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ABSTRACT

The relative effectiveness of selfed progeny test, selfedfamily, .iolycross progeny test, polycross family, full.sibfamily, and individual selection was compared theoreti.cally. Initial gene frequency, level of environmental vari. ance, and lescl of dominance were variables in the com.parisons. The comparisons were based on theoreticalchanges In gene frequencies with one cycle of selection intwo-allele autotetraploid populations that were in ran-dom-mating equilibrium.
Theoretical responses with selfed progeny test and self.ed family selection were equal and always greater than 

the other methods. Polycross progeny test selection wasthe second most cffective method, and polycross familyselection was the least effective method. Full.sib family
and individual selection were intermediate between poly­cross progeny test and polycross family selection. Full-sib family selection was more effective than in-,'ldualselection when environmental variance was large, but 
individual selection was more effective for some gene 
frequencies when environmental variance was small.
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pLANT breeders faced with ineffectiveness in a1 selection have two alternatives: 
program refiningtechniques to make selection more accurate or usingdifferent methods of selection. Theoretical studies ofdifferent methods of selection for diploid species areabundant (Falconer, 1960; Sprague, 966), but theory
 

is much less developed for autotetraploid species. Atheoretical comparison of six methods of selection thatmay be used in attote traploids such as alfalfa (Medi­cago saliva L.) is presented herein. 

MATERIALS AND METHODS 
The methods of selection evaluatedwe may be divided intothree classes: (1)Individual selection, in which the best in­dividuals in the population are selected on the basis of theirphenotypic performance aad intertatd to form the Improved
 

population. This method has also been called recurrent phe­notypic selection (Dudley, Hill, and Hanson, 1963) and simple
recurrent selection (Allard, 1960) in plant breeding literature.(2) Progeny test selection, in which plknts are selected on thebasis of the mean performance of their progenies. We examinedpolycross and selfed progeny test selection. (3) Family selec.tion, in which all imdividtals within the best families are
selected and internated to produce the improved population.Polycross, full-sib, and selfed family selection were examined.We did not evaluate within-family or combined family-within.
family selection (Falconer, 1960).

The methods of selection were evaluated by assuming thatchange in gene frequency was proportional to Cov(x,y)/Ur,
where Cov(x,y) is the covariance between gene frequency inthe itilividuals to be considercd for selection and the iteanof tie inividuals upon which tlie selection is based, and o,,is the phetolypic stalard error of the individuals upon whichselection is Thebased. initial population was assutmed to be 
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Table 1. Genotypes, frequencies, mean gene frequencies, and means for indicated family types in a two-allele autotetraploidpopulation.* 

Family type 
Individual Polycros 

Oenotype SX Yixiylai 

P4AAAA 	 4 20 4A+6D+4T+F q ( P+ q)A+(6p' 6pq'q)D+(4p'p+2PqT+par 

2
AAAa 	 4pq 3A +31 + T (psq) (/p43q)A+ (9p'+Spqcp2)D+ (SpI+2pq)T+ p F 

It2-2 
2 2 

AAu 6pq' I1 2A+O (p+Q) (3pq)A+ (I9Ps 14"2 )D+ (4p3-q)T + p3F 
2 4 6 .1 6 

Aa 4pq' j A (3p 7q) ($p4O)A+ (2p-4pq)O+ p' T 
" a 2 -2-2 

a1 0 (p+2q) 2pA+po 

XI X 	 and x represent meangonefrequencles within individuals, polycross families, 
individuals, polycroas families, andsoiled families, respectively. 

a two-allele autotetraploid population in random mating equili-
brium. 	 Values (4A 6D + 4T +of 	 + F), (SA + 3D +T),
(2A t D), (A), and (0), respectively, were assigned to theAAA AAAa, Aaa, /aaa, and aaa genotypes (Table 1).Genetic interpretation of the paramneters in this model weregiven by Hill (1971b). The covariances [Cov(xy)] for differentmethods of selection were derived from the parameters in 
Table I as follows:Individual: flx 1 y' - (Z f~x 1 ) (Z fiY1 ) 

Polycross progeny test: Ifx yp - (Zftxi) (Z fty1 )
I 	 i 

Polycross family: Mfxp - (Z fix1 ) (ZIfy, ) 
Selfed progeny test: Z f xfty, - (Z fixt) (Zfly.,) 

The covariance for selfed family selection was the same asfor selfed proeny test selection, because gene frequencyState 	 gene (x nwithin 	 selfed families is the same as in the parents (xi = 
Xst) The phenotypic variance, os,, was assumed 

i 
to be a z + 


&oafor individual selection and 
 (oas+ a0 - oar)/n + e'r 

for progeny test and family selection, where a',,a'r , 0'?, and 

n represent environmental variance, total genetic variance, the
variance among family means, the numberand of individualsper family, respectively, 


The covariance between the average gene frequency 
 in the
15 possible full-sib families of the population and their meanswas computed in a manner simtilar to that above. The de-tails are not presented here. 


Use of the above approach for theoretical evaluation of
breeding methods was advocated by Robertson (1963). The 

relationship between and
this other methods of evaluatingchanges in gene frpquency is described for diploids by Fal.
coner (1960). The sante general approach was used by Coin-
stock, Robinson, and Harvey 	 (1949) to compare different meth-ods of recurrent selection used in the breeding of Zea mays L. 

Numerical comparisons of the nethods of selection were ob.tained by cotlputation of the values of Coy (x,y)/'r, for different 
gene frequencies with each of the methods of selection. In­formation on the effects of differeit genetic 	 models was ob-tained 	 by changing the values of A, D, T, and F (Table 1).The effects of different nagnitutles of environmental variance 
and fam ily size were assessed by inserting different values o y
(y and 	itinto ithe equation for i'7 . Valics of 0.0675 and 0.4275 
were used to represent low and high valtcs of 2r in all com-parisons presented herein. These yalles of a',: represent theo-retical 	 heritabilities of 25 and 5%,c respectively, when P = 

= and F ot-0.1, A 0.25, D = T = =0 iii !ssomedlation 	 (Table i). All conparisons presentetd popu-it this paper 
are for i) = 10. 

RESULTS 

The covariances, or numerators, of each of themethods of selection except selfed family and selfed

)rogeny test were a constant times ptla (Table 2). The 

Selfed 
Si Ys

0 

I 

I 

2 

3 
4 

1 

1 

4A +6D+4T+F 

3A + 13D + 6T + F 
4 44 

2A +.8D+ 2T + F 
6 6 36 

A+
 

4 
0 

nd ntted families, respectively. y, 1 y , 	 adY5 represent meangenotypl values for 

Table 2. Equations for change In gene frequency with Indicated
method of selection. 

Method Equation'
 
Individual 
 -pqa 

1,[+ rz 11/3 

Polycroas 	 progeny tet (e + r -e*a/n +e pt/,-pqv/2
 

family 	 +aolycrosa-pq /4
i(ai,+ -oe)/n +o it/l
 
Fuil-sib family 
 Qa, +-.%)/n-pqq/2 +.11+/2
 

-otSe/FSd Fmy
-pq 4/ 
Batted famiLy or saled -P4 aprogeny test ((i o 

a, + oS Fit/o-
a (A +3pO +3pa T +pF). the usual "alph',for autotetraplod populations (fill,97tb). ."-A+13p+(q-p)/4L+ (3p' - lp(p-2q)1/2 r+(p - p3- (-4q)/4­
pqtl-2q)l/12) F could not be defined in terms of parameters for random mating

2
autotetraplold populations . ',o , qp as, reprs...t
variance, totalgeneticvariance, variance duo to polycroes family means, variance 
dueto full-sib family means, totalgenetic In an S1 

a' a' - enviren..al
 

variance population,
and variancedueto S, family mehw,, respectively. n representsthe number of individuals per
family. 

covariances are negative because of the coding usedin Table I and the fact that selection is against the
recessive allele. numeratorThe for individual selec­
tion was twice as large as the numerators for poly­cross progeny test or full-sib family selection. The 
numerator was the smallest for polycross family selec­tion. The numerators for selfed family and selfed 
progeny test selection were simlicr to the for in­onedividual selection, but were identical to it only whenthere was no nonadditive gene action (D = T =F = 0). The covariance for selfed family and selfed prog. 
eny test selection could not be written in terms of a,as was done with the other methods.
 

The denominators of the 
 response equations aresimilar to those given by Sprague (1966), but thegenetic components of variance should be interpreted
gee 	 hou d D dle y ,
in terms of autotetraploids (Levings and Dudley,1963) (Table 2). When other paranteters are equal,full-sib family selection should always be slightly lesseffective than polycross progeny test selection, because 
G

2
F is always larger thantrs at netc interpretationS aloge o2 ipx. An inAinepcouldin be 

terms 	of autotraploid genetic variances cold not be
 
found 	 for the total variance in a selfed population(r 2sm) or for the variance among selfed family means 
(G2st). 

Numerical and graphic comparisons of the methods 
were conducted, because evaluation theof nethods 
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is difficult by examination of the equations alone(F. 1). 	 The graphs are coded and interpreted in 
sucn a way that the 	object of selection is to increasegene frequency, or to move from left to right. Thus,the left portion of each of the graphs is of greatestinterest because selection would be most likely to bepracticed when gene frequency is low. 

Response to selection with each methods was alwaysgreater when environmental variance was low 	 thanwhen it was high (Fig. 1). As expected, response withindividual selection was affected more by changes inenvironmental variance than -.ias response with theprogeny test or family selection methods. The re-
sponse curves were symmetric when there was nodominance and were skewed to the left or to theright with dominance and recessive models, respec-
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Fig. I. Response as change in gene frequency (y axis) for dif.ferent gene frequencies (x axis) with Indicated methods ofselection for low environmental variance (a',g = 0.0675) and
high environmental variance 
 (u2p, = 0.5275). Family size
Is 10 with family and progeny test methods. 


tively. Maximum differences between the methodsof selection were usually observed in the regions of
maximum response to selection.

The theoretical ranking of the methods of selectionwhen the environmental variance was high was thesame with each level of dominance (Fig. 1, A, C, andE). Selfed' progeny test and selfed family selection 
were the most effective, followed by polycross progenytest, full.sib family, individual, and polycross familyselection. Differences between the methods were verysmall at low gene frequencies with no dominance orwith complete dominance (Fig. 1, A and I C, respec­tively). Except for polycross progeny test and full­
sib family selection, responses diverged greatly at in­termediate gene frequencies with no dominance (Fig.IA). Polycross family and full-sib family selection 
gave similar responses with complete dominance for 
gene frequencies between 0 and 0.2 (Fig. IC). Selfed progeny test anti selfed family selection were markedly
superior 	 to the othei methods for gene frequenciesabove 0.2 with the dominance model and below 0.8with the recessive model (Fig. 1, C and E).progeny test, selfed family and pol cross 
progeny test selection were the three most effective
Imethous, 	 and polycross family was the least effective 
method with each of the genetic models when environ­mental variance was low (Fig. 1, 11, 1), and F). Full.sib family selection was slightly more effective than
individual selection at thleno dominance, extreme gene frequenciesbut individul selection wassuperior 	at intermediate gene frequencies (Fig. 1B). 

Response 	with individual selectionfor polycross progeny was similar- to thattest selection, and was superiorto that for full-sib family selection at low gene fre. 
.encies with complete dominance (Fig. ID). In­

ividual selection maintained its superiority over 
full-sib family selection until gene trequency wasabout 0.5. Full-sib family selection was slightly moreeffective 	 than individual selection at low gene fre­with the recessive model (Fig. IF). As was 
true with high environmental variance, selfed familyand selfed progeny test selection were more effective

tile other methods at high gene frequencies intile dominance model and at low gene frequencies in
 
the recessive model.
 

DISCUSSION 
The choice of a breeding method should not bemade on the basis of the equations and response curvesalone. Ou- comparisons did not consider selection in­

tensity or time per generation, both of which arevery important in any selection program. With cross­
pollinated, autotetraploid species, no method of selec­tion is likely to achieve
to diseases or 

a practical level of resistanceinsects in one generation. Thus, the 
most desirable selection methods 	 for cross-pollinatedautotetraploids would pernit large selection intensity,
have a short generation interval, and be adaptable to 
a cyclic program.

No method is better than individual selection from
tie viewpoint of meeting the above three criteria.Selection intensity can be increased at will, genera­tion time can be andshort, individual selection isreadily adapted to cyclic programs. However,spouses with individual selection decreases 

re­
rapidly as 
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environmental variance increases and probably willnot be eflective when environmental variance is verylarge. If refinement of techniques does not reducethe environmental variance to a level that will permitindividual selection to be effective, the breeder has no choice but to use another method.
Family selection is less affected by large environ-mental variance than individual selection. It can beadapted to cyclic selection, because individuals fromthe selected families can be used as parents of familiesfor the next cycle. Polycross family selection can bereadily adapted to most cross-pollinated, autotetra-

ploid species, but it was always theoretically the leasteffective method examined. Response with full-sib
family selection was similar to that with individual
selection in all the cases we studied. Selfed familyselection was the most effective of the family methods,
but it cannot be used for more than one or two genera-
tions in most cross-pollinated, autotetraploid foragespecies without the undesirable side effects of inbreed-
ing, and self-incompatibility in many of these speciesseverely limits the use of selfed family selection. Al-
ternating selfed family selection with another methodwill not eliminate the inbreeding, because part of 
any accumulated inbreeding would be transmittedfrom parent to offspring in autotetraploids (Busbiced1969). Thus, we concluded that full-sib family selec-
tion was the most promising of the family selectionmethods, but it would be recommended over individ-ual selection only when environmental variance was
extremely large.

When selection intensity and generation time were
ignored, progeny test methods were always the mosteffective. However, progeny test selection must al-ways operate at a lower selection intensity than in-dividual selection, and an ext-a generation is re-quired between cycles of selectiot, When individual 
gene frequencies are extremely low, selfed or poly-
cross progny test selection would be useful to increaseeffectelwould begene Freuny toselueion f t sseie gene frequency to a value for which individual selec-d 	genotype wasrecessive homozygote, selfed progeny test selection 
would be much more effective than polycross progenytest selection. 

The digenic effect never occurred in our responseequations, indicating that digenic effects may have 

no role in change in gene frequency in autotetraploids.
The deviations from simple a with selfed progeny testand selfed family selection were caused by destruction
of the random-mating equilibrium properties of thepopulation, and did not indicate that digenic effects per se were responsible for changes in gene frequency.The equation proposed by Levings and Dudley (1963)for heritability in autotetraploids contained the digen­
ic component, indicating that digenic variance couldhave a role in change in tie population mean. Selec­tion in autotetraploids destroys the random-mating
equilibrium, and once selection is relaxed, the mean
changes until a new equilibrium is reached (Hill,1971a). We offer the conjecture that the magnitude
of the shift to a new equilibrium after selection
relaxed is proportional to the magnitude of the digen-

is 

ic variance, but we have no proof of this at the present
time. 
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