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I.INTRODUCTION

Synthetic varieties are grown in a wide range of crop species including
cereals, grasses, oilcrops, forage legumes and some tropical crops. Among
these crops there are large differences as to natural mating system, to the
emount of seeds produced by a single plant, and to the possibilities of
asexuell reproduction. A review on breeding synthetic varieties cannot
consider all of the many specific modifications of the basic breeding
scheme which are feasible and night be necessary. The main purpose of
the present review will be to outline the theory of breeding synthetic
varieties; some generalizations and simplifications are inevitable.

The theoretical fra-ework for breeding eynthetics traces already back to
Sewall Wrightt rn 1922, but a more advanced theory including polyploidy,
epistasis, and self-fertilization is only recently available, elaborated
mainly by Busbicez,r, Gallaisr,u.s, and A.J. Wrightz,a.

To start with, the term "synthetic variety" will be defined, and the
interrelatione between synttretics. open-pollinated varietieg and hvbrids
wi[ be discussed. Ttris-is followed bv i eection which deals wittr the
varioug steps of a very general breediirg scheme for aynthetic varieties.
Finally, some of the specific problems are considered when thie general
echeme is applied to different crop BpecieB.

lCopy oSttu original manurr;ript, for naither nprinu nor a wuchcr copl werc eupplied
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II. GENERAL CIIARACTERISTICS OF SYNTHETIC VARIETIES

Two examples for a breeding scheme of synthetic varieties are given in
Fig. 1; the left one applies for a crop where clonal propagation is possible
(e.g. alfalfa), and the right one for situations where inbred lines are
available (e.g. maize). These two schemes obviously are based on the same
principle ideas and the differences between them are chiefly of technical
character. The first proposals for breeding synthetic varieties in this
manner were made about 1940g,lo,rr, but very similar approaches were
already used by some maize and rye breeders in the beginning of our
centuryre13,
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Fig. 1: Breeding syntlwtic uaricties from clones k.g. alfalfa)

ortd. lines (e.g. maizd, respectiuely (ad.apted from re. 48)
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- Be{org going into more detail, some general remarke may be useful on
the relatrons between synthetic varietiee and otber tvleg ofvarieties. AE
suggested by Schnelltr,te iltd gimmondsre, all varietiris can be dagsified
into four categories according to the reprcductive pnooess used for
propagahon: cl-one varieties in vegetatively propagated crops, Iine
varieties in self-pollinated crops, popülatioD vari-etiös in cross-pöllinated
crops, and hybrid varieties, wliich-aie produced by artifiqialty cirossing of
two parents.

_.To discuss tÄe position of synthetic varieties within täis eyatemstization,
Fig. 2 preaents a general saüeme sf hss.ling naturally crosg-poUinat€d
speci-es.. ltre basil ofany breeding prog"am are one oi eeversf breeding
lropulationetz,te; that may be variedes, populatione derived by croseing
different varieties. or som-etin e g collected 

-wäd 
material.
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Flom ttrese bage mqterials two principally dillerent types of variety can
be developed. The eeed ofpopulaton värieües is produced by uncontrolled
cross-pollination under isölätion, whereas the öeed of hybrid varieti-es
regulte Fom a controlled crogg between two Darents and cannot be
multiplicated after that. Synthetic varieties äre a special kind of
populätion varieties, and a distinction btween them and öpen-pollinated
varietiee sometimes ig difEcult.

In tÄe typical case, a synthetic variety can be distinguished from other
population varieties by three characterietics:
1. the parents of a synthetic variety are selected due to general combr-

ning ability (gca), and the base generation Syn-0 entirely consists
oftheee gelected parents, whereae in open-pollinated varieties the
eelected parents have been fertilized by pollen of unselected
plants,

2. the number of parents in a eynthetic variety is usually very restric-
t€d,

3. the parents are mnintained and the variety can be regularly reconsti-
tuted from tüem.

At least ae to the first two of these characteristics however, there exists
no sharp line between open-pollinated varieties and synthetic varieties. ln
many cases, the parents for synthetics are selected not exclusively due to
their gca, and on the other hand ttre breeding of open-pollinated varieties
implies selection for gca too, though in a less efficient way. And as to the
eecond criterion mentioned, of courge it is arbitrary to suggest any fixed
number of parents to separate synthetic from open-pollinated varieties.

Concequently, only the last of the three points provides an unequivocal
definition of 'aynthetic variety'rs, and ttrus in present textbookste,zo,
synthetics usually are defined ae varieties which are regularly
resynthezised from their components. This definition is very clear, but it
does not point to the speci-6c featuree in breeding methods of synthetic
varietiee, for most of the following theory can as well be applied to
varietiee which are maintained by continuous open pollination. The
selection theory of eynthetics is mainly charac,terized by the fact, that the
variety reBuItB from a very restricted number of parents2r. lf this number
becomee large, evaluation and eelection ofparents does not differ from the
methode used in population improvement.



III. PRINCIPLES OF BREEDING SYNTHETIC VARIETIES

A very general scheme of breeding synthetic varieties is given in Table
1. To each step in this scheme there corresponds a critical quesLion to
which different answers are possible. In sbite of the lone'historv of
breeöng synthetic varieties, aU these questiöns are still coitroversially
discussed. In the following this five breedings Eteps will be dedt with as
well from a theoretical point ofview as from experimental evidence.

Table 1 General scheme for breeding synthetic varieties
(modi6ed from re. 19)
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3 .

l. Development of potential pBrents

Various genetical forms can be used as potential parents to construct
synthetic varieties. Generally, three types of parents can be
distinguished: clones, inbred lines, and various fonns of narrow
populationa.

The use of clones is most common in herbage grasses and many forage
legumes. The vegetative propagation is an easy and save way to maintain
a epecific genotype without genetic changes. Thus ttre final variety can be
build up exactly from the Eame genotypes which were examined during
the testing phase. Ofcourse, the use ofclones is restricted to crops which
can b€ a66exuelly propagated. May be, that in future new methods of cell
culture tcchnique will open nev/ possibilities for Bpecies, in which clonal
propagation today is impossible or difficult.

If the production of clones is öfEcult, inbred lines can be used insteatl.
The gemetes formed by a single genotype are equivalent to the gemetes
produced by his progeny aftcr one generation ofselfing (St-line), and thus
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a syntletic from 51-lines is expected to be very similar to a synthetic build
up-from the clondd genotypei of the Sg-geieration. The üse of higher
göneration inbred lines cäh be advantageous due to the increase of
genotypic variance during inbreeding. Therefore sometimes it was
propoSöd to use inbred paients even in crops which can be easily cloned
like alfalfaz,zg or cocksfootz.

In manv croDs the production of inbred lines is difEcult due to self-
inconpati6ility.' Sometimes the self-incompatibility system can be
overco'me temfiorarily, e.g. in rye by a heat tieatmeni before flowering:s.
Alternatively,inlred iinei of self- incompatible plants can be developedty
sib-mating?s.

Usually, self-incompatibiJity is not complete, and genes for self-fertility
exist in many populations. By selecting for seed set under isolation, e.g.
self-fertile ryä i.'ra'te;at can be easily dev-elopedre. But the use of self-fertile
material in a naturally self-incompatible species may be risky; self-fertile
plante may show a certain amount of self-pollination instead of complete
random mating, if multiplicated by open pollination.

In rye it was observed, that synthetics from self- fertile material yielded
about 10 tn 15 Vo less than comparable populations of self-incompatible
materialzr. The average amount of self-pollination in self-fertile rye
populations was estimated to be between 35 and 40 Ea27,28. In alfalfa,
similar investigations in the role of self-fertility gave unequivocal results.
It wag observed, that synthetics from highly self-ferLile clones were
inferior to self-incompatible materialzg, but in other experiments, no such
relationship occunedso.

In conclusion, the use ofself-fertile mat€rial should be strictly avoided in
breeding synthetic varieties €xcept complete outcrossing can be
guarantied. Generally, incompatibility systems aroused during evolution
as a protection from inbreeding depression due to self-pollination, and it
will always be a risk to abandon ttris natural protection mechanism.

Consequently, ifa eelf-incompatible species is not easy clonable, the only
way to construct synthetics will be the use ofnarrowed populations. The
"narrowest" population is a fuIl-sib progeny derived by crossing two
genotypes. More often used is the seed of one open pollinated plant or
clone , i.e. half sib progenies. Ofcourse, any broader type of populations
can be used to form the variety too.

When comparing the varioug possible forms, the genetic variance is
expected to increase from populations via half-sib progenies, full-sib
progenies, S1-lines or clones to homozygous inbred lines. But the effort
necessary to obtain and test a large number ofparents increases in about
the same order. Thus the decision, what type of parent should be used
largely depends on the biology of the crop, on a number of technical
considerations, and on the question, wether the breeding of synthetic
varietieg shall be integrated into a breeding program for open-pollinated
or hvbrid verieties.



2. Selection ofparenLs

-Before synthetic varieties can be constructed, a very rigourous selection
ol pare-nts is necessary, for e.g. only 10 parents can already be combined in
more than 1000 different $'ays. The selection ofparents can be based on
different informations: the per se performance, the general corrbining
ability (gca), and the specific 

-combining 
ability (sca).

The first synthetic varieties were developed by selecting parents with
outstanöng per se performance in protein content, winter-hardiness,
disease resistance etc. A recent idea in this connection is to select several
components with different resistance genes and to combine them in one
synthetic varielV3lfl. ah;S is in straight analogy to the multiline concept
in breeding self-pollinated crops.

In most breeding schemes for synthetic varieties, the evaluation of the
per se performance is only the first stage of selecting parents, and is
followed by a gca-test (cf. Fig. 1). The gca--effects can bö dstimated eithet
by polycross- or by topcross-tests.

The polycross-t€st appears to have been developed independently by
Frandsen1o,33 with timofhy, by Tysdal and coworkerÄrr with alfdfa, ana Uy
Wellensieks{,so with rye. To assure random pollination, originally it was
proposed to plant eacli clone at 20 different pläces in an isolalted pölycross-
block, but the number ofreplications per clone probably can be r-edüced to
about 10s6-38. lf fhs nrrmlsr of replica-tes per done is chosen to be identical
with the number of different clones included in the oolvcross. svstematic
designs can be used. Systematic field plans i--edia'teli availäble for use
have been publishedsg for 12 diflerenf numbers of clones between 6 and
46.

The n"mber of replications per clone could in principal be reduced to
only one_plant. Soäe authoriro.rr 1gg31i the prögeny of just one open
poliinatedplant to be sufficient for a röasonable'goöd g-ca ejtimate. Fiom
their point of view, the main purpose of the poly-crosiis to produce seed,
and often ten or more plants o?eaih clone wifl bä necessary io eet enoueh
seed_for a yield trial Äown under realistic planting densi-ties änd over-a
number of locations.

- For-estimating the gca-eflects, a top-cross test is often used instead of
th9 polyc-ross-test. The opcross-test was developed by maize breeders, for
it is much easier to emasculate maize plants and let them be pollinated by
a t€ster, than to lay out a polycross-block. If artificial emäsculation is
more difficult than in maize, several other possibilities exist to produce
test seed; e.g. in rye this was done by excess'of tester pollen, or bi use of
testers which contain a marker gene or are either s-elf-incompatible or
cytoplasmic male sterileaz.

The diJferences between polycross and topcross are more technical than
genetical ones. U a rlixture of all parents-ie used as topcross test€r, the
two t€6ts are completely equivalent. Consequently, the results oftopcross
and polycross test have been found to be highly sqrrglsted2e,rs,{a.

- The most complete evaluation ofparents is to intercross them in a diallel
fashion. From a diallel test, as well sca as 8ca effects can be estimated.
Diallel crosses are frequentlv induded in research Droiects. but this
Iaborious design has proSably never been used for practiäbreeding.
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To discuss the varioue possibilities of selection, the expected yield of a
gynthetic variety has to bö regarded. The expected yield'Y of a lynthetic
in equilibrium was already givln by S. Wrighfr :

t = ( 1 )
c -s

c -_
D

qfgre C is the mean of all pos-sible crosses between parents, S the mean of
all intra-parent progeniee, irnd n the number of parents. The intra-oärent
proge.ny is the_progeny of one parent when piopagated intra se under
comp.lete isofation. If ttre parent is a homozygduiline, a S1-line or a
population, S means the periormance of the paieät itself. if the;ui.nt-i, u
heterozygous clo4e, _S- ie t-he performance of [he progeny of this ölone after
one generation of selfing.

-. Iqpnlg (1) assumes absen-ce of selection, absence of epistasis, and
diploidy. Ppjqt"tig effects can be included in ihe predicgioli,e.ir Lui thl.
requjres additional.-informations on e.g. F2 or Syir-2 generations, which
usually are not available.

For non-inbred polyploid parents, formula (1) can be extendede :

2 k - 1 C - S
Y = C

$ra (n) i

( 2 1

where k is the level ofpolyploidy (1 = diploid, 2 = tetraploid, 3 = hexaploid
et4. )

The reliability of formulas (1) and (2) have been confirmed
experimentally as w_ell fo_r diploidsro-rz as for polyploidss.eo. The use of
these formulag requjres the performance of all pös-sible crosses between
the pa-rents, tÄat means the results from a complete diallel; but even if
these-data are not available, the-se two formulas aie very userut fo alr."r.
the efficiency of a selection based only on gca values.

As can be seen from formula (1), the perfornance of a synthetic variety
d-epends not only on the gca, but also on the term (C-S)/n'whici, ,o.Än.,
the amount of inbreeding resulting from the limited number of n pärents.
To take into account thiJinbreedin"g, the concept of general vari"Li 

"uittiy(gva) was introduced by Wrightz anä Gallaisr. 
'

. , Thg gva i8. a. cor.nbinati-on of the gca and the performance after
rnDreedtn-g, and - the rnbreeding depression is included the more the
9.mall.er the syntäetic !o. The magnitude of gva-effects thus depends on
tne 8rze.n. ol .the lJrnlhe-tic, and for I parent i and a synthetii from n
parents it is given for diploids byz:

k n

^ 2gcei - li
zgca i  -

n

1- -  (
o

( 3 )



and for noninbred polyploid parents bt' :

gva (n)  i  = (  29ca1 -
2 k - 7

sva (n )  i  j 2  sca i i

where li is the effect of the intra-parent progeny, that means (q _ S).

In analogy to the concept o-f gca and 6ca the general varietal abilitv wacan be supplemented by qir effe*ct of the-specific'rr;;ä;bility ö;;):'fh;sva of the combinationi of parents i and j?oräÄyntnöüc ortrre"siäii."'

2gcai - ) . i

( 4 )

1

12

If there is a given lumb.er^ of available components, and among thesec.omponents n are selected for a synthetic variety, the expected fi.tä-äfthis varietv is:

Y = p (n) + Egva (n) i  + Isva (n) i i

By inserting formulas (1), (B) and (4) we get

-  c - s  2 ( n - 1 )  t  2Y = c -  
"  

* - D s c a i + i t t t + l E s c a i S  ( s )

It was shown experim.elt+ly, that the leld prediction of syntheticvarietie-s-can !e conÄiderablt isü;torä, ir hä'i".rö.Ääi,ä ärär'päiäät.after. sel6 ng. 0i ).is i ncl ude d ä.cor-diniü i;;;rä-iä F,A;:- itil'Läi ;ä"genetic variabilitv in rhe amount-of inbreädiri,g- d.p"e.siäüi,ii,t,'äaparents *'ith smafi inbreedin-g.ffe;L;;;r;1;;abTe.-Äs .ä 1..".r, fr,.,forrrula (5) however, the coertcienl .rttrlil-"mcts is vn2; trr.t-Äeä"r, iin increases_, the influence of tt,e paräntaf-;tr-Ib;;*; dd";;;:äädh.gva is nearly completely determiied by the'gcä.-

.. Beside this, the importance.to consider both gcai and l; is somewhard.iminished-bv the faci, that thesJ twä-;if;.ü are positivelv correlared.1tt ga 1e t,' cat ly, thi s corret ation betweän ä;;i 
-""d^ 

ii;iliä' ü"äi^iärtmectrumsl or even very highzr. - ExperiÄen'tally höwevei,-ro.-viera-ü"respective correlations were"found b fi;;ä;;äd"y 1i'qrii,srä. 
J"^s s

As can be seen from formula (E), the inlluence of the-eca-eflects rapidlydecreases if n increases. . Moreovär;-illh ;;;;;;G- tü;;"-;;""riöivzdifferenr sca-effecrs, 
"trd 

t! is u_ery 
''nü[;ty 

il d;d 
"-iäri* 

irr-ui,iirparents wi th posi ti ve sca-effecrs roi att pos Jii5t J .o*ri"ätiäni,il;ü lh;;.

. In conclusion, the parents for a synthetic variety can be reliable selectedby tqsting their gca, if n is large ."ärt\.-ö'tliiä g"""ü.fit;;;;;;;
synthetic with no more than 

-three 
oi four pärenti in intenäed, ä-Gi-ofintra-parent progenies and perhaps 
-oi-roruri..t" 

too *irT-gi;d ;"ü;;i.addi ti onal i nforniati on.
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8. Recombination of the best parents

To determine the number of parents to be combined, two points have to
be regarded. The first is the inSreeöng in the synthetic variety; this effect
can be reduced by increasing the num&r of parents. But a second point to
be considered fävours smäll numbers of 

-parents; 
for with a smaller

number of parents a more intensive selectioi can be applied and onJy the
best parenti are included in the synthetic variety. In other words, wich
increäsing number of parents, thä mean of all-synthetic varieties.will
increase,-but the variance between them will- decreaser,sz. These
considerations lead to the general conclusion, that there must be an
optimr:m number of parents.

Generally, this optimum number should depend on the material used.
Thie numböi will b; larser if many parents ri.ith hieh sca are available
than in a emall material with onlv iew eood parenfs. 

-Beside 
this, the

genetic form of the parents has to bä regaiäed. In diploids, the amount of
inbreeding in a synthetic formed from homozygous lines is equivalent to
the inbreöding in a synthetic from only half the number of parents, if
these are hetelozygous (cones or single crosses). This can be easily seen,
for from e.g. 8 inbied lines 4 nonrelated single crosses can be produced,
and a synthetic variety from the 8 inbred lines is equivalent to a synthetic
from the 4 eingle crosses5s. Generally, to get the same effective popuJation
size and thus a comparable level of inbreeding, the number of parents
must show a ratio of I : 2 : 4 : 8 when using ha)f-sib progenies, full-sib
progenies, clones (or single crosses of inbred l ines or Sl- l ines), and
homozygous inbred lines, respectively.

As to polyploid crops, a synthetic made from heterozygous tetraploid
clones should show only one quarter ofthe inbreedingin a synthetic from
diploid homozygous lines2's,t. With different assumptions on the
interactions between more tlan two allels however, the inbreeding in
polyploid synthetics can be equal or even higher than in diploidszz.

A large number of experimental investigations on the optimum number
of components can be found in literature. The results are summarized in
Table 2. In most experiments the optimum number of components was
about 5, and never thä use ofmore thän 10 clones was recomrÄended. The
level of polyploidy had no influence on these recommendations. Many
authors iepäited ihe differences between synthetic varieties to be rather
small, if thä number of components was varied within certain limits.

The practice of the breeders is not in complete agreement with these
recommendations. Fig. 3 shows the distribution of the number of parents
in synthetic alfalfa varieties regist€red in U.S.A. Table 3 gives the number
of clones in released varieties renstered in USAss and in Franceeo
respectively. It is obvious, that bre-eders use a wider range of numbers
than recorirmended from the research experiments. About a0 1o of all
varieties covered were constructed from more than 10 components.

this again reflects, that the optimu.Er number mainly depends on the
material used. If a large number of clones with similar high gca is
available, the optimum number can well be more than ten. This may
explain the trend in the USA to increasing numbers of parents2o. In
several of the scientific experiments lieted in Table 2, only synthetics with
2 to 6 dones were included, and the 'optimum' number recommended was
the largest number investigated experimentally.
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Table 2 Experimental studies on the optimum number of narents
in eynthetic varietiee (adapted fröm refe 59 and 60) 

'
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p l o i d
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Zea rnays
Zea nays
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f'estuca pratensis
Tr i fo l iun  pra tense

Medicago sa t iva
Medicago sa t iva
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Medicago sa t iva
Medicago sa t iva
Medicago sa t iva
DactyL is  g lomera ta
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1 1 0

L Z L

t z z

3 0

t z a

1 2

1 ) 1

t z

4 r28

l l u l . t B E R  o F  C L o i l E s

Fig. 3: Iluyp1 ol clorcs in syntlwtic varicties of olfolfa registered.
inUSA(frcmrc.59)
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Table 3 Number of cloneg in registered Eynthetic varietieB of forage crops
(adapted from refe 59 and @)

N o .  o f
c l ones

- q

6 -  1 0

L L - ' V

2r-40

N u m b e r

USA France

o f  v a r i e t l e s

t'l

1 1

1 L

I

1 1

? n

t'l

1 )

z

T o t a l
N o .  t

3 5  2 3 . ' 7

5 5  3 6 . 2

2 8  1 8 . 4

) 1  1 R  1

I U  b .  /

For any given material, ttre optimum number of synthetics can be
ssrimnted, when the performances of all possible synthetics are predicted
by formula (5) anä the combinatioi with lhe highest 

'yield 
is

deterDinedl?,5e,61.

For many practical purposes, formula (5) can be substituted by a
eimplified formula, where differences in lq and sca;5 are neglecFdrz,ss ;

C  -  S  2 ( n - 1 )
Y s  

" - T + - ; : & c a i  
( 6 )

To uge thig formula, it is only necessary to know the gca effects of the
parents and to have a general estimate ofthe average yield ofthe crosses
(C) between parenta fura *re average performanc-e öf the intraparent
progeniee (S). Usually at least rough estimates for these values are
available. A prediction based on formula (6) is in very close agreement to
predictions based on formula (5), if the nunber of parents exceeds three or
four6e'61. Thus in most caseg the optimum number of components can be
determined for any given breeding material by formula (6), and only gca-
estimates are required for this procedule,

So far, ttre opt'mlm number of componentg was discussed regarding
only yield perfoinance. But beside thii, some other aspects hav-e to be
considered. Usually, a phenotypic similarity of the clones is necessary to
eatisS legislative requirements for uniformity and distinctness, and this
oft,en will severely reetrict the number of clones available. In synthetic
varieties constructed from very few parents, yield etability on the other
hand may be inferior to broadei'baseä eynthädssez,s3. Besiäe this, in very
small eynthetics gometimes unpredictable changes from generation to
generation were obeeryed, a8 well in yielda as in morphological
appearance66. Finally, ifclonee sre mnintainsd vegetatively to reconstruct
the variety regularly, there ie always ttre riek üo loose one of them by
diseaee attacks, and the breeder can overcome such a loss onJy if the
number of cloneg is not too low.



4. F\rrtber multlplication

The exoected vield ofa svnthetic in advanced generations was described
most genirally 6y Bugbiceg-. In a generation t thö expected performance Y1
ig

I t - A +  ( l - r t ) B  ( ? )

where Ft is the coefEcient of inbreeding ür generation t, A is the
perforoanee of complete homozygous parents (F=1), and B is the emount
of heteroeis, t,|at means (C-A).

This formula sasumes a linear relationship between performance and
coefhcient of inbreeding Ft. Such a linear relationship is expected if no
epistaeis exista, competition effects are of no importance, and if no
üiteractions between more than two alleles have to be congidered in
polyploids. If theee assumptions hold valid, formula (7) is ueeful for any
äitrGtion where F1 can be given; thus pollploidy, partial eelf-pollination
and inbreedine of the Darents can be taken into account2. In fact, formula
(?) is a generafizationbf the Sewall-Wright formula (1), as can be seen if it
is expressed as

Y -  C -  r t (C-A)

with C as the perforoance with complete heterozygosity.

To derive the values of F1,, two different possibilitiities to establish the'l o oenve f,ne vanueS ot ! t, ls/
eyn-1 have to be distinguished:8Jm-I Dave to De 0r8frngtuSned:
a) Random mating; that means that if the syn-0 coneists of n parents,

each plant üll be pollinated by a different plant of the samö parent
with the probability of Vn.

b) Controlled ciogsing; 
-that 

means that the above mentioned
fertilizations between plants of the s"-e parental components are
excluded from forming the syn-l. Ttrig is the cäse if self-
incompatible clones are used, or if the parents are intermated
artificially.

Ifposgible, a controlled crossing in Syn-0 is preferable; ifthe parents are
sown in mixture and seed is produced by open-pollination, different
components may contribute very diferent amounts of pollen and different
numbers of seeds.

In some exceptional cases the sya-l of two self-incompatible clones is
directly ueed as'co-mercid eeedre.- In thie case, the seed only consists of
hybrids between the two genotypes and consequently should be considered
as hybrid variety instead ofa synthetic variety.

According to Busbice2 and glightly modifiedee, the amount of inbreeding
irr the-eyn-1_from n gnrelated parents can be given as follows:
a) with-random mating

1 k -1
t r  -  

I 1 ;  
[ a  +  ( l - a ) / n ] [ 1  +  ( 2 k - 1 ) r o l  *  

; ;  " o
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b) with controlled crosses

k-1
F I - ; . 7 F 6  ( 8 )-  2k-1

with

h 
= leveljfpolyploidy (1=diploi-d, 2=tetraploid, etc)

r 0 = coemoent ot rnDreedrng ot the parents
s = amount of self-fertilization

. fn the. folloryinggenerations, the coefficient of
rnDreeorng ts De grven Dy

1 - z t - 1  s
F r  = ] : : - -  [ ; . r  k ( i - s ) r l ]  - z t - l F l  ( 9 )-  ( 2 k - 1 )  ( 1 - z )  

- 2

with
3  k -1

z = - + -
2 2k-\

11 = coemcient of relationship in syn-l

_  1  +  ( 2 k - 1 ) F o

2kn

These formulas are rather complex, for they are very general. If we only
consider completely out-crossingspecies (s=0), rathei simple expressions
can be derived.

In diploids (k=1; .ttd with random -ating, Fg is constant for all
generanons:

l f F n
rt - -Ij (  1 0 )

_ If the iyn-l is produced by controlled crossing, from (9) follows Fr = 0;
that rleane the syn-l is non inbred as to be expected. In this situätion
formula (10) is valid for ayn-2 and all following gönerations. If homozygous
lines are used as pargnts (F6 = 1;, Fg = Vn, ant inserting this in foäula
(7) leads to the Sewall-Wrighl formdä (f ).

Whereas in diploids a Hardy-Welnbere equilibrium is reached aft,er the
6rst generation of random matine, thi-s iÄ not the case in polwloids.
Consequently_ the performance of'synthetic varieties of pofyploids is
expected to change from generation to generation. ln the most common
cg..e of noninbred parents which are self-incompatible, the coemcient of
inbreeding in the öyn-l is 0 and in the followiig generations it can be
gtven Dy

1  -  ( 1 / 3 ) t - l= .
- 4 n

for autotetraploids and by
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! '  ( 2 / 5 r t - t
. ?  -  -- 6 n

for autohexaploids.

In täe following, we will corDpare the above derived expectations with
erperimental r€sults. Table 4 summarizes experiments with synthetic
varieties in diploid crops. Relative yields are given from syn-l (=100) to
Byn-3 or syn-4. In the last three experiments Usted in the table,
hoggzSgoua lineg were used as components, and the 6rst generation of
yield teet wae the ayn-2. AII other synthetics were constructed from
cloneS.

Table 4 Relati,ve performance of advanced synthetic generations
in diploid crops

Forna t i on

Random
mat i ng

Cross ing

Crop

S e c a I e  c e r e a l e

S e c a L e  c e r e a l e
f  : i  € n t  i . . -  - - ^ :
4 . r r v f  r u r ' r  P r a u  i

Lo l iun  perenne
L .  m u l t i f l o r u m
Festuca pra tens j -s
Fes tuca pra t .ens is
Zea mays
Zea mays
Zea mays
Zea mays

S y n - 1  S y n - 2  S y n - 3  S y n - 4  R e f s

r 0 0

1 0 0
1 0 0
1 0 0
1 0 0
1 0 0
1 0 0
1 0 0

9 9

q 4

1 0 0

9 4
1 0 3

9 3
r 0 0
1 0 0
1 0 0

9 9

9 4
9 9
ö >

9 5
1 0 5

9 5
8 4

1 n 1

t z

r 0 0
'7'7

5 5

6 6
t z >

l 5 u

6 4
6 4
' 1 ?

5 8
4 5
6 9
6 9

8 1
1 0 1
1 0 0

ö b

If the syn-l is constructed by crossing, the yield decreases in all
experimeDts from eyn-l to syn-2 as expected. A-fter the 6rst generation of
random mating, the performance should be constant. As can be seen from
Table 4, thie seems to be true in most of the experiments; but in some
erceptions there was a remarkable yield decrease following syn-2 or even
sya-3. In these cases the aseumpüions ofthe theoretical consideratione are
obviously not firlfilled.

llhe most critical assumptions are absence of aelection and absence of
epistasis. To aesume no nÄtural selection is obviously unrealistic under
mnny circumstances, and mage eelection was Bhown to be effective to
increaee yield in advanced generations of maize s)'ntheticser,€s,5e. By
gnalyging isozyme qolymorptüsn in Irclium perenneio changes in genä
Drequencreo werc detected within few generations of uncontmlled
multiplication.
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The eflect of epistasis in advanced generations can be positive or
negahve depending on the assumptions8,66. A neld decrease due to
epista.^sis i.s expected if parents from different populations are combined,
gttd if , the performance of these source pop-ulätions is partly due to
tavourable eplstatrc etlects.

The possible role of epistasis was especially evaluated in an emeriment
with maizeeg. From two very distinct base populations inbred lihes were
developed without severe selection. If lines driginating from the snme base
populations were combined, the yield of the Eynthetlce wae gtable up to
syn;5. But if lines from the two different source populations were induded
ir,r the sagre synthetic, a- remarkable yield decreäsö from syn-2 to syn-4 of
about 14 70 was observed.

We will now turn to expectations for autopolyploid crops. As already
irointed out, in polyploids dven without gelection änd episfasis there are
changee in perforrnance to be expected following eyn-2. If constructed
from non-inbred . parents, the performance cou.ld 

-slightly 
decrease in

advanced generations due to an increase in the inbreedins coefficient Fr. If
the parents themselves are inbred, on the conltrary, maximal
heterozygosity ie not yet. obtained after one generation of ranäom mating,
and in advanced generations a further increase in leld can be erpected. 

'

To illustrate these situation, Fig. 4 shows the erpected yielde for
different ngrbe-rs of parents, based on formulas (?) and (9) and ässumlng
that A is 5Q7o of C. It is quite obvious, that the expected changes in most
cases are rather small, especially if the- number of componentslE not very
low. These expectations assume absence of episiasis and natural
sele^ction. With epistasis, from syn-1 to the following generations
pgrtormanc-e can decrease or increase depending on the type of epistatic
effects involvedzt.

Experimental investigations of advanced generationg of polvploid crooe
are summarized in Table 5. If the ayn-l alises from non'-inbi.ed clonög,
which are usually self-incompatible, a slight decline can be obsen'ed from
syn-1!o eyn-2. This decline usually was nbt found, if the number of clones
exceeds about five?2,?3. All further changes following syn-2 are very small
and non-eignificant.

The construction of a synthetic by random mating of partly inbred
strains or lines is not very common. In the two experimentls incjuded in
Table 5, the yield increased from eyn-l to eyn-2 as expected from theory.

, In conclusion, most of the published data support the validity of the
theory outlined. NevertheleÄs, there are ex"-p1"r of unpredictable
changes in performance in advanced generations 

-of 
synthetiö varieties.

From experimental evidence the dangel of an unexpectea vieta decrease
during multiplication seems to be larger in diploid ttrari in polyploid
specles.
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G E N E R A T I o N

Fig. 4: Expected relotiue prformance (C= 100) of tetraploid synthetic
uarieties constructed from different numbers of parents (2,4,9.
A = Syn-I produced by crossing hcterozygous parents
B = Syn-l produced by randam moting of homozygous parents

Table 5 Relative performance ofadvanced synthetic generations
in polyploid crops

Type of
Pa ren t  s

iäöi i " inbred t

S y n - 1  S y n - 2  S y n - 3  S y n - 4  R e f s

/

T - i  n a c

i i i iEiedr

D a c t y l i s  g l - o m e r a t a
D a c t y l i s  g l o m e r a t a

Med j -cago sa t  i va
M e d i c a g o  s a t i v a
Medicago sa t iva
Medicago sa t iva
F e s t .  a r u n d i n a c e a
PhIeum pra tense

S e c a l e  c e r e a l e
Medicago sa t iva

1 0 0  9 1  8 7

1 0 0  9 ' t  9 5
1 0 0  9 4  9 3
1 0 0  9 5  9 4
1 0 0  9 ' t  9 9
1 0 0  9 9  9 8
1 0 0  9 1  9 9
1 0 0  9 s  9 4

1 0 0  1 0 8
1 0 0  1 0 5  1 0 4

9 5
J Z

5 0
1 ?

5 3
1 J 1

o q

1 2

6 1
'72

) . 3 2
1 3 3



Finally we will shortly consider crops which are partly eelf-fertilized like
some species of Brossica and Vicio. Using formula (9), some general
expectations can be derived2,66; we only consider parents which are inbred,
foi this will generally be the iase in breeding partly autogamous crops. If
the syn-l is produced by artificial crossing, the yield will decrease in the
following generations; if the syn-1 is produced by random mating of inbred
lines on the contrary, maximal heterozygosity is not yet obtained in syn-I,
and the yield is expected to further inciäase in advanced generations.- The
last of these two expectations was confirmed experimentally. From syn-1
io syn-2 an average yield increase of6 % in Brassico napusll and ofG to 7
% in Sinapis sl$6tt,to was observed.

5. Maiutenance of the variety

Generally there are two possibilities to maintain a synthetic variety. The
first is to äaintain the coäponents and reconstitute lhe variety regularly
from them. As already mentioned, maly authors restrict the use of the
term "synthetic variety" to varieties which are periodically reconstituted
in this way. The alternative approach is to treat the synthetic like an
open-pollinated variety and maintain it continuously as random mating
populatron.

If the synthetic is constructed from a small number of parents it may be
regarded more convenient to maintain the parents themselves than the
complex population, for it is easier to detect off-types in multiplications of
clones or inbred lines than in an open-pollinated population. Sometimes
breeders prefer to produce the syn-1 on a large scale and store the seed.
ln the following ydars the advairced generatiins are produced by going
back to the stored svn-1.

If tolerated by legislative regulations, it is possible to improve the
variety instead of just maintaining it. For this purpose, 6ome of the
parents can be replaced by better parents when reconstructing the variety
in later cycles32.

In maize, already Jenkinsg proposed to combine the breeding of
synthetics with a program of recurrent selection by using the syn- 1 or syn-
2 as source for the next cycle of selection. Similar procedures were
proposed e.g. in herbage grasses33, alfalfaa,ze and ryese,zz. This
combination of synthetic varieties with recurrent selection again
demonstrates the close similarity in breeding synthetic and open-
pollinated varieties.



ry. SYT{TIIETIC VARIETIES INVARIOUS CROPS

The many cropspecific problems when breeding synthetic varieties
cannot be ihor<iughly disi:ussed but just mentio"neä, and some references
to the literature 

-wili 
be given. Exünsive reviews articles exist e.g. for

gfasse g4 r,78,?e, alfalfaao, maize r?, and ryerz.

l. Iferbase prasses

Most grasses can be easily cloned, and the clones can be kept for several
years. Thus in many countries synthetic varieties are the most common
type of variety; e.g. in the Fed. Rep. of Germany in 1981, 137 synthetic
varieties were registered, compared to only 101 open pollinated, 24
apomictic and I hybrid varieties8t.

The originally proposed method to test for gca was the polycross1o,82, but
at present often topcrosses are preferred. The topcross test is less labour
intensive, and a visual observation ofthe clone performance is possible+r.

A special dilEculty in preöcting yield ofsynthetic varieties is caused by
competition between genotypes, which in herbage grasses is by far more
pronounced than in cereals. Attempts have been made to take into
account competitive effects$. Beside this, the estimates of gca-effects may
be biased due to maternal effectser.

2. Foraqe lecumes

To illustrate the breeding of synthetic varieties, textbook authors often
chose alfalfa as example. Starting from Tlsdal and coworkersrt, alfalfa has
become one of the main objectives for basic research on breeding methods
for synthetic vsrisliqs22,zr,so.

Alfalfa is easily clonable, and as a consequence usually clones are used
as parents and the selection is based on the performance of the polycross
test. In other forage legumes however, the maintenance of clones for a
number of years is more öfncult, and synthetic varieties have to be
constructed from S1-lines or from remnant polycross seed.

8. Maize

Maize is one of the crops, where synthetic varieties have a very long
tradition. Hayes and Garberl2 proposed already in 1919 to construct
varieties by combining high protein inbred lines, and in 1940 Jenkinsg
used Sl-lines which were selected due to the performance of their
polycross progenies. The use of synthetic varieties was proposed at that
time mainly for low-income areas of the world to eliminate the need for
farmere to purchase new F1-hybrid seed each year6r.

At present, it is more common to combine heterogenous strains instead
of inbred lines. Though in thie case many authors prefer the term
"composite variety" instead of synthetic, the principal breeding methods
do nöt differ and formulas givön in eection'Il can be applie"d in this
eituation toou. Composites are one of the types of variety favoured by
CIMIVInbs and espeäally common in eeveral Ttfrican countriesse,s6€s.



Establishing the parents by one or more generations of artificial gelf-
pollination may include the risk of unconscious selection for genotwes
which tend to increased self-fertilization. Protandrv. which is tlie nafural
protections against self-fertilization in maize, doäi no longer exist in
material developed by continuous artificial selfing; and no information
seems to be available on the consequences of this on the amount of self-
pollination in maize populations.

Synthetics in maize are not only wed as commercial varieties but also as
important gene sources in hybrid breeöng programs. An example for this
poisibility öf use is the famöus 'Iowa Stif Staft Svntnetic' (BSSS) which
was synthesized in 1933 by G.F. Sprague from 16 lines with resistance to
stalk breakage. The BSSS was con0inu-ously improved since that time and
today lines originating from this breeding population are extensively used
in hvbrids in the U.S. Corn Belttz.

4. Rve

The breeding of synthetic varieties in rye is as long used as in maize and
the first synthetic varieties from inbred lines were constructed in the
beginning of our century13,12. But synthetics from inbred lines have never
been very successful in this crop. This is most probably due to the fact,
that the loss of the natural selfincompatibility system leads to an
appreciable amount of self-pollination and thus i;breeding depression in
the population.

More successful was the use of narrow populations of selfincompatible
material. Varieties based on combining such narrow populations from
different sources today are grown in several European countries.

5. Suqar b€ets

Synthetics were a corrmon type of varieties in beets before hybrid
breeding was possible. They were used in sugar beet breeding in Europeas,
USAso,el, and Japansz and also in fodder beetsgg.

Today, in sugar beets usually hybrid varieties are grown. In most
hybrid breeding programmes, the pollinator parent is synthesized from a
number of selected parents and propagated for several generations; no
changes were observed from syn-1 to 8yn-5e1. When üsing synthetic
varieties as pollinator parent of a hybrid variety, the amount ofinbreeding
depression within this synthetic is irrelevant, for it is not grown by itself.
In this situation, the value of the synthetic is completely determined by its
combining ability to the sterile seeä parents.

6. Field beans

Breeding of synthetic varieties in field beans was repeatedly
proposeiss,se. In this Crop, the breeder hag to work at the peculiar
situation of a predominantly autogsmoue species. For this reason, the
per-se performance of the components contribute more to the performance
than the gca, and a combination of the inforrnations on both li and gcai
according to formula (3) seems especially promising. To maximal
utilization of heterosis, a selection of lines with an high degree of



outcrcssing ig deeirable. This c8n be done by the use of a tester with a
marker genee6.

When compared to line varieties, the advantage of synthetics is not only
their partial use of heterosis, but also the possible increase in yield
Btabilitw.

7. R^a9e eeed

Rape eeed is a predominantly self-pollinating crop too, thus the remarks
on fileld beans hold true heie ag"i.. Synlhetic varieties have been
demonstrated to exceed there parental lines as well in yreldzr,ge as in yield
stabilitym.

Rape seed is a crop, where competitive effects between different geno-
types are of great importanceroo and consequence may be taken into
account for selecting parents for synthetic varietiesgg.

8. Others

Breeding of synthetic varieties is principally possible in all crops which
are completely or partly outbreeding. Sometimes the term "composite
variety" is also used in self-pollinating species where different genot)?es
are combined; but in this case the variety is a mixture of homozygous
genotypes, and heterosis does not contribute to the performance as is the
case in synthetic varieties.

Reporte on breeding synthetic varietiee can be found in literature for
qrany crops, nnoog them millettor-ror, gorghumlo.t,106, buckwheatlo6,
cotton107,r08, Burx0owerrog-lu, mugtard?4,?8, poppyrr2, rubberrrr, and pigeon
peau4.

This list ofcrops cannot be discussed in details; but it finally underlines
the wide applicability of the concept of breeding synthetic variäties.

V. SUMIUARY

A synthetic variety is a type ofpopulation variety which is synthesized
from a restricted nurnber of parents. These parents are separately
maintained and the variety ca; be identically reconstituted froö them.
The literature on breeding synthetic varieties is reviewed following a very
general scheme of breeding methods.

the initial step in breeding synthetic varieties is the decision, which
genetic form of parents ehould be used. It is possible to use clones, lines of
different level ofinbreeöng, and more or less narrow populations, and it
depends on a number oftechnical considerations which form is preferable.
If possible, the matcrial used hag to be gelf-incompatible io prevent
inbreeöng.

If the genetic forrr of the parents ie once determined, the following steps
can be optimized. The yieid of a synthetic variety can be reliable predicted
from the general combining ability of the parents, unless the number of



7L

parents is very emall (noü more than 3 or 4). The optimum number of
parents to be included can be calculated for any given material.

After the first panm.ictic reproduction, the yield of synthetic varieties
should theoreticaly hardly 

-change 
within 

- 
the firsl generations of

multiplication. There is experimental evidence however, that under
certain circumstances an unexpected yield decrease may occur.

Finally, for some important crops, the specific problems and possibilities
ofsvnthetic varieties are shortlv mentioned.
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