MSE
	


	Genotype
	MSG
	[image: e9782738010933_i0004.jpg]


	Genotype x Environment
	MSGE
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	Plot/block/environment
	MSc
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	Residual
	MSc‘
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“Practice without theory is blind, theory without practice is powerless” 
based on Kant “Caritique of Pure Reason”




Preface

Why this book? At a time when so much is said about biotechnology and genomics, it may seem anachronistic to publish a book on quantitative genetics and the selection theory of autopolyploid plants. Yet the development of biotechnology and genomics does not eliminate the interest of quantitative genetics for research and applied breeding work, and furthermore, there has been no such book whereas for species with diploid behaviour, including allopolyploids, there are many. Because of their number of homologous chromosomes greater than two, which leads to particular meiosis, the population and quantitative genetics of autopolyploids differ from those of diploids. Consequently, although breeding methods may be largely the same, their modes of application must be rather different. As only two examples among many differences, there is generally no point in trying to develop pure line varieties by self-fertilisation and double crosses among inbred lines are expected to be better than single crosses.

The characteristics introduced by the autopolyploid state thus justified a book. Admittedly, it would have been better had it arrived earlier. Nevertheless we think that it will render service to quantitative geneticists and to breeders alike. It is their requests relating to the management and use of the genetic variability in autotetraploid plants which have motivated us. Given the relatively high frequency of autopolyploid wild plants and the economic importance of several autopolyploid crop species, there will always be geneticists and breeders working on these species. This book is thus for them. Publishing at the present time makes it possible to incorporate elements on genetic mapping, QTL detection and marker-assisted selection.

The expected readership is varied. It is for researchers, teachers and students faced with problems of the quantitative genetics and selection of autopolyploids. For them, we wished to give all the concepts and theoretical bases required for the understanding of the developments, though it is better, but not essential, to have some background in quantitative genetics developed for diploids and in breeding schemes. Furthermore, it is necessary to have some knowledge in statistics, such as analysis of variance with random effects, regression and correlation. We used many elements already published but, when required, original developments are given. In all circumstances demonstration of formulae is given, at least partially. That makes this book theoretical even though we have tried to complement theoretical conclusions with experimental results, when possible, and with practical schemes of selection. Nevertheless, we hope that the breeder will also find the elements needed for quantitative genetic studies, implementation of recurrent selection and varietal development methods. To help the reader, we have always sought to clearly emphasize the distinguishing features compared to the diploid state as well as the practical consequences of these.

After an introductive chapter (Chapter 1) giving some general aspects on autopolyploidy, the text is structured in six chapters grouped in three major parts. Part I and II give basic notions on the factors affecting genetic constitution of populations, whereas Part III applies these notions to the theory of plant breeding and varietal development. Part I is aimed at giving elements of population genetics for large and restricted population size, with the study of inbred populations, considering population composition and the effect of natural selection and mutation. In part II, the general model, i.e. Kempthorne’s model, for the study of genetic variation of quantitative trait is first introduced at the level of random mating population in panmictic and linkage equilibrium (Chapter 4). The principles of quantitative trait locus (QTL) detection, with the difficulties due to autopolyploidy, is also presented. Then, in Chapter 5 using the generalized kinship and inbreeding coefficients defined in Chapter 3, quantitative genetics of inbred populations is developed, as well as the particular case of random mating after inbreeding. The last and longer part comprises two chapters. Chapter 6 gives the theory of population improvement by recurrent selection aimed at preparing varietal development. Main schemes of recurrent selection are presented and expected genetic advance is discussed at different levels of evaluation for example per se value, combining ability, value of derivable lines and synthetics. Marker-assisted selection is then presented as a specific case of recurrent selection. Finally Chapter 7 examines the development of each possible type of variety: clones, lines, single and double-cross hybrids and synthetics. Development of completely inbred lines and of hybrids among these lines is considered, because although it is unrealistic to develop homozygous lines by self-fertilisation, this could be realistic in some specific situations by using quadrupled haploids. Development of synthetics is particularly detailed because, as many autopolyploids are allogamous and perennial, with the difficulties for developing hybrid varieties, this type of variety is often used and indeed is a way to exploit genetic variability in such situations.

All major topics for quantitative genetics and breeding methodology of autopolyploid plants are treated. Topics not specific to autopolyploids are introduced but not fully developed. This is the case of genotype x environment interaction which is just presented when discussing broad-sense heritability and for estimating genetic variance components. Similarly, its effect on evaluation of material in recurrent selection and in varietal development is just introduced. Multitrait selection is also only introduced for indirect selection and index selection. For these two topics the reader may consult general textbooks in plant breeding. Optimisation of plant breeding, which is a crucial aspect, is briefly considered. In the same manner, we do not insist on statistical aspects for estimating variance components and heritabilities. This does not mean that these two problems are not important, but again they are not specific to the breeding of autopolyploid species, and we give references where these problems are solved.
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Notations of the main parameters





	A
	additive effect (for per se value) or sum of additive effects for a genotype


	ADC
	additive effect for double cross value


	AL
	additive effect for line value


	
	additive effect for S1 value


	AS
	additive effect for synthetic at the individual level


	A‘S
	additive effect for synthetic at the variety level


	ASC
	additive effect for single-cross value


	AT
	additive effect for testcross value


	A
	a alleles in case of biallelism


	Ai, Aj
	alleles in the general case of multiallelism


	AA
	additive x additive epistasis (for per se value)


	AAL
	additive x additive epistasis for line value


	AAT
	additive effect for testcross value


	
	combination of n distinct objects taken p at a time


	D
	dominance effect (for per se value) or sum of dominance effects for a non- inbred genotype


	D0
	homozygous dominance effects


	DDC
	dominance effect for double-cross value


	DS
	dominance effect for synthesizing value at the individual level


	D’S
	dominance effect for synthesizing value at the variety level


	
	dominance effect for S1 value


	DSC
	dominance effect for single-cross value


	DC
	double cross (cross of two single crosses, not necessarily from inbred lines)


	DH
	doubled haploid (doubled di-haploid)


	E( )
	Expectation


	
	


	
	Wright’s coefficients


	F
	coefficient of inbreeding


	FS
	full-sibs


	G
	genotypic value


	HS
	half-sibs


	M
	value of offsprings from a plant by random mating according to the testing system M


	N
	population size


	O
	offspring or offspring value


	P
	phenotypic value


	PO
	Parent-Offspring


	P0, P1, P2, P3, P4
	coefficients of identity by descent for 4 genes at one locus in autotetrap- loids


	Q
	tetragenic effect


	QH
	Quadrupled-Haploid


	RCdS
	random chromatid segregation


	RCeS
	random chromosome segregation


	RS
	Recurrent Selection


	s
	selection differential


	S
	rate of selfing


	S0
	non inbred plant from a random mating population


	S1, (Sn)
	family from one (n) generation(s) of self-fertilisation from a So plant


	SC
	single-cross (cross of two plants)


	SDH
	Single Doubled-Haploid (i.e. one DH per plant)


	SQH
	Single Quadrupled-Haploid (i.e. one QH per plant)


	Syn m
	generation m of a synthetic


	T
	trigenic effect, or sum of trigenic effects for a non-inbred genotype


	To, T1, T2
	coefficients of identity by descent for three genes at one locus in autotetra- ploids


	T( )
	test value of a plant


	TWC
	three-way cross (not necessarily from inbred lines)


	W
	mean fitness of a population


	a
	in the case of biallelism, 1/2v the difference between the two homozygous


	c
	frequency of recombination between two loci


	cov
	covariance


	cov FS
	covariance among full-sibs


	cov HS
	covariance among half-sibs


	cov HUN
	covariance half-uncle nephew


	cov PO
	covariance parent-offspring


	cov UN
	covariance uncle-nephew


	cov XY
	covariance between two individuals, X and Y


	d
	in the case of biallelism, for autotetraploids, 1/4 the difference between the duplex AAaa and the two homozygotes;


	gi
	general combining ability


	h2
	heritability


	
	narrow-sense heritability


	
	heritability according to the system of test X


	i
	selection intensity


	iX
	selection intensity associated with system of test X


	k
	number of parents in a synthetic


	k-Syn
	k-parent synthetic


	p
	rate of selection (%)


	p, (q)
	frequency of allele A (a) in the case of biallelism


	Pi
	frequency of allele Ai


	pt, (qt)
	frequency of allele A (a) in the tester population


	r
	coefficient of correlation


	s
	selective value


	sij
	specific combining ability


	t
	in the case of biallelism, trigenic effect


	ui
	per se value


	u
	mutation rate


	var
	variance


	var DC
	variance between independent double crosses


	var SC
	variance between independent single crosses


	w
	in the case of biallelism, tetragenic effect


	w, W
	fitness of an individual or a population


	α
	parameter of double reduction


	αi
	additive effect of gene Ai (for per se value)


	Dupαi
	additive effect of gene Ai at the level of a duplex population


	Dup.Dupαi
	additive effect of gene Ai at the level of a population derived from inter crossing duplex plants


	Lαi
	additive effect in line value for gene Ai


	Sαi
	additive effect in synthesizing value for gene Ai


	
	additive effect for S1 value for gene Ai


	Tαi
	additive effect for test cross value for gene Ai defined at the progeny level


	tαi
	additive effect for test cross value for gene Ai defined at the individual level


	βij
	dominance effect of genes Ai and Aj, i.e., their first order interaction, or digenic interaction


	γ
	probability of drawing from a zygote two homologous non-identical genes deriving from the same ancestral gametic association


	γijk
	second order interaction among genes Ai, Aj, and Ak, i.e., trigenic interac tion


	δijkl
	third order interaction among genes Ai, Aj, Ak, and Al, i.e., tetragenic inter action.


	δ = d/a
	degree of dominance in the case of biallelism with only digenic interac tions


	λ
	probability of drawing in a zygote two non-homologous genes deriving from the same ancestral gametic association


	ϕ( I )
	coefficient of kinship with a set of genes drawn from each individual; the two sets are separated by the vertical | and a letter represents a class of iden tity by descent


	ϕ or ϕA or ϕ(i|i)
	classical coefficient of kinship (coefficient of additive variance in covari ance among relatives)


	ϕD or ϕ(ij|ij)
	coefficient of kinship for two non-identical genes (coefficient of domi nance variance in covariance among relatives)


	ϕq
	coefficient of kinship of order 2q, with q genes drawn in each non-inbred zygote


	ν
	gametic ploidy level


	μ (μR)
	mean of the random mating population


	μL
	mean of all lines derivable from a population (i.e. line value of a random mating population)


	μT
	value in test of a random mating population


	ρ
	genetic correlation coefficient


	θ
	degree of control of selection on the two sexes


	Δ
	gametic (panmictic) disequilibrium


	Δ
	maximum inbreeding depression


	ΔG
	genetic advance


	Δp (Δq)
	change in gene frequency with biallelism


	ψ
	coefficient of identity in state


	
	additive variance


	
	additive variance for line value


	
	additive variance for S1 value


	
	additive variance for synthesizing value


	
	additive variance among synthetics


	
	additive x additive epistatic variance


	
	additive x additive epistatic variance for line value


	
	additive x additive epistatic variance for testcross value


	
	covariance between additive effects for per se and line values


	
	covariance between additive effects for per se and test values


	
	covariance additivity-dominance (with inbreeding)


	
	dominance variance, or variance of digenic interactions


	
	variance of homozygous dominance effects


	
	variance of trigenic interactions


	
	variance of tetragenic interactions



NB. The significance of a correlation coefficient is shown with one asterisk (*) at 0.05 and two asterisks (**) at 0.01.




Main particularities of autopolyploids as compared with diploids

1. Meiosis


	pseudo-equational meiosis generating inbreeding even with random mating but low effect of such phenomenon;

	gametic association between homologous genes: similar to the linkage disequilibrium (or linkage) effect in diploids;

	genetic mapping: greater map length if there are multivalents;

	with bivalent formation, a percentage of recombination of 0.50 does not correspond to independence for genes on the same chromosome.



2. Population genetics


	gametic disequilibrium affects both homologous genes (panmictic disequilibrium) and non-homologous genes (linkage disequilibrium);

	greater genetic load;

	purge of recessives more difficult;

	greater effective population size and lower genetic drift for the same population size;

	the three Wright’s coefficients, [image: e9782738010933_i0014.jpg] and [image: e9782738010933_i0015.jpg] are insufficient to describe deviation from random mating equilibrium in subdivided populations;

	[image: e9782738010933_i0016.jpg] can be negative, even for a neutral locus;

	lower response to selection for monogenic traits for various types of dominance ;

	the coefficient of inbreeding F of a zygote is not equal to the kinship coefficient ϕ of its parents;

	the coefficient of inbreeding F is not sufficient to describe identity among genes; however, this is comparable with two-locus diploids;

	with inbreeding, progress towards homozygosity is much slower, but the more heterozygous genotypes disappear more quickly than heterozygous diploids;

	crossing of inbred individuals does not remove inbreeding.



3. Quantitative genetics


	for random mating populations, at the level of second degree statistics, similarities between one locus autotetraploid and two-locus diploids or more generally one locus 2v-ploid and v-locus diploids (same number of parameters and equivalence between them);

	narrow-sense heritability is not related directly to the parent-offspring regression even in the absence of epistasis;

	for inbred populations, at the level of second degree statistics, same model as with diploids if only digenic interactions;

	QTL detection more difficult: linkage remains apparent between a marker and one QTL at a large genetic distance;

	inbreeding depression can be greater or lower than with diploids according to genetic effects;

	many parameters to describe covariance between inbred relatives; this is very comparable to two-locus diploids;

	additive variance can be greater or lower than in diploids according to the effect of chromosome doubling on the difference between homozygous genotypes ;

	for the same additive variance, greater effect of inbreeding on variances or covariances between relatives: the coefficient of additive variance is multiplied by 2v at complete homozygosity;

	greater stability of heterosis between two populations, i.e. less inbreeding likedepression, in the hybrid population at equilibrium, when interactions among alleles are restricted to the first degree.



4. Population improvement


	greater selection intensity is possible for the same effective size;

	contribution to genetic advance of variance components due to interaction among alleles can be neglected in many situations (same as diploid with epistasis) ;

	in progeny test, maintenance of mother-plants by self-fertilisation is not recommended if the aim is to improve per se value because it generates inbreeding;

	due to the presence of dominance, predicted genetic advance in one cycle over-estimates genetic advance after relaxation of selection; same situation as for diploids with epistasis;

	testcross value of a So plant is not an unbiased predictor of testcross value of lines that could be derived from such a plant;

	possible absence of response to selection before fixation in recurrent selection with a tester where pt = qt = 0.5;

	three- and four-way recurrent selection could be justified to prepare the development of double crosses or synthetics.



5. Varietal development


	development of homozygous lines by selfing is illusory. If haplodiploidisation is well controlled, it appears to be the only way to develop complete inbred lines;

	heterosis is difficult to use, it is “progressive”: crossing does not completely remove inbreeding, single-crosses among inbred lines are still inbred. The mean of single-crosses is lower than the mean of double-crosses;

	according to the variance of genetic effects, an optimal type of hybrid may exist;

	difficulty of three-way and double-cross prediction in presence of interactions among alleles greater than the first degree;

	when inbreeding depression is strong, clonal varieties are better than double-crosses which are better than single-crosses. In diploids clones and single-crosses have the same potential and are better than double-crosses;

	greater stability of synthetics in advanced generations when interactions among alleles are restricted to the first degree;

	equivalent predictors for value of synthetics when the same level of interactions among genes is considered.






1

Some general aspects of autopolyploid genetics


1. Types and occurrence of polyploids

A genome can be defined as the basic set of chromosomes found in the gametes of a diploid species. The level of ploidy refers then to the number of genomes that constitute a cell nucleus. Since Kihara and Ono (1926) two broad categories of polyploids are commonly recognized: autopolyploids, where the genomes are homologous, and allopolyploids which combine non-homologous genomes from more than one ancestral diploid species (Fig 1.1). In what follows we mainly consider polyploids with an even number of each genome, which ensures a normal meiosis for both kinds of polyploids. Consequently, ploidy level of autopolyploids is denoted by 2v , with v = 1 for diploids, 2 for autotetraploids, 3 for autohexaploids, etc. The chromosome number of an autopolyploid can then be denoted by 2vx where x is the basic haploid number, while that of an allopolyploid might be denoted 2(x, y) or 2(x, y, z) if there are two or three different genomes.

Polyploidy is widespread in plants: the estimated frequency of polyploid taxa ranging from 30 to 35% (Stebbins, 1971) and up to 70% (Averett, 1980; Goldblatt, 1980), depending upon the method of estimation. Polyploidy also occurs in fungi, insects, amphibians, reptiles, and fishes (Sexton, 1980) but more sporadically. As extreme examples of supposed autopolyploidy in plants, Sedum suaveolens has 80 times a genome of 8 chromosomes (Uhl, 1978) and the fern Ophioglossum pycnostichum has 84 times a set of 15 chromosomes (Love et al., 1977). Several major cultivated plants are either allopolyploid like wheat and rapeseed, or autopolyploid like sugarcane, lucerne and potato (Table 1.2). Furthermore artificial autopolyploidy is used in the breeding of several crop species (Reheul, 1987b).

Autopolyploidy and allopolyploidy

Allopolyploidy refers to the association of two differentiated genomes, through the process of interspecific hybridisation and subsequent chromosome doubling. In contrast, autopolyploidy presumably stems from the chromosome doubling of the same genome. Because allopolyploidy involves the merger of two fully differentiated genomes, pairing behavior during meiosis is expected to resemble pairing behavior in a diploid: only bivalents between homologous pairs of chromosomes are formed and disomic segregation occurs.

In autopolyploids, by contrast, there are more than two homologous chromosomes such that pairing during meiosis can occur either between randomly chosen pairs of homologous chromosomes (called bivalents) or between more than two homologous chromosomes, leading to particular figures called multivalents. The resulting pattern of inheritance is said to be polysomic, that is resulting from random segregation among 2v homologous chromosomes.

Polysomic inheritance is complex and even more so with the formation of multivalents than with the formation of random bivalents. According to Stebbins (1947), a third kind of polyploidy must be recognized: namely segmental allopolyploids, which are intermediate polyploids arising from parents with partially divergent chromosome arrangements such that some chromosomal regions are homologous and others homeologous, leading to polysomic and disomic inheritance on the same chromosome. Homeologous chromosomes may have the same genetic constitution as homologous, but due to some differenciation they do not pair together at meiosis.

Because chromosome pairing behavior was believed to be a reliable indicator of chromosome homology, meiotic figures (frequency of multivalents versus bivalents at synapsis) have long been used to distinguish auto- and allo-polyploids. However, several species such as Lotus corniculatus (Dawson, 1941) and Phleum pratense (Nordenskiöld, 1953) have bivalent pairing at meiosis, but are in fact autopolyploids because they exhibit polysomic inheritance associated with random pairing of the 2v homologous chromosomes. This makes it clear that meiotic configurations alone cannot be used as a reliable indicator of whether a species is genetically an autopolyploid or an allopolyploid. Because genetic differences between these two kinds of polyploidy are mostly related to the resulting patterns of segregation, inheritance data (disomic /tetrasomic) constitutes then the strongest and least equivocal mechanism for the identification of autopolyploid organisms. With the development of biochemical and molecular markers, such data can be accumulated for several loci, and should thus be useful in determining whether a polyploid species follows autopolyploid, allopolyploid or segmental allopolyploid segregation patterns (Wu et al., 2001).


[image: e9782738010933_i0017.jpg]

Figure 1.1. Definition of autotetraploidy (on the left) and of allotetraploidy (on the right). An autotetraploid has four times the basic haploid set of chromosomes, whereas an allotetraploid has two different diploid genomes. Consequently an allotetraploid has a disomic inheritance.




It should be pointed out that, even using molecular markers, it is sometimes difficult to distinguish some diploid two-locus segregation patterns from one-locus autotetraploid segregations. For example, with a dominant marker, it could be difficult, except with large progeny analyses, to distinguish a segregation 35/36:1/36, expected under tetrasomic inheritance when a one-locus genotype AABB is selfed, from a disomic segregation 15/16:1/16 expected with AB at the two loci. A significant difference between these segregation patterns will be revealed if the different doses of a marker allele can be distinguished, though the distinction between tetrasomic segregation 1/36 AAAA:2/9 AAAB:1/2 AABB:2/9 ABBB:1/36 BBBB can be difficult to distinguish from the disomic segregation 1/16 AAAA: 1/4 AAAB:3/8 AABB:1/4 ABBB:1/16 BBBB. More generally Table 1.1 shows that segregations for a one-locus tetraploid can be difficult to distinguish from those for two duplicated loci or even from one locus in diploids.

Until recently however, there was a paucity of quantifiable cytogenetic and genetic data from studies on natural polyploids, in such a way that the relative importance of auto and allopolyploidy in natural populations could not be evaluated. Thanks to a growing number of molecular marker data bases, it is presently recognized that autopolyploidy, originally thought to be rare and maladaptive (Stebbins, 1947), is more common and of greater evolutionary importance than originally supposed (Crawford, 1985; Levin,1983; Riesenberg and Doyle, 1989; Soltis and Soltis, 1989 and references therein). Indeed, due to the complexity of meiosis, autopolyploids generally have a reduced fertility compared to allopolyploids. This low fertility was behind the belief that natural autopolyploidy was maladaptive and considered as an evolutionary accident having no advantages for the species and only disadvantages from the point of view of natural selection (Stebbins, 1947, 1957).


Table 1.1. Possible segregations at two duplicated loci in diploids for a double heterozygote AalAa and in autotetraploids at one locus for a duplex heterozygote AAaa. To simplify the notation An, with n varying from 0 to 4, represents the genotype, A4=AAAA, A3=AAAa, A2 = AAaa, A1 = Aaaa, A0 = aaaa. Here, codominance is synonymous with additivity. Triplex dominance is a situation of dominance where three A are required to have the heterozygote at the level of A4, while two A are required for that with duplex dominance, and only one A is required for complete dominance (see Chapter 4 for more details). Unlike with complete triplex and duplex dominance, with partial triplex and duplex dominance it is possible to identify other heterozygotes.




	Type of dominance
	Two-locus disomic segregation
	One-locus tetrasomic segregation



	Codominance
	1/16A4:1/4A3:3/8A2:1/4A1: 1/16A0

	1/36A4:2/9A3:1/2A2:2/9A1: 1/36A0




	Partial triplex dom.
	5/16A3:3/8A2:1/4A1: 1/16A0

	1/4A3:1/2A2:2/9A1:1/36A0




	Complete triplex dom.
	5/16A3:11/16A0

	1/4A3:3/4A0




	Partial duplex dom.
	11/16A2:1/4A1:1/16A0

	3/4A2:2/9A1: 1/36A0




	Complete duplex dom.
	11/16A2:5/16A0

	3/4A2:1/4A0




	Complete dominance
	15/16A1:1/16A0

	35/36A1: 1/36A0







Such disadvantages could tend to disappear by an evolution towards diploidy. As a possible indicator of this evolution, the frequency of bivalents appears to be higher in natural and ancient polyploids than in artificial ones (Morrison and Rajhathy, 1960). A similar phenomenon rapidly takes place in induced tetraploid maize (4x = 40) (Gilles and Randolph, 1951). Indeed, just after doubling, the percentage of cells containing 8 to 10 tetravalents was 89%, whereas after only 10 generations it had dropped to 52%. However, higher frequencies of bivalents at synapsis could also be obtained after a few generations of selection for high fertility, reflecting a regularisation of the meiosis without tendency to diploidisation. Diploidisation could arise following the progressive differentiation of different pairs of the homologous chromosomes through small deletions, inversions and mutations (Sybenga, 1973). An extreme situation is the occurrence of mutations governing preferential pairing of some chromosomes as observed in wheat (Sears, 1976) and Festuca arundinacea (Jahuar, 1975). In wheat, a “gene” phlb, in fact it is a deletion, located on chromosome 5 of genome B, controls pairing between homeologous chromosomes. Besides chromosome modifications or mutations, other mechanisms, like gene diversification, resulting in regulatory or functional divergence of duplicate genes, and gene silencing, i.e. the inhibition of the expression of some genes, may favour evolution towards diploidisation (Soltis and Soltis, 1993; Scheid et al., 1996; Wendel, 2000).


 Mating system and polyploidy

As was early pointed out by Stebbins (1957, 1971), autopolyploidy seems to be related to the reproductive system and life cycle duration (Lumaret, 1988). In crop plants “we can find no example of a successful polysomic species which is self-pollinated” (Bingham, 1980). This could also apply to most, if not all, autopolyploid angiosperms in nature (Sanford, 1983). Evidence for higher selfing rates in autopolyploids than in diploids seems to exist only in ferns (Watano and Murayama, 1991). In contrast, allopolyploidy can be associated to high selfing rates. As argued by Sanford (1983), allopolyploidy in autogamous plants can be seen as a duplication of the genome allowing stabilization of heterozygosity in spite of autogamy. It is an extreme case of Ohno’s (1970) evolution by duplication. Association between autopolyploidy and outcrossing within a genetically diverse population allows maintainance of high level of heterozygosity and hence greater genetic diversity and buffering ability as compared to their diploid progenitors. Indeed, autopolyploidy allows more alleles at one locus, and then a greater degree of heterozygozity at the population level than diploidy, which can be an advantage for allogamous autopolyploids, compensating for low fertility. Furthermore, the presence at any locus of four genes allows larger effective population size for a similar demographic population size and could explain why autopolyploids seem to possess a greater ability than diploids to survive in small isolated populations (Bayer and Stebbins, 1983).


Table 1.2. Some examples of autopolyploid and allopolyploid crop species.
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The possible presence at many loci, for each individual, of more than two alleles also gives also a buffering advantage to perennial plants to survive in unstable environments (Zohary, 1965; Stebbins, 1980; Hodgson, 1987, Maceira et al., 1993; Lumaret et al., 1997). It is worth noting that there are no cultivated autopolyploids which are annual and highly autogamous, whereas in allopolyploids there are annual and perennial plants, autogamous or allogamous (see Table 1.2). Stebbins (1971) also underlines that the higher percentages of polyploidy are found in perennial herbs. Interestingly, most apomictic species are autopolyploids and perennials (Nogler, 1984). This could correspond to a degeneration of sexual reproduction as also observed in several autotetraploid and perennial species like Solanum tuberosum and Ipomea batatas.


 The origin of natural polyploids

Polyploidization may occur following either zygotic or somatic chromosome doubling or gametic non-reduction (De Wet, 1980). Among these two processes, it is actually largely recognized that the production of unreduced gametes is the driving force behind the origin of polyploid plant species. This hypothesis was first proposed by Harlan and De Wet (1975) who showed that unreduced gametes are produced in low frequencies in most plant genera. Both 2x pollen and 2x eggs have been observed in parents of polyploid species. Unreduced pollen grains are easily identified by size, as they typically have a diameter 30-40% larger than that of reduced pollen. The frequency of 2x female gametes is more often identified indirectly using controlled crosses. Ramsey and Schemske (1998) computed the frequency of unreduced gametes in diploid non-hybrid plant species. They found a mean value of about 0.5%. Based on this value, and assuming that unreduced gametes are the only cause of polyploid formation, they estimated the rate of autopolyploid formation and found values ranging between 10—5 and 5 10—5 . This means that the rate of formation of polyploid individuals in diploid populations may be of the same order of magnitude as genie mutation rates and may often be higher than the rate of allopolyploid formation. Such a value also means that polyploidization through unreduced gametes is a dynamic and recurrent process under which gene flow between diploid and polyploid individuals may occur within populations. In accordance with this view, it is generally observed that autopolyploid species share a large part, if not all, of the genetic diversity of their diploid progenitors (Otto and Whitton, 2000).

Following the production of unreduced gametes, two major ways of autopolyploid formation can be considered (Ramsey and Schemske, 1998). Firstly,...
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Type of

Species ploidy(1) Level of ploidy Reproductive biology

Leek (Allium porim) auto 4x = 32 Allogamous, bulbs

Lucerne (Medicago sativa) auto 4x = 32 Allogamous, perennial

Bird’s foot trefoil (Lotus cor-  auto 4x = 24 Allogamous, perennial

niculatus)

Cocksfoot (Dactylis glome- auto 4x = 28 Allogamous, perennial

rata)

Dalhia (Dalhla variabilis) auto 8x =64* A]]ogamous’ vegetaﬁvely propa-
ated

Potato (Solanum tuberosum) auto 4x = 48 illogamous, vegetatively propa-
ated

Timothy (Phleum pratense) auto 6x = 42 il]ogamous, perennial

Sugar cane (Saccharum ) auto 8x = 80 Allogamous, vegetatively propa-

officinarum) gated

Strawberry (Fragaria x auto** 4x = 56 Allogamous, perennial

ananassa)

Sweet potato (Ipomoea bata- auto 6x = 90 Allogamous, vegetatively propa-

tas) gated

Yam (Dioscorea alata) auto 6x = 60 Allogamous, perennial

Tea (Camellia sinensis) auto 4x = 60 Allogamous, perennial

‘Wheat (Triticum vulgare) allo 2(x,y,2z) = 42 Autogarnous, annual

Oat (Avena sativa) allo 2(x,y,z) = 42 Autogamous, annual

Tall fescue (Festuca arundi- allo 2(x,y,2) = 42 Allogamous, perennial

nacea)

Rapeseed (Brassica napus) allo 2(x,y) = 38 Semi-allogamous, annual

Tobacco (Nicotiana tabacum) allo 2(x,y) = 24 Preferentially autogamous, annual

Peanut (Arachis hypogea) allo 2(x,y) = 40 Autogamous, annual

Coffee tree (Coffea arabica) allo 2(x,y) = 44 Autogamous, perennial

Cotton (Gossypium hirsutum) allo 2(x,y) = 52 Preferentially autogamous,

“annual”

(1) Auto. = autopolyploid; allo = allopoplyploid, *wild forms are autotetraploids (4x = 32),**allo-octoploid
with diploidisation of some parts of the genome (Lerceteau-Kohler et al., 2002)
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