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Abstract: This work aimed to study the effective population size and genetic
gain in a population of robusta coffee (Coffea canephora Pierre) and verify the
possibility of using recurrent selection. The experiment comprised 25 treatments,
consisting of 21 C. canephora progenies and four C. arabica (cultivars) grown
in Brazil. The experimental design was a 5x5 quadruple balanced lattice, with
24 replications, with one plant per plot. Six harvests were performed in each
plant. Statistical analysis was carried out using the mixed model methodology.
The analysis showed high additive genetic variability, and the magnitude of
the additive components prevailed over that of the dominance components.
These facts revealed the plant population liability to undergo recurrent selec-
tion, whose expected genetic gains were high. Results suggest that the effective
population size and inbreeding degree throughout recurrent selection cycles
be monitored. During selective cycles, cloning with weak selection is required
due to few progenies.

Key words: Robusta coffee, quantitative genetics, inbreeding, additive com-
ponents.

INTRODUCTION

Coffee’s economic and social importance is indisputable. Its cultivation
has generated near 80 billion dollars per year, second only to petroleum,
and involves 125 million people worldwide in its production chain. Coffee is
a universally popular drink - about 600 billion cups are consumed every year,
making it the second most consumed beverage worldwide, second to water
(Bliska et al. 2007, ICO 2017).

The crop has been cultivated in almost 80 countries in Africa, Asia, and Latin
America, and is divided into two commercial species, Coffea arabica Linnaeu
(Arabica coffee) and Coffea canephora Pierre ex A. Froehner (Robusta coffee).
The production growth and trading of Robusta coffee are evident. Robusta has
been used as feedstock for instant and ground coffee over the years. In the
1960s, the crop represented approximately 18% of the worldwide market;
it currently represents 40%. The world’s largest Robusta coffee growers are
Vietnam, Brazil, Indonesia, Ivory Coast, and India.

C. canephora is an allogamous diploid species (2n = 2x = 22 chromosomes)
with gametophytic self-incompatibility, which makes Robusta cultivars have
at least two different and compliant genotypes. Therefore, C. canephora is
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divided into two group, the Guinean and Congolese, from Western and Central Africa, respectively. The latter is the most
grown worldwide. Cultivars may be available for farmers both via sexual or asexual reproduction, and the vegetative
propagation is the most recommended due to the plant’s phenotypical uniformity in the field, which facilitates handling
and harvesting. In Brazil, C. canephora is produced in a mixed plantation of clones in alternated rows (Ferrdo et al. 2007).

C. canephora clonal selection is the major practice in Brazil, promoting high genetic gains, uniformity, and higher
frequency of favorable alleles. This process, however, reduces the genetic variability. Therefore, the recurrent selection
strategy is recommended to soften this reverse effect since it recovers the genetic variability via successive selection
and recombination cycles, enhancing favorable allele frequency of the trait to be improved. This way, new superior
genotypes may be obtained again, continuously, supplying the system and promoting program continuance in the long
term (Hallauer and Miranda Filho 1981, Gallais 1989, Bernardo 2010).

The selection intensity to be adopted by breeders can be used as a strategy to improve recurrent selection effectiveness.
This intensity will, a priori, depend on the program needs, i.e., short- and long-term results. Nevertheless, high or low
selection intensity affects the program. High selection intensity will reduce population size due to genetic drift. Conversely,
low selection intensity will increase the population size, which may result in slight gains during first cycles; however,
gains will increase over time (Vencovsky et al. 2012).

In the case of perennial plants, in which generation overlapping occurs, the plants that generated the progenies
selected can be used for recombination. In Robusta coffee (self-incompatible), another advantage is the no need for
emasculation, which facilitates the operational work in a recurrent selection scheme. Several recurrent selection studies
have been performed with plant species. In the last few years, some studies have worked with C. canephora. The few
existing and old results about this species are promising. For instance, a recurrent selection performed with a coffee
population in lvory Coast obtained genetic gains of up to 60% for grain yield (Leroy et al. 1994).

Statistical analyses are different for perennial and annual species. In the latter, data for the same individual is recorded
for several years (Cilas et al. 2011, Liu et al. 2012), causing measurement correlations and dependent non-homogeneous
variances (Collins 2006). Nonetheless, these issues may generate erroneous information on the efficiency of superior
plant selection (Piepho et al. 2004, Pinto et al. 2013). Apiolaza et al. (2000) and Mariguele et al. (2011) have addressed
these topics. The random part’s modeling with a variance-covariance matrix may be important for the applicability of
mean inferences (Littell et al. 2006). Plant death results in unbalanced data and the presence of fixed and random effects
within the same statistical model is another particularity of perennial plant studies (Resende 2007).

The use of mixed model methodology, has been the most proper way to analyze this sort of data since it circumvents
these problems (Resende 2002). This method uses the REML/BLUP procedure at the individual level [REML - restricted
maximum likelihood (Patterson and Thompson 1971) and BLUP - best linear unbiased prediction (Henderson 1975)],
in which REML estimates variance components and BLUP predicts genetic values (Resende 2002). This study aimed to
estimate the expected genetic gain for production traits and the effective population size in a recurrent selection program
of Robusta coffee (Coffea canephora Pierre).

MATERIAL AND METHODS

A phenotypical selection was carried among individuals of a C. canephora (Robusta coffee) open-pollinated
population in the Centro Agronémico Tropical de Investigacion y Ensefianza - CATIE (Center for Tropical Agriculture
Research and Education), in Turrialba, Costa Rica. From this population, 21 plants were selected, 19 belonging
to Congolese Group and two belonging to the Guinean group, from which seeds were harvested for seedling
production (Table 1).

Progenies were planted in 1974, in an experiment in Polo Regional do Nordeste Paulista (Northeastern Sdo Paulo
State Research Center), which belongs to APTA (Sdo Paulo State Agribusiness Technology Agency, associated with the
State Agriculture Department), in the municipality of Mococa, Sdo Paulo, Brazil. The data analyzed refer to the period
from 1986 to 1992, after pruning of plants.

The experiment consisted of a 5x5 quadruple balanced lattice design, with six replications, containing 21 C. canephora
(seeds) progenies and four C. arabica cultivars (autogamous species, tetraploid, and self-compatible), with one plant
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per plot. The spacing consisted of 4 m between rows and  Table 1. Origin of the progenies of Coffea canephora selected

3 m between plants within each row. Six harvests were in Turrialba, Costa Rica, evaluated in the experiment installed
’ in Mococa, SP

performed in each plant. Grain production (composed of

a mixture of green, ripe, and dry fruits) was weighed and ~ _Progenies  N.Turrialba  N.IAC Group Origin
. 1 T 2403 IAC 2255  Congolese Costa Rica
recorded in kg of coffee per plant. )
2 T2772 IAC 2256  Congolese Costa Rica
Analyses were performed by the mixed model 3 T3756 IAC2257 Congolese  Costa Rica
methodology (REML/BLUP procedure), using the Selegen- 4 T3561 IAC2258  Congolese  Costa Rica
REML/BLUP software (Resende 2016), wherein variance ~ ° T3759 IAC2259  Congolese  Costa Rica
components are estimated by the restricted maximum  © T3759 IAC2260  Congolese  Costa Rfca
likelihood (REML), and the additive genetic value is ; Izi: :22 iizi Eongo:ese Eosta ifca
. . . e . ongolese 0sta RiCa
redicted by the best linear unbiased prediction (BLUP),
E i Y lati hi o Thi P hod (d L 9 T3740 IAC 2263  Congolese Costa Rica
y a genetic relationship matrix. This meF od was adopte 10 13717 IAC2264 Congolese  Costa Rica
because the used models have both fixed and random 11 T3517 IAC2265 Congolese  Costa Rica
effects. In addition, the same individuals (plants) were 1, T2535 IAC2266 Congolese Uganda
evaluated in several years (time repetition), and results 13 T3562 IAC2286  Congolese Congo
revealed a correlation between these measures. The 14 T 3695 IAC2290 Congolese Western Africa
mixed model methodology enables efficient estimates and 15 T3755 IAC2291  Congolese  Costa Rica
prediction under these circumstances, which would have 16 T3758 IAC2292  Congolese  Costa Rica
been impossible to obtain by the least square method 17 T2399 IAC2284  Guinean  Costa Rica
(Resende 2002, Bueno Filho and Gilmour 2003, Piepho 18 T2771 IAC 2285 G“'nelan Costa F;'Ca
. . 19 T2773 IAC2287 C u
et al. 2003, Gilmour et al. 2004, Mariguele et al. 2011). ongolese gan _a
Dat | B d for the C h 20 T 3563 IAC 2288  Congolese Costa Rica
ata al?a yses were pertormed for the . canephora 21 T 3676 IAC2289 Congolese  Madagascar
progenies. Treatments from 22 to 25 refer to the four cultivars of Arabica coffee (T 22 = Catuai
) L. IAC 144, T 23 = Catuai IAC 44, T 24 = Mundo Novo IAC 388, and T 25 = Mundo
The following statistical model was adopted: Novo IAC 374).

y=Xm+Za+ Wp + Sb + Ti + e, in which:

y is the phenotypic data vector, with dimension n x 1 (where n is the number of observations); m is the vector of
the measurement-replication combinations effects plus the overall mean (fixed effect); a = is the vector of individual
additive genetic effects, assumed as random {where a ~ N(0,G) [being G = Ac? (in which G is the genetic variance and
covariance matrix among individuals; A is the genetic relationship matrix; and o2 is the additive genetic variance among
individuals)]}; p is the vector of permanent effects, which accounts for correlated repeated measures over time, assumed
as random; b is the vector of block effects, assumed as random; i is the vector of genotype and harvest interaction
effects (random effect); and e is the vector of errors (random effect). X, Z, W, S, and T are the incidences matrices for
m, a, p, b, and i, respectively.

The mixed model equations are given according to Resende (2002), by:

XX X'Z X'W X's X'T m X'y
X T+, W z's z7 a Zy
WX W'Z  W'WHA, WS w'T b wy | .
, . . : \ =| . |, in which:
S'X S'z S'w S'S+iA, S'T b Sy
X TZ W TS 77+, T Ty
o? o2 o2 o?
A==, A =—%, A =—%,and A, = —%; where: o? is the residual variance, o? is the additive genetic variance, o2 is
o 2 ¢ 3 o 4 g2 e a N
a P i

the individual permanent variance, o? is the block variance within replication, o?is the variance of genotype x harvest
interaction.

The Arabica coffee cultivars were not considered in the statistical analyses. The effective population size was estimated
according to Vencovsky et al. (2012).
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RESULTS AND DISCUSSION

The likelihood ratio test (LRT) showed highly significant effects for progenies (p < 0.01) via the additive genetic
variance (V) values. These results indicate genetic variability in the target population, which leads to the possibility of
improving this material and consequently developing promising cultivars. Moreover, it allows using the recurrent selection
in these plants, and it will only be successful if significant additive effects occur on the genetic material. Initially, the
genetic variability of this population was expected to have been compromised due to the small number of progenies,
which was not verified in this study.

Probably, some factors can make C. canephora an advantageous species for breeding programs, including its wide
distribution within its center of origin, which promotes diversity to respond to different environmental conditions,
allogamy, and genetic self-incompatibility. These factors generate highly heterozygous individuals with high potential for
diversity. Some authors have reported the wide and advantageous genetic variability of Robusta (Conagin and Mendes
1961, Charrier and Berthaud 1988, Ferrdo et al. 2008). The literature also shows plant breeding projects in which base
populations were composed of a small number of progenies without compromising their genetic variability. This finding
is also confirmed by Gouvea et al. (2013) and Oliveira et al. (2014), who studied initial populations consisting of 22 and 30
progenies of rubber tree, respectively, and in studies by Fogaca et al. (2012), in which the base population consisted of
24 progenies of daylily (Hemerocallis x hybrids Hort.). It should be remembered that one of the limiting factors of allocating
a large number of progenies in experiments of perennial crops is the maintenance cost of this population during the 365
days of the year. This is because these crops occupy larger areas than those used for annual crops, such as corn (Table 2).

Resende (2007) discussed some determination coefficients, which assisted in the result interpretation and discussion of
perennial species experiments. Among them, the determination coefficients of block effects (c? . )and permanent effects of
the individual within the progeny (c fmm) stood out. The first coefficient points out the environmental heterogeneity among
blocks. According to Resende (2002), the ideal situation for perennial plant breeding is when block effects are not significant
and the cfﬂmks is lower than 10%. In the present experiment, the significance of the block effect and the lower values of ¢ i/ocks
(between 2 and 5%) indicated experimental design effectiveness. The cim provides permanent environmental variations
from one year to another or environmental correlations for the observations within the plots over time. The analysis of
deviances confirmed the significant variance of permanent environment effects throughout the six harvests, with a ¢
fmm close to 0.30. This result shows that measurements of a single plant had a phenotypic correlation over time. Thus,
data analyses must be performed by mixed models, since they model this source of variation (Littell et al. 2006). The
genotypes x harvests interaction was significant (cze =12%); however, the genetic correlation throughout harvests was

high (approximately 0.75). This result reveals a good genetic consistency of the trait production over time.

Some studies using C. canephora presented coefficients of experimental variation (CV ) higher than 50% for production.
For instance, Leroy et al. (1997) recorded CV_ranging from 30 to 105%, and Cilas et al. (2011) observed CV_varying from
32.02 to 218.40%. The estimated CV_for the present experiment was of 67.56%. However, this value will not hinder the
selection process since the genetic variation among progenies was significant at 1% probability.

Table 2. Analyses of deviances (ANADEV), likelihood ratio test (LRT) results, variance components and determination coefficients of
the joint analysis of the harvests of C. canephora progenies

Effect ANADEV? LRT Variance component? Determination coefficients*
Progenies 13,447.70* 20.40™ vV, =21.1402 c img =0.3795

Blocks 13,43153" 423 V, o = 1.8555 c?,..=0.0333

Genotypes x Measurement 13,820.09* 392.79" v, =6.7484 ¢z =0.1211

Permanent environment 14,022.75* 595.45" Vo = 174230 c fmm =0.3128

Residue - - V, =8.5376 2 =0.1533

Complete Model 13,427.30

1+ deviance of the adjusted model without corresponding effects. 2 LRT: Likelihood Ratio Test with 1 degree of freedom distribution for X?; * and ** are X? significance at
5% and 1% respectively. > V_: additive genetic variance; V,, . :environmental variance between blocks; V,,: variance of genotype x measurement interaction; V o Vari-

ance of permanent effects; V : residual variance. * ¢ 7, : determination coefficient of blocks effects; ¢ ém: determination coefficient of genotypes x measurement; ¢ ierm‘

determination coefficient of permanent effects; c 2 : determination coefficient of residual effects.
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In breeding programs of perennial species, both seed and vegetative propagation forms are viable. In the specific
case of C. canephora, these two possibilities should be conducted concurrently, when possible. The selection and
recombination of superior plants in successive selection cycles, aiming to increase the favorable alleles, should incorporate
new genotypes to the system that constantly extracts promising individuals for the development of clonal cultivars. The
adoption of a recurrent selection scheme maintains the genetic variability at a suitable level, improve the population
mean, and provide a sustainable program in the medium and long terms.

Initially, the additive components (a) were higher than the corresponding dominance components, indicating that
the investigated population has the potential for a recurrent selection program (Table 3).

The plant classification, which was performed by the a value, revealed that progenies 1, 2, 3,5, 7, 8, 9, 11, 13, 14,
16, and 21 had at least one individual up to the 25" place. Moreover, progenie14 contributed the most (five individuals),
which were within the first five positions. The mean phenotypical value (f) observed between these 25 plants was 20.42
kg of harvest production, and its corresponding mean component a was 8.62 kg. Higher values of f do not always mean
better classifications, as noted_in the fand a values of plants 129, 83, 72, and 128, among others. The overall mean of
the dominance components (d) was 1.71, i.e., lower than the corresponding mean of the additive components (@),
which was 3.18. This result favors recurrent selection, as already mentioned, but it does not exclude the possibility of
selecting superior heterozygous plants for cloning.

Considering an inbreeding coefficient (F) of approximately 5%, 15 individuals would be selected (129, 215, 83, 350,
175, 72, 23, 249, 141, 210, 128, 196, 195, 46, and 74) for recombination and then undergo the second recurrent

Table 3. Plant classification according to additive genetic component estimates (a) within the selected plants of the C. canephora
progeny experiment.

Order Plant Prog f a u+a d X Gs (kg) Gs (%) N, N, F

1 129 14 2491 12.16 20.42 5.86 20.42 12.16 147.22 1.00 1.00 50.00
2 215 14 23.18 11.00 19.26 5.09 19.84 11.58 140.19 1.60 1.00 31.25
3 83 21 25.04 10.94 19.20 7.17 19.62 11.36 137.53 2.48 1.80 20.16
4 350 16 22.83 10.57 18.83 5.95 19.43 11.16 135.11 3.49 2.67 14.33
5 175 14 22.33 10.56 18.82 4.80 19.30 11.04 133.66 3.66 2.27 13.66
6 72 1 22.97 10.36 18.62 6.54 19.19 10.93 132.32 4.65 3.00 10.75
7 23 2 22.29 9.76 18.02 6.81 19.02 10.76 130.27 5.63 3.77 8.88
8 249 14 22.10 9.69 17.96 4.22 18.89 10.63 128.69 5.59 3.20 8.94
9 141 1 21.77 9.24 17.51 5.80 18.74 10.47 126.76 6.27 3.52 7.97
10 210 8 21.16 9.05 17.31 4.46 18.59 10.33 125.06 7.21 4.17 6.93
11 128 13 19.93 8.74 17.00 4.64 18.45 10.19 123.37 8.16 4.84 6.13
12 196 7 20.47 8.41 16.67 5.00 18.30 10.04 121.55 9.12 5.54 5.48
13 195 1 20.37 8.29 16.56 5.17 18.17 9.90 119.85 9.47 5.45 5.28
14 46 11 20.43 7.99 16.25 5.45 18.03 9.77 118.28 10.41 6.12 4.80
15 74 14 18.54 7.72 15.99 291 17.89 9.63 116.59 10.23 5.49 4.89
16 293 5 18.5 7.46 15.73 4.56 17.76 9.50 115.01 11.15 6.09 4.48
17 123 9 18.78 7.45 15.71 5.00 17.64 9.38 113.56 12.08 6.72 4.14
18 43 3 20.22 7.34 15.60 5.05 17.52 9.26 112.11 13.02 7.40 3.84
19 201 7 18.21 7.18 15.44 4.18 17.41 9.15 110.77 13.68 7.68 3.65
20 581 16 17.88 7.13 15.39 3.66 17.31 9.05 109.56 14.35 8.00 3.48
21 51 13 18.92 6.76 15.02 3.32 16.88 8.62 104.36 17.41 9.33 2.87
22 94 15 16.52 6.08 14.34 2.40 16.48 8.22 99.52 17.70 8.20 2.82
23 552 14 15.55 5.32 13.58 1.31 15.45 7.19 87.05 27.16 11.68 1.84
24 362 14 13.55 4.52 12.78 0.77 14.69 6.42 77.72 35.03 13.22 1.43
25 261 16 13.49 3.52 11.78 1.25 14.12 5.86 70.94 40.46 14.41 1.23
26 559 4 10.31 2.01 10.27 1.06 13.09 4.83 58.47 46.95 15.49 1.06

f: phenotypic value; a: additive genetic value; u + a: additive genetic values plus overall mean; )_{m: improved mean expected for the selected plants; Gs: genetic gain ex-
pected for the selection; N_: population effective size at individual level; N : effective family size at selected progeny level; F: inbreeding coefficient of the selected plants.
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selection cycle. For both sexes, this selection is expected to promote a genetic variation of 116.59% if only 3% of the
population is selected. In this case, the improvement expected ()_(m) for one selection cycle would be 17.89 kg, which is
twice as much as that of the initial population. Leroy et al. (1997) obtained similar results for grain yield and observed
a genetic gain of 65% when applying strong selection intensity (5%) to one sex only.

The expected gains originated only from the female parent are halved when compared with gains for both sexes. An
individual selection with high intensities is a risky strategy in a breeding program; however, rapid progress within a short
period can be achieved since the reduction of the effective population size can lead to inbreeding and genetic vigor loss
(Vencovsky and Barriga 1992). These 15 selected individuals are related to effective population size at the individual
level. The (N_) value was 10.23, which is equivalent to non-related individuals. The effective number (10) is smaller
than the physical (15) number since several of these individuals belong to the same progeny. For instance, progeny 14
contributed with five plants; progeny 3 contributed with three plants; and the other progenies contributed with one.
Considering the top 15 progenies, the effective family size (N_) also differs from the physical numbers 5.49 and 8.00, for
the same reason mentioned above. If the “top 14” progenies were selected, the N_, value would be higher than when
selecting the “top 15” progenies because progeny 14 would be excluded, (which already appeared in previous positions).

If the breeder wants to use higher N_to decrease inbreeding risks, the best 50 plants may be chosen (10% intensity),
resulting in N_=27.16 and F = 1.84%. Nevertheless, the improved mean would be reduced to 15.45 kg, which is also
higher than the original mean (8.26 kg). Moreover, a higher N_ would still generate an expected gain of 87.05%. When
using 150 plants, selection gain would drop to 58.47%, with a mean of 13.09 kg and F coefficient close to 1%. Maintaining
high effective size values in coffee selection programs is very difficult due to the larger experimental areas required.

Also, the breeder should consider the choice of the recombination strategy. This decision can maximize the expected
genetic gain of populations under recurrent selection. As previously stated, one of the alternatives is to prune non-selected
plants, leaving only the selected ones. Therefore, the genetic gain will reach the values shown in table 2. Otherwise, this
gain might be reduced by half since selection would be performed only with the female parent. The advantage of the
latter procedure would be the time saving since the recombination would already have occurred in the following year.
Conversely, when only field-selected plants are used, recombination occurs at two or three years after plant pruning.

For asexual selection, N_and F values are known to be less significant than they are for sexual selection. In a recurrent
selection program, in which new populations are formed after selection cycles, N_and F directly affect the magnitude of
the additive variance, remaining in subsequent generations. In recurrent selection, both the genetic gain and effective
population size must be observed. A very intense selection, i.e., high genetic gains within a low number of individuals
for the next generation, may impair further gains. Thus, a weaker selection with low initial gains is recommended.
However, the newly improved population will be composed of a larger number of individuals. Therefore, less inbreeding
and a higher remaining additive variance occur. This approach ensures the indirect supply and sustainability of long-
term breeding programs with clonal cultivars. In this study, the selection of at least 50 individuals would be advisable to
create an effective population size and an inbreeding coefficient close to 25 and 2%, respectively. If the program enables
a higher number of individuals, then program sustainability will be reached.

Despite the relatively low progeny number, high additive genetic variance and additive component magnitude were
detected, which are essential conditions for a successful recurrent selection. The effective population size and inbreeding
degree over cycles must be monitored, mainly because of the small size of the initial population. Selecting more individuals
with slight genetic gains over time will promote more sustainability in Coffea canephora breeding programs.

REFERENCES escolha do consumidor afeta cafeicultores e meio ambiente. Instituto
Agronémico, Campinas, 60p.
Apiolaza LA, Gilmour AR and Garrick DJ (2000) Variance modelling of
longitudinal height data from a Pinus radiata progeny test. Canadian Bueno-Filho JSS and Gilmour SG (2003) Planning incomplete block
Journal of Forest Research 30: 645-654. experiments when treatments are genetically related. Biometrics
59: 375-381.
Bernardo R (2010) Breeding for quantitative traits in plants. Stemma
Press, Woodbury, 260p. Charrier A and Berthaud J (1988) Principles and methods in Coffea plant
breeding: Coffea canephora Pierre. In Clark RJ and Macrae R (eds)

Bliska FMM, Pereira SP and Giomo GS (2007) Do grdo a xicara: como a Coffee agronomy. Elsevier, London, p. 167-195.

6 Crop Breeding and Applied Biotechnology - 19: 1-7, 2019



Effective population size and genetic gain expected in a population of Coffea canephora

Cilas C, Montagnon C and Bar-Hen A (2011) Yield stability in clones of
Coffea canephora L. in the short and medium term: longitudinal
data analyses and measures of stability over time. Tree Genetics
and Genome 7: 421-429.

Collins LM (2006) Analysis of longitudinal data: the integration of
theoretical model, temporal design, and statistical model. Annual
Review of Psychology 5: 505-529.

Conagin CHTM and Mendes AJT (1961) Pesquisas citoldgicas e genéticas
em trés espécies de Coffea: auto-incompatibilidade em Coffea
canephora Pierre ex Froehner. Bragantia 20: 787- 804.

Ferrdo RG, Fonseca AFA, Braganga SM, Ferrdo GMAG and Muner LH (2007)
Café Conilon. Incaper, Vitdria, 702p.

Ferrdo RG, Cruz CD, Ferreira A, Cecon PR, Ferrdo MAG, Fonseca AFA,
Carneiro PCS and Silva MF (2008) Parametros genéticos em café
conilon. Pesquisa Agropecudria Brasileira 43: 61- 69.

Fogaca LA, Oliveira RA, Cuquel FL, Filho JCB, Vendrame WA and Tombolato
AFC (2012) Heritability and genetic correlation in daylily selection.
Euphytica 184: 301-310.

Gallais A (1989) Théorie de la sélection en amélioration des plantes.
Mason, Paris, 589p.

Gilmour AR, Cullis BR, Welham SJ, Gogel BJ and Thompson R (2004) An
efficient computing strategy for prediction in mixed linear models.
Computational Statistics and Data Analysis 44: 571-586.

Gouvea LRL, Silva GAP, Verardi CK, Oliveira ALB, Gongalves ECP, Scaloppi-
Junior EJ, Moraes MLT and Gongalves PS (2013) Rubber tree early
selection for yield stability in time and among locations. Euphytica
191: 365-373.

Hallauer AR and Miranda JB (1981) Quantitative genetics in maize
breeding. lowa State University Press, Ames, 468p.

Henderson CR (1975) Best linear unbiased estimation and prediction
under a selection model. Biometrics 31: 423-447.

ICO - International Coffee Organization. Domestic consumption. Available
at: <http://www.ico.org/>. Acessed on March 14, 2017.

Leroy T, Montagnon C, Cilas C, Charrier A and Eskes AB (1994) Reciprocal
recurrent selection applied to Coffea canephora Pierre. |. Estimation
of genetic parameters. Euphytica 74: 121- 128.

Leroy T, Montagnon C, Cilas C, Yapo A, Charmetant P and Eskes AB (1997)
Reciprocal recurrent selection applied to Coffea canephora Pierre. Il.
Genetic gains and results of first cycle intergroup crosses. Euphytica

95: 347-354.

Littell RC, Milliken GA, Stroup WW, Wolfinger RD and Schabenberger O
(2006) SAS for mixed models. 2™ edn, SAS Institute Inc, Cary, 828p.

Liu S, Rovine MJ and Molenaar CM (2012) Selecting a linear mixed
model for longitudinal data: repeated measures analysis of
variance, covariance pattern model, and growth curve approaches.
Psychological Methods 17: 15-30.

Mariguele KH, Resende MDV, Viana JMS, Silva FF, Silva PSL and Knop
FC (2011) Methods of longitudinal data analysis for the genetic
improvement of sugar apple. Pesquisa Agropecudria Brasileira 46:
1657-1664.

Oliveira ALB, Gouvéia LRL, Verardi CK, Silva GAP and Gongalves PS (2014)
Genetic variability and predicted genetic gains for yield and laticifer
system traits of rubber tree families. Euphytica 203: 283-292.

Patterson HD and Thompson R (1971) Recovery of inter-block information
when block sizes are unequal. Biometrika 58: 545-554.

Piepho HP, Buchse A and Richter C (2004) A mixed modelling approach for
randomized experiments with repeated measures. Journal Agronomy
and Crop Science 190: 230-247.

Piepho HP, Blichse A and Emrich K (2003) A hitchhiker’s guide tothe mixed
model analysis of randomized experiments. Journal Agronomy and
Crop Science 189: 310-322.

Pinto LRM, Sanches CL, Dias CT and Loguercio LL (2013) Advantages of
multivariate analysis of profiles for studies with temporal variation of
treatment effects in plants. International Journal of Plant Sciences
174: 85-96.

Resende MDV (2002) Genética biométrica e estatistica no melhoramento
de plantas perenes. Embrapa Informagdo Tecnoldgica, Brasilia, 975p.

Resende MDV (2007) Matematica e estatistica na analise de
experimentos e no melhoramento genético. Embrapa Florestas,
Colombo, 591p.

Resende MDV (2016) Software Selegen-REML/BLUP: a useful tool for plant
breeding. Crop Breeding and Applied Biotechnology 16: 330-339.

Vencovsky R and Barriga P (1992) Genética biométrica no
fitomelhoramento. Sociedade Brasileira de Genética, Ribeirdo
Preto, 496p.

Vencovsky R, Chaves LJ and Crossa J (2012) Variance effective population
size for dioecious species. Crop Science 52: 79-90.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.

Crop Breeding and Applied Biotechnology - 19: 1-7, 2019 7



