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ABSTRACT

The relative effectiveness of selfed progeny test, selfed
family, polycross progeny test, polycross family, fullsib
family, and individual selection was compared theoreti-
cally, Initial gene frequency, level of environmental vari-
ance, and level of dominance were variables in the com-
parisons. The comparisons were based on theoretical
changes in gene frequencies with one cycle of selection in
two-allele autotetraploid populations that were in ran-
dom-mating cquilibrium,

Theoretical responses with selfed progeny test and self-
ed family sclection were cqual and always greater than
the other methods. Polycross progeny test selection was
the second most cffective method, and polycross famliy
selection was the least cffective method. Fullsib family
and individual selection were intermediate between poly-
€ross progeny test and polycross family selection, Full-
sib family sclection was more effective than in_.ivldual
selection when environmental variance was large, but
indivldual selection was more cffective for some gene
frequencies when environmental variance was small.

Additional index words:
tion, Progeny test.

Family selection, Mass selec-

! Joint contribution of the ARS, USDA, and The Pennsylvania
State University, University Park, PA 16802 Contribution No.
277 of the US. Regional Pasture Research Laboratory, ARS,
USDA. Authorized for publication as Journal Series I\Yo. 4504
by the Pennsylvania Agricultural Experiment Station, University
Park. Partial financial support for the junior author was pro-
vided by the US. Agency for International Development
through the 211-d grant to the Agronomy Department of The
Pennsylvania State University. Received Jan. 25, 1974,

* Research - Agronomist, ARS, USDA, University Park, Pa.
and Graduate Research Assistant, The Peonsylvania State Uni-
versity, University Pmk, Pa.  (present  adidress: CIMMYT,
Londres 40, Mexico 6, D.F,, Mexico), vespectively,

PLANT breeders faced with ineffectiveness in a

selection program have two alternatives: refining
techniques to make selection more accurate or using
different methods of selection. Theoretical studics of
different methods of selection for diploid species are
abundant (Falconer, 1960; Sprague, 966), but theory
is much less developed for autotetraploid species. A
theoretical comparison of six methods of selection that
may be used in autotetraploids such as alfalfa (Medi-
cago sativa L.) is presented herein.

MATERIALS AND METHODS

The methods of selection we evaluated may be divided into
three classes: (1) Individual selection, in which the best in-
dividuals in the population are selected on the basis of their
phenotypic performance aad intermated to form the improved
population. " This method has also been called recurrent phe-
notypic selection (Dudley, Hill, and Hanson, 1963) and simple
recurrent selection (Allard, 1960) in plant breeding literature,
(2) Progeny test selection, in which plants are sclected on the
basis of the mean performance of their progenics. We examined
polycross and selfed progeny test selection, (3) Family sclec-
tion, in which all individuals within the best families are
sclected and intermated 1o produce the improved population.
Polycross, full-sib, and selfec family sclection were examined.
We did not evaluate within-family or combined family-within.
family sclection (Falconer, 1960).

The methods of selection were evaluated by assuming that
change in gene frequency was proportional “to Cov (x,y)/a,,
where Cov(x,y) is the covariance between gene frequency in
the individuals to be considered for selection and the mean
of the individuals upon which the selection is hased, and o,
is the phenotypic standard error of the individuals tpon which
sclection is based. The initial population was assumed to be
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Table 1. Genotypes, (requencies, mean gene v’trequénciu;-"zitlld.:he;;u for indicated timll}- types in a ‘4t_w¢-‘all¢‘le". autotetraploid

population.*
Famlily type ..
Individual Polycrosa Selfed
Qenotype x, - Y, x y ¥,
i h l Py Py "8, 5
AAAA P 0 4A+6DH4T+F g (4P+29)A + (6p* +6pqiq? )D + (4p? +2pQ)T +ptF 0 4A +6D+4T+F
e 2
- AAAR 4p'q 1 WM+sT (p+5q) Tp139)A + (9p +8pqip? )D + (5p! +2pq)T + p? F s 3A+13ID+6T+F
I o 8 2 2 2 4 4 4 4
Y™ 6pt gt 1 2A+D (PNq) Gptq)A + (19p? +14pgiq? )D + (ip? 4pq)T +p? F 1 u+£2+£+_l?__(
L L P] 4 6 4 6 2 6 6 36
Awa e 3 A Gp¥9)  (SptqlA + (X 4paD 490 T 3 A+p
7 ] 2 ] ry 4
azan ¢ 1 0 (P+2q) A +p'D 1 0
2

'x' B xpl. and Xg represent mean gene freq within Individuals, poly

fadlviduals, polycross famtlies, and aelfed familles, respectively,

a two-allele autotetraploid population in random mating equili-
brium. Values of (4A . 6D . 4T + F), (3A 4 3D 4T),
(2A D), (A), and (O), respectively, were assigned to the
AAAA, Adda, Adaa, Aqaa, and aqaa genotypes (Table 1),
Genetic interpretation of the parameters in this model were
given by Hill 8197lb). The covariances [Cov (x,y)] for different
methods of selection were derived from the parameters in
Table 1 as follows:

Individual: }.‘.f.x,‘y.l —_ (2 f.x,')(E fiyr )

Polycross progeny test: Ef'x,'yp' - (Elf.x,l) = ijp')
Polycross family: = f.xply,| - (2 f|Xp‘)(z f.y,l)
Selfed progeny test: 2:f.x,|y.l - (Ef.x,')(Ef.y.l)

The covariance for selfed family selection was the same as

that for sclfed progeny test selection, because gene frequency

within selfed families ‘is the same as in the parents (x; =
1

Xs ). The phenotypic variance, ¢%,, was assumed to be o’ 4
1

o'q for individual selection and (0% + 0% — o%)/n + o
for progeny test and family selection, where o’z o', o', and
n represent cnvironmental variance, total genetic variance, the
variance among family means, and the number of individuals
per family, respectively.

The covariunce between the average gene frequency in the
15 possible full-sib families of the population and their means
was computed in a manner similar 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 this and other methods of evaluating
changes in gene frequency is described for diploids by Fal-
coner (1960). The same general approach was used by Com-
stock, Robinson, and Harvey (1949) to compare different meth-
ods of recurrent sclection used in the bree ing of Zea mays L.

Numerical comparisons of the methods of selection were ob-
tained by computation of the values of Cov (x,y)/o, for different
Fcnc frequencies with each of the methods of selection. In-
ormation on the effects of different genetic models was ob-
tained by changing the values of A, D, T, and F (Table 1),
The effects of different magnitwdes of environmental variance
and family size were assessed by inserting different values ‘or
o'z and n into the equation for ¢%,. Values of 0.0675 and 0.4275
were used to represent low and high values of o in all com-
parisons presented herein. These values of a’; represent theo-
retical heritabilities of 25 and 5% respectively, when p =
00, A = 025, and D = T = F = 0 in our assumed popu-
iation (Table 1). Al comparisons presented in  this paper
are for n = 10.

RESULTS
The covariances, or numerators, of each of the
methods of sclection except selfed family and selfed
progeny test were a constant times pa (Table 2). The

families, nnd selfed familles, respectively, Y1+ ¥p0 and ¥g reprosent mean genolyple values for
1 1 1 ’ . :

Table 2. Equations for change in gene {requency with indicated
method of selection.

Method Equation®

Indlvidual =Pg u

———

lo}. +a, 112
Polycross progeny test -pq o/2

I} +0}, - ehyVn+el i
Polycross family -pq /4

“"}: + c‘b - a;)x)/n + c‘ml 1y
Fult-slb family -pq af2

Lol + 9 - ofgWn +apghpa
Selfed family or selfed -py a

progeny test

l(vt. + a_{,‘- lr§l gi/n+ ng l_\Il/‘

*a=(A+3pD+3p’ T +p'F), the usual “alpha' for autotetraplold populations (HLII,
1971b), o = A +[3p + (q-pVAID + {3p - lp(p-2q)l/2}T +(p" - ip? - (1-4q))/d -
[pg(1-2q)1/ 12} F could not be deflned in terms of parameters for random mating

autotetraplold populations, a;:. aé. a'p‘. U}-‘S' 17;‘ . og‘  Fepresent environmental
varlance, total genetic varlance, variance duo to polycross family means, varlance
due to [ull-slb family moans, total genetic varlance In an 8; populatlon, and variance
due to 8, family moans, respectively. n represents the aumber of indlviduals per
{family,

covariances are negative because of the coding used
in Table 1 and the fact that selection is against the
recessive allele. The numerator for individual selec-
tion was twice as large as the numerators for poly-
cross progeny test or fullsib family selection. The
numerator was the smallest for polycross family selec-
tion. The numerators for selfed family and selfed
progeny test selection were similar to the one for in-
dividual selection, but were identical to it only when
there 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 4,
as was done with the other methods.

The denominators of the response equations are
similar to those given by Sprague (1966), but the
genetic components of variance should be interpreted
in terms ol autotetraploids (Levings and Dudley,
1963) (Tuble 2). When other parameters are equal,
full-sib family selection should always be slightly less
effective than polycross progeny test sclection, because
o?rs is always larger than ¢%p,. An interpretation in
terms of autotraploid genetic variances could not be
found for the total variance in a selfed population
50251) or for the variance among sclfed family means

SIF).

Numerical and graphic comparisons of the methods
were conducted, because evaluation of the methods
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is difficult by examination of the equations alone
(Fig. 1). The graphs are coded and interpreted in
such a way that the object of selection is to increase
gene frequency, or to move from left to right. Thus,
the left portion of each of the graphs is of greatest
interest because selection would be most likely to be
practiced when gene frequency is low.

Response to selection with each methods was always
greater when environmental variance was low than
when it was high (Fig. 1). As expected, response with
individual selection was affected more by changes in
environmental variance than v.as response with the
progeny test or family selection methods. The re.
Sponse curves were symmetric when there was no

ominance and were skewed to the left or to the
right with dominance and recessive models, respec-
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Fig. 1. Response as change in gene frequency (y axis) for dif.
ferent gene frequencies (x axis) with indicated methods of
selection for low cnvironmental variance (¢ = 0.0675) and
high environmenial variance (o%; — 0.5275), Family size
Is 10 with family and progeny test methods.

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

The theoretical ranking of the methods of selection
when the environmental variance was high was the
same with each level of dominance (Fig. 1, A, C, and
E). Selfed’ progeny test and selfed family selection
were the most effective, followed by polycross progeny
test, fullsib family, individual, and polycross family
selection. Differences between the methods were very
small at low gene frequencies with no dominance or
with complete dominance (Fig. 1, A and 1 C, respec-
tively). Except for polycross progeny test and {ull-
sib family selection, responses diverged greatly at in-
termediate gene frequencies with no dominance (Fig.
1A).  Polycross family and full-sib family selection
gave similar responses with complete dominance for
gene frequencies between 0 and 0.2 (Fig. 1C). Selfed
progeny test and sclfed family selection were markedly
superior to the other methods for gene [requencies
above 0.2 with the dominance model and below 0.8
with the recessive model (Fig. 1, C and E).

Selfed progeny test, selfed family and polycross
progeny test selection were the three most effective
methods, and polycross family was the least effective
method with each of the genetic models when environ-
mental variance was low (Fig. 1, B, D, and F). Full-
sib family selection was slightly more effective than
individual sclection at the extreme gene [requencies
with no dominance, but individual selection was
superior at intermediate gene frequencies (Fig. 1B).
Response with individual selection was similar to that
for polycross progeny test selection, and was superior
to that for fullsib family selection at low gene fre-

uencies with complete ‘dominance (Fig. ID). In-

ividual selection ‘maintained its su periority over
fullsib family selection until gene (lrequency was
about 0.5. Full-sib family selection was shghtly more
eflective than individual selection at low gene fre-
quencies with the recessive model (Fig. 1F). As was
true with high environmental variance, selfed family
and selfed progeny test selection were more effective
than the other methods at high gene frequencies in
the dominance model and at low gene frequencies in
the recessive model.

DISCUSSION

The choice of a breeding method should not be
made on the basis of the equations and response curves
alone. Our comparisons did not consider selection in-
tensity or time per generation, both of which are
very important in any sclection program. With cross-
pollinated, autotetraploid species, no method of selec
tion is likely to achieve a practical level of resistance
to diseases or insects in one generation. Thus, the
most desirable selection methods for cross-pollinated
autotetraploids would permit large selection intensity,
have a short generation interval, and be adaptable to
a cyclic prograin,

No method is better than individual selection from
the viewpoint of meeting the above three criteria.
Selection intensity can be increased at will, genera-
tion time can be short, and individual selection s
readily adapted to cyclic programs.  However, re-
sponses with individual selection decreases rapidly as
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environmental variance increases and probably will
not be effective when environmental variance is very
large. If refinement of techniques does not reduce
the environmental variance to a level that will permit
individual 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 be
adapted to cyclic selection, because individuals from
the selected families can be used as parents of families
for the next cycle. Polycross family selection can be
readily adapted to most cross-pollinated, autotetra-
ploid species, but it was always theoretically the least
effective method examined. Response with full-sib
family selection was similar to that with individual
selection in all the cases we studied. Selfed family
selection 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 forage
species without the undesirable side effects of inbreed-
ing, and self-incompatibility in many of these species
severely limits the use of selfed family selection. Al-
ternating selfed family selection with another method
will not eliminate the inbreeding, because part of
any accumulated inbreeding would be transmitted
from parent to offspring in autotetraploids (Busbice,
1969). Thus, we concluded that full-sib family selec-
tion was the most promising of the family selection
methods, 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 most
elfective.  However, progeny test selection must al-
ways operate at a lower selection intensity than in-
dividual selection, and an extra generation is re-
quired between cycles of selection,. When individual
gene frequencies are extremely lnw, selfed or poly-
cross Frogny test selection would be useful to increase
gene lrequency to a value for which individual selec-
tion would be effective. If the desired genotype was
a recessive homozygote, selfed progeny test selection
would be much more effective than polycross progeny
test selection,

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

no role in change in gene frequency in autotetraploids.
The deviations from simple « with selfed progeny test
and selfed family selection were caused by destruction
of the random-mating equilibrium properties of the
population, 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 could
have a role in change in tie population mean. Selec-
tion 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 is
relaxed is proportional to the magnitude of the digen-
ic variance, but we have no proof of this at the present
time,
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