PlantBreeding

Plant Breeding
© 2016 Blackwell Verlag GmbH

doi:10.1111/pbr.12429

Unravelling the inheritance, Qgsy and reproductive phenology attributes of the
tetraploid tropical grass Brachiaria ruziziensis (Germain et Evrard)

RoSANGELA M. SlMEAOl’z,CACILDA B. VarrLe!and Marcos D. V. RESENDE

2

"Embrapa Beef Cattle, Brazilian Agricultural Research Corporation, 830 Radio Maia Ave., Campo Grande, Mato Grosso do Sul
79106-550, Brazil; >Embrapa CNPF, 83411-000 Colombo, PR, Brazil; Corresponding author, 2E-mail: rosangela.simeao@embrapa.br

With 3 figures and 4 tables

Received July 19, 2016 / Accepted October 3, 2016
Communicated by O. A. Rognli

Abstract

The autotetraploid forage Congo signal grass (Brachiaria ruziziensis) is
an important component in the Brachiaria breeding programme. As with
other tropical forage grass species, the association between flowering and
seed yield components, the mode of inheritance and the effects of popu-
lation structure on phenotypic breeding are lacking. Seventeen character-
istics evaluated in 59 half-sib progeny of seven subpopulations were
analysed using a mixed model methodology. According to the common-
ality analysis, the total seed yield (0.67) and number of days to flowering
(0.22) had a greater influence on the filled-seed yield. The flowering syn-
chrony, total number of panicles, filled-seed yield, green matter yield and
dry matter yield presented statistically significant additive genetic vari-
ance between and within the subpopulations. The Qgr estimates ranged
from 0.09 for the flowering synchrony index to 0.31 for the filled-seed
yield. The effects of population structure and its use in breeding pro-
grammes are further discussed.
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Brachiaria ruziziensis (syn Urochloa ruziziensis R. Germ. &
Evrard Crins) is a diploid species (2n = 2x = 18) with a narrow
distribution in Burundi and Rwanda, and it is a naturally occur-
ring species in grasslands and in disturbed locations (Keller-
Grein et al. 1996). Seven artificially induced tetraploid geno-
types (2n = 4x = 36) were developed by Swenne et al. (1981)
and successfully used for interspecific hybridization in Brazilian
and Colombian in Brachiaria breeding programmes (Miles et al.
1996, Valle and Savidan 1996, 1996, Worthington and Miles
2015). Both ploidy levels in B. ruziziensis present sexual modes
of reproduction that differ from most naturally polyploid modes,
which are apomictic (Pagliarini et al. 2008). The study of Fergu-
son and Crowder (1974) demonstrated that the sexually diploid
B. ruziziensis is highly self-incompatible. In addition, autote-
traploid individuals present low levels of self-compatibility, but
these levels may vary among individuals (Lutts et al. 1991).

Although the focus on sexual autotetraploid B. ruziziensis
breeding has increased the plant’s biomass yield and nutritional
quality via hybridization with apomictic species (Simeao et al.
2016a), evaluations of seed yield are crucial for the selection of
individuals that are reproductively viable and capable of produc-
ing hybrid cultivars that meet the market demand for seed. In
Poaceae, seed yields are generally affected by several compo-
nents and their interactions, including seed retention (Boelt and
Studer 2010), which has not been a target for selection in non-
domesticated grass forages species.

Information on the genetic variability and inheritance mode of
seed yield and the genetic correlations between seed yield and

other characteristics is lacking for most tropical grass forage spe-
cies. Moreover, seed yield has rarely been considered a selection
criterion in the early stages of breeding programmes. Similar
information has been reported for important temperate species,
such as switchgrass (Das and Taliaferro 2009) and alfalfa
(Bolanos-Aguilar et al. 2000), for which breeding to improve
seed yield is important because this characteristic is essential for
improving the plant’s ability to compete in the commercial mar-
ket for grass cultivars (Fang et al. 2004).

There is limited information on forage grass seed production,
and it is unclear why production results in fewer mature seeds
than the number of ovules available for fertilization (Stir and
Humphreys 1987, Studer et al. 2008). Moreover, information is
lacking on inheritance in tropical forage grasses and the relation-
ships among traits associated with seed yield, for which informa-
tion on genetic parameters is essential. Genetic correlations are
informative for the indirect selection and identification of corre-
lated responses to selection, primarily when the genetic correla-
tions are strong. However, the observed and predicted correlated
responses may not be found under weak genetic correlations
(Falconer and Mackay 1996). Genetic correlations between char-
acteristics indicate relationships caused by genetic pleiotropic
effects, including linkage disequilibrium, which may cause tran-
sient correlations. Analyses of commonality are analogous to
path coefficients (Kloth 1998, Zeng et al. 2014) and more appro-
priate for use with general linear models because these analyses
are better able to determine the unique and common contribu-
tions of predictor variables to dependent variables (Zeng et al.
2014). Analyses of commonality have been employed to evalu-
ate B. ruziziensis to determine the causal relationships between
filled-seed yield and other characteristics. The commonality
parameter provides information on the variance explained by
each of the measured characteristics and the common contribu-
tion from one or more additional characteristic (Capraro and
Capraro 2001), and this information may be useful for selection
and breeder decision-making.

In Brazil, efforts to obtain a segregating population and select
the best individuals within this population in the breeding pro-
gramme of B. ruziziensis have been intensified under the objec-
tive of improving hybrid cultivars. Breeding programmes begin
by completely characterizing the founders of the segregating
population according to seven autotetraploid individuals in the
germplasm. Intraspecific breeding research must be undertaken
to improve the decision-making and selection processes for iden-
tifying the best alternatives. One approach involves the use of
population genetics theory to explain the potential genetic differ-
entiation among the ancestral populations measured by Qst. Ost
is a quantitative genetic analog of Wright’'s Fgp that uses
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phenotypic traits and measures the amount of additive genetic
variation among the population relative to the total genetic vari-
ance in the quantitative character (Holsinger and Weir 2009, Lei-
nonen et al. 2013). Information on population structures has
been used in fundamental (evolutionary biology, ecology and
genetics, e.g. in Jungmann et al. 2010) and applied research (for-
estry management and conservation biology, e.g. in Pressoir and
Berthaud 2004). However, population structure data are infre-
quently applied to breeding programmes, particularly in B. ruz-
iziensis, for which the population structure is modified and likely
broken as the breeding cycles progress.

Our data on B. ruziziensis breeding comply with all of the
requirements described by Leinonen et al. (2013) for estimations
of the parameter Qgr. Specifically, this study is a breeding
experiment that is conducted under standardized conditions and
designed to evaluate half-sib progeny within subpopulations in
which the within-subpopulation components of variance truly
reflect the additive genetic variance.

Swenne et al. (1981) and Lutts et al. (1991) reported that tet-
raploid sexual B. ruziziensis was obtained by colchicination of
diploid B. ruziziensis accessions collected in the Ruzizi plain
(Burundi, Africa). Despite the geographic origin of the diploid
individuals used in B. ruziziensis tetraploidy induction, the num-
ber of diploid individuals involved cannot be determined
whether differences in local subpopulations occurred. Because
the seeds received at Embrapa Gado de Corte, Brazil, were iden-
tified as seven different tetraploid accessions, our strategy was to
define each autotetraploid accession as a representative of an
ancestral subpopulation. Therefore, seven autotetraploid acces-
sions were used as the basis of the breeding programme
designed to obtain interspecific hybrids. In addition, to amplify
their genetic variability and promote intraspecific selection
within a hybrid population, we obtained 59 open-pollinated half-
sib families from these seven individuals, and their progeny were
experimentally evaluated according to the method of Simeao
et al. (2016a). Accordingly, the seven original autotetraploid
individuals were designated as the ancestral structural popula-
tion. Each individual was classified as a subpopulation, and each
progeny was connected to that ancestry and investigated.

The objectives of this study were to (i) assess the genetic vari-
ation and heritability of traits related to seed yield, (ii) determine
the genetic correlations and commonality between seed yield and
its components, (iii) determine the association between the phe-
nological behaviour of flowering and seed yield and (4) estimate
the population differentiation and its effect on Brachiaria
ruziziensis breeding.

Materials and Methods

Fifty-nine half-sib sexual and tetraploid progeny of B. ruziziensis were
obtained by open pollination of seven original autotetraploid-induced
accessions (R30, R38, R41, R44 R46, R47 and R50), which are treated
here as the original subpopulations. The number of progeny per sub-
population varied around an average of eight. Simeao et al. (2016a,b)
described in detail the methods used to generate and evaluate the 59
progeny studied here. Briefly, the experiment included 20 replications
and one plant per plot (1.5 m x 1.5 m spacing), and the plants were
sown in November 2012 in a randomized block design. The experiment
was performed at Embrapa Gado de Corte in Campo Grande, Mato
Grosso do Sul State, Brazil, 20°28 latitude south, 55°39’ longitude
west, altitude 530 m. The field soil is classified as Haplic Ferralsol
(Rhodic) (FAO 2006). According to the Koppen climate classification,
the region has a type Aw humid tropical climate with rainy summers
and dry winters.

The characteristics regrowth capacity, as described by Figueiredo et al.
(2012), green matter yield (GMY — in g per plant), total dry matter yield
(DM yield — in g per plant) were evaluated on 22/01/2014 by clipping
individuals at a height of 15 cm 21 days before the beginning of the
phenological evaluation of flowering. Individuals were allowed to grow
freely until seed harvest, and the nutritional characteristics were studied
according to Simeao et al. (2016a).

The number of days to the first flowering (DTF) was counted for indi-
vidual plants starting from the date of the last clipping on 22/01/2014,
and the plants were considered to have flowered when three panicles per
plant had started anthesis. The flowering evaluation occurred weekly
over a period of 84 days.

The seed harvest occurred weekly over a period of 61 days starting on
03/04/2014 and ending on 02/06/2014. Individual plant mature panicles
were clipped in the field and transported to the laboratory. The seeds
were threshed, weighed to determine the total yield, aspirated and then
weighed again to obtain the filled-seed yield. A 2-week overlap occurred
between the last evaluations of flowering (Simeao et al. 2016b) and the
start of seed harvest.

During seed harvest, the monthly rainfall was 42 mm, 100 mm and
54 mm and the mean minimum and maximum temperatures were 20°C/
30°C, 16°C/26°C and 16°C/27°C for the months of April, May and June,
respectively. The historical average monthly values for these months
(1961 to 2014) for rainfall and temperature were 80 mm, 87 mm and
41 mm and 18°C/29°C, 16°C/27°C and 15°C/27°C, respectively.

Calculating the overlap in flowering and seed harvest time via the
synchrony index: An index of synchronous flowering was calculated for
each individual i, according to the expression presented by Mahoro
(2002):

1 n
S = § (2 - Z})’i.j —yiJ>,
=1

where y;; is the ratio of newly opened flowers between the (j — 1)th
census day and the jth day and the total number of flowers that opened
during the season; y;; is the mean of all individuals; and n is the last
census day during flowering. The index varies from zero to one, and a
larger S; indicates higher synchrony with other individuals (Mahoro
2002). The method for calculating the synchrony index proposed by
Mabhoro (2002) includes an opening rate that occurs on a specific day for
each individual, and it is more suitable for distinguishing and quantifying
differences between individuals along a relatively synchronous schedule.
The mean number of flowering panicles per progeny, which is expressed
as a percentage, was calculated as a function of the census period during
which the individuals were flowering.

Because seasonal seed data (total and filled) and flower data were
similarly obtained, the previously mentioned calculation method was
employed to estimate the seed yield synchrony as a phenological event
according Mahoro (2002).

Estimation of genetic parameters: A univariate analysis was performed
using linear mixed models and the statistical model:

y=Xr+Za+Ts+e,

in which y represents the data vector, r represents the vector for replicate
effects (fixed) added to the general mean, a represents the vector of indi-
vidual additive genetic effects (random), s represents the vector of sub-
population effects (random), and e represents the random residual vector.
Capital letters represent the incidence matrices for the mentioned effects.
Hypothesis testing in this analysis context was performed using the like-
lihood ratio test (LRT), which evaluates the difference between the
deviances associated with the fit of two alternative models as described
by Simeao et al. (2016a) using the same statistical considerations. The
statistical analysis was performed using the Selegen — REML/BLUP soft-
ware (Resende 2002, Resende et al. 2014, Simeao et al. 2016a), which
provides statistical estimates of genetic parameters and breeding value
prediction. The following parameters were estimated.
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Thus, Varjy,(x1,x2) is estimated as the average of the variances of the
two variables minus the covariance between them. The commonality and
the ordinary correlation are two alternative concepts of congruence or
standardized (scaled) covariation, that is of correlation. In ordinary corre-
lation, covariance is scaled (divided) by the geometric mean of the vari-
ances, that is:

Cov(xy,x2)

/Var(x)Var(x;)

In the commonality, the covariance is scaled (divided) by the arithmetic
average of the variances, that is:

COF(X] ,)Cz) =

Cov(xy,x2) Cov(xy,x2)
Com(xj,x;) = — = : .
(o1, x2) Cov(x1, x2) + Vari(x1,%) Var(x,)J;Var(xz)

The commonality is lesser than or equal to the ordinary correlation and
deviates from 1, to the extent that the interaction between the two vari-
ables increases. Thus, the commonality is a more conservative estimator

Time flowering (weeks)

Fig. 1: Onset of flowering in 58 experimental progeny of Brachiaria
ruziziensis tetraploid, in which each line represents each progeny and
each dot represents the onset of one or more individual in that progeny,
weekly (a) and rank of progeny flowering in weeks (b)

of the association than is the ordinary correlation. Then, the commonality
is a correlation measure free from interactions effects, scale and hetero-
geneity of variances, therefore being of great importance to breeding.

Results
Phenological aspects

In the Brachiaria ruziziensis tetraploid breeding population,
flowering onset occurred throughout February and April; how-
ever, differences in onset and duration were observed between
(Fig. 1a) and within the progeny. Three—five per cent of the
progeny exhibited flowering onset on the third week in March,
and by the fourth week, all progeny had at least one individ-
ual flower. Flowering onset was variable among the progeny.
Two progeny flowered within 10 weeks, and 24 progeny
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presented flowering onset after the sixth week. Of the 59 pro-
geny studied, one entire progeny was flowerless and concomi-
tantly seedless over the evaluation time. On average, 46 per
cent of individuals in each progeny had flowered by the third
week of April based on the rank of flowering (Fig. 1b). In
addition, 0.2 per cent of individuals in each progeny were
flowering at the first week, and 70% of individuals in each
progeny were flowering at the last week of evaluation. In one
progeny, 90% of individuals presented late flowering lately in
the third week of April.

The flowering period overlapped with the start of the seed
production and the harvest period on the second and third weeks
of April. Seeds were harvested from April to the end of May.
The onset of seed production ranged from four to 10 weeks for
the mean number of progeny (Fig. 2a). The filled-seed yield was
more variable among progeny, with intervals of production
among individuals within progeny (Fig. 2b). Only one progeny
produced filled seeds in the fifth week of May. Individuals
within-progeny populations that produced filled seeds increased
from a mean of 1% in 36 progeny in the first week of April to a
mean peak of 36% among all 58 progeny in the first week of
May, and this value decreased to 1% in only four progeny in the
fifth week of May (Fig. 2c¢).

The synchrony index method was helpful for quantifying the
synchronous between individual variation within the population
and demonstrated the superposition of flowering between indi-
viduals (Fig. 3a). Sixty-seven per cent of individuals presented a
large flowering synchrony index (S; > 0.8 — Fig. 3a). However,
33% of flowering individuals were in relative asynchrony
(0.1 < §;<0.7), and variation in this phenological trait was
observed among individuals and progeny.

The synchrony index estimated for the seed yield, and filled-
seed yield was 33% and 41%, respectively, and it showed mod-
erate-to-low index peak values of 0.6 and 0.5, respectively
(Fig. 3a). The filled-seed synchrony index presented low values
ranging from 0.3 to 0.4 between subpopulations and from 0.2 to
0.5 among progeny. The correlation between the flowering syn-
chrony index and filled-seed synchrony index was low and not
significant (r, = 0.13, P > 0.05, Spearman’s rank correlation
test) based on the progeny mean and per individual data. Indi-
viduals with a low flowering synchrony index presented a high
seed-filled synchrony index (Fig. 3b), and the reciprocal was
true as well.

Phenological effects on

characteristics

seed yield and agronomic

According to the distribution classes based on the individual
synchrony indices of flowering, the characteristics DTF,
regrowth, crude protein (CP) and neutral detergent fibre (NDF)
presented significant differences (P < 0.05, Tukey’s test)
among classes (Table 1). Individuals presenting a low (<0.4)
flowering index synchrony were more precocious, which sup-
ported the results of the progeny flowering distribution
(Fig. la). Because of the random distribution of their means
among classes, CP, NDF and regrowth may not be directly
associated with classes of flowering synchrony. The mean indi-
vidual breeding value for total seed yield, regrowth, CP and
NDF was statistically significant among the classes in the syn-
chrony indices for filled-seed yield (Table 1). Total seed yield
is associated with greater synchrony indices (P < 0.05) and a
tendency to produce filled-seed; however, the results were not
statistically significant. Similar to the results on classes of
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Fig. 2: Mean of total seed production weekly (a) and filled-seed (b)
yield among 58 experimental progeny of Brachiaria ruziziensis tetraploid
and rank of progeny filled-seed in weeks (c)

flowering synchrony indices, the averages for character
regrowth, CP and NDF were randomly distributed among the
filled-seed synchrony indices.
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Fig. 3: Distribution of individuals
per class of synchrony index for
flowering, total seed and filled-seed
yield (a), and relationship between
synchrony indices of flowering and
filled-seed yield for Brachiaria
ruziziensis individuals (b)

P
)
-~

Percentage of individuals

—_
o
~

Synchrony index flowering

45
40 |
35
30
25
20
15
10 -

=== 1 Flowering

Filled seed

Total Seeds

— o 3 VRN 1 —

0.1 0.2 0.3

0.1

0.2

03

0.4
Synchrony index

0.4

0.5

0.5

0.6
Synchrony index seed

0.6

. LK 4
.'o os‘o'uo f.?‘

e

Table 1: Classes of the synchrony index estimated for flowering (F) and filled-seed yield (S) and individuals mean breeding values in characteristics
evaluated in the open pollinated progeny of tetraploid B. ruziziensis

Number of Total Filled Total DM Regro- IVOMD
DTF panicles seeds (g) seeds (g) yield (g) wth CP (g/kg) NDF (g/kg) (%)

Synchrony index F S F S F S F S F S F S F S F S F S
0.1 58 69 101 68 23 14 6 5 85 103 2 2 167 166 653 650 58 58
0.2 51 65 31 120 16 21 8 6 68 100 2 3 189 163 613 655 63 56
0.3 53 68 97 81 20 26 4 7 108 103 3 2 154 165 655 655 63 58
0.4 53 65 46 93 12 27 5 6 98 100 3 2 158 169 650 662 58 59
0.5 73 66 45 113 25 38 8 10 82 100 2 3 165 165 654 647 56 57
0.6 69 66 64 117 28 32 10 9 96 109 2 3 167 162 646 663 58 57
0.7 71 69 57 80 26 27 10 10 96 100 2 2 167 162 655 652 59 56
0.8 69 68 80 105 24 40 8 13 94 110 2 2 165 165 655 660 59 57
0.9 66 65 107 109 30 42 9 12 114 129 3 3 162 168 654 651 56 61
P-value ok ns ns ns ns * ns ns ns ns * * ok ok ok ok ns ns

** % and ns — significant at 0.01 and 0.05 and not significant, respectively by Tukey’s test; DTF — Number of days to flowering; CP — Crude protein;
NDF — Neutral detergent fiber; IVOMD — in vitro dry matter digestibility.

Genetic characterization and Qgsr

Table 2 presents the estimates of the genetic parameters based
on subpopulations and progeny tests of B. ruziziensis tetraploids.

All of the characteristics exhibited considerably greater genetic
variation within subpopulations than between subpopulations,

based on the heritability magnitude (Table 2). The flowering
synchrony index, total number of panicles, filled-seed yield,
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Table 2: Estimates of the genetic parameters resulting the analyses using mixed linear models of phenotypic data associated with the phenology of
flowering and seed yield, nutritional quality and agronomic traits for forage yield in progeny of Brachiaria ruziziensis

Estimated Phenotypic
Characteristics n2! hprz ?Qgpm; ?Qgpgp“ ?Qgs Os1° mean range LRT’
Reproductive
Flowering synchrony index 0.21 0.04 0.66 0.73 0.80 0.09 0.8 0.1-0.9 [k
Filled-seed synchrony index 0.06 0.01 0.40 0.54 0.47 0.06 0.4 0.1-0.9 ns/ns
Total number of panicles 0.22 0.16 0.67 0.85 0.78 0.27 89.3 3-430 *[E
Total seed yield 0.07 0.02 0.43 0.62 0.59 0.09 28.1 0.02-140.4 ns/ns
Filled seed yield 0.11 0.10 0.43 0.83 0.69 0.31 9.6 0.01-59.6 ok [
Number of days to flowering 0.23 0.01 0.67 0.47 0.71 0.02 68 21-84 */ns
Nutritional quality
Neutral detergent fiber (g/kg) 0.01 0.01 0.15 0.66 0.56 0.52 653.6 487.4-910.2 ns/ns
Acid detergent fiber (g/kg) 0.09 0.03 0.51 0.74 0.64 0.15 3329 218.5-722.9 ns/ns
Cellulose (g/kg) 0.18 0.01 0.64 0.56 0.73 0.03 193.8 117.3-262.7 */ns
Lignin P (g/kg) 0.20 0.02 0.66 0.63 0.75 0.04 97.6 39.8-302.3 */ns
Crude protein (g/kg) 0.11 0.02 0.55 0.65 0.64 0.07 164.1 104.5-218.4 ns/ns
IVOMD?® (%) 0.02 0.01 0.30 0.50 0.37 0.09 56.9 6.6-76.2 ns/ns
Agronomic
Green matter yield (kg/plant) 0.31 0.16 0.74 0.84 0.91 0.20 34 0.06-11.5 [k
Dry matter yield (kg/plant) 0.30 0.15 0.74 0.84 0.93 0.20 0.8 0.04-3.2 [
Regrowth 0.11 0.04 0.54 0.78 0.68 0.17 3.4 0.5-5.0 ns/*
3,4 and 5

* k% P < (.005, 0.01; ns: not significant; 'narrow sense heritability; 2among population heritability; accuracy estimated on progeny selection,
on population selection and total, respectively; coefficient of endogamy among population; “likelihood ratio test for among progeny genetic variation/
among population genetic variation; *IVOMD — in vitro digestibility of dry matter.

GMY and DM yield presented genetic variance between and
within subpopulations that was significantly higher than zero (P-
value < 0.01) based on the LRT. These results confirmed the
structure for many characteristics and the correct allocation of
subpopulations. Other characteristics were not significantly dif-
ferent within subpopulations and between subpopulations (filled-
seed synchrony index, total seed yield, DTF, acid detergent neu-
tral — ADF, CP and in vitro digestibility of DM — IVOMD),
indicating that the alleles for these characteristics are likely
already fixed in the genetic material because of their evolution-
ary importance. Moreover, certain characteristics were exclusively
significant within subpopulations (NDF, Cellulose — Cel and lig-
nin via permanganate — Lig P) or between populations (re-
growth). The narrow sense heritability within subpopulations
varied from 0.11 to 0.31 for agronomic characteristics, from
0.01 to 0.20 for nutritional quality characteristics and from 0.06
to 0.22 for reproductive characteristics. The highest magnitudes
of heritability among the subpopulations were observed for the
total number of panicles, filled-seed yield, green matter yield
and DM vyield. The Qgr values ranged from 0.02 for DTF to
0.52 for NDF.

The Qgt values ranged from 0.09 to 0.31 when only the char-
acteristics with significant genetic variation between and within
populations were considered. According to the guideline pro-
posed by Wright (1978) for interpreting Fst (Qsrt), the flowering

synchrony index presented little genetic differentiation. The
green matter yield, DM yield and regrowth presented great
genetic differentiation (range 0.15 to 0.25), and total number of
panicles and filled-seed yield, a very great genetic differentiation
(above 0.25) between subpopulations. The proportion of genetic
variation between subpopulations in relation to the total genetic
variability indicates that the sources of variability within and
between subpopulations must be considered when selecting for
the total number of panicles (p, = 42%), filled-seed yield
(p, = 48%), green matter yield (p, =34%) and DM yield
(p, = 33%). The total selective accuracy achieved for these char-
acteristics increased when the between populations variability
and individual trait accuracy were considered compared with
selection based exclusively on within-subpopulation genetic vari-
ability or a mixture of progeny from all subpopulations. The
contribution of the sub-population breeding value and accuracy
to the individual breeding value is demonstrated in Table 3 for
the characteristics in which the genetic variation between sub-
populations was significant.

Commonality and genetic correlation

Table 4 presents the results of the commonality and genetic cor-
relations estimated for all 15 characteristics. A low magnitude of
genetic correlation between the flowering and filled-seed

Table 3: Breeding value (BV) of the characteristics and accuracy among Brachiaria ruziziensis tetraploid subpopulations

Flowering Number of Green matter
synchrony index panicles Filled-seed yield yield Total DM yield Regrowth
Subpopulation BV Accuracy BV Accuracy BV Accuracy BV Accuracy BV Accuracy BV Accuracy
R30 0.8 0.63 76 0.82 11 0.78 332 0.80 91 0.79 2.5 0.70
R38 0.7 0.79 147 0.88 6 0.87 538 0.88 141 0.88 2.6 0.83
R41 0.8 0.50 76 0.73 14 0.66 387 0.72 102 0.71 2.4 0.58
R44 0.8 0.83 70 0.90 10 0.89 313 0.90 85 0.89 23 0.86
R46 0.8 0.72 94 0.86 8 0.83 397 0.85 106 0.84 2.5 0.76
R47 0.8 0.81 88 0.89 8 0.88 480 0.89 128 0.88 2.6 0.84
R50 0.7 0.83 71 0.89 10 0.88 291 0.89 81 0.89 23 0.86
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Table 4: Commonality (above diagonal) and genetic correlations (below diagonal) among characteristics associated with flowering phenology, nutritional value and yield evaluated in the progeny of tetraploid

B. ruziziensis

vy
—

11 12 13 14

10

Characteristics

=
«@
=

0.00
0.00
—0.07
0.40
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.47

0.00
—0.01
—0.02

—0.16 0.10
—0.06

—0.03

0.00

0.02
—0.04

—0.01
—0.10

—0.01 —0.14 0.16
—0.16

0.01
0.00

0.10

0.00
0.00
—0.16

—0.01

—0.06

(1) Flowering synchrony index

—0.02
—0.01

0.03
0.03

0.00
—0.03

0.01
0.22
—0.01

—0.07 0.00

—0.58%*

(2) Filled—seed synchrony index

(3) Days to Flowering

0.00
0.00
0.00
0.00
—0.02

0.00

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
—0.01
—0.15

0.05
—0.04

0.00
0.03
0.03
0.24
0.04
0.04
—0.19

0.20
0.02
0.00
0.00

0.00
0.00

0.00
—0.08
—0.10

—0.57* 0.03

0.48*

(4) Number of panicle

0.59

0.14*
—0.10%*

0.11*

0.03

0.16*
—0.12*
—0.40*

(5) Total seed yield
(6) Filled seed yield
(7) Crude Protein

0.01

0.01

0.67*
—0.15*
—0.06

0.29*

0.26*

0.02
0.03
0.68
—0.07

0.13
—0.08
—0.04

0.05
—0.28*

0.23* 0.01
—0.17*

0.17*
—0.17*
—0.18%*

0.00
0.00

0.02
—0.03

0.03

—0.51*
—0.15%

0.14*
—0.06
—0.01
—0.09*

0.17*
—0.03
—0.02
—0.26*

(8) Neutral Detergent Fiber
(9) Acid Detergent Fiber

0.39% 0.40%* 0.08%*
—0.26*

—0.30*

0.24*
—0.21*

0.00
0.00
0.00

0.01
—0.34

—0.83*

0.36*
0.05

0.13*

0.14*
—0.03
—0.12%*
—0.25%
—0.24*
—0.04

(10) in vitro Digestibility of DM

(11) Lignin P

0.03
0.03
0.00
0.00

—0.49%*
—0.01
—0.01

—0.79*

0.85*
—0.03

0.13*
—0.47*
—0.46*
—0.48%*
—0.31%*

0.34*

0.26*

0.41*
—0.30%*
—0.28*
—0.27*
—0.19*

0.17*
—0.16*
—0.17*
—0.31*

0.09* 0.09%*

0.01
—0.01

0.23*

0.35% 0.16*

(12) Cellulose

0.39*

0.22%*

0.30*

0.38*

0.47*

0.48*

(13) Green Matter Yield
(14) Total DM Yield

(15) Regrowth

0.99%

0.39%*

0.22%

0.31%*
0.08

0.40%*

0.40%*

0.47*

0.25% 0.51* 0.49%*

0.13*

0.32%

0.33* 0.24*

0.21*

0.46*

Significant at 1% of probability by 7-Student test; DTF —days to flowering, IVOMD — in vitro digestibility of dry matter.

synchrony indices and a negative correlation between flowering
synchrony index and DTF corroborated the results presented
above (Figs. 3b and 1la, respectively). The number of panicles
was positively and significantly correlated with the flowering
synchrony index and traits associated with biomass production;
however, this value was negatively correlated with DTF. The
genetic correlation between total seed yield and filled-seed yield
was strong and positive (0.67), and this information is important
when the parameter commonality is the focus. In general, high
and low genetic correlation magnitudes did not imply high and
low commonality between characteristics, respectively. The
filled-seed yield presented a high magnitude of genetic correla-
tion and commonality (0.59) with total seed yield and a moder-
ate magnitude with DTF (0.22). However, the characteristics
associated with biomass yield that demonstrated positive and sig-
nificant correlations with filled-seed yield also were almost null
for commonality. In terms of magnitude, a high degree of com-
monality was observed between the number of panicles and DM
yield (0.40), between the ADF and lig P (0.68), and the green
matter yield and total DM yield (0.47).

Discussion

Brachiaria ruziziensis is a quantitative short-day flowering plant
that exhibits vigorous flowering only after the autumnal equinox
in the tropics (Hopkinson et al. 1996). The flowering phenology
of B. ruziziensis tetraploid progeny was observed for at least
10 weeks after onset in February. In the last four census weeks,
all of the families presented at least one individual flowering
period, which was consistent with the greatest number of pani-
cles in the vigorously flowering plants. However, considerable
information is lost when the period of flowering and mean of
panicle number are observed within a census period because the
synchrony between individuals is not provided by either vari-
able. Estimates of the synchrony index provide more important
genetic information. Initially, the index variable is continuous
among individuals, thus allowing for a parametric statistical
approach (Mahoro 2002). Second, the index provides informa-
tion on the overlap of flowering among individuals within and
between populations, which increases the potential exchange of
genes based on pollen availability for crossings. The mean flow-
ering synchrony presented a high magnitude within subpopula-
tions (0.7 < §; < 0.8), indicating a greater number of individuals
that were simultaneously contributing pollen.

However, a low magnitude was observed for the filled-seed
synchrony index (S; = 0.4, in mean), and heterogeneous seed
development was observed during the period of production with
peak values that occurred in the first weeks of May. Genetic,
cytological, physiologic, or environmental factors may account
for the filled-seed yield in forage grasses (Boelt and Studer
2010). Environmental factors have the most well-understood
effect on grasses, particularly the cytological factor in B. ruz-
iziensis tetraploid. Brachiaria species seed production is
restricted to conditions that primarily occur at high tropical lati-
tudes, and these species are controlled seasonally by photoperi-
odic flowering reactions (Hopkinson et al. 1996). Climatic
conditions have a pronounced effect on fertilization, with high
precipitation disrupting flowering and decreasing grass pollen
dispersal (Boelt and Studer 2010). However, drought stress in
the crop at anthesis promotes failures of seed set in Brachiaria
(Hopkinson et al. 1996). Rainfall data during our evaluation
revealed that the flowering peak in April was dryer and the seed
production peak in May was wetter than the historical mean for
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the same months. Therefore, we hypothesized that rainfall may
not harm the pollen distribution but may harm the seed filling.
However, additional studies on the environment effects on
B. ruziziensis seed set are necessary.

Under experimental environment conditions, the seed set of
tetraploid Brachiaria ruziziensis ranged from 13% to 46%
among progeny within subpopulations and from 20% to 44%
between subpopulations. A low percentage of seed set in B. ruz-
iziensis may indicate an origin associated with induced poly-
ploidy. Pagliarini et al. (2008) studied the meiotic behaviour of
induced tetraploid accessions in B. ruziziensis and found that the
mean of meiotic abnormalities ranged from 5.2% to 9.7% among
subpopulations R30, R38, R41, R44 and R47, whereas this value
reached 54% in R46. We found that the mean of seed set was
37% for R30, 20% for R38, 44% for R41, 36% for R44, 30%
for R46, 23% for R47 and 36% for R50. Therefore, meiotic
abnormalities in the subpopulation R46 did not affect its open-
pollinated progeny seed set compared with the R38 and R47
progeny. As mentioned above, B. ruziziensis diploids are highly
self-incompatible (Ferguson and Crowder 1974) and include
autotetraploid individuals (Lutts et al. 1991); however, we did
not test for compatibility among our progeny.

The number of days to flowering and the synchrony among
individuals are associated with pollen availability during stigma
maturity and affect random mating in low effective population
sizes as well as seed-set efficiency. In the present study, flower-
ing synchrony did not have a significant effect on the filled-seed
yield, and the DTF effect was low but significant, which is simi-
lar to the results obtained by Studer et al. (2008) for heading
date with the seed set of ryegrass. Moreover, important results
for B. ruziziensis breeding were noted based on evidence of
within-subpopulation significant genetic variability for DTF.

As stated by Boelt and Studer (2010), seed yield is a complex
characteristic and is affected by environmental factors and a
number components, including seed yield potential (e.g. number
of reproductive tillers, number of spikelets per reproductive til-
lers); the utilization potential (e.g. seed set, seed weight); and
the realization of seed yield potential, which is defined as the
number of spikelets that form sellable seed. Seed yield is an
important trait that determines whether a new Brachiaria variety
can be profitably produced and distributed to farmers (Hopkin-
son et al. 1996, Worthington et al. 2016). Although it is relevant
to seed trade, seed production in Brachiaria spp. is not the
objective of selection but should be one of the selection criteria.
Therefore, gaining insights into the genetic control, determining
the correlations between seed yield and others characteristics and
performing analyses to determine the contribution of predictor
variables to dependent variables, such as commonality (Zeng et al.
2014), are essential to achieving simultaneous genetic gains
among in multiple characteristics. Based on the genetic correlation
and commonality analyses, B. ruziziensis tetraploid selection for
seed yield does not affect the biomass yield, which is the main
objective of forage breeding. The effects of the late flowering on
the nutritional quality when higher filled-seed production is used
as selection criteria must be investigated in the future.

Of the reproductive characteristics, the flowering synchrony
index, number of panicles, filled-seed yield and NDF presented
genetic variability and can be targeted by artificial selection in
B. ruziziensis tetraploid breeding programmes. The narrow sense
heritability among progeny for NDF was similar to that esti-
mated by Ashraf et al. (2016) in ryegrass (Lolium perenne L.)
using genomic data. The number of days to flowering and num-
ber of panicles in B. ruziziensis presented a lower magnitude of

narrow sense heritability than that estimated for orchardgrass
(Dactylis glomerata L. — Jafari and Naseri 2007, Araghi et al.
2014) and tall fescue (Festuca arundinacea Schreb. — Majidi
et al. 2009). Genetic variability for filled-seed yield was dis-
tributed equally between and within subpopulations in which the
total narrow sense heritability was 0.21. The magnitude of heri-
tability for the filled-seed yield per plant was reduced compared
with that for white clover (Annicchiarico et al. 1999), brome-
grass (Bromus riparius — de Aradjo and Coulman 2002) and
orchardgrass (Dactylis glomerata — Majidi et al. 2015).

The analysis of interrelationships between the characteristics
showed a strong negative genetic correlation (r, = —0.57)
between the number of panicles and NDF in B. ruziziensis,
which is consistent with the results of Casler et al. (2014) in
orchardgrass. The filled-seed yield presented a high magnitude
of genetic correlations (r, > 0.29) with NDF, total seed yield,
and biomass production associated characteristics (GMY, DM
yield and regrowth) in B. ruziziensis tetraploids. However, the
commonality results indicated that only the characteristics NDF
and total seed yield could be used as predictors of filled-seed
yield. The other relevant commonality values were observed
between the number of panicles and the DM yield (0.4) and
between the green matter yield and DM yield (0.47).

Use of Qgt information on breeding

The rationale stated by Holsinger and Weir (2009) for using the
Fgt can be extended to the Qgt because the Qgt is more than a
descriptive statistic and measure of genetic differentiation and
provides important insights that extend beyond evolutionary pro-
cesses. QOsr information is generally published in comparison
and as a reference to Fst when designing the type of selection
criteria for populations (Pressoir and Berthaud 2004, Leinonen
et al. 2013).

An important question is how to use Qgr information in
breeding programmes when this information is available. Evi-
dences suggests that within species, the Qgr varies widely
among quantitative characteristics (McKay and Latta 2002), indi-
cating that different characteristics experience different selection
pressures, a result that our paper corroborates. Selection based
on phenotypic quantitative data has the potential to use all infor-
mation available between populations and within progeny. We
compared the univariate selection of individuals within progeny
using (and not using) the information of population structure. It
was noteworthy that when the variation between subpopulations
is greater than between progeny, the importance of the subpopu-
lations increases (filled-seed yield) and results in the selection of
almost all individuals of the best progeny in that subpopulation.
This result was expected, considering the high accuracy caused
by the greater precision and higher weight of subpopulation
information in relation to progeny information. These higher
weights are based on the high genetic variability between sub-
populations and the greater amount of information used to evalu-
ate subpopulations (number of replications x number of
progeny) because progeny are only evaluated based on the
number of replications.

The genetic variability available in experimental breeding pop-
ulations is derived from the structuring of subpopulations and
progeny and from Mendelian segregation effects within progeny.
All three pieces of information can and should be capitalized on
genetic improvement programmes, although such information
cannot be used in genomewide association studies (GWAS)
(Daetwyler et al. 2012) and genomewide selection (GWS) (Hill
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2014) predictions, in which structuring should be eliminated
when performing genomic estimations.

To our knowledge, this article seems to be among the first
ones to fit the structure effects in a model for obtaining the esti-
mates of breeding values and to increase the accuracy of selec-
tion. Nevertheless, the practical use the structuring of
populations in applied plant breeding programmes should be
common. The fitting of such structure effects in a model of
genetic evaluation is straightforward and can be performed rou-
tinely. This will increase selection efficiency by fitting the struc-
ture between groups (or cluster or subpopulation) simultaneously
to within group effects. One question could be raised concerning
the correct allocation of subpopulations, although it is not an
issue because the allocation can be statistically tested via the
LRT as performed in this article, which confirmed the structur-
ing for many characteristics and therefor the correct allocation of
subpopulations.

Acknowledgements

We would like to thank the Empresa Brasileira de Pesquisa Agropecuadria
(Embrapa), the Association for the Promotion of Research on Tropical
Forage Breeding (Unipasto) and the Ministério da Ciéncia e Tecnologia
e Inovagao/Conselho Nacional de Desenvolvimento Cientifico e Tec-
nolégico (CNPq).

References

Annicchiarico, P., E. Piano, and 1. Rhodes, 1999: Heritability of, and
genetic correlations among, forage and seed yield traits in Ladino
white clover. Plant Breeding 118, 341—346.

Araghi, B., M. Barati, M. M. Majidi, and A. Mirlohi, 2014: Application
of half-sib mating for genetic analysis of forage yield and related traits
in Bromus inermis. Euphytica 196, 25—34.

de Aratjo, M. R. R., and B. E. Coulman, 2002: Genetic variation, heri-
tability and progeny testing in meadow bromegrass. Plant Breeding
121, 417—424.

Ashraf, B. H., S. Byrne, D. Fé, A. Czaban, T. Asp, M. G. Pedersen, I.
Lenk, N. Roulund, T. Didion, C. S. Jensen, J. Jensen, and L. L. Janss,
2016: Estimating genomic heritabilities at the level of family-pool
samples of perennial ryegrass using genotyping-by-sequencing. Theo-
ret. Appl. Genet. 129, 45—52.

Boelt, B., and B. Studer, 2010: Breeding for grass seed yield. In: B. Bol-
ler, U. K. Posselt, and F. Veronesi (eds), Fodder Crops and Amenity
Grasses, 161—174. Springer Science, New York.

Bolanos-Aguilar, E. D., C. Huyghe, B. Julier, and C. Ecalle, 2000:
Genetic variation for seed yield and its components in alfalfa (Med-
icago sativa L.) populations. Agronomie 20, 333—345.

Capraro, R. M., and M. M. Capraro, 2001: Commonality analysis: under-
standing variance contributions to overall canonical correlation effects
of attitude toward mathematics on geometry achievement. Multiple
Linear Regression Viewpoints 27, 16—23.

Casler, M. D., D. J. Undersander, Y. A. Papadopolous, S. Bittman, D.
Hunt, R. D. Mathison, D. H. Min, J. G. Robins, J. H. Cherney, S. N.
Acharya, D. P. Belesky, S. R. Bowley, B. E. Coulman, R. Drapeau,
N. J. Ehlke, M. H. Hall, L. H. Leep, R. Michaud, J. Rowsell, G. E.
Shewmaker, C. D. Teutsch, and E. K. Coblentz, 2014: Sparse-flower-
ing orchardgrass represents an improvement in forage quality during
reproductive growth. Crop Sci. 54, 421—429.

Daetwyler, H. D., K. E. Kemper, J. H. J. van der Werf, and B. J. Hayes,
2012: Components of the accuracy of genomic prediction in a multi-
breed sheep population. J. Anim. Sci. 90, 3375—3384.

Das, M. K., and C. M. Taliaferro, 2009: Genetic variability and interrela-
tionships of seed yield and yield components in switchgrass. Euphytica
167, 95—105.

Falconer, D. S., and T. F. C. Mackay, 1996: Introduction to Quantitative
Genetics. Longman, Harlow.

Fang, C., T. S. Aamlid, O. Jorgensen, and O. A. Rognli, 2004: Pheno-
typic and genotypic variation in seed production traits within a full-sib
family of meadow fescue. Plant Breeding 123, 241—246.

FAO, 2006: World reference base for soil resources 2006Available at:
ftp://ftp.fao.org/agl/agll/docs/wsrr103e.pdf (last accessed on April 05
2015).

Ferguson, J. E., and L. V. Crowder, 1974: Cytology and breeding behavior
of Brachiaria ruziziensis Germain et Evrard. Crop Sci. 14, 893—=895.
Figueiredo, U. J., J. A. R. Nunes, and C. B. Valle, 2012: Estimation of
genetic parameters and selection of Brachiaria humidicola progenies
using a selection index. Crop Breed. Appl. Biotechnol. 12, 237—244.

Hill, W. G., 2014: Applications of population genetics to animal breed-
ing, from Wright, Fisher and Lush to genomic prediction. Genetics
196, 1—16.

Holsinger, K. E., and B. S. Weir, 2009: Genetics in geographically struc-
tured populations: defining, estimating and interpreting Fgr. Nat. Rev.
10, 639—650.

Hopkinson, J. M., F. H. D. Souza, S. Diulgheroff, A. Ortiz, and M. San-
chez, 1996: Reproductive physiology, seed production, and seed qual-
ity of Brachiaria. In: J. W. Miles, B. L. Maass, and C. B. Valle (eds),
Brachiaria: Biology, Agronomy, and Improvement, 124—140. CIAT/
Embrapa, Colombia.

Jafari, A., and H. Naseri, 2007: Genetic variation and correlation among
yield and quality traits in cocksfoot (Dactylis glomerata L.). J. Agric.
Sci. 145, 599—610.

Jungmann, L., B. B. Vigna, K. R., A. C. Sousa, C. B. Valle, R. M.
Resende, M. S. Pagliarini, A. P. Souza, 2010: Genetic diversity and
population structure analysis of the tropical pasture grass Brachiaria
humidicola based on microsatelites, cytogenetics, morphological traits,
and geographical origin. Genome 53, 698—709.

Keller-Grein, G., B. L. Maass, and J. Hanson, 1996: Natural variation in
Brachiaria and existing germplasm. In: J. W. Miles, B. L. Maass, and
C. B. Valle (eds), Brachiaria: Biology, Agronomy, and Improvement,
16—42. CIAT/Embrapa, Colombia.

Kloth, R. H., 1998: Analysis of commonality for traits of cotton fiber. J.
Cotton Sci. 2, 17—22.

Lande, R., 1992: Neutral theory of quantitative genetic variance in an
island model with local extinction and colonization. Evolution 46, 381
—389.

Leinonen, T., R. J. Scott-McCairns, R. B. O’Hara, and J. Merila, 2013:
QOst — Fst comparisons: evolutionary and ecological insights from
genomic heterogeneity. Nat. Genet. 14, 179—190.

Lutts, S., J. Ndikumana, and B. P. Louant, 1991: Fertility of Brachiaria
ruziziensis in interspecific crosses with Brachiaria decumbens and
Brachiaria brizantha: meiotic behaviour, pollen viability and seed set.
Euphytica 57, 267—274.

Mabhoro, S., 2002: Individual flowering schedule, fruit set, and flower
and seed predation in Vaccinium hirtum Thunb. (Ericaceae). Can. J.
Bot. 80, 82—92.

Majidi, M. M., A. Mirlohi, and F. Amini, 2009: Genetic variation, herit-
ability and correlations of agro-morphological traits in tall fescue (Fes-
tuca arundinacea Schreb.). Euphytica 167, 323—331.

Majidi, M. M., B. Hoseini, M. Abtahi, A. Mirlohi, and B. Araghi, 2015:
Genetic analysis of seed related traits in Orchardgrass (Dactylis glom-
erata) under normal and drought stress conditions. Euphytica 230, 409
—420.

McKay, J. K., and R. G. Latta, 2002: Adaptive population divergence:
markers, QTL and traits. Trends Ecol. Evol. 17, 285—291.

Miles, J. W., B. L. Maass, and C. B. Valle (eds), 1996: Brachiaria: Biol-
ogy, Agronomy, and Improvement. CIAT/Embrapa, Colombia.

Pagliarini, M. S., C. Risso-Pascotto, A. M. Souza-Kaneshima, and C. B.
Valle, 2008: Analysis of meiotic behavior in selecting potential geni-
tors among diploid and artificially induced tetraploid accessions of
Brachiaria ruziziensis (Poaceae). Euphytica 164, 181—187.

Pressoir, G., and J. Berthaud, 2004: Population structure and strong
divergent selection shape phenotypic diversification in maize lan-
draces. Heredity 92, 95—101.

Resende, M. D. V., 2002: Software Selegen — REML/BLUP. Embrapa
Florestas, Colombo.


ftp://ftp.fao.org/agl/agll/docs/wsrr103e.pdf

10

R.M. SimeEA0o, C.B. VALLE, M.D. VILELA RESENDE

Resende, M. D. V., F. F. Silva, and C. F. Azevedo, 2014: Estatistica
Matematica, Biométrica e Computacional. Suprema, Vigosa.

Simeao, R., A. Silva, C. Valle, M. D. Resende, and S. Medeiros, 2016a:
Genetic evaluation and selection index in tetraploid Brachiaria ruz-
iziensis. Plant Breeding 135, 246—253.

Simeao, R. M., A. S. Silva, and C. B. Valle, 2016b: Flowering traits in
tetraploid Brachiaria ruziziensis breeding. Crop Breed. Appl. Biotech-
nol. 16, 95—101.

Spitze, K., 1993: Population structure in Daphnia obtuse: quantitative
genetic and allozymic variation. Genetics 135, 367—374.

Studer, B., L. B. Jensen, S. Hentrup, G. Brazauskas, R. Kolliker, and T.
Liibberstedt, 2008: Genetic characterisation of seed yield and fertility
traits in perennial ryegrass (Lolium perenne L.). Theoret. Appl. Genet.
117, 781—791.

Stiir, W. W., and R. L. Humphreys, 1987: Tiller development and flow-
ering in sward of Brachiaria decumbens. Annals Appl. Biol. 110, 639
—644.

Swenne, A., B.-P. Louant, and M. Dujardin, 1981: Induction par la col-
chicine de formes autotétraploides chez Brachiaria ruziziensis Germain
et Evrard (Graminée). Agronomie Tropicale 36, 134—141.

Valle, C. B., and Y. H. Savidan, 1996: Genetics, cytogenetics, and repro-
ductive biology of Brachiaria. In: J. W. Miles, B. L. Maass, and C. B.
Valle (eds), Brachiaria: Biology, Agronomy, and Improvement, 147—
163. CIAT/Embrapa, Colombia.

Worthington, M. L., and J. W. Miles, 2015: Reciprocal full-sib recurrent
selection and tools for accelerating genetic gain in apomictic Brachiaria.
In: H. Budak, and G. Spangenberg (eds), Molecular Breeding of Forage
and Turf, 19—30. Springer International Publishing, Switzerland.

Worthington, M. L., C. Heffelfinger, D. Bernal, C. Quintero, Y. P. Zap-
ata, J. G. Perez, J. D. Vega, J. Miles, S. Dellaporta, and J. Tohme,
2016: A parthenogenesis gene candidate and evidence for segmental
allopolyploidy in apomictic Brachiaria decumbens. Genetics 203,
1117—1132. doi:10.1534/genetics.116.190314.

Wright, S., 1978: Evolution and the Genetics of Populations. vol. 4:
Variability within and Among Natural Populations. University of Chi-
cago Press, Chicago.

Zeng, L., E. Bechere, and D. L. Boykin, 2014: Commonality analysis
and selection of parents for within-boll yield components in upland
cotton. Euphytica 199, 339—348.


http://dx.doi.org/10.1534/genetics.116.190314

