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ABSTRACT - Objectives of this review were to present the state of the art of the technologies used to develop cultivars in
allogamous species, excluding the perennial and asexually propagated species. It was reviewed the genetic structure of these species
and its relationship with the development of cultivars, the technologies used to develop hybrids and improved open-pollinated
varieties and their s, and the impact of the biotechnology and the mixed models on the development of cultivars. A summary of
results from the researches developed in the maize breeding project at the Department of Genetics of the Agriculture College “Luiz
de Queiroz” will be presented
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INTRODUCTION of productivity and decrease of plant lodging in maize,
increase of the quality and disease resistance in the

The procedures used to develop cultivars aneegetables, increase of cellulose content and decrease of
determined by the mode of reproduction of the crop specikgnin content in eucalyptus for paper production and
since different modes of reproduction lead to differerenhancement of the wood properties for furniture
genetic population structureallogamous species are production, etc. Howevethe genetic basis of plant
those in which at least 95 % of the natural form of reproductidireeding for these species are common; i.e., the same
occurs through crosses among plants, and then in eagnetic technologies are used to develop cultivars in these
generation the genotypes are developed by the union afr@p species. Thus, the objective of this paper is to
female and male gamete from different plants at randomsummarize the genetic principles underlying the
a population. Several mechanisms are present in thelsvelopment of cultivars in most of these species,
species to prevent the occurrence of self-fertilization @&xcluding those perennial and/or asabky propagated
protandry protogyny monoecism, dioecism, and thespecies that due to the generation overlap some specific
diverse forms of self-incompatibilitymportant crop procedures should be employed.
species are included in this group as maize, sunflower
eucalyptus, sugar beet, cacao, onion, broccoli, cauliflow@f ENETIC STRUCTURE OF POPULATIONS
Brussels sprouts, carrot, mango, avocado, and so on.

These species are sources of several products as Plants of a random-mating population have part of
ration for animals, oil, sugacellulose, fruits, vegetables, the loci in heterozygous and part in homozygous state
etc. Then, each species present specific problems that hawel, in general, they have several alleles. Since the
to be considered in their breeding programs, as the incregemotypes are formed at random in each generation, the
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plants did not transfer their genotypes to the nexised for all breeding programs, regardless of the species,
generationAlso, the populations maintain a high geneti@and the specific criteria are used to fulfill the needs of the
load since the loci in heterozygous state allow thdarmers/consumers/processors in the plant breeding
recessive lethal or deleterious alleles be maintained in theograms. So, only the general criteria will be presented,
populations, and then, the populations in general presehat could meet the needs of any breeding program, that
high inbreeding depression, and the cross of unrelatex]to develop populations with adequate means and levels
genotypes usually present high magnitudes of heterosid.genetic variability for the most important traits.
Inbreeding depression and heterosis are expressed for The general criteria are: i) use of elite genotypes
several traits, but mainly for those ones in which the leve{mbreds, hybrids) as parental for crossing or selfing; ii)
of dominance are higlAs a consequence, allogamousnformation on the pedigree of these genotypes; iii)
species are very sensitive to the effects of the genetiformation on the genetic divergence of the parental
drift, which has several consequences for both breediggnotypes; iv) performance of the parental genotypes in

and maintenance of germplasm banks. the target environments for which the cultivars are to be
developed. The first criterion is to take advantage of the
DEVELOPMENT OFCULTIVARS selection used to develop them, and thus, the elite
genotypes will have high concentration of favorable alleles
Types of cultivars for different traits; the second criterion is to avoid crosses

The most common types of cultivars from allogamou8f related genotypes; the third criterion is to increase the
species are: hybrids from inbred or partially inbred linegrobability of generate transgressive genotypes, and the
and open-pollinated varieties. Hybrids are developed frofurth criterion is to develop populations for the
crosses of inbred lines or partially inbred lines; highlgnvironments in which the cultivars will be growrsHould
inbred lines are used in those species that, despite #fenoticed that several base populations are devetoped
inbreeding depression, their levels of seed yield do nefihance the probability to develop cultivars, but usually
preclude their commercial use as maize and sunflower; 8@lection is carried out among these populations in the
the other hand some species as carrots are quite sensitijéal phases of the breeding programs to concentrate
to the inbreeding depression and only hybrids from partialffforts and resources in the most promising base populations
inbred lines can be used. Open-pollinated populatiof§ouza Ji2001).

(varieties) are used as cultivars in crop species that are so There is some debate on the number of population
sensitive to inbreeding depression that do not allow th@rsus the number of genotypes that should be sampled
development of inbred lines, or in crop species in whicfiom each population. Howevers the use of lge number

the breeding programs are not well developed. Howevéf populations with few genotypes sampled from each
hybrids should be the cultivar of choice since they are tigge and the use of few number of populations with a large

best genotypes from a population or interpopulatioRumber of genotypes sampled have been used successfully
hybrids. it seems more important the selection of the parental

genotypes to develop the base populatibmghis context
it should be noticed that the improvement of the base
This phase is the most crucial in any breedingopulations by recurrent selection will allow the use of
program, since the base populations will be the sourcestbese populations for a long-term as source of cultivars.
the new cultivars; i.e., the genotypes that should outperform | . , )
the current cultivars. Base populations are developed B';}’b”ds from inbred lines
crosses of selected genotypes; and the most common type Hybrids developed from crosses of inbred or partly
of population is developed by cross of two genotypembred lines are the cultivars of choice for the species
namely biparental crosses, although some programs afsgused in this revieysince they are the best genotypes
use populations developed by crosses involving three of the populations or the interpopulations. Inbred lines
more genotypes. General and specific criteria are useda@ developed by six or seven generations of self-fertilization
develop the base populations to enhance the probabildy by doubled-haploid (DH) procedure; and their crosses
that the genotypes selected from them will outperform theill give rise to the hybrid#As each inbred line produces
current cultivars. The general criteria are those that aomly one type of gamete and its genotype could be

Development of base populations
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maintained and multiplied, the genotypes of the crossesosses (interpopulation) performances while maintaining
between the inbreds could also be maintained atldeir genetic variabilityin this procedure the frequencies
multiplied for several generations. This is the genetic basi$the favorable alleles of the traits under selection increase
for developing hybrids from inbred lines. progressively leading to the improvement of the populations
There are several types of hybrids, as doubler of their crosses for several traits simultaneoustys
crosses, three-way crosses, single-crosses, and modified dual-purpose procedure: i) to improve populations or
single-crosse# single-cross is produced from the crossheir crosses to be released as open-pollinated,’sr F
of two inbred lines, the three-way cross from the cross ofiltivars, respectively; and ii) to improve base populations
a single-cross and an inbred line, and the double-crassbe used as sources of inbred lines to develop hybrids.
from the cross of two single-crosses. Howewss the The released hybrids are the best genotypes from the base
single-crosses should be the hybrid of choice, since p®pulations or interpopulations, and then new cultivars
performance and uniformity are better than the other typesuld be developed from resampling these populations in
of hybrids, only the development of the single-crossele succeeding cycles of selection.
will be described. The recurrent selection consisted of four phases: 1)
The base populations are allocated in differerdevelopment of progenies for evaluation and for
heterotic groups to exploit the heterosis between themscombination; 2) evaluation of progenies in replicated
and then only inbred lines from different heterotic groupgials in several locations; 3) selection of the superior
are crossed to give rise to the single-crosses. Inbred ling®genies; 4) recombination of the selected progenies or
developed from these populations, either by selfing or progenies related to them. Recurrent selection is classified
doubled-haploids, are subjected to high-intensity selecti@s: i) Intrapopulation Recurrent Selectian which the
only for high heritability traits because the correlation ofjoal is to improve the performances of the populations
inbreds and their hybrids are too low for low heritabilityper se; and iilnterpopulation Recurrent Selectiorhere
traits as grain yield. The inbred lines from one heterotitie goal is to improve the performances of the crosses of
group are crossed to one or more elite inbreds from thgo populations (interpopulation hybrids). Intrapopulation
opposite heterotic group and the testcrosses are evaluateclrrent selection is to be used for those species where
in replicated trials in several environments for lowheterosis is not exploited in crosses, and interpopulation
heritability traits. One or more testcrosses (single-crossagkurrent selection is to be used for the species where
could outperform the current cultivars, and they could bigeterosis for the main traits present high magnitude and
released as single-crosses, with an existing elite inbredtaen it should be exploited in crosses. In intrapopulation
one of the parentét the end of the process the selecte¢hrograms, half-sib or full-sib are used as selection and
inbreds from any heterotic group are crossed to threcombination units, and in interpopulation programs half-
selected inbreds from the opposite heterotic groups &b and full-sib progenies are used as selection units and
develop several single-crosses that will be asdeBse S; progenies for recombination units. Selfed progenies
several environments for several years. If one or moegther S or S, as units of selection should be avoided
new single-crosses outperform the existing cultivarsince their responses to selection have showed inferior
they will be released as cultivars (Hallauer et al. 1988esults than those with non-selfed progenies (Souza Jr
Bernardo 2002) 2001).
The impact of the recurrent selection in the development
of cultivars could be evaluated by comparing the responses
Improved varieties which include open-pollinatedo selection of cultivars developed from the non-improved
populations or the cross between thems)Fshould be population and from aftar cycles of recurrent selection
used only when the use of hybrids is not possible. kuith the expressiomu = nRs +(i/0p)(0%Gn - 0%c0), Where
general the use of hybrids is precluded in some speci@g is the difference between the performance of the
because of the high inbreeding depression of the linesauitivars released from the different cycles of recurrent
in less-developed regionBhe improved varieties on’s  selectionn, RS i, Opy, 0%n, ando?se, stand for the number
are developed by a procedure terrRedurrent Selectign of selection cycles, the average response to recurrent
which is a cyclical breeding procedure aimed to improveelection, the standardized selection differential, the square
populations per se (intrapopulation) or the populatioroot of the phenotypic variance of the selection unit of

Varieties
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the cultivars, and the genetic variance intheycle and Other technique that will impact the plant breeding
in the original cycle, respectively (Souza2li01)Thus, if programs is the use of molecular markers. For instance,
the genetic variances of the original and afteycles of the introgression of favorable alleles of oligogenic traits
recurrent selection did not &f, the improvement of via backcrossing is regularly carried out by the assistance
cultivars will be directly proportional to the response t@f the molecular makers for both background and
recurrent selection, but if the genetic variance decreagggeground selection, which reduces considerably the time
during the cycles due to selection and/or due to the geneiigeded for the introgression of favorable alleles into elite
drift effects, the improvement of the cultivars will no longgenotypes (Benchimol et al. 2009)Iso, the use of
be a linear function of the above expression; in fact thejolecular markers to estimate the genetic divergence of
will be improved at a lower rate than the populations. Thigbred lines to locate them in heterotic groups is as efficient
expression also shows that the maintenance of the gengiiCthe use of diallel analysis, and then their use for this
variability of the populations undergoing recurrent SE|eCti°|5‘urpose has become a routine in maize breeding programs
is of paramountimportance to use the populaiona Iong-  pinto et al. 2003) The use of QTL mapping have been
term as source of cultivars. limited use in plant breeding programs, mainly because
~ Several results in maize have shown that the genefig o anitative traits the statistical methods used to map
variability of the populations have been maintained %TL present several problems and most of the QTL for

adequate levels even in high-intensity selection prograrggmplex traits present high genotype by environment
(Hallauer et al. 1988, Rezende and SouZ080, Santos et interaction. Thus, there are few results reporting success

al. 2005), the populations or the interpopulations ha\{ﬁ the use of the mapped QTL in plant breeding programs
been improved for several traits at adequate levels (Ha"aLdEre mardo 2008)
etal. 1988, Rezende and Souz20600, Santos et al. 2005, )

. Recentlya new method termé&ktnome-\ide Selection
Santos et al. 2007), and the populations under recurrent : . .
. : . S been proposed in which the genotypic values of the
selection have been sources of outstanding hybrids tha : .
rkers are computed using mixed models (Bernardo and

. . a
could be released as cultivars (Betran and Hallauer 19%, 2007 d then th WD | fth N
Hallauer et al. 1988, Souzadral. 2010)The sustainability u ). and then the genotypic values of the genotypes

of the plant breeding programs is the development gf)uld be computed. Simulation and validation results have

improved base populations and thus the recurreﬁli]own_ t_hat this method hqs great potential to enhance
selection programs might be considered as an essentfiff &fficiency of plant breeding programs (Lorenzana and

part of the cultivar development programs. Bernardo 2009). . o .
Statistical methods widely used in animal breeding
New tools for plant breeding to accommodate their largely unbalanced experiments,

amedMixed Models have been recognized as an

Nowadays new tools from statistics and genomicg ) .
portant tools in plant breeding, but only recently they

could enhance the efficiency of the plant breedin
programs in several ways. Some of these new tools h Rve been accepted by plant breeders. These models allow:

rise debate/doubts among the plant breeders, but somé §f€ estimation of genotypic valugsi(UEsor BLUPS in
them have become routine in several plant breeditg'Palanced experiments; ii) the comparison of the
programs, depending on the crop species and the leved§inotypic values of the genotypes evaluated in different
development of the plant breeding programs. environments; iii) the prediction, to some extent, of
One important tool is the transgenesis that allow tHg€notypes not assessed in the experiments (Bernardo
transference of genes among species, which led to #@02, Fritsche Neto et al. 2010), (iv) the prediction of the
development of the transgenic crops. Thus, tolerant/resist8igotypic values of plants from their molecular markers
genotypes to several pathogens, insects, and herbici@egotypes (Bernardo aid 2007).
have been developed, and nowadays transgenic cultivars Thus, there are some techniques from the
from several species are being cultivated in several countrieitechnology and from statistics that likely will have a
Although this technique has been limited to simplgreatimpact on the technologies used to develop cultivars.
inherited traits, it gave and likely will continue to give arhese new tools will increase our understanding on the
great contribution to increase the productivity of the crops)heritance of the traits, and the efficiency of the plant
nor in a direct way but indirectly reducing the losses causbdeeding programs will increase, mainly speeding-up the
by pathogens, pests, and weeds. time to release new cultivars. Howeyér should be
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emptasized that they are tools to increase the efficiendliese projects showed that it is possible to integrate the
not to replace the technologies used today to develogcurrent selection programs into an applied program aimed
cultivars. to develop hybrids as cultivars, mainly the procedure in
which the g lines were used to develop the interpopulation
progenies since it allows the selection of lines for three
generations, and the evaluation of the interpopulation
The Department of Genetics at tAgriculture progenies is an early evaluation of their combining ability
College “Luiz de Queiroz” from the University of S8o Paul®lso, reducing the time to conduct a cycle of recurrent
has been using maiz&d€a maysL.) as a model for selection could be an interesting procedure to integrate
allogamous crop species for training plant breeders in iise recurrent selection with the development of cultivars.
graduate program. This choice was based on its importar®éviolecular Markersi) QTL Mapping:Two F, populations
as a crop, the high level of genetics and breeding studiegre developed and genotyped with microsatellite markers
its annual cycle and high amount of seeds produced framstudy the inheritance of several traits by mapping QTL
self- or cross-fertilization, the technologies used tthat control them. The,Rprogenies was used to phenotype
develop inbred lines is also used in autogamous crépth populations and for one of them the Design Il was
species, the development of hybrids is also used in seveatdo used. Several traits as grain yield, components of
autogamous species as sorghum, and the recurrgnain yield as prolificacykernel-row numbemumber of
selection methods is also used in both autogamous kaesnels per rongrain weight, kernel oil content, stay-green,
common beans and asexually propagated crops @ays to anthesis, days to silk extrusion, anthesis-silking
eucalyptus. This strategy proved correct since the formieterval, and reaction to Phaeosphaeria leaf spot, were
students that graduated in the maize breeding laborategcorded in several environments (location and years).
nowadays are in several public and private institutiorslso the k.3 progenies from one of the populations were
developing research with allogamous, autogamoutgstcrossed to two testers genetically divergent for their
asexually propagated crops, and also perennial speciwderance to acid soils, and these testcrosses were evaluated
Just to mention a few crop species, they are developimgthree environments differing in soil acidity level. The
cultivars of maize, melon, soybean, eucalyptus, commaverall results of this project showed that the magnitudes
bean, banana, etc. of the genetic variances accounted for the mapped QTL
Some researches developed and under developmémtall traits were lowrarely exceeding 50 % of the genetic
at the Department of Genetics follolyRecurrent Selection variance, although the precision of the experiments were
and Hybrid Breeding Program3hree reciprocalecurrent  very high. These results, which are similar to those reported
selection projects are being conducted with differenin the literature, showed that the statistical methods to
populations and different approaches. In one of theseap QTL, despite of its mathematical sophistication, are
projects the interpopulation progenies are produced fronot capable to map adequately the genes that control
S;lines and a high-intensity of selection has been appliegyantitative traits, even in highly saturated maps. In any
the response to selection was higher than in conventionedy they shed some light mainly in showing that the
procedure (Rezende and Souz2000), and theSines  additive and dominance effects of QTL underlying these
selected from their crosses were selfed to develop inbredits differ greatly in magnitude, and in their location in
lines, and most of their crosses (single-crosses) outperfornted genome since for some traits the QTL were not evenly
the current single-cross cultivars (Souzaefal. 2010). distributed in the genome, but clustered in some genomic
Other approach was to conduct a procedure in whichregions.An important feature is that all traits presented
cycle could be conducted in just one y&ae results from several QTL that interacted with environments, but for
three cycles showed that the response to selection ograin yield the vast majority of tt@TL mapped presented
per cycle basis was similar to those reported from trehigh interaction with environmenfsima et al. 2006,
conventional procedure (Souza Jr and Pinto 2000, Santdsreira et al. 2009). ii) MarkefAssisted SelectiorWith
et al. 2007). The third one was a conventional procedutiee advent of the Genomeitlé Selection (GWS)
that was conducted for three cycles, and the responsgBernardo andvu 2007) a project was conducted to
selection was similar to those reported in temperagyaluate its dicacy. For grain yield, the most complex
germplasm (Santos et al. 2005). The overall results frotmait, the responses to phenotypic selection (PhS) and GWS

The maize breeding project at the Department of
Genetics/ESALQ/USP
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were 0.48 t & (5.5 %) and 0.27 t Hg(3.1 %) on a per cycle therefore the additive-dominance model is incomplete to
basis, respectivelgnd the ratio GWS/PhS=0.56 was similadescribe the variation of quantitative traits. Therefore, the
to that reported by Lorenzana and Bernardo (2009). G\W#8lditive and dominance genetic variances, heritability
is conducted after phenotypic selection, and consideringefficients, as well as the responses to selection are
that only one cycle will be conducted after the Ph&iased to some exteh) Theoretical researchesSome
selection, the sum of the responses to selection will lexamples of the theoretical researches follow: i) Response
0.75 t ha! (8.6 %), enhancing considerably the responge Selection Under Small Effective Population Size (Souza
to selection on a per year basis. These results then shodedt al. 2000); whose expressiorRs. = [ic(to?, + FD;)/

that GWS is a procedure that could enhance the efficienoy,] - FID, andi, c, t, F, 025, D4, , andiD stand for the

of the maize breeding programs, since it will be based orilytensity of selection, the coefficient that depends on the
on the marker values of the young plants or of the seedscurrent selection method, tfegeneration of selection,
speeding-up the programs. iii) Other successful molecultre inbreeding coefficient at ttfégeneration, the additive
markers uses were in the allocation of the inbred lines variance, the covarianad homozygous and dominance
correct heterotic groups and in the marker-assisteaffects of the homozygotes, the square root of the phenotypic
backcrossing selection. Genetic divergence estimates fraariance, and the inbreedidgpression, respectivelyith
molecular markers and from specific combining abilitythis expression it could be noted that if the effective
allocated inbred lines to different heterotic groups similarlgopulation size is not managed the response to selection
(Pinto et al. 2003); and the marker-assisted backcrosgl be reduced. ii) Interpopulation Genetiariances and
selection allowed only three generations for theélybrid Breeding Programs (Souzal®92). In this research
introgression of alleles from an inbred into another and tiomparisons among all possible types of hybrids were
recover the genome of the recurrent parent (Benchimoledrried out as those between single-crosses and modified
al. 2005).3) Mixed models to predict untested hybridssingle-crosses, single-crosses of partially inbred lines, etc.
Two-hundred and fifty single-crosses were evaluated im) Predicting the Range of Inbreeding Depression: the
thirteen environments (locations and years). Then, usirgriance of inbreeding depression was developed (Souza
mixed models, several percentages of hybrids wede and Fernandes 1997)a@&;p = [F 4 - F)?(1 - R)][ 0D
withdrawn from the data, and their performances were (1/2)D, + FH] for any two generations-(andF) of
predicted. The results showed that above 20 % of tih@breeding, and reduces &8¢ p = 0% + (1/2)D,, for the
hybrids withdrawn from the data the correlation betweemon-inbred reference populatidf € 0) and highly inbred

the predicted and assessed hybrids reduces significanliyes ;= 1); hereo?y, D, andH stand for the dominance
Thus, the method was found to be efficient up to this limitariance, the variance dlie dominance effects of the
(Fritsche Neto et al. 2010)) Detection of epistasifhe homozygotes, and the squaredl the inbreeding
triple test-cross (TTC) design (Kearsey and Jinks 1968gpression; also a mating design was proposed to estimate
was used to estimate the presence of epistasis for sevéhal genetic variance of the inbreeding depression.
traits. The original TTC and a modified TTC (Eta-Ndu andiumerical evaluation showed that for grain yield in maize
Openshaw 1999) in which the backcrossed progenies &nés variance is larger than less complex traits as plant
crossed to testers were carried out. The overall resultsight. v) Comparisons of Intra-, Interpopulation, and
showed that for all traits recorded (grain yield and theModified Recurrent Selection Methods (Souzd 983)A
components, flowering, plant stature, stay-green, and plarztmparison in the responses to selection in the populations
lodging) the epistasis were detected, but their effects weser se and in the heterosis was developed, and the results
not unidirectional, they were not related to the besthowed that both intraand interpopulation selection will
performing testcrosses, and for the non-correlated traitst improve simultaneouste two populations and the
different genotypes presented significant epistatic effectseterosis, and a modification procedure was designed to
Epistatic effects were present in all traits assessed afiudfill the drawbacks of these selection methods.
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Desenvolvimento de cultivares de espécies alogamas

RESUMO - Os objetivos desta revisdo foram apresentar o estado da arte das tecnologias utilizadas para desenvolver cultivares

em espécies aldgamas, excluindo as espécies perenes e as propagadas assexuadamente. Foi revista a estrutura genética destas
espécies e suas relagdes com o desenvolvimento de cultivares, as tecnologias utilizadas para desenvolver hibridos e variedades de
polinizacdo aberta melhoradas e seyssk-e o impacto da biotecnologia e dos modelos mistos no desenvolvimento de cultivares.

Um sumario dos resultados das pesquisas desenvolvidas no projeto de melhoramento de milho do Departamento de Genética da
Escola Superior de Agricultura “Luiz de Queir6z” seré apresentado.

Palavras-chave cultivar, hibridos, macadoes moleculas, selecaocecorente, modelos mistos.
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