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Summary — The choice of the varietal type that a farmer will use is the result of considering the balance between
seed cost and the profit possible from using one type rather than another. This paper uses the criteria of quantitative
genetics to predict the relative advantages of a population, lines extracted from this population, hybrids (3-way-, dou-
ble-, and single-crosses) between such lines and their F,s. Inbreeding depression, rate of multiplication, genetic vari-
ability, the ratio of seed price to grain value constitute the main parameters of comparison. There is no single answer
to the question and even the situation for one species may evolve over time and accompanying progress in selection.
The F; hybrids are the best type of variety in a large range of situations with high inbreeding depression (> 40%) and
sufficient genotypic variance. In such a situation the expected superiority of single-cross hybrids over population is 20
to 35%. For cross-fertilized species, populations are to be considered only for low genetic coefficients of variation for
hybrids and a relatively high seed cost. Fos and lines are obviously justified only with low inbreeding depression
(< 20%) and relatively low variation among hybrids.

varietal type / hybrid / line / population / seed cost

Résumé — Le choix d'un type de variété du point de vue de l'agriculteur. Le choix du type de variété que l'agri-
culteur utilisera est le résultat de la considération du bilan entre le codt de la semence et le profit additionnel qu'il peut
espérer en utilisant un type de variété plutdt qu'un autre (en particulier le grain qu'il produit lui-méme). Cet article uti-
lise des résultats de la génétique quantitative pour prédire I'avantage relatif d'une population, de lignées tirées de
cette population, des hybrides (3 voies, doubles, simples) entre de telles lignées et de leur F,. La dépression de cons-
anguinite, le taux de multiplication, la variabilité génétique, le rapport de prix de la semence et du grain sont les princi-
paux paramétres des comparaisons. Il n'y a pas de réponse unique, et méme la situation pour une espéce peut evo-
luer dans le temps, avec le progres de la sélection et la diminution de la variabilité génétique. Les hybrides simples
sont le meilleur type de variétés dans un grand nombre de situations avec une forte dépression de consanguinité (>
40%) et une variance genotypique suffisante. Dans une telle situation, la supériorité attendue des hybrides par rap-
port & la population est de 20 a 35%. Pour les espéces allogames les populations ne sont jusitifées que si la variation
génétique est faible et si le colit des semences hybrides est relativement trés élevé. Les F, et les lignées ne sont évi-
demment justifiées que si la dépression est faible (< 20%) et si la variation entre hybrides est faible.

type de variété / variétés hybrides / lignées / populations / colit des semences
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INTRODUCTION

The choice of a varietal type as a plant breeding
aim can be considered from a purely genetic
standpoint; it can also be considered from the
economic aspect, and more specifically, from the
farmer's point of view. From the genetic point of
view, this problem has often been discussed in
classical plant breeding literature. It is only nec-
essary in the latter case to consider the differ-
ence in yield or in economic value of the product.
From the farmer's point of view, however, as
pointed out by Berlan (1983), one must also con-
sider the impact of the cost of seed used for pro-
duction on the overall return to the farmer. Ber-
lan and Lewontin (1986) have claimed that the
choice of hybrids has been forced on American
farmers because they provided a source of profit
for the (capitalist) plant breeding companies, ow-
ing to the farmer being obliged to purchase new
seed every year, and that plant population
breeding (by public institutions) would have
yielded the same results while retaining the pos-
sibility for the farmer to produce his own seed.
Note that this is approximately the basis of the
policy adopted by international agricultural re-
search centers such as the CIMMYT in their
breeding programs for maize.

It is clear that the varietal type has a marked
influence on seed cost. For example, in cross-
fertilized species, the seed of a single-cross hy-
brid will generally be more expensive to produce
than that of a 3-way or a double-cross hybrid;
and seed from hybrid varieties, whatever their
type, is more expensive than that from an F, or
from a population. Furthermore, for some varie-
tal types, the farmer can produce his seed him-
self, especially with grain crops (eg, seed from
populations, lines, Fss, etc), although at the cost
of obtaining a lower yield. The problem is then to
determine which is the more economical proce-
dure for the farmer: buying expensive seed of
high yielding varieties, buying cheaper seed, or
producing the seed himself, with a somewhat
lower yield prospect. This question is all the
more relevant as it highlights the latent conflict
between the interests of the breeder and the
farmer.

The aim of this paper is therefore to examine
some genetic and certain economic considera-
tions in an attempt to determine the optimal va-
rietal type for the farmer. To achieve this, the
margin (je gross income minus direct charges)
associated with a given varietal type will be con-

sidered. A type 1 variety will be more profitable
for the farmer than a type 2 variety, if:

Yipg—Cy>Yapy—Co (1]

where Y; (Y5) is the yield for varietal type 1 (type
2), pgis the selling price of the product to be har-
vested and C; and G, are the charges associat-
ed with each varietal type. However, only charg-
es dependent on the type of varieties need to be
considered; these are the associated costs for
seed, fertilizers and pesticides. Then, relation-
ship [1] can be written as:

pg (Y1 =Y2)>(Cs1 + Cx + Cpy ~ Cp = Cp — Co) [2]

where Cg;, Cj, Cp with i = 1 or 2 respectively
represent the cost of seed, fertilizers and
pesticides. Considering only the effect of the va-
rietal type, there is no reason to assume that re-
quirements regarding a pesticide will be different
depending on the varietal type (note that even if
hybrid wheat is more resistant to certain diseas-
es, it is quite possible to develop lines as resist-
ant as hybrids). Then we consider Cpy = Cpp. For
fertilizers it will be also considered that over a
certain range of difference in yield (= 20%) the
farmer does not adapt fertilization to the yield
then Cx = Cp. If he does, then the cost of the
fertilizer could be integrated in a corrected selling
price, p's. However, it is clear that in relative
value the difference in the farming cost of the 2
varietal types will be mainly due to the difference
in the cost of the seed, even if the approxima-
tions just made are not fully satisfied. This
means that (Cp1 — Cpp) and (Cy — Cp) can gen-
erally be relatively small in comparison to (Cgq —
Cso). Then with such assumptions, expression
[2] becomes:

Pg (Y1 = Yo) > dipy — dopo

or after rearrangement to make the relative differ-
ence in yield of the 2 varieties explicit, and with
d, = 0 dy and Y;/d; = t; being the multiplication
rate

(Y1 = Yo)/ Yy > (py = 6 p2)Apgt)
or (Y1 - Yg)/Y-] > (f1 - 6/'2)/1‘1 [3]

where ry and r, are relative prices in terms of
harvested grain prices.

This expression is a generalization of that giv-
en by Gallais (1989) in a study of the justification
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of F, seeds in comparison to F. It shows that the
difference in sowing rate can be integrated in the
difference in the cost of the seeds by defining r
= § r». Fundamentally the relative advantage of a
given type 1 variety over another type 2 depends
upon 2 parameters: (ry — rs), which is the differ-
ence between the relative seed costs (equivalent
value in harvested seed) and #;, the multiplication
rate.

Expression [3] will be used to discuss under
which conditions a given varietal type will be su-
perior — from the economic point of view — to an-
other. Considering only the case of sexually prop-
agated varieties, and excluding that of synthetics
as already discussed by Gallais (1990a, 1992),
the following comparisons will be developed: hy-
brids vs lines; hybrids vs population and F; hy-
brids vs F5s; lines vs population and lines vs Fos.

HYBRIDS VS LINES

Let hybrids (H) represent type 1 and lines (L)
type 2; then according to expression [3], for there
to be an economic advantage for hybrids it would
be necessary:

(YH— YL)/YH> (fH— fL)/tH-

Gallais (1989) has studied the conditions for
(Y1 — Y2)/Yo > 0, ie, for the best hybrid to be su-
perior to the best lines. The same reasoning can
again be used to solve:

(Yu= Y Yu> (ry— )ty

where Yy is replaced by the value of the best
possible single crosses (MaxSC) from a popula-
tion and Y; by that of the best possible lines
(MaxL) from the same population. Then, consid-
ering only the distribution of genetic values for
both types of varieties, it is possible to write:

(my+ioy) — (Mg +iolmy> (ry— )ity

where J is the theoretical selection intensity
among varieties of a given type, assuming it to
be the same for both types, my is the mean of all
possible single crosses from the population (in
the absence of epistasis, it is also the mean of
the random mating population), m; is the mean
of all possible lines that can be derived from the
population, a,?, is the genetic variance among all
possible single crosses, and of is the genetic

variance among all lines that can be derived
from the population. The expression can be sim-
plified, and the hybrids are justified when:

A>iCH(QLH—1)+(rH—rL)/tH [4]

where A is the maximum inbreeding depression
in relative value: A = (my— my;) / my, Cyis the
genetic coefficient of variation for single-cross
hybrids (o/my), Q4 is the ratio o;/op.

For the parameters of [4], we can take the fol-
lowing as realistic values: Q;;: between 1 and
2; Q4 is expected to be V2 in the case of strict
additivity; Cy: between 0.05 and 0.20 according
to Hallauer and Miranda (1981);

A: between 0.00 and 0.70;

i between 2 when the selection rate is 5% and 3
when it is 0.35%;

t: between 40 and 50 for wheat and between
300 and 400 for maize.

The ratios ry, r; vary according to the eco-
nomic situation in the various countries. In
France for a cross-fertilized species like maize,
the ratio of the cost of hybrid seeds (py) to the
selling price of harvested grain (pg) is ~ 30-40.
For a self-fertilized species like wheat the ratio
(pL/pg) is of the order of 3 when the farmer re-
news his seeds, and nearly 1 when he uses har-
vested grain as seeds.

To illustrate the justification of hybrids in com-
parison to lines let us consider 2 extreme situa-
tions, je those of maize and wheat. Obviously the
consideration of lines in cross-fertilized plants like
maize is only for the sake of generality.

For maize we may take A = 0.60, Cy = 0.10,
Q=14 (N2), i=2.5, ty= 300, ry = pu/py = 30.
If we agree to take p,/p, = 1 as with wheat, then
(PPg — PPy = 29, and thus (ry — )ty is =
0.10. As expected, with such values [4] indi-
cates a strong advantage for single-cross hy-
brids.

For a self-fertilized species such as wheat we
can take A = 0.10, again with C, = 0.10, Q. =
1.8, i=2.5; in this case, we have seen that p,/p,
= 1 to 3 according to whether or not the farmer
renews his seed, and we are looking for values
of p/p, that will put hybrids at an advantage
over other strategies. Incorporating the above
values into [4] it then becomes:

0.10>250.10 (1.3 1) + (pu/pg — 3)/30
or: py/bg < 3.75 for pi/pg =3
and: py/pg < 1.8 for p/pg=1.
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As it is probable that the cost of hybrid seed
will be increased > 25% in comparison to pres-
ently certified seed, it ensues that the use of sin-
gle-cross hybrid varieties for wheat would not be
profitable for the farmer. This is due to the fact
that in this situation it is possible to counterbal-
ance by selection the negative effect of a rela-
tively small inbreeding depression. In such as
case, it will be easy to develop lines with perfor-
mances nearly equal to those of single-crosses,
using an appropriate recurrent selection method
such as that of the single- doubled-haploid recur-
rent selection (SDHRS: Gallais, 1988, 1989,
1990b; Gallais and Fouilloux, 1988). As a conse-
quence, it is possible to predict that the future of
hybrid wheat is not very clear. Indeed with
wheat, the cost of seed must be kept as low as
possible. Moreover, even though heterosis could
be increased by selection, at the same time so
would the value of the lines from the population.

Finally, the main parameter on which it is pos-
sible to act is the sowing rate (d). As a matter of
fact, it would be feasible to decrease d by de-
creasing the weight of individual seeds while
keeping plant stand constant through sowing
smaller seeds. This would be feasible if it were
possible to breed varieties with small kernels
and the same yielding potential as with heavy-
kernel varieties. This is exactly what INRA did
with a different subject but a parallel situation, /e
with the “Vedette” hybrid breed of meat chick-
ens, in which the female parent line carried a
gene for dwarfism and the cock transmitted its
dominant normal size to the commercial progeny
generation. [t is interesting to note that the maize
seed industry has responded to this possibility
by selling maize seed by the “thousand viable
seeds” (MGV for “mille grains viables” in
French).

HYBRIDS vs POPULATIONS

Since the early work by Shull (1908) following
the rediscovery of Mendel's laws, it has been
clear that a random mating population can be
considered as a mixture of single-cross hybrids.
Assuming no interaction among genotypes (ab-
sence of allo-competition, but possible auto-
competition, je effects of density) it is clear that
the best population will always be inferior to the
best single-cross hybrid. With the assumption of
no allo-competition effects, a mixture of various
constituents cannot be better than the best con-

stituent: it will be equal to the average of all con-
stituents. In presence of allo-competition how-
ever, the mixture will generally be better than the
average of all constituents. Then if homogeneity
is not necessary, such a mechanism will reduce
the difference between the best hybrids and the
population.

The level of the population could be improved
through recurrent selection and also that of the
best single-cross hybrid. Hence from a strictly
genetic point of view the problem is clear. From
the economic point of view, je in the present
study from the farmer's point of view, the prob-
lem lies in whether the superiority of the single-
cross hybrid will be sufficient to prompt the farm-
er to buy F¢ seed instead of producing his own
seed from the population. From [3], with hybrids
(H) for type 1 and population (P) for type 2, this
will be the case if:

(Yu—Yp)Yp> (ry—rp)/ty 5]

Yy (Yp) being respectively the yield of the best
F4 hybrid and the yield of the population.

Note that in the situation considered, pp is ap-
proximately equal to pg and then (py — p'p)/pg ~
pHpg — 1. Incorporating genetic considerations
one can write: Yy — Yp = i oy where jis a theo-
retical selection intensity and Yp= my,.

Then [5] becomes:

iCH>(rH—rp)/tHori>(rH—rp)/CHtH [6]

Taking as an example the case of maize, it
has previously been considered that p./pg ~ 30,
;= 300; with Cy # 0.10 it is clear that / can easi-
ly be > 1; hence with such values for the parame-
ters, hybrids will be more desirable to the farmer
than the population. For their attractiveness to
decrease, it will be necessary for C to be as low
as 0.06, which means that the genetic variance
would have to be relatively low. This can also
happen if the cost of hybrid seed increases.

One should note that the expected superiority
of the best single crosses (Max SC) can be pre-
dicted by:

Max SC= my + i oy, or:
Max SC=mgy (1 + i Cy),

so that with / = 2 and Cy = 0.10, the best single-
cross hybrids will be 20% superior to the popula-
tion. As / can hardly be > 3 (this value corre-
sponds to a rate of selection of 0.3%), the maxi-
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mum difference could be 30%. Indeed, in maize
some results indicate a 20—-30% genetic advance
as due to the development of single-cross hy-
brids.

It is also interesting to consider the expected
advantage of double or 3-way cross hybrids, as
historically they were developed first. Interesting-
ly, it was only to overcome the poor yield and
seed quality of the early inbred lines that Jones
(1918) invented the process of doubie-crossing,
ie using a single cross for producing commercial
seed in order to decrease the cost of seed, which
was an implicit early illustration of the empitical
application of the very principles developed here.
Obviously the best double crosses or the best 3-
way crosses are inferior to the best single-cross
hybrids. In the absence of epistasis and with a
dominance variance equal to the additive vari-
ance, the following relationships exist among ge-
netic coefficients of variation and can be drawn
(in the MS) from table I:

Cpc=0.61 Cse
Crwe=0.79 Cso

where Cgc, Cpe: Crwe are genetic coefficients
of variation for single crosses, double crosses
and 3-way crosses respectively. Then for a su-
periority of 20-30% of single crosses over the
population, the superiority of 3-way crosses is ex-
pected to be 16-24%; that of the double crosses
is expected to be 12-18%.

With the previous assumption on variance
components and considering the case of double-
cross hybrids, [6] becomes:

i> (f'H— rp) / (061 CH tH)'

That is to say, for the values considered for
maize (Cy = 0.10, ty = 300, ry — rp ~ 30), i >
1.64; such a value for j corresponds to a selec-
tion rate of = 12%. Generally i will be > 1.64;
thus on the average double crosses will be aiso
more profitable for the farmer than the popula-
tion, and their advantage must be still clearer if
one considers that the relative seed cost pH/pg
must be lower for double crosses than for single
crosses. This means that one must consider
that (ry— rp) < 30. However, this change is rela-
tively small.

As a consequence of the relatively low advan-
tage of double crosses in comparison to popuia-
tions, and considering that following Shull's work
the first commercialized hybrids were poorly se-
lected double crosses, it can be deduced that
these first hybrids were not such a source of ad-
ditional profit to the farmer. A small decrease or
a stagnation in corn yields was observed coin-
ciding with the development of the first hybrids.
One wonders whether the 2 events are related.
As a matter of fact, the first maize hybrids sold
commercially, eg, by Funk's in 1929, were poor-
ly adapted to most of the areas in which they
were sown; and to make things worse, the early
thirties happened to be years of extremely bad
weather and parasitic conditions, in which the
hybrids performed very poorly (Fitzgerald,
1986). Berlan's studies (1983), raise the ques-
tion of how the development of the hybrids was
possible. There seems to have been a political
decision within the USDA around 1920 to switch
selection toward breeding hybrid varieties. It
may have been prompted by the wish to end
with the “best corn ear contests” which provided
profits for the prize-winning farmers — and for

Table . Expression of mean and variance of different types of varieties (*) in the absence of epistasis.

Varietal type Mean Variance )
Population my, 0

Single-cross hybrids my 03,= 0% =09 + 0%
Three-way-cross hybrids my 3/4 05 +1/2 0%
Double-cross hybrids my 12 64 +1/4 6

Lines my = my(1-4) 05=20% ~20% +f(D)
F2 my (1= 42) (7) o%, ~ 0% + 1/4 6 + F(D)

(f(D) and (D) are linear combinations of variance components due to inbreeding and involving dominance effects at a homozygous

level (Gallais, 1989).
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the members of the jury panels, but did nothing
toward improving the corn populations and the
farmer benefit. Eventually, the development of
better double crosses (Fitzgerald, 1986) and lat-
er of 3-way crosses and more recently, of single-
cross hybrids, provided hybrid varieties with a
clear advantage that was reinforced by the be-
ginning of land freezing that worked as an incen-
tive to seek higher productivity. This advantage
will last at least as long as there is sufficient ge-
netic variability. On the other hand, the emer-
gence of single-crosses seems to be a unique
and remarkable result of the demands from the
farmers, as opposed to the supply by the seed
industry. They favored single-cross hybrids, be-
cause their uniformity in the stands made har-
vesting with corn-pickers possible. If they had
used combines instead, this might not have been
the case (Bogue, 1986). Farmers were prepared
to pay more for the higher cost of seed when
produced on an inbred female line. It is worth
noting that this prompted the industry to breed
female inbred lines combining the good combin-
ing ability of university lines with a high yield
(see Duvick, 1974). (This is another example of
how advantages other than increased yield may
favor a varietal type, when the additional cost of
the seed is compensated by savings from other
sources.) The production of hybrid seed by the
farmers was contemplated in the early days, and
winter schools were held to instruct them on how
to do this (Sprague, 1980). According to Fitzge-
rald (1986), “while in 1931 it seemed plausible for
farmers to do their own hybridzing with university
inbreds, by 1940 the idea was all but dead”.

Were genetic variability to be reduced signifi-
cantly (say by =~ 50%) it could then be more ben-
eficial for the farmer to use the breeding popula-
tion on condition that he had access to it. In this
case it would not be profitable for the breeder to
develop hybrid varieties. It would be sufficient to
select for improving the per se value of the popu-
lation, provided that he could protect the popula-
tions or persuade the farmer to buy new seed
from the improved population frequently enough
to guarantee him some profit.

Note that even if it were more profitable for the
farmer to use the breeding population, and even
if he were using mass selection to improve or
maintain it himseif, it would be advantageous for
him to periodically renew his seed. Indeed, the
efficiency of mass selection is restricted when
heritability is low, and population improvement is
higher when more sophisticated breeding strate-
gies are adopted, such as family selection, prog-

eny tests, etc (which cannot be used by the farm-
er, but only by the breeder). This constitutes the
justification for the specific activity of a plant
breeding industry, which may be public or private
depending on the political and economic policy
adopted. For the private breeding industry, how-
ever, it is barely feasibie to release a breeding
population. To make it profitable, the develop-
ment of hybrid varieties, mainly of single crosses,
with a steady renewal of seed from the farmer is
a necessity: this leads to narrow-based homoge-
neous superior varieties that can pass the regis-
tration and protection tests, at least in Europe.
The ‘obligation’ for the farmer to renew his seed
every year provides the funding for plant breed-
ing activity and stimulates genetic advance.
Since the development of 3-way and single-cross
hybrid varieties, the farmer has largely benefited
from such as strategy. Thus one can see the de-
velopment of double crosses as a transitory peri-
od, with double crosses which are at least as
good as the population that opened the way for
the 3-way and the single-cross varieties.

Another point is to also consider heterosis be-
tween populations: the cross between 2 comple-
mentary populations can be superior to both pop-
ulations or to the random mating population
derived from a mixture of the 2 populations. In-
deed, this is what Beal (1880) had shown, as re-
ported by Zirkle (1952). This was even commer-
cially exploited by Funk's Seed in lllinois at the
begining of the century (Fitzgerald, 1986).

USING F, SEED

F,or F; seed?

Using F» seed will be more profitable for the
farmer in comparison to using F4 seed when:

Ag < ry—rra)/ty (7]

Ag being the inbreeding depression from F4 to F»
(As = A2 in the absence of epistasis). With
maize, according to the values given previously,
Pri/pg ~ 30, Ik, < 2, then (ry — 1g,)/ty ~ 0.10, and
as the inbreeding depression is > 0.10, clearly it
is not advantageous for the farmer to use F»
grain as seed. Even with a relative cost of Fq
seed twice the value considered here, it will be in
the interests of the farmer to renew his seed.
With wheat, taking (ry — feo)/ty = 0.10, and as
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the inbreeding depression from Fy to F, will be
< 10%, clearly it will be more economical for the
farmer to use F, grain as seed. This is another
reason that will slow down the development of
hybrid varieties in wheat.

F, seed or population?

Obviously when inbreeding depression is suffi-
ciently large, there is nothing to be gained by us-
ing F, instead of the population, and it is highly
likely that the yield of the best F» will be inferior
to that of the breeding population. It is worth not-
ing that an F5 is similar 1o a 2-parent synthetic.
Gallais (1990a) has already shown that the gain
from the selection of synthetics is generally low in
comparison to the breeding population, except
with low inbreeding depression and a low number
of parents. The value of the best F:

MaX(Fz) =My- (A/Z) my+ fC)'FQ,

will be larger than the value of the population
when:

I'O'|:2 > (A/2) my
or:
i CFz > A2 (With CF2 = o,:z/mH). [8]

Assuming a value of the F, seed larger than the
selling price of the grain harvested, condition [8]
becomes:

i Cpp > A2 + (PeoPg — PRIP e,

However, as I, is relatively large (even if it is in-
ferior to that for single cross) the ratio (g, — rp)/
f=, will be small in comparison to A/2 even if pg,
is assumed to be twice pg. Then with Cg, = 0.10
(Cr, will generally be justified if A < 0.50), where-
as when A > 0.50, it will not. In the first situation,
however, the superiority of the F, will be very
small: for example, with A = 0.40, the gain will be
only 5%, and with A = 0.20, a favorable situation,
it will be 15%.

It must be noted that there will be some risks
to use advanced generations from the F,. Then
to have F, seeds, it is necessary to buy F, seeds
every 2 yr. Strategy F; one year, F, the second
year will be better than using the population if:

i A (2= A2) > A2 + (ry— re)lty

which is verified when i= 2.5, (ry— rp)/ty ~ 0.10,
Cpy=0.10for A < 0.62.

LINES VS POPULATION AND LINES VS F,

The population considered is the random mating
population. Then, such comparisons have
meaning for semi-allogamous crops only, that is
to say for partially cross-fertilized species with
relatively low inbreeding depression such as eg
rapeseed. The comparison ‘lines vs population’
has little meaning for self-fertilized crops. It will
be assumed that the cost of seed is the same
for a given comparison, because the farmer can
reproduce both types of varieties. A specific cost
of F> seed could be taken into consideration as
when F5 seed is purchased every other year, for
example.

Lines vs population

If it is assumed that there is no additional cost
for line-variety seed over the population, the
best lines wili be superior when:

mL+io',_>mH [9]
i0'L>mH—m,_oriCL>A/(1—A) [10]

that is to say, if selection can overcome inbreed-
ing depression. The genetic coefficient of varia-
tion among lines (C,) is likely to be larger than
the CV among single crosses; it will also depend
on inbreeding depression:

C,=QCH(1-24).
Then condition [10] will be approximated by:
iQCy> A

With realistic values (i=2, Q= 1.5, Cy = 0.10),
it can be seen that lines could be envisaged if
inbreeding depression is < 0.30. However, the
gain will be relatively low. For example, assum-
ing A = 0.20, with the previous set of values, the
superiority of the best 5% lines over the popula-
tion will be 10%. The first variety of rapeseed to
be selected as a pure inbred line (Rives, 1954),
Sarepta, was = 15% superior to existing popula-
tions at the time.
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When a specific cost has to be considered for
the seed of the lines, the condition becomes:

Y - Yp>d(rp — 1) where r, = p;/pgor:
iop>Amy+ d(rp —1) where r; > 1
iOCH>A+ (f'L— 1)/1'[_

Clearly, the higher the cost of line seed, the
smaller the advantage of the lines. With the pre-
vious example, with Q = 0.20 and with (r, — 1)/f;
= 0.10 (the approximate value for wheat in
France), there will be no advantage with the
lines.

Linesvs Fss

From a genetic point of view, lines will be superi-
or to F»s when:

mp +icp > my—(A2) my+iof,or [11]
i (01~ OF,) > (A12) My

With a simplifed model, of, = oy and o; = 1.41
oy; then [11] becomes:

0.41 i Cpy > (A/2).

Then with i = 2 and Cy = 0.10, A must be inferior
to 0.16. With a specific cost of seed for lines,
[11] becomes:

i(op — OF,) > (A2) mpy+ d(r; — 1)

and with the same set of parameters as previ-
ously:

0.41 i Cy> (M2) + (r, — 1)/1,.

Obviously this diminishes the attractiveness of
lines. With r, = 2.75 as previously, , = 35, (r, —
1)/t; ~ 0.08, this completely suppresses the ad-
vantage of lines.

CASE OF CERTIFIED SEEDS

The same line of reasoning can be used to de-
termine when it is beneficial for the farmer to re-
new his seed for self-fertilizing crops. New seed
(/e certified seed) will be advantageous when the
average vyield from this seed (Y in comparison
to the yield Y, of ‘old’ (non-certified) seed will be:

YN_ Yo> d(fN— 1) OrAc> (rN— 1)/t

(Ac being here the relative lost in yield by the
use of non-certified seed).

Clearly in the case of wheat, it is difficult to
conceive that Ag = (Yy— Yp)/Yn > 5%. Then, as-
suming t = 35, (ry — 1) ought to be inferior to
1.75, or ry = pyp/Po = 2.75. This considerably re-
stricts the seed producer's margin. From the
point of view of the farmer certified seeds has the
advantage of security (genetic and physiologic
quality of seed) a criterion which has not been
considered in our approach.

The difference between the cost of the grain
as seed and the grain as product may come from
the farmer's taking into consideration criteria that
are not of a genetic nature, but pertain to the
quality of the seed per se: seed “conditioning”, ie
screening and coating with pesticides, carried
out on farmer's grain either by the farmer himself
or by specialized companies is an exampie; this
has been fought against by the plant breeding
companies as it threatens their profit, in spite of
the “farmer's privilege clause” (of using his own
grain as seed for protected varieties) contained
in the protection law.

DISCUSSION AND CONCLUSION

From these considerations, it is possible to deter-
mine the domain of justification of each type of
variety. Table Il summarizes the conditions for
the superiority of a given type in comparison to
others. With the assumptions made, there are 6
types of parameters to take into account:

— the genetic coefficients of variation (Cy, Cr,,
Cu);

— inbreeding depression, (4);

— the ratio Q (o;/on);

— the rate of multiplication ty which for a given
species could be related to inbreeding depres-
sion, for example t; = (1 — A)ty, tr,= (1 — A2—1y);
— the ratio of the cost of both seed types accord-
ing to the comparison. This incidentally provides
the possibility of including here all factors that
are not of a genetic nature, such as seed dress-
ing, homogeneity of the crop that influences the
harvested vyield, that have been mentioned
above. It is justified to assume that the cost of F»
seed, seed from a line variety and seed from a
population are of the same order (because they



Varietal type and farmer's benefit 719

have the same status, ie they can be self-
reproduced by the farmer) rs, ~ . ~ rp=r,). We
have also considered that op, ~ 0. This simpli-
fies inequalities given in table Il and reduces to 4
the previous parameters involved in the compari-
son of the 4 types of variety F4, F» line, popula-
tion: Cy, A, Qand (ry— ro)/ty;

- the selection intensity i is fixed at 2, ie a selec-
tion rate of = 5%. A value of 2.5, jie a selection
rate of nearly 1% has also been considered in
some comparisons. Such a value is difficult to es-
timate because the selection is not generally de-
veloped among varieties, but in several steps. It
can seem higher than the values considered but
this is not obvious because many factors, some
controlled, some uncontrolled, affect the develop-
ment of a variety; thus the effective selection in-
tensity must be lower than a priori expected.

The 4 parameters (Cy, Q, A (ry — ro)/ty) are
the more critical. Fixing 2 parameters out of 4, 6
representations can be presented:

RCy, A): for Qand (ry— rp)/ty fixed;
RCy, Q): for A and (ry— ry)/ty fixed, etc.

Figure 1 a—f presents these results.

As expected, when inbreeding depression is
strong (4 > 0.40), hybrids will be the best type of
variety, and in this situation Fy hybrids > popula-
tion > lines (fig 1b,d,e). Obviously this is only val-
id for realistic genetic coefficients of variation for
the hybrids. The population itself will have to be
considered when the genetic coefficient of varia-
tion is low and the cost of the seed is high, eg
(ry—1)/ty > 0.10 (fig 1c).

F, varieties are justified in specific situations:

— with a reiatively low inbreeding depression (A
< 0.20) and low CV for hybrids (Cy < 0.10) for
given Q and (ry — rp)/fy ratios (fig 1b);

— with a relatively low inbreeding coefficient (A <
0.20) and low Q ratio (Q < 1.3) for given Cy =
0.10 and (ry — ry)/t (fig 1d);

— with a moderate inbreeding depression, 0.20 <
A < 0.40, and relatively high (ry — ro)/ty ratio (>
0.12) that is to say for relatively expensive F
seed, for given Cy and Q (fig 1e). Clearly, the
advantage of F5 seed in comparison to F; is due
to its low cost, which more than compensates
for its inferiority in yield.

Those situations in which lines are the best
choice are obvious (see fig 1b,d,e): low inbreed-
ing depression (A < 0.20)) for given Q = 1.50,
and (ry — rp)/ty = 0.10 (fig 1b) or for given Q =
1.50 and Cpy;= 0.10 and (ry— ro)/ty = 0.10.

As far as the effect of selection intensity is
concerned, it appears that as expected an in-
crease in selection intensity narrows the domain
of justification of populations. It narrows slightly
the domain of justification for Fo and enlarges
slightly the domain of lines. This is due to the
fact that genetic variance among lines is greater
than among F,s or Fys.

In conclusion, it appears that the 4 types of
varieties considered here can be justified in cer-
tain situations determined by genetic (4, Cy, o,/
o) and economic ((ry — ry)/ty) parameters. At
the beginning of selection the breeding popula-
tion will never be the best varietal structure due
to its heterogeneity. With strong inbreeding de-
pression, single-cross hybrids must be devel-
oped; the development of 3-way — or worse — of
double crosses can decrease the advantage of

Tabile Il. Condition for the superiority (from the farmer's point of view) of a given type of variety.

Comparison

Condition

F, hybrids > population
F, > population
F1 > F2

Fy > lines

Lines > F,

Lines > population

Certified lines (c) > non-certified lines (nc)

iChy> (ry—r)ty

iCy> A2 + (15, — rp)te, (3)

A2 > (ry— 1)ty (1)

or A2 +iCy> (ry— e Mty + i G, (2)
A>iCy(Q-1)+ (ry— )ty
H{Q—-1) Cy> A2+ (r, — re, )t (3)
iQCy>A+(r —rp)ty

Ap> (rp—rplt

(1) with the F, derived from the F; (2) with arbitrary F,; (3) assuming o, = 0.
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Fig 1. a—f. Superiority domains of a varietal type according to parameters. Q, Cy, 4, (ry— r)/ty r'/t (H: Single-cross hybrids, P: popu-
lation, L: lines). a. {Q, C,), A=0.50, (ry—r)ty;=0.10.b. 4, C.), Q=150, (ry—r)t;=010. (1) F;>L>H>P; (2)F,>H>L > P;
BYFo,>H>P>L. c. fry—-r)ty, Cy, A=050, Q=1.50.d. {A,Q), Cyy=010, (ry-r)/ty;=010. () H>L>F,>P.e. A (ry—-r)
t], Cy=010,Q=150. (1) L>H>F,>P; (2)H>L>F,>P;(3)F,>H>L>P; (4) F, > H. £. {Q, (ry—r)/ty, Cy=0.10, A= 0.50.
For i = 2, the domain of justification of 1 type of variety over the 3 other types is delimited by thick boundaries and the name of the justi-
fied type is written in bold face. Thick broken lines correspond to such boundaries with a selection intensity of 2.5. Thin boundaries deli-
mit elementary domains in which the rank of the type of variety is given. Clearly some combinations of parameters may be unrealistic.



Varietal type and farmer's benefit 721

hybrids vs population, except when their seed
cost is very low as opposed to single crosses.
With moderate to low inbreeding depression, Fos
or lines will be the best type of varieties.

The question of what happens with selection
can now be examined. The 4 “varietal structures”
ought to be compared at the same level of breed-
ing effort. It will then be necessary to compare:

— the population improved for its per se value;

— single-cross hybrids derived from a population
improved for its combining ability, and single-
cross hybrids derived from the population im-
proved for its per se value;

— lines derived from a population improved for its
line-value (Gallais, 1979, 1988, 1990b), /e for the
average value of the lines that can be derived
from it, and lines derived from the population im-
proved for its per se value.

It seem that in the relatively short to medium
term, the best strategy will generally be the
breeding method adapted to the type of variety
that appears to be the best when beginning se-
lection. In the medium to long term, with the de-
crease in variance due to selection, it could be a
waste of effort to develop narrow-based varieties,
hybrids or lines. In practice, however, recurrent
selection is not a closed but an open system, as
a consequence of which the decrease in variabil-
ity within the population can be maintained at a
very slow rate. The difference between the per se
value of the population improved for its per se
value and the best hybrids derived from the pop-
ulation improved for its combining ability will de-
crease, but for a long time an advantage for hy-
brids will remain even if there is no
overdominance.

From the genetic point of view, in a closed sys-
tem and in the absence of overdominance (but
with favorable dominance), long-term selection
will lead to a population near homozygosity, and
therefore hybrids and lines will be equivalent.
With partial dominance, no dominance, or with
some recessive favorable genes, it will theoreti-
cally possibie in the very long term to derive lines
(by an appropriate breeding method, such as
SDHRS Gallais, 1988) that will be superior to sin-
gle crosses between unrelated lines. This, how-
ever, would be a very long task (100—200 yr for
maize?) due to the large number of loci involved
and to the phenomenon of linkage simulating
overdominance (Gallais and Fouilloux, 1988; Gal-
lais, 1989). In fact, single-cross hybrids remain
the fastest way of accumulating the maximum
number of favorable dominant genes in the same

genotype. To further refine the discussion, it
would be useful to include comparisons of the
relative time necessary to achieve the same lev-
els in yield using the 2 different methods. This
would, however, involve assumptions: a) on the
rate of gain in recurrent selection vs the time
spent in developing first lines from the popula-
tion, then hybrid varieties from these lines; b) on
the progress of selection obtained through con-
tinued recurrent selection of the population dur-
ing this time; c) on expected maximum devia-
tions from the population mean of lines
extracted from the population; such assump-
tions could be so tentative as to be worthless,
unless made specifically vis a vis the situation of
a specific breeding company dealing with speci-
fied populations.

Incidentally, Berlan's claims that it would have
been possible in 1922 to adopt population
breeding approach (by public research), rather
than that of hybrid varieties (by private compa-
nies) as being more “farmer friendly” are based
on the false assumption that knowiedge availa-
ble today on the efficiency of recurrent selection
was available at that time: this is not true, and the
poor success of ill-conceived mass selection, and
worse of the “corn ear contests”, as evidenced by
early results from the trial network set up by the
USDA around 1915, lead people to believe that
population breeding has no future.

Finally, it is difficult to eliminate the contribu-
tion of overdominance. Indeed there is a little
clear in vivo evidence of such a phenomenon.
But the absence of a clear demonstration of it
does not imply that it does not exist, as Berlan
assumes. Recent results of Leonardi et al
(1990) seem to show that marginal overdomi-
nance will be very general: at a given time in a
given organ, the heterozygote at a locus may be
no better than homozygotes, but, at the level of
the plant, and over its whole lifespan, due to
changes in the direction of dominance according
to the internal environment, heterozygosity will be
at an advantage. This could be a general proper-
ty of the diploid or the autopolyploid stage.

Although when heterosis is large, single-cross
hybrids remain the fastest way to accumulate fa-
vorable dominant genes (recessives have to be
fixed in both parents); they represent at the
same time the varietal structure that can best
stimulate genetic advance, as the farmer has to
renew his seed each year, thus incorporating
the latest gain in cultivation, and at the same
time funding the search for such gain. This may
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partially explain why genetic advance in France
is larger for maize than it is for wheat. As com-
pared to the use of seed from the improved pop-
ulation, buying new F; seed is expensive but re-
mains profitable for the farmer and will remain so
as long as their larger yield more than compen-
sates for such an investment.
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