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CHAPTER 1

INTRODUCTION

Sugarcane (Saccharum spp. hybrids) is grown in KwaZulu-Natal and Mpumalanga
provinces of South Africa where it contributes significantly to the economy of the country.
It provides approximately 79,000 direct jobs and 350,000 indirect jobs supporting the
livelihoods of nearly a million people (SASA 2013/2014). Research to support the
production of sugarcane is carried out by the South African Sugarcane Research Institute
(SASRI) based in Durban. Sugarcane breeding is a major research focus of SASRI as

varieties are an important input in sugarcane production.

The objectives of sugarcane breeding include developing varieties that produce high cane
yield, high sucrose content (components of sugar yield, the commercial product),
adaptability, ratooning ability, disease and pest resistance, and desirable agronomic
characteristics (Jackson 2005). SASRI operates seven regional breeding programmes; two
for the Midlands region, four for the coastal regions and one for the irrigated region (Nuss
1998; Zhou 2013). After crossing, generated populations are tested through four stages
namely mini-lines, single lines, observation trials and advanced variety trials. In the mini-
lines and single lines, the genotypes are not replicated while in the observation and variety
trials, the genotypes are replicated (Zhou 2013). Variety trials are also planted at several

locations to test for genotype by environment interaction (GxE) (Parfitt 2005; Zhou 2013).

Sugarcane millable stalks are the primary raw material produced by the farmer that is
processed by the mills to produce sugar. Cane yield is the primary measure of productivity
at the farm and forms a key selection criterion in sugarcane breeding. Cane yield is
determined by the number of millable stalks, stalk height and stalk diameter (Chang and
Milligan 1992a, 1992b). Breeding and selection methods to improve cane yield would
therefore also focus on these yield components.

Sugarcane is a complex polyploid where autopolyploidy, aneuploidy and other complex
chromosome and genetic combinations are known to exist. In addition, most commercial

traits in sugarcane are controlled by many genes resulting in large influences of GXE



(Jackson and Hogarth 1992; Falconer and Mackay 1996; Jackson and McRae 1998). The
effects of GXE are particularly large in early stages of sugarcane breeding where genotypes
are not replicated, and are known to influence the efficiency of selecting for individual
plants in sugarcane breeding (Skinner et al. 1987). Several methods can be used to increase
selection efficiency and these include experimental designs and statistic models that

account for competition effects among the individual genotypes (Zhou 2009).

In early years of sugarcane breeding, the proven cross system was used to evaluate the
potential of families to produce elite progenies (Heinz and Tew 1987). The proven cross
system was widely used in Australia, South Africa and other several breeding programmes
(Heinz and Tew 1987; Skinner et al. 1987). The proven cross system depends on the
number of genotypes, developed from a cross that are advanced to the later stage of
breeding and selection. Crosses from which a large number of individuals are advanced
were defined as elite families. The disadvantage of the proven cross system is the
unavailability of the statistical tests for comparing families. The proven cross system
further requires a number of years to determine the value of a cross or family (Kimbeng
and Cox 2003).

Earlier studies in Australia (Hogarth et al. 1990) showed that larger genetic gains could be
achieved when family selection was applied in Stage | (mini-lines) of sugarcane breeding.
During family selection, the whole population of progenies within the family are selected
or rejected based on family values and other family parameters (Falconer and Mackay
1996). Individual genotype selection (IGS) will only be done within the selected families.
In Stage I, replication of individual genotypes is not possible because of limited planting
material and the large areas of land required if material was available. However, at Stage I,
families can be replicated providing an opportunity for evaluating family comparisons.
Furthermore, family data can be used to identify and select superior parents used at the time
of crossing. Family evaluation and selection have been practised in Australia (Hogarth et
al. 1990; Jackson et al. 1995a, 1995b; Cox and Stringer 1998; Kimbeng et al. 2000, 2001;
Stringer et al. 2011), Brazil (De Resende and Barbosa 2006; Pedrozo et al. 2011), India
(Shanthi et al. 2008; Babu et al. 2009), USA (Milligan and Legendre 1990; Chang and
Milligan 1992a, 1992b) and South Africa (Bond 1977, 1989; Zhou and Lichakane 2012;
Zhou 2014, 2015; Zhou and Mokwele 2015). Preliminary studies in South Africa (Zhou
2014) and other countries (Barbosa et al. 2005) showed larger predicted genetic gains from

2



family selection compared to individual genotype selection particularly for yield traits.
However, studies on comparing family selection with individual selection as well as

comparing family selection among breeding programmes are limited.

Since the inception of family selection for yield in South African sugarcane breeding
programmes, limited studies have been done to determine the benefits and progress that
have been achieved from family selection (Zhou 2014). Limited studies have compared the
differences in family selection parameters among breeding programmes as well as
compared individual selection with family selection across family selection cycles. This is
attributed to the difficulty of measuring individual plant data compared to family data
particularly where manpower costs are high. Yet, the comparison is important when
justifying the use of family selection over individual genotype selection. Very little
information is known about the estimates of predicted selection gain as well as the optimum
selection rate for families (for the different traits) and selection rate of genotypes within
families. These parameters are important in determining the efficiency of breeding
methods. Also, limited studies have determined the breeding values of parents using family
data. However, the use of family data to evaluate parents is expected to provide better
comparison among parents as well as to determine the best parent combinations at the time

of crossing.

1.1 OBJECTIVES OF THE STUDY

The objectives of this study were:

1. To compare family selection with individual genotype selection for cane yield and
yield components at early stages of selection for humic and sandy soil breeding
programmes in the Midlands region of South Africa.

2. Toevaluate and identify elite families for cane yield, determine the optimum family
selection rate and identify ideal trait combinations among the elite families.

3. To use best linear unbiased prediction (BLUP) to identify superior parents using
family data and to determine the proportion of superior parents within populations

in the Midlands breeding programmes.
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CHAPTER 2

LITERATURE REVIEW

2.1 HISTORY AND ECONOMIC IMPORTANCE OF SUGARCANE

2.1.1 World history

Sugarcane (Saccharum officinarum L.) is a plant that accumulates high sucrose content in
its stalk and is a perennial grass that does not tolerate severe frost (Long and Spence 2013;
Friesen et al. 2014). Its centre of origin is in Southeast Asia around New Guinea where
farmers chewed sugarcane plant for its sweet juice (Barnes 1974; Fauconnier 1993). The
earliest known sugar production began in Northern India (Barnes 1974). Currently, the crop
IS grown in south-western Europe, Africa, Asia, Australia, USA, Mexico and Southern
America (FAOSTAT 2014). It is grown between 22°N and 22°S and some up to 33°N and

33°S of the equator extending from tropical to subtropical zones (Bull and Glasziou 1979).

The crop is planted to approximately 27.18 million hectares with total production of 1, 899
million metric tons (FAOSTAT 2014). Brazil has the highest area planted to sugarcane
(10.87 million hectares) (UNICA 2015). Sugarcane cultivation plays a significant role in
the economy of many countries. Brazil, India and China are prominent producers of sugar
while India and China are major consumers of sugar and these countries control the world
markets (Gopinathan 2010). Of the world sugar, 70% is from sugarcane and 30% from
sugar beet (Anonymous 2007; Statista 2014).

2.1.2 History of sugarcane in South Africa

In South Africa, sugarcane has been grown and milled for over 154 years (Richardson
1982). It is grown along the east coast, between 25°33’S and 30°93’S, and between
29°92°E and 32°32’E and is grown under a diverse range of environmental conditions
(Ramburan 2012). Sugarcane is grown in KwaZulu-Natal, Mpumalanga and Eastern Cape
provinces of South Africa where it contributes significantly to the economy. It provides
approximately 79,000 direct jobs and 350,000 indirect jobs supporting the livelihoods of
nearly a million people (DAFF 2011; SASA 2013/2014). Despite growing sugarcane in a
relatively diverse conditions, the sugar industry generates an estimated annual direct

income of R12 billion (Maloa 2001). South Africa is ranked among the top 10 sugar



exporters in the world. Approximately 20 million tons of sugarcane are processed annually
producing 2.5 million tons of sugar. Fifty percent of sugar is produced for local
consumption. The sugar industry is made up of 15 mills situated in KwaZulu-Natal and
Mpumalanga (Figure 2.1) (Maloa 2001; DAFF 2011). Sugar is an important source of
energy while bagasse (mainly fibre) is burned to produce electricity to run the sugar mills.

Molasses (another waste product) is distilled to produce ethanol.

2.2 TAXONOMY AND BOTANY

2.2.1 Taxonomy of Saccharum complex

Sugarcane is classified under the genus Saccharum L., a member of the tribe
Andropogoneae, like maize and sorghum and the family of Poaceae, like rice (Dillon et al.
2007). Members of this tribe use the C4 carbon fixation photosynthesis (Fageria et al.
2011). The genus Saccharum consists of six species including two wild species (S.
spontaneum and S. robustum) and four cultivated species (S. sinese, S. barberi, S. edule
and S. officinarum) (Daniels and Roach 1987). There are four closely related interbreeding
genera (Erianthus section Ripidum, Miscunthus section, Narenga and Slerostachya)
forming the Saccharum complex (Mukherjee 1954, 1957; Daniels and Roach 1987). The
Saccharum complex is characterised by high heterozygosity, high incompatibility and high
levels of polymorphism (Grivet et al. 1996; Cordeiro et al. 2000). Currently, modern
sugarcane genotypes are mostly hybrids of different species of the genus Saccharum and

related genera.

2.2.2 Botany of sugarcane

The sugarcane plant is made up of four parts that is the root system, stalks, leaves and
inflorescence. Sugarcane is propagated vegetatively from the stalk that is cut and planted.
Cuttings that are used for planting should have at least three buds to prevent apical
dominance. The buds and root primordia give rise to the plant and its root system (Van
Dillewijn 1952). Primary, secondary, tertiary and higher order tillers develop into millable
stalks. Tillering and stalk characteristics such as stalk number, stalk height and stalk
diameter are genotype specific (Matsuoka and Stolf 2012). Sugarcane stalks grow above
the ground to allow the development of leaves and flowers. The sugarcane stalk is
composed of different numbers of nodes and internodes depending on the variety. The node

is where the leaf attaches to the stalk and is where the bud and root primordial are located



(Verheye 2010). Stalk elongation is facilitated by cell division and expansion. The bottom
of the stalk has a higher sucrose content than the top of the stalk (Miller et al. 2012).
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2003)



2.3 SUGARCANE GENETICS

2.3.1 Genetics of species

Sugarcane species have a complex genome and are characterised by high levels of
polyploidy. For example, the chromosome number of S. officinarum is 2n=80 with a basic
chromosome number of ten. Saccharum spontaneum has a chromosome number of 2n=40
to 128 (Sreenivasan et al. 1987), with a basic chromosome number of eight (D'Hont et al.
1998). Saccharum robustum is a diverse sugarcane species and is known to have 2n=60
and 2n=80 chromosome numbers. Saccharum barberi and S. sinense are intergeneric
hybrids produced by interbreeding of other species. Saccharum barberi has a chromosome
number of 2n=111 to 120 and S. sinense have 2n=80 to 124 chromosome numbers (Daniels
and Roach 1987), and are hybrids of the Saccharum spp. complex. Saccharum edule is a
cultivated species is a product from introgression breeding of S. officinarum or S. robustrum
with other species. The chromosome number of S. edule is 2n=60 to 80 with aneuploidy
prevalent (Daniels and Roach 1987). Modern genotypes are made up of 70 to 80% of
chromosomes derived from S. officinarum and 10 to 20% are from S. spontaneum, and 10
to 20% from recombination (Grivet et al. 1996; Piperidis et al. 2001).

2.3.2 Polyploidy in sugarcane

Sugarcane hybrids are polyploids made up of two genomes. Sugarcane polyploidy ranges
from eight to 14 copies of chromosomes, with individual chromosomes and alleles in
varying numbers (Rossi et al. 2003). The genome of the modern sugarcane interspecific
hybrids is highly polyploid (~12x), characterized by frequently unbalanced numbers of
chromosomes which is also known as “aneuploidy” (D'Hont 2005). The nature of
polyploidy varies with sugarcane species. For example, S. edule is a form of aneuploidy. S.
officinarum is complex polyploid, and it is both allopolyploid and autopolyploid

(Sreenivasan et al. 1987) which behaves like a diploid (Stevenson 1965).

2.3.3 Implications of polyploidy in sugarcane breeding

High polyploidy levels in sugarcane are associated with high vigour, high biomass yields
and wide adaptation (Premachandran et al. 2011). Polyploids have a large number of cells
and they tend to survive better in unfavourable environmental conditions than their diploid
counterparts (Comai 2005). Polyploid species have the advantage of maintaining high
levels of genetic variation, through incorporated genetic diversity of several diploid and
polyploid parents (Comai 2005; Acquaah 2007; Premachandran et al. 2011). Another
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advantage is the genome reshuffling with more genetic complexity that occurs during
further hybridization of polyploid genotypes. Genome reshuffling is a source of genetic
variability in polyploid populations (Premachandran et al. 2011). Seedling populations tend
to be highly variable and sugarcane breeders use a wide range of parents to increase
variability (Verheye 2010).

24 HISTORY OF SUGARCANE BREEDING

2.4.1 Early years

The first sugarcane breeding programmes began in Java and Barbados in 1888 due to the
outbreak of viral sereh disease. Earliest reports of viable sugarcane were in Java (1858) and
Barbados (1859). Prior to that, the sugarcane flower was believed to be infertile. Due to the
outbreak of sereh disease, sugarcane breeding aimed to develop genotypes resistant to the
disease via interspecific hybridization. The interspecific hybridization between S.
officinarum (high sucrose genotype) and S. spontaneum (disease resistance genotype)
resulted in modern sugarcane genotypes a process known as nobilization (Stevenson 1965;
Sreenivasan et al. 1987). One of the earliest genotypes, POJ2878 was produced by
nobilization (Jackson 2005). Other genotypes from interspecific hybridization such as
P0OJ2864, POJ2364, Co206 and Co213 revolutionised sugarcane production (Santchurn
2010).

2.4.2 Flowering and pollen fertility in sugarcane

Due to low pollen fertility in sugarcane, South Africa and other subtropical countries
depended on imported families from tropical countries such as India during early years of
their breeding programmes (Brett 1953; Zhou 2013). In the 1940s, after experimentation,
it was discovered that fertile pollen could be obtained by keeping flowers in the glasshouse
at temperatures above 20°C. Further research on photoperiod of sugarcane resulted in
increased flowering and pollen fertility. This discovery ushered a new era of sugarcane
breeding in South Africa and other subtropical countries (Brett 1949, 1954; Brett and
Harding 1974).
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2.5 HISTORY OF SUGARCANE BREEDING IN SOUTH AFRICA

2.5.1 Early years

SASRI was established in 1925 with the aim of importing, testing and releasing adaptable
varieties with high yield, high sucrose content and varieties that are resistant to pest and
diseases (Nuss 1998). The imported varieties were tested for adaptability to South African
growing conditions. However, the majority of imported varieties were susceptible to major

disease and pests.

Later, in the 1930s, SASRI imported crosses from several breeding programmes with the
aim of selecting for genotypes adapted to South Africa’s growing conditions. The first
batch of crosses was from Canal Point that produced 47 seedlings. In 1932, SASRI
imported from Mauritius, a cross between POJ2878 and Uba. In 1936, three crosses of
POJ2725 X CO0214, POJ2725 X C028l and P0J2725 X CO0301 were imported from
Coimbatore, India (Nuss and Brett 1995). Once in 1938 and again in 1944, a cross Co421
X Co0312 was imported from Coimbatore, India (Brett 1950). The variety NCo310 was
released in 1945 from the 1938 import and the variety NCo376 was released in 1955 from
the 1944 import (Nuss and Brett 1995). Because of their wide adaptability and superior
yield, NCo0310 and NCo376 became the most widely grown varieties in South Africa and
other neighbouring countries.

To increase flowering and pollen fertility, SASRI constructed a glasshouse (1966) and
photoperiod house (1971). The photoperiod house and glasshouse each has three
photoperiod treatments. The photoperiod house is used to generate male genotypes, which
are genotypes that produce higher quantities of viable pollen, while the glasshouse is used
to produce female parents with less or no pollen. The glasshouse has also been partitioned

into cubicles where crossing is carried out by pairing female and male parents.

2.5.2 Recent developments

SASRI breeding and selection programmes changed over the years with establishment of
research stations in the major agro-ecological regions of South Africa (Nuss 1998; Zhou
2013). Crosses are made at Mount Edgecombe in Durban and seedlings, germinated in the
glasshouse, are later transplanted at the respective research stations for testing and selection
(Tables 2.1 and 2.3). The purpose of different locations was to ensure that released varieties
are stable and adapted to different growing conditions. There are three agro-climatic zones
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in South Africa, including the irrigated, coastal and high altitude zones. In South Africa,
sugarcane is harvested between 12 and 24 months of age depending on the region
(Ramburan 2012). SASRI breeding programmes were restructured in 1993 after the loss of
Central Field research station due to urbanisation. The dry-land selection programmes were

replaced by more representative sites for their agro-climatic zones.

Table 2.1 SASRI breeding programmes used before 1993

Selection site Year Region Agein  Number of Number of
acquired months seedlings single lines

Pongola 1965 Irrigated North 12 50,000 4000

Mtunzini Mid-1950s Coast 12 25,000 2000

Shaka’s Kraal =~ Mid-1950s Coast 12 25,000 2000

Central Field

Station 1965 Coast 18 25,000 2000

Mt Edgecombe 1925 Coast 12 25,000 2000

Holly Bros 1965 Midlands 24 9000 700

Source: Zhou (2013)

2.5.3 Current breeding programmes

After the restructuring of breeding programmes in 1993, SASRI programmes’ size were
increased from 160,000 to 250,000 seedlings per annum (Table 2.2). The breeding
programmes aimed at developing and releasing varieties adapted to different agro-
ecological regions. The breeding programmes start with parent selection. Selection of
parents to be used in breeding programmes is based on genotype potential to produce high
proportions of progenies with high trait values. The SASRI breeding programme selects
parents according to specific traits including yield, quality, ratooning ability, agronomic
performance, freedom from diseases and resistance to insect pests. Parents are selected
from local or imported germplasm (Zhou 2013). Parents selected from wild germplasm are
used to broaden the genetic diversity of sugarcane populations and to provide novel sources
of important traits (Zhou 2013). Each year the selected elite parents are planted in the
glasshouse and photoperiod house to induce flowering for crossing. Three mating designs
are used for crossing. Bi-parental, males only (polycrosses) and melting pot (polycrosses)

are used to generate segregating populations. In bi-parental crosses, the female and male
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parents are known, while in polycrosses, the male parent is unknown. Males only
polycrosses involve inter-crossing of at least two male parents while melting pot is where

several male parents pollinate a single female parent.

Table 2.2 SASRI research stations representing different agro-climatic zones and the

sizes of the breeding programmes

Research Region Agein  Number of Number
station months seedlings of lines
Pongola Irrigated 12 50,000 4,000
Empangeni Coastal short cycle high potential 12 50,000 4,000
Gingindlovu Coastal short cycle average potential 12 25,000 2,000
Gingindlovu Coastal long cycle average potential 18 25,000 2,000
Kearsney Coastal long cycle high potential 16-18 50,000 4,000
Bruyns Hill Humic soil 24 25,000 2,000
Glenside Sandy soil 24 25,000 2,000

Source: Zhou (2013)

A five-stage testing and selection programme is used for variety development (Table 2.3).
The aim of the programmes is to ensure that the variety to be released is adapted to all the
agro-climatic regions in South Africa. Field evaluation and selection takes between 12 to
19 years from seedlings to release a new commercial variety (Zhou 2013). Over 20 years,
significant progress have been made in developing and releasing more than 62 improved
sugarcane varieties (Zhou 2013).

2.6 SUGARCANE SELECTION METHODS

2.6.1 Mass or individual selection

In early stages of selection, mass- or individual selection is used to identify plants
(seedlings) by their phenotypic values (Bressiani et al. 2005). Mass selection is based on
traits with high heritability estimates such as sucrose content (Brix%) and disease
resistance. Hogarth et al. (1997) reported gains achieved through individual selection for
traits with high heritability. Further, they pointed out that individual selection is not highly
efficient when selecting traits with low heritability in early stages. Early stage selection is

associated with low levels of efficiency due to the confounding effects of GxE and
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competition effects among the individual genotypes (Skinner 1971; 1982). Experimental
precision at early stages of selection is low due to the lack of replication of individual
genotypes (Skinner et al. 1987; McRae and Jackson 1995; Kimbeng and Cox 2003; Oliveira
etal. 2013).

The above mentioned confounding effects cannot be practically solved by replication
because of the large number of seedlings involved and the small amount of breeding
material in early stages of selection (Zhou et al. 2013b). However, there are methods that
can be used to increase selection efficiency and these include experimental designs and

statistic models that account for effects of inter-plot competition.

In sugarcane breeding, several methods have been used to evaluate seedling populations to
identify elite individual genotypes. These include path coefficient analysis (Kang et al.
1989; Milligan and Legendre 1990; De Sousa-Vieira and Milligan 2005), spatial analysis
(Edmé et al. 2007), artificial neutral network models (Zhou et al. 2011) and logistic
regression models (Zhou et al. 2013a). Path coefficient analysis is used to determine traits
to focus on during selection. Spatial analysis can be used to increase the precision of
estimating genetic potential and genetic gains from selection by accounting and removing
spatial variability from phenotypic values. Artificial neutral network models are used to
identify individual seedlings that have the best combination of traits to produce high yield.
Logistic regression models have been applied as a decision support tool for selection among

individuals as well as among unreplicated, early stage clonal plots.
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Table 2.3 Summary of the variety selection in breeding programmes at SASRI

Selection No. of No. of clones Trial design Number  Number Selection Selection criteria

stage years  per site/total of reps of crops rate (%o)

Stage 1 0 50 000 x 5 Replication of 3 1 70 Family values, visual

Seedlings 250 000 plotted seedlings assessment, freedom from
disease and other important
traits

Stage 2 1 35000 x5 Replications 3 1 11 Yield, sucrose content, pest

Mini-lines 157 000 of family and disease resistance

Stage 3 2 4000 x 5 Replications 3 1 10 Sucrose content, sucrose yield,

Single lines 20 000 of family pests and disease resistance

Stage 4 3-5 400 x 5 Lattice,2x8m 3 2 10 Combined analysis for high

Observation 2000 yield, sucrose, pests and
disease

Stage 5 6-10 40 x 5 Lattice,5x8mx 3 3 - Combined analysis across sites

Advance 200 5 trials and crops

variety

Bulking 11-15  1-2 - - - - -

Source: Zhou (2013)
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2.6.2 Proven cross and parents

The proven cross system was used in sugarcane breeding to identify genotypes to be used
in future crosses (Skinner et al. 1987). The proven cross system has been widely used in
Australia (Heinz and Tew 1987), South Africa (Skinner 1982), Indonesia (Sukarso 1986)
and other countries. This system focused on old, selected elite crosses with little attention
given to new crosses, creating a bias against new crosses (Walker 1963). The proven cross
system uses no statistical analysis for comparing crosses. Furthermore, with the proven
cross system, breeders waited for years to evaluate family potential because individual
genotypes within the selected elite families differed significantly from the expectations
based on family means (Skinner et al. 1987; Milligan and Legendre 1990; Kimbeng et al.
2000). Experimental parents that make up the proven crosses are referred to as proven
parents.

2.6.3 Family selection

Accepting or rejecting entire progenies from a cross, based on family values, is referred to
as family selection. Family selection was proved superior to individual genotype selection
for traits with low heritability such as sugarcane yield (Jackson and McRae 1998; Kimbeng
and Cox 2003; Pedrozo et al. 2011; Zhou 2014). Previous studies (Kimbeng et al. 2000;
Shanthi et al. 2008; Zhou 2014) reported low heritability estimates for cane yield and its
components, which indicate the potential of these traits to benefit from family selection.
Jackson (2005) reported higher gains from family selection for cane yield than for sucrose

content.

Family selection in sugarcane was originally described by Hogarth (1971). Despite this
research, family selection could not be implemented because of the high cost of weighing
seedling plots. During that time, family plots had to be hand-cut and weighed manually
(Kimbeng et al. 2000; Kimbeng and Cox 2003; Stringer et al. 2011). It was not until mobile
weighing machines were developed in Australia (Hogarth and Mullins 1989) that family
selection was adopted in Australian sugarcane breeding programmes (Kimbeng et al. 2000).
Cox and Hogarth (1993) reported that family selection was used to identify elite families
using data from replicated family plots. Higher trait values are expected from individual
genotypes within the elite families (Cox and Hogarth 1993; Kimbeng et al. 2000; Kimbeng
and Cox 2003).
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In Australia, family plots made up of replicated seedlings are planted in replicated plots. At
crop maturity, the replicated plots are sampled to obtain stalks from which cane quality
values are estimated in the laboratory. The family plots are weighed at crop maturity to
obtain yield data. The data is analysed to identify elite families. Family selection is followed
by selecting individual genotypes within the selected families in the ratoon crops. In South
Africa, cane yield components (stalk number, stalk height and stalk diameter) are measured
on seedlings in a family plot. The yield component measurements are used to estimate cane
yield of the family plot. Further, a random stalk sample is also taken from each family plot
and used to estimate cane quality parameters. The estimated cane yield and cane quality
data is analysed to determine elite families. Individual genotype selection is carried out in
the selected elite families in the plant crop. This non-destructive sampling allows data and
selection to be done in the same crop. Further, weighing machines that are used in Australia
are considered more expensive in South Africa compared to yield measurements because

of relatively lower manpower costs.

Currently, family selection in sugarcane breeding is practiced to different extents in
Australia (Jackson et al. 1995; Kimbeng et al. 2000; Kimbeng and Cox 2003), USA (Tai et
al. 2003), Brazil (Pedrozo et al. 2011) and India (Shanthi et al. 2008). Sugarcane breeding
programmes in Indonesia (Sukarso 1986), South Africa (Bond 1989; Zhou and Lichakane
2012; Zhou et al. 2013b; Zhou 2014, 2015; Zhou and Mokwele 2015), Florida (Tai and
Miller 1989), Cuba (Ortiz and Cabellero 1989), Hawaii (Wu and Tew 1989) and Lousiana
(Chang and Milligan 1992a, 1992b) have also adopted family selection.

2.6.4 Advantages of family selection

Families can be replicated in trials and across locations in early stages of selection while
individual genotypes cannot be replicated due to limited planting material. Furthermore,
progeny data from replicated families can be used to evaluate family by environment
interactions when families are planted across locations and data is collected across ratoons.
The data used to evaluate progeny performances can also be used to identify and select elite
parents for future use in crosses as well as determine the best parent combinations at the
time of crossing (Cox and Stringer 1998; Shanthi et al. 2008; Zhou et al. 2013b). The
benefits and theoretical impacts were further described in several studies (Hogarth and
Mullins 1989; Tai and Miller 1989; Hogarth et al. 1990; Chang and Milligan 1992a, 1992b;
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Jackson et al. 1995; Jackson and McRae 1998; Stringer et al. 2011; Zhou and Lichakane
2012; Zhou et al. 2013b; Zhou 2014).

2.6.5 Family selection in South Africa

The building of glasshouses and photoperiod houses in the 1970s resulted in more crosses
to be made for breeding purposes (Bond 1977). Family evaluation offered the opportunity
to screen and select elite crosses from which progeny selection would be done. The first
study on family evaluation (Bond 1977) aimed to determine whether the mean yield of
seedlings could indicate the potential of the family to produce superior individual
genotypes. Evaluation of single stools showed differences in estimated mean yield. A
strong positive correlation (r=0.69) between the number of seedlings selected from a family
and the mean yield for the family indicated that seedling yield could be used to predict the
potential performance of a family. Results further showed that environmental effects were
large in original seedling populations and influenced the precision of selection. Further
investigation was done on the subsequent selection stage to determine whether family
characteristics from seedlings could predict the performance of genotypes selected for
advanced stages (Bond 1989). There was a positive correlation (r=0.33) between vyield
measured at single stools and the yield measured at single lines, which indicated that
breeding populations at seedling stages could be used to predict clonal performance at
clonal stages.

Low heritability estimates for quality traits, reported by Bond (1989), indicated the
potential of these traits to benefit from family evaluation and selection. Additive genetic
effects were demonstrated which indicated the potential benefit of family evaluation and
selection for quality traits (Lingle et al. 2010). Previous studies on family selection focused
on individual populations and did not evaluate trends over time (Bond 1977, 1989). A study
by Zhou and Lichakane (2012) evaluated families across selection cycles for quality traits
which provided insight into trends over time. The study reported large variability among
families across the populations over time, which highlighted the potential of selecting for
superior families within these populations. The consistent increase in heritability and
predicted gains upon selection with progressing selection cycles indicated the advantage of
using family selection. A similar trend was observed among family populations from the
very early stage of selection in a study reported by Zhou et al. (2013b). The study further
concluded that recurrent selection could be used to enhance breeding for quality traits.
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Brix% cane consistently showed increasing heritability and predicated selection gains.
Results suggested that sucrose content (Brix%) estimates could be used to evaluate the
variability within family populations because Brix% can be measured quicker and at lower
cost with a hand held refractometer (Zhou and Lichakane 2012; Zhou et al. 2013b).

Family selection for cane yield remained unexplored because of the cost of weighing family
plots in South Africa where automatic weighing machines are not available. A study was
done to explore estimating cane yield from its components; stalk numbers height and
diameter (Zhou 2014). The non-destructive sampling enables individual selection in the
plant crop. Results showed a strong correlation (r=0.89) between the actual and estimated
yield, an indication that yield components could be used to estimate cane yield. This study
(Zhou 2014) also explored the advantages of family over individual genotype selection.
Results showed that families produced larger broad-sense heritability and higher predicted
selection gains than individual genotypes, indicating the superiority of family selection in
improving yield trait values. The study further investigated the optimum sample size of
seedlings required to estimate family parameters. It was concluded that yield data, collected
from 10 seedlings per plot in each of the four replications per family, would be sufficient
for evaluating family performances. This sample size was considered to cost considerably

less than weighing the family plots.

The slow improvement, complexity and possibly quantitative genetic control of Eldana
resistance (Nuss 1998) indicated the potential for Eldana resistance to benefit from family
selection. A study by Zhou and Mokwele (2015) was done to examine the potential of
evaluating sugarcane families for Eldana resistance. Results showed that families produced
higher broad-sense heritability estimates and predicted selection gains than individual
genotypes, indicating the potential of increasing genetic gains from Eldana resistance
breeding. In addition, elite families and parents could be identified and therefore breeding

and selection for Eldana could be improved using family evaluation.

Since 2010, data on family evaluation for cane yield using estimates from stalk number,
height and diameter has been collected from several trials. Preliminary studies (Zhou 2014)
demonstrated the potential of using yield estimates for family evaluation. The available
data provided an opportunity to further quantify the benefits of family evaluation and
selection. Further, little is known on the proportion of elite families and parents in South
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African breeding populations. Such knowledge will guide family evaluation and selection
as well as provide a benchmark on the future improvements expected after implementation
of family evaluation. Determining elite parents for use in future crosses will further
optimise crossing and cross combinations and strengthen South African breeding
programmes. With this study, a gap in knowledge required by the South African breeding
programmes will be filled. Thus, the current study will (a) compare family selection with
individual genotype selection for cane yield and yield components at early stages of
selection for humic and sandy soil breeding programmes in the Midlands region of South
Africa. (b) Evaluate and identify elite families for cane yield, determine the optimum family
selection rate and identify ideal trait combinations among the elite families. (c) Use BLUP
to identify superior parents using family data and to determine the proportion of superior
parents within populations in the Midlands breeding programmes.
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CHAPTER 3

COMPARING FAMILY WITH INDIVIDUAL GENOTYPE
SELECTION FOR SUGARCANE YIELD IN SOUTH AFRICA

3.1 ABSTRACT

Family selection is the positive selection of an entire population of individuals from a cross
and is widely practiced in sugarcane breeding. The objective of this study was to compare
family with individual genotype selection (IGS) for cane yield, stalk number, stalk height
and stalk diameter for humic and sandy soil breeding programmes in South Africa. Data on
stalk number, height and diameter, collected from seedling progenies, were used to estimate
cane yield. Both family and individual genotype effects for all traits produced significant
(P<0.001) variance components. Family variance was 1.2 to 5.0 times that of individual
genotype variance indicating larger variability among families than individual progenies.
Families produced larger broad-sense heritability (H) estimates (25 to 90%) compared to
individual genotypes (1.6 to 23.5%) suggesting that selecting superior families would be
more accurate than selecting individual genotypes. Populations grown on humic soil
produced higher family H (58 to 90%) compared to sandy soil populations (24 to 90%)
which indicated a higher precision of family selection in humic soil. Families produced
higher predicted selection gains (%Gs) (9 to 59%) compared to individual genotypes (1 to
12%) which indicated higher efficiency associated with family selection. Humic soil
populations produced higher average family %Gs (45%) compared to sandy soil
populations (25%) suggesting better selection efficiency. Significant family and individual
genotype variances indicated that family selection, followed by IGS within selected
families, will increase efficiency in the first stages of sugarcane breeding. The larger family
variance, higher H and higher %Gs indicated superiority of family compared with IGS in

the breeding programme.

Keywords: Family selection, variance components, broad-sense heritability, predicted

gains
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3.2 INTRODUCTION

Family selection is the positive selection of the entire progenies from a family or cross
based on progeny data collected from family plots (Falconer 1960; Falconer and Mackay
1996). Families can be replicated in trials and across locations in early stages of selection
while individual genotypes cannot be replicated due to limited planting material. Family
selection is expected to increase selection gains for traits with low heritability and which
are controlled by quantitative genes with additive effects such as cane yield (Pedrozo et al.
2011). Low heritability estimates for cane yield components have been reported in previous
studies (Kimbeng et al. 2000; Shanthi et al. 2008; Zhou 2013, 2014) which indicated the
potential of these traits to benefit from family selection. Studies have shown that gains from

family selection were higher for cane yield than for sucrose content (Jackson et al. 1995).

Family selection has been widely practiced in other crops such as soybean (Streit et al.
2001), rice (Santos et al. 2002), forage (Casler and Brummer 2008), potatoes (Melo et al.
2011) and maize (Noor et al. 2013). In sugarcane, research on family selection was first
reported by Walker (1963). Research on the benefits of family selection was later described
by Hogarth (1971) in studies done in Australia where family selection was adopted when
automatic weighing machines became available (Hogarth and Mullins 1989). Today,
family selection is routinely practiced in Stage I trials in Australia. The benefits of family
selection were further described in several studies (Kimbeng et al. 2000; Kimbeng and Cox
2003; Zhou 2013, 2014). To date, family selection is practiced to different extents in
Australia (Cox and Stringer 1998; Kimbeng et al. 2000, 2001; Stringer et al. 2011), India
(Shanthi et al. 2008; Babu et al. 2009), Brazil (De Oliveira et al. 2013), South Africa (Zhou
et al. 2013b; Zhou 2014) and USA (Milligan and Legendre 1990; Chang and Milligan
1992a, 1992b).

Before family selection was implemented, sugarcane breeders depended on the proven
cross system to identify superior genotypes that could be used at the time of crossings
(Heinz and Tew 1987). The proven cross system defined elite families as the ones that
produced high germination rates, with large numbers of seedlings that are advanced to later
stages of breeding programme. The elite families were planted repeatedly with large
numbers of seedlings with the hope to produce more elite progenies. Genotypes that

produced elite families were used more frequently to make crosses. The result was an
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increase in the bias towards new crosses or crosses with fewer seedlings (Walker 1963).
However, the proven cross system lacked statistical tests to validate the elite families.
Further, with the proven cross system, breeders waited for a long period at least 10 to 24

years of advanced data from Stage | to V to determine the quality of families.

Family selection is extensively used in all Australian sugarcane breeding programmes,
where 20 plants per plot are routinely planted in the first selection stage (Kimbeng and Cox
2003). The families are replicated three times. Whole family plots are harvested and
weighed using a mechanical harvester and automatic weighing machines. Sucrose content
is estimated using eight stalks, one from each of the eight randomly chosen stools in a plot.
Families are ranked by a net merit grade and no information is taken from the individual
genotypes of the family during the plant crop evaluation. About 40 to 50% of families with
the highest ranking are selected and described as elite families. In the first ratoon crop,
individual seedling selection is practiced only on the selected elite families (Park et al.
2007). The rest of the families are discarded.

Family evaluation data has also been used to evaluate other aspects of breeding
programmes. Family data can be used to identify superior parents for future crosses as well
as to determine the best parent combinations for crossing (Chang and Milligan 1992a,
1992b; Stringer et al. 1996; Cox and Stringer 1998; Balzarini 2000; Shanthi et al. 2008;
Zhou et al. 2013b). Breeding values of parents can be estimated from family data (Atkin et
al. 2009) which provide breeders with information to objectively evaluate the quality and

evolution of parental populations over time.

Previous studies on family selection in Australia were based on data from mechanically
harvested family plots. Therefore, no data on individual genotype plots was collected. At
SASRI, family selection for quality traits is based on family plot data with no data from
individual seedlings. While family selection advantages are known, there is limited data to
validate the magnitude of improvement derived from family selection. Little is known of
the comparison between family and individual genotype selection. This is partly attributed
to the difficulty of measuring individual plant data compared to family data particularly
where manpower costs are high. However, the comparison is important when justifying the
use of family over individual plant selection. Additionally, gains from family selection and

those from individual selection could be additive, thus resulting in larger gains in breeding
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programmes. The objective of this study was to compare family with individual genotype
selection for cane yield and yield components at early stages of selection for humic and

sandy soil breeding programmes in the Midlands region of South Africa.

3.3 MATERIALS AND METHODS

3.3.1 Experimental material

Crosses are made in the glasshouse at Mount Edgecombe research station (29.7°S, 31.03°E,
96 m asl) in Durban. The crossing take place between May and August every year. The
crosses used in this study were made between 2007 and 2011. The number of crosses (or
families) planted in a trial ranged from 102 to 163. The numbers of male and female parents
that were used to generate families (crosses) are shown in Table 3.1. Three mating designs
were used to generate crosses namely bi-parental, males only and melting pot. Bi-parental
crosses are where one female parent is crossed to one male parent. Males’ only crosses
involve inter-crossing of at least two male parents and collecting seed from all the parents.
Melting pot is where several male parents pollinate a single female parent. In the males’
only and melting pot, the source of pollen is always unknown. On average, 245 seedlings
were grown from each cross. However, because of variable seed set at the time of crossing,
variable germination percentage and seedling survival in the nursery, there were variable
seedling numbers per cross (ranging from 45 to 378 per cross). This varying number of

seedlings is typical at Stage | in sugarcane breeding.

Table 3.1 Location, numbers of families, parents and cross type for each trial

Location Trial Families Female Male MO/MP BP
Bruyns Hill BML10 102 38 22 54 48
Bruyns Hill BML11 113 47 31 60 53
Bruyns Hill BML12 111 35 32 66 45
Glenside SML10 121 38 23 82 39
Glenside SML11 163 92 45 76 87
Glenside SML12 112 36 34 59 53

BML = Humic soil mini-line, SML = Sandy soil mini-line, MO = Males only, MP = Melting
pot, BP = Bi-parental.

3.3.2 Experimental design, seedling establishment and management
Seedlings were germinated from true seed (seed fuzz) in the glasshouse at Mount

Edgecombe. A week after germination, the seedling trays were taken from the glasshouse
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and grown outside to harden off. When seedlings were five weeks old, they were
transplanted into air-bricks laid out on a concrete slab. At planting into air-bricks, the
families were laid out in a randomised complete block design with three replications per
family. The seedlings (genotypes) from each family was divided into three sets. The three
sets were randomly assigned to the three replications. Therefore the families were
replicated but the individual genotypes within a family were not replicated. The overall
design resulted in two plot levels, the family plot (made up of the total number of
genotypes) and the genotype plot within a family plot containing individual seedlings.

The growing conditions in the air-bricks are uniform because of similar and uniformly
prepared growth media and uniform irrigation and therefore no carry over effects were
expected. The growth media was made up of a mixture of sand, soil and bagasse compost
in a ratio of 1:1:2. Seedlings were irrigated three times a day to prevent moisture stress.
Fertiliser (N:P:K = 5:1:5) was applied weekly at a rate of 10 kg per hectare to achieve
optimum growth and replenish nutrients lost to leaching. Seedlings were left to grow in the
air-bricks for 10 months until they produced mini-stalks. At 10 months age, the seedlings

produced at least 1 m long stalks.

3.3.3 Experimental sites and trial establishment

From each seedling, vegetative stalks were harvested by cutting at the base and topping at
the natural breaking point. Cane setts were planted in the field using the same trial design
used in air bricks. Cane setts were planted in a 1 m long plot with a 1.1 m row-spacing in a
tram-line fashion. Tram-line refers to a system where two adjacent rows are planted
followed by an unplanted row. A 2.2 m spacing was left between the two tram-line rows,

which is equivalent to one unplanted row.

Two trials (at Bruyns Hill and Glenside) were respectively planted in the field across three
consecutive years in 2010 (BML10, SML10), 2011 (BML11, SML11) and 2012 (BML12,
SML12) (Table 3.1). Trial series BML10, BML11 and BML12 were humic soil, mini-lines
trials. Trial series SML10, SML11 and SML12 were sandy soil, mini-lines trials. Trials
were established at Bruyns Hill (1012 m above sea level, 30°41"E, 29°25"S) and Glenside
(985 m above sea level, 30°46'30"E, 29°20'45"S) research stations (Table 3.1). Bruyns Hill
is located on humic soil that is rich in organic matter with a high clay content, while
Glenside is located on sandy soil. Humic soil has more than 5% organic matter, while sandy
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soil possesses less than 2% organic matter (Van Antwerpen et al. 2013). Data collected
from soil pits (Ramburan et al. 2012) showed that the humic soil had an effective rooting
depth of 60 to 80 cm. Humic soil contained 18 to 36% clay, 4.0 to 6.5% soil organic matter
and soil N mineralisation of 3.0 to 3.15%. In contrast, the sandy soil had an effective rooting
depth of 40 to 60 cm, and contained 10 to 15% clay, 1.2 to 1.8% soil organic matter and

1.0 to 1.5% soil N mineralisation.

3.3.4 Data collection

Family cane yield was estimated from yield components (stalk number, stalk height and
stalk diameter) measured from a sample of the first 20 individual genotypes per plot (Zhou
2013). The number of millable stalks was counted for each seedling. Stalk height was
measured from the ground level to the topmost visible dewlap of a cane stalk. Stalk
diameter was measured using a digital calliper at the centre of each of the three stalks. Cane
yield (kg) was calculated from stalk number, stalk height and stalk diameter using the

following formula (Chang and Milligan 1992a):

Cane Yield = ndr27mR. ..o Equation 3.1

Assuming that the sugarcane stalks are perfect cylinders, in which d is the density
considered equal to 1 g cm3, n = number of stalks, h = stalk height in metres, r = radius of

stalk in centimetres and = = 22/7.

3.3.5 Data analysis

Data were analysed using mixed procedure of Statistical Analysis System (SAS Institute
2014). The estimates of variance components, standard errors and probability tests were
calculated using the COVTEST option of PROC MIXED. The following statistical linear

mixed model was used for family analysis:

Yik S Ri+ Fj+ FRij + GFR)K(i]) - e+ e v evereneateeiee e e, Equation 3.2

where Yijk = cane yield of the k™ genotype recorded from j™ family in the i"" replication, R;
= random effect of the i™ replication, Fj = random effect of the j" family, FRj; = random

interaction effect of the i replication by the j* family, G(FR)xj = random effect of the k™
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genotype nested within the random interaction effect of the i™" replication by the j™ family

and was also residual error.

The following linear mixed model was used for individual genotype analysis:

Yiik = G(F)() F GUFR)K(il) « v vvenveennreereneenneeaneeeeeaeerrreeaeeeireeneeaieaannens Equation 3.3
where G(F)kg) = random effects of k™ genotype nested within the j family, G(FR)kj) =
random effect of the k™ genotype nested within the random interaction effect of the i

replication by the j family and was also residual error.

The estimate of broad-sense heritability (H) for family was calculated as:

2
Hp = e Equation 3.4
F (o2 +crf~_R +062;(FR)) q
r rg
The broad-sense heritability (H) for individual genotype was calculated as:
O'cz;(F) .
Hi = o Equation 3.5

(96t Tewrr)

where % = variance component of the family effects, o%c = variance component of
individual genotype nested with the family, o= = variance component of the interaction
effect of replication by family, o?cr) = residual variance component, r = the number of
replications and g = the number of seedlings sampled per plot. The standard error (SE) for

H was estimated using (Becker 1992):

SE :\/Z(I_H)Z B el Equation 3.6

q(g-1)(n-1)

where g = the number of observations per family, H = broad-sense heritability and n = the

number of families in trials.

Predicted selection gain (Gs) was estimated using the formula described by Allard (1960):
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GS=KOFH. .o EQUATTON 3.7

where K = family selection intensity, or = family phenotypic standard deviation and H =
broad-sense heritability. Family selection intensity (K) was assumed to be 30% while
selection intensity for individual genotypes is 10%, the expected selection intensity in Stage
l.

3.4 RESULTS

3.4.1 Cane yield

For cane yield, the families in all trials (except SML10) produced highly significant
(P<0.001) family variance components (c%) (Table 3.2). BML10, BML11 and BML12
respectively produced larger family variance than SML10, SML11 and SML12 trials.
Family by replication interaction variance component (c%r) was highly significant
(P<0.001) for all trials. The residual variance component (c%g(rr)) for families was highly
significant (P<0.001) for all trials and this component increased from BML10 to BML12
as well as from SML10 to SML12. The replication variance component (c%r) Was non-
significant (P>0.05) across all trials. With individual genotype selection, all genotype
nested within family variance (c%c() components were highly significant (P<0.001) for all
trials except BML11 (significant at P<0.01) and SML10 (not significant with P>0.05).
The residual variance (c2c(r)) components for individual genotypes were highly significant
(P<0.001) across all trials and this component increased from BML10 to BML12 as well
as from SML10 to SML12. The variance components for families were 8 to 22% larger
than that for individual genotypes across trials. The individual genotype residual variance
(6%c(Fr)) Was consistently larger than the family residual variance (c%c(rr)) across all trials.
The individual residual variance (c°c(r)) Was 7 to 21% larger than the family residual

variance (6°G(FR)).

For cane yield, broad-sense heritability (H) estimates and predicted selection gains (Gs and
%Gs) of families were larger than that of individual genotypes in all trials (Table 3.2 and
Figure 3.1). The family broad-sense heritability ranged from 0.25 to 0.78. The BML trials
(0.59 to 0.78) produced higher family broad-sense heritability estimates than the SML trials
(0.25 to 0.55). The broad-sense heritability for individual genotypes ranged from 0.02 to
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0.10. The BML trials (0.07 to 0.10) produced larger individual broad-sense heritability
estimates than the SML trials (0.02 to 0.09). The broad sense heritability of families was
six to 12 times larger than that of individual genotypes.

The percent predicted family selection gains (%Gs) for the BML trials (38.20 to 54.38%)
were larger than that of the SML trials (17.76 to 28.81%). The percent predicted selection
gains for individual genotypes for the BML trials (7.06 to 12.25%) were larger than that of
the SML trials (1.97 to 6.79%). The percent predicted selection gains for families were four
to nine times larger than those for individual genotype selection. The R? values as well as
the coefficient of variation (CV%) for individual genotype selection were larger than those

for family selection across all trials.

3.4.2 Stalk number, height and diameter

The replication variance components (c2r) for families were not significant (P>0.05) for
stalk number, stalk height and stalk diameter across all trials (Tables 3.3, 3.4, 3.5). The
family variance components (c2F) were highly significantly (P<0.001) across trials except
for stalk number (significant at P<0.01) and stalk diameter (significant at P<0.05) in
SML10. The family by replication variance (c%r) and residual variance components
(c%c(r)) Were highly significant (P<0.001) across all trials. Family variance components
(%) were generally larger than family by replication interaction variance components
(o%r) for stalk number and stalk diameter. The opposite trend was observed for stalk
height. For families, the residual variance (c?c(r)) Was the largest. For individual
genotypes, genotype nested within family (6%c(r) and the residual variance (c°c(rr)) Were
highly significant (P<0.001) across trials, except for SML10 (significant at P<0.05) and
SML11 (not significant with P>0.05) for stalk number. Family variance (c%) was larger
than genotype nested within family variance (c%g) for stalk number (BML11, BML12
and SML11), stalk height (BML10, BML11, BML12 and SML10) and stalk diameter
(BML10, BML11, BML12, SML10 and SML11). Residual variance (c2c(r)) for families
was lower than residual variance (c%c(r)) for individual genotypes. Individual genotypes

produced higher CV% and higher R? values than families.

The broad-sense heritability (H) and predicted selection gains (Gs and %Gs) of families
were larger than that of individual genotypes for stalk number, stalk height and stalk
diameter for all trials (Tables 3.3, 3.4, 3.5 and Figures 3.2, 3.3). Humic soil populations
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generally produced larger H, Gs (except for stalk height in SML11) and %Gs values than
sandy soil populations for both family and individual genotype selection. In humic soil
trials, the highest broad-sense heritability values were observed for stalk diameter while
stalk height had the lowest. In sandy soil trials, stalk diameter showed the highest broad-
sense heritability estimates while stalk number had the lowest. The %Gs for families were
highest for stalk number and lowest for stalk diameter in both humic and sandy soil trials.
For humic soil trials, individual genotypes generally showed the highest %Gs for stalk
number and the lowest for stalk diameter while for sandy soil trials the predicted selection

gain was generally highest for stalk height and lowest for stalk diameter.
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Table 3.2 Variance components, broad-sense heritability (H), predicted selection gain (Gs), coefficient of determination (R?) and

coefficient of variation (CV) for cane yield (kg) for family (F) and individual genotypes selection (IGS) in humic (BML) and sandy
(SML) soil, mini-line series planted in 2010, 2011 and 2012

Statistic BML10 BML11 BML12 SML10 SML11 SML12
Family

o°R 0.16+0.18ns 0.15+0.17ns 6.49+5.39ns 0.72+0.63ns 1.52+1.08ns 3.76x3.39ns
o%F 2.49+0.52*** 2.41+0.61*** 6.00+1.13*** 0.35+0.26ns 1.3840.39*** 3.62+1.16***
o%R 2.09+0.33*** 3.32+0.47*** 3.08+0.55*** 2.35+0.34*** 2.33+0.35*** 6.99+1.06***
6%G(FR) 18.98+0.38*** 27.47+0.53*** 40.78+0.80*** 14.34+0.28*** 17.36£0.34*** 37.00£0.78***
Hr 0.70+0.03 0.59+0.11 0.78+0.02 0.25+0.03 0.55+0.03 0.54+0.03
Gs 3.56 3.58 5.77 1.08 2.68 3.82

%Gs 54.38 39.10 38.20 17.76 28.81 25.88
Meanzstdev 6.55+4.36 9.16+5.24 15.11+6.39 6.10+3.79 9.29+4.17 14.77+6.08
R? 0.24 0.22 0.29 0.23 0.24 0.28

CVv 66.54 57.26 42.27 62.08 44.89 41.17
Individual genotypes

626 2.31+0.37*** 2.21+0.49** 4.93+0.80*** 0.29+0.26ns 1.13+0.29*** 4.15+0.83***
6%G(FR) 21.34+0.52*** 31.03£0.72*** 49.10+1.14*** 17.29£0.41*** 20.54+0.47*** 44.71+1.16%**
Hics 0.10+0.02 0.07+0.02 0.09+0.02 0.02+0.01 0.05+0.01 0.09+0.02

Gs 0.80 0.65 1.12 0.12 0.42 1.00

%Gs 12.25 7.06 7.44 1.97 4.50 6.79
Meanzstdev 6.55+4.66 9.16+5.52 15.11+7.0 6.10+4.17 9.29+4.56 14.77+6.70
R? 0.43 0.43 0.43 0.44 0.42 0.49

CV 71.15 60.32 46.37 68.28 49.10 45.35

0% 626 108 109 122 121 122 87

Hr/Higs 700 843 867 1250 1100 600

%GsFy %Gs 444 554 513 901 640 381

(IGS)

o%r = Replication variance, 6% = Family variance, 6% = Family by replication variance, 6°crr)= Residual variance, o%c(r) = Genotype

nested within family variance, ***Significant at P<0.001, **Significant at P<0.01, *Significant at P<0.05, ns = Not significant at P>0.05
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Table 3.3 Variance components, broad-sense heritability (H), predicted selection gain (Gs), coefficient of determination (R?) and
coefficient of variation (CV) for stalk number for family (F) and individual genotypes selection (IGS) in humic (BML) and sandy
(SML) soil, mini-line series planted in 2010, 2011 and 2012

Statistic BML10 BML11 BML12 SML10 SML11 SML12
Family

o°R 0.04+0.09ns 0.54+0.57ns 8.53+7.11ns 0.22+0.27ns 5.76+3.97ns 2.58+2.64ns
o%F 4.31+0.83*** 9.16+2.15%** 12.64+2.33*** 1.41+0.59** 7.02+1.75%** 13.26+2.89***
o%R 1.96+0.44*** 8.72+1.44%** 5.52+1.01*** 3.72+0.65*** 5.55+1.06*** 10.40+1.73***
6%G(FR) 41.63+0.83*** 103.55£2.01***  77.43+1.52*** 41.94+0.81*** 69.15+1.37*** 75.66+1.61***
Hr 0.75+0.03 0.64+0.03 0.80+0.02 0.40+0.04 0.69+0.03 0.73+0.03

Gs 5.62 7.60 8.18 3.00 6.62 7.35

%Gs 45.53 30.52 32.52 22.51 25.39 26.69
Meanzstdev 12.35+6.45 24.90+£10.18 25.16+8.80 13.34+6.48 26.06+8.31 27.5318.70

R? 0.18 0.19 0.27 0.16 0.21 0.30

CV 52.26 40.88 34.97 48.54 31.89 31.60
Individual genotypes

626 4.70£0.74*** 7.60£1.77*** 0.84+1.51*** 1.61+0.71* 1.46+1.07ns 17.02+1.97***
6%G(FR) 43.23+1.05*** 113.2242.62***  90.91£2.12*** 45.55+1.09*** 81.44+1.87*** 83.55+2.45***
Hics 0.10+0.02 0.06+0.02 0.10+0.02 0.03+0.01 0.02+0.01 0.17+0.03

Gs 1.14 1.17 1.63 0.41 0.28 2.68

%Gs 11.55 4.71 6.49 3.05 1.06 9.75
Meanzstdev 12.35+6.62 24.90+10.58 25.16+9.50 13.3446.75 26.06+8.96 27.53+9.01

R? 0.43 0.43 0.44 0.45 0.42 0.55

cVv 53.63 42.46 37.74 50.63 34.37 32.68

0% 626 92 120 128 88 481 78

Hr/Higs 750 1067 800 1333 3450 429

%GSFy %Gs (6s) 394 1252 501 738 2395 274

o%r = Replication variance, 6% = Family variance, 6%r = Family by replication variance, 62(r) = Residual variance, 6% = Genotype nested

within family variance,***Significant at P<0.001, **Significant at P<0.01, *Significant at P<0.05, ns = Not significant at P>0.05
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Table 3.4 Variance components, broad-sense heritability (H), predicted selection gain (Gs), coefficient of determination (R?) and

coefficient of variation (CV) for stalk height for family (F) and individual genotypes selection (IGS) in humic (BML) and sandy (SML)
soil, mini-line series planted in 2010, 2011 and 2012

Statistic BML10 BML11 BML12 SML10 SML11 SML12

Family

o%R 0.0042+39.97ns 0.0013+0.0011ns 0.0107+0.0088ns 0.0108+0.0086ns 0.0013+0.0011ns 0.0066+0.0058ns
o% 0.0160£39.27***  0.0090+0.0021***  0.0062+0.0015***  0.0098+0.0028***  0.0087+0.0018***  0.0068+0.0058***
o%R 0.0260£31.73***  0.0138+0.0017***  0.0068+0.0010***  0.0206+0.0025***  0.0072+0.0010***  0.0080+0.0017***
0%6(FR) 0.0755+15.13***  0.0537+0.0010***  0.0527+0.0010***  0.0562+0.0010***  0.0409+0.0008***  0.0557+0.0013***
Hr 0.61+42 0.61+0.03 0.66+0.37 0.55+0.04 0.73+0.02 0.64+0.03

Gs 19.5786 0.1627 0.1771 0.1466 0.1953 0.1792

%Gs 18.9862 20.5975 14.8814 13.9654 23.5357 14.2196
Meanzstdev 1.03+0.27 0.79+0.23 1.19+0.23 1.05+0.23 0.83+0.02 1.26+0.24

R? 0.40 0.34 0.30 0.44 0.34 0.28

Cv 26.64 29.33 19.32 22.49 24.27 18.71

Individual genotypes

6% 0.0133£19.06***  0.0078+0.0011***  0.0026+0.0009**  0.0079+0.0015***  0.0103+0.0010***  0.0073+0.0013***
02G(FR) 0.1063+£25.84***  0.0685+0.0016***  0.0685+0.0016***  0.0873+0.0022***  0.0484+0.0011***  0.0658+0.0017***
Hics 0.11+0.02 0.10+0.02 0.04+0.01 0.08+0.02 0.18+0.02 0.10+0.02

Gs 6.3965 0.0466 0.0170 0.0424 6.8611 0.0455

%Gs 6.2030 5.8945 1.4254 4.0420 8.2267 3.6097
Meanzstdev 1.03+0.33 0.79+0.26 1.19+0.26 1.05+0.29 0.83+0.02 1.26+0.26

R? 0.44 0.45 0.39 0.48 0.50 0.50

CV 31.76 33.13 22.11 27.96 26.68 20.30

o%F 6%6(F) 120 115 238 124 84 93

He/Higs 554 610 1650 687 406 640
%Gs(F)/%Gsqcs) 306 349 1044 345 286 394

o%r = Replication variance, 6% = Family variance, 6% = Family by replication variance, 6%g(rr) = Residual variance, 6% = Genotype

nested within family variance,***Significant at P<0.001, **Significant at P<0.01, *Significant at P<0.05, ns = Not significant at P>0.05
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Table 3.5 Variance components, broad-sense heritability (H), predicted selection gain (Gs), coefficient of determination (R?) and
coefficient of variation (CV) for stalk diameter for family (F) and individual genotypes selection (IGS) in humic (BML) and sandy
(SML) soil, mini-line series planted in 2010, 2011 and 2012

Statistic BML10 BML11 BML12 SML10 SML11 SML12

Family

o%R 0.0002+0.0003ns 0.0000 0.0027+0.0023ns 0.0003+0.0004ns 0.0011+0.0009ns 0.0000

o% 0.0088+0.0018***  0.0154+0.0024***  0.0305+0.0048***  0.0086+0.0015* 0.0080+0.0017***  0.0235+0.0038***
o%R 0.0060+0.0010***  0.0027+0.0006***  0.0063+0.0011***  0.0038+0.0007***  0.0026+0.0011***  0.0040+0.0011***
0%G(FR) 0.0657+0.0013***  0.0616+0.0012***  0.0854+0.0017***  0.0544+0.0010***  0.0902+0.0018***  0.0737+0.0015***
Hr 0.734£0.03 0.88+0.02 0.90+0.01 0.78+0.02 0.75+0.02 0.89+0.01

Gs 0.2210 0.2541 0.3017 0.2090 0.2619 0.2802

%Gs 8.9472 10.6332 11.9232 9.0851 11.3882 12.1277
Meanzstdev 2.47+0.26 2.39+0.25 2.53+0.29 2.30+0.23 2.30+0.30 2.31+0.27

R? 0.22 0.27 0.34 0.23 0.15 0.31

cVv 10.39 10.38 11.57 10.24 13.09 11.72

Individual genotypes

0% 0.0081+0.0013***  0.0134+0.0013***  0.0290+0.0022***  0.0086+0.0011***  0.0074+0.0015***  0.0236+0.0021***
o%G(FR) 0.0718+0.0017***  0.0658+0.0015***  0.0945+0.0022***  0.0581+0.0014***  0.0928+0.0022***  0.0776+0.0021***
Hics 0.10+0.02 0.17+0.03 0.24+0.03 0.13+0.02 0.07+0.01 0.23+0.03

Gs 0.0483 0.0773 0.1283 0.0547 0.0392 0.1150

%Gs 1.9559 3.2350 5.0692 2.3779 1.7055 4.9803
Meanzstdev 2.47+0.27 2.39+0.26 2.53+0.31 2.30+0.24 2.30+0.30 2.31+0.28

R? 0.45 0.49 0.52 0.51 0.47 0.58

CVv 10.83 10.71 12.12 10.55 13.00 11.90

0%y 6% 108.64 114.92 105.17 100 108.11 99.58

He/Hics 730 518 375 600 1071 387

%Gs F %Gs (cs) 457 329 235 382 668 243

o%r = Replication variance, 6% = Family variance, 6% = Family by replication variance, 6%g(rr) = Residual variance, 6% = Genotype

nested within family variance,***Significant at P<0.001, **Significant at P<0.01, *Significant at P<0.05, ns = Not significant at P>0.05
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3.5 DISCUSSION

Families had higher predicted selection gains, higher broad-sense heritability estimates and
larger variances than individual genotypes highlighting superiority of family compared to
individual genotype selection in sugarcane breeding. The benefits of family selection are
derived from larger genetic variability, ability to discriminate between superior and inferior
families and the higher expected genetic gains. Previous studies on family selection by Cox
and Stringer (1998), Kimbeng and Cox (2003) and Shanthi et al. (2008) demonstrated
significant differences among families but none of these studies compared family to
individual genotype selection. This study is the first to comprehensively quantify the
benefits of family compared to individual genotype selection. All breeding parameters for
families were higher than those for individual genotype selection indicating expected
increased selection efficiency from adopting family selection in sugarcane breeding. The
advantages of family selection compared to individual genotype selection are enhanced
because families can be replicated whereas individual genotypes cannot be replicated.
Individual genotypes cannot be replicated because of insufficient breeding material and this
further decreases the precision of evaluating individual plant data. Individual genotypes
cannot be replicated because of larger numbers which require much larger areas of land to
achieve replication.

The cane yield for families produced at least six times higher broad-sense heritability
estimates compared to individual genotypes for all trials. Broad-sense heritability is the
proportion of genetic variance that is attributed to the amount of phenotypic variation in
the population (Falconer 1960; Zhou and Joshi 2012). Results indicated that families
contributed larger proportions of genetic variation compared to individual genotypes. The
larger proportion of phenotype attributed to genetic variation showed that selection of
families with superior genetic performance would be more effective than selecting
individual genotypes with superior genetic make-up. The trend was the same for stalk
number, stalk height and stalk diameter indicating that characterising populations through
families was more accurate than through individual genotypes within the populations.
Results confirm previous studies that showed family evaluation and selection was superior
to individual genotype selection (Zhou 2014; Zhou and Mokwele 2015). Selecting for cane
yield in families would be at least six times more accurate than through individual

genotypes. Results further suggested that using family selection, populations that produce
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high cane yield can be selected with higher precision than using individual genotype
selection. Using family selection in sugarcane breeding increases significantly the
identification of superior populations which should ultimately increase genetic gains for
cane yield components.

Family predicted selection gain for yield was at least four times that for individual
genotypes indicating that higher yield populations were advanced using family selection.
Predicted selection gains are an indication of potential genetic gains that can be expected
from selecting a proportion of individuals or a population of individuals. Results suggest
that larger gains would be achieved through family compared to individual genotype
selection. The trend was the same for stalk number, height and diameter indicating that
improvement in cane yield would be accelerated using family selection. These results are
in agreement with a study by Zhou (2014) which showed that yield components could
provide an adequate discriminating ability for determining family differences. Because of
higher precision of family selection, the advanced populations would generally be more
superior and this result in more efficient utilisation of resources in later stages of genotype
testing. Higher predicted gains that lead to higher genetic gains, when carried out over
several cycles of sugarcane breeding, are expected to accelerate recurrent selection for

target yield traits.

The larger family variance indicated larger genetic variability among families than among
individual genotypes. Selection in plant breeding takes advantage of variability within
populations (Allard 1960). Higher family genetic variability indicates that superior families
can be easily identified from populations. Further, the lower genetic variability among
individuals indicates that most of the variability could be caused by effects of random
environmental error on the genotypes. Genotypes at this stage of sugarcane breeding are
planted in small plots which result in higher inter-plot competition. Inter-plot competition
has been identified among sugarcane individual genotypes in unreplicated single row trials
in several studies (Skinner 1961; McRae and Jackson 1998). The effect of environmental
error further increases the variability as well as the masking of true genetic expression. In
contrast, families are generally planted in larger plots that are less susceptible to
competition among families. Further, replication of families allows for field variability to
be accounted for, unlike individual genotypes where field variability has a larger influence
on individuals. Results suggest that variability among families was larger and more

45



important than among individuals within populations, and this provide a potential to

increase selection of superior populations in sugarcane breeding.

The residual variance for individual genotypes was larger than that of families highlighting
the lower precision associated with individual genotype evaluation compared to family
evaluation. The residual variance for genotypes compared to families was largest for stalk
height, indicating the lower accuracy of comparing populations for height using individual
genotype data due to the confounding effect of environmental error. Results further
suggested that height could be mostly influenced by inter-plot competition among
genotypes than in families. Genotypes are planted in unreplicated single row plots of one
row by 1 m long and therefore high inter-plot competition is expected. Several studies on
the efficiency of using single-row plots for sugarcane breeding have been conducted
(Skinner 1961; Jackson and McRae 2001). These studies concluded that, in trials which use
single-row plots, inter-plot competition could bias estimates of genotype trait values and
may reduce genetic progress. Further, during individual genotype evaluation and selection,
a lot of bias is given to stalk height (because of easy visual appreciation for height), a
parameter more susceptible to inter-plot competition, further confounding the effectiveness
of individual genotype selection. Therefore, family evaluation and selection would reduce
the impact of random environmental error on selection. The large residual variance for
individual genotypes was associated with higher CV% indicating larger variability within

the genotype data compared to family data.

Cane yield had higher predicted selection gains than stalk number, height and diameter
suggesting that selecting for cane yield directly was more efficient than through its
components. During individual genotype selection for advancement, sugarcane breeders
visually evaluate each individual genotype for optimum combination of stalk number,
height and diameter. Genotypes perceived to have the desired optimum combination, that
is high number of stalks that are taller and thicker, are generally selected and advanced to
the next stage of variety testing. Results suggest that such an approach, particularly based
on limited or no data may not be entirely efficient. It appeared that the individual
components have lower predicted selection gains and some possess lower broad-sense
heritability than cane yield, indicating that they may be more prone to environmental error.
Further, visual selection is known to be biased (Kimbeng and Cox 2003) and therefore,
visually determining the optimum combination of traits maybe inaccurate (Zhou et al. 2010,
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2013b). Studies using logistic regression models indicate that an unbiased statistical
approach is more accurate. In this study, aiming to select for cane yield directly is more

accurate.

In practice, family evaluation is followed by family selection to identify elite families from
which individual genotype selection for advancement to the next stage is carried out. While
results have shown the superiority of family selection, results also indicated that individual
genotype variances were significant. Although individual genotypes had low predicted
selection gains and broad-sense heritability estimates, these values were significant. Before
family evaluation and selection were adopted, progress in genetic gains was achieved in
sugarcane breeding, albeit at considerably lower levels of efficiency (Skinner 1982).
Therefore, using the strategy of family evaluation to firstly identify elite families and then
secondly applying efficient individual genotype selection within the selected families is
expected to accelerate genetic gains in sugarcane breeding. Assuming that predicted
selection gains from families and individual genotypes are additive, the combined
application of family followed by individual genotype selection should benefit from the
expected additive nature of the genetic gains. However, applying other approaches to
selection for individual genotypes in elite populations such as logistic regression models

(Zhou et al. 2013a) would further increase efficiencies in sugarcane breeding.

Humic soil populations had higher broad-sense heritability estimates and higher predicted
selection gains compared to sandy soil populations suggesting higher efficiencies in humic
than sandy soil. Humic soil is more uniform in terms of soil depth, organic matter and clay
content than sandy soil. Humic soil is deeper with higher organic matter and clay content
than sandy soil (Van Antwerpen et al. 2013). Therefore, less variability in the fields is
evident from humic compared to sandy soil. Further, a deeper soil with higher water holding
capacity reduces the impact of moisture stress on the crop in humic soil resulting in more
uniform growth compared to sandy soil (Zhou and Gwata 2016). Therefore, less impact of
environmental error is expected from humic soil than sandy soil. Further, the terrain in the
fields where humic soil populations were grown was less rugged compared to where sandy
soil populations were grown, further reducing the impact of environment error in humic

soil.
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Percent predicted selection gains were highest for stalk number and lowest for stalk
diameter suggesting that during visual selection within elite families, focus should be on
stalk number followed by stalk height and least on stalk diameter. A previous study (Zhou
2004) showed that stalk number had the strongest influence on yield. Other studies on path
coefficient analysis (Mariotti 1973; Chaudhary and Singh 1994; Chaudhary and Joshi 2005;
Tyagi et al. 2012; Smiullah et al. 2013; Sanghera et al. 2015) showed similar results. Studies
using logistic regression models in early selection stages of sugarcane breeding (Zhou et
al. 2013a) showed the strong influence of stalk number on sugarcane yield.

The consistently high residual variance in all trials indicated that a large proportion of the
variability was not accounted for by the experimental design. Currently, a randomised
complete block design is being used for all trials. Trials are generally planted in large areas,
spanning from four to six hectares. The large within block variability could have
contributed to the large residual error. By improving design efficiency and adopting
incomplete block designs such as lattices would probably increase the efficiency in these
trials. Such designs can account for within block variability and thus reduce residual
variance and increasing the efficiency of comparing families. Statistical modelling of plant-
to-plant competition and variability within blocks could also be used to reduce the residual
variance. Large numbers of families are evaluated at early stages of sugarcane breeding and
selection. This increases the importance of experimental design efficiency. According to
Durner (1989), the plot size plays a significant role in determining field experimental
precision. In this study, a family was replicated three times and a sample of first 20
seedlings per family plot was used. Zhou (2014) concluded that yield data collected from
10 seedlings per plot in each of the four replications per family would be sufficient for
evaluating family performances. Other suggestions range from 20 to 150 plants per family
(Wu et al. 1977, 1978; Mariotti et al. 1981; Barbosa et al. 2001). In addition, the lower R?
values and larger CV% values observed in the current study is an indication of the larger
variability in the data, leading to a poor detection of family differences. Therefore, this

study indicated the need to optimise the replications and sample sizes for family trials.

3.6 CONCLUSIONS

Families had larger variability, higher broad sense heritability estimates and higher

predicted selection gains than individual genotypes, highlighting the potential of using
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family selection to accelerate genetic gains in sugarcane breeding. Selecting families
directly for cane yield was more efficient than through the yield components indicating that
visual selection, which focuses on the yield components, was less accurate. Stalk height
was more susceptible to field variability and inter-plot competition suggesting that visual
selection without family evaluation would be inefficient particularly because of the bias
towards taller plants during selection. Combined gains from family and individual
genotypes are expected to increase genetic gains from adopting family selection in
sugarcane breeding. Humic soil populations had larger variability, higher broad sense
heritability estimates and higher predicted selection gains compared to sandy soil
populations, indicating the efficacy of family evaluation in comparing two breeding

populations.
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CHAPTER 4

IDENTIFYING ELITE FAMILIES AND DETERMINING OPTIMUM
FAMILY SELECTION RATES IN SUGARCANE BREEDING

4.1 ABSTRACT

Family selection in sugarcane has shown to increase genetic gains for traits controlled by
several genes such as cane yield when compared to individual genotype selection at early
selection stages. The objectives of this study were to evaluate and identify elite families for
cane vyield, to determine optimum family selection rates and to identify ideal trait
combinations among the family groupings. Stalk number, stalk height and stalk diameter
were measured on a sample of 20 individual genotypes per plot in each of the three
replications per family and the data were used to calculate cane yield. Data were analysed
for family, group and family within group effects using SAS mixed models. Results
indicated highly significant differences (P<0.0001) for family and group effects for all
traits. The highly significant differences (P<0.0001) observed for family within group
effects for diameter indicated large variability for families within the different cane yield
groups. Principal component analysis indicated that selection for stalk number and stalk
height, rather than stalk diameter, would lead to an increase in cane yield. The humic soil
populations produced a significantly (P<0.05) higher proportion of elite families compared
to the sandy soil populations. The optimum selection rate for humic soil trials was 30%
while that for sandy soil trials it was 25%, suggesting that more elite families were obtained

from humic soil compared to sandy soil populations.

Keywords: Sugarcane, family evaluation, cane yield components, predicted selection gains,

optimum selection rates

4.2 INTRODUCTION

Family evaluation involves collecting data from progenies within family plots and using
the data to determine family values. The family values are used to identify families that
possess higher trait values which are also known as elite families. The advantage of family
evaluation and selection is that families can be replicated across locations which provide

an opportunity for evaluating family comparisons whereas individuals cannot be replicated.
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This is because of the small amount of seed material available to be planted for individual
genotypes as well as the large numbers of seedlings involved at the early stages of
sugarcane breeding. Individual genotype selection is therefore restricted to the selected
families. Previous studies have shown that family selection, rather than individual genotype
selection, resulted in higher genetic gains for quantitative traits such as cane yield at the
early stages of sugarcane breeding (Hogarth 1971; Cox et al. 1996; Kimbeng and Cox 2003;
Stringer et al. 2011; Barbosa et al. 2012). Thus, the selected or elite families are expected
to produce a large number of superior individual genotypes with high cane yield.

Prior to family selection, the proven cross system was used to evaluate and identify superior
families (Skinner et al. 1987). The proven cross system defined superior families based on
the proportions of seedlings and genotypes advanced to later stages of the selection
programme as a statistic to determine the value of a family. The proven cross system has
been extensively used in sugarcane breeding programmes (Heinz and Tew 1987; Skinner
et al. 1987). As a result, the proven cross system was biased towards the old rather than the
new crosses (Zhou 2009) because they would have higher advancement rates. Crosses with
high germination rates were most likely to be repeatedly replanted in large numbers of
seedlings with the expectation to generate more elite progenies. The drawback of the proven
cross system was that it lacked statistical comparison among families. The proven cross
system required a number of years to determine whether a cross was elite or not (Milligan
and Legendre 1990; Kimbeng and Cox 2003). Crosses with high germination rates had
higher advancement rates and would be considered elite at the expense of new crosses or
crosses with fewer seedlings. The lack of statistics to compare crosses resulted in a lack of
objectivity when determining elite families.

Family selection has been used in sugarcane breeding programmes in Australia (Hogarth
et al. 1990; Cox and Hogarth 1993a, 1993b; Cox and Stringer 1998; Kimbeng et al. 2000,
2001a, 2001b; Stringer et al. 2011), India (Shanthi et al. 2008; Babu et al. 2009), Hawaii
(Wu and Tew 1989), Cuba (Ortiz and Cabellero 1989), Brazil (Bressiani et al. 2005; De
Resende and Barbosa 2006; Pedrozo et al. 2011), South Africa (Bond 1977, 1989; Zhou
and Lichakane 2012; Zhou et al. 2013b; Zhou 2014, 2015), Indonesia (Sukarso 1986) and
USA (Milligan and Legendre 1990; Chang and Milligan 1992a, 1992b). Family evaluation
data has also been used to determine the best parent combinations at the time of crossing
as well as to identify elite parents for future crosses (Chang and Milligan 1992a, 1992b;

55



Cox and Stringer 1998). The family data is effective in evaluating parent’s performances

in complex genome plants such as sugarcane (Stringer et al. 2011).

Despite the wide adoption of family selection, there is no established optimum family
selection rate. To date, limited research has investigated the optimum family selection rate.
In Australia, approximately 40% of tested families are selected as elite families (Kimbeng
and Cox 2003). However, there has been no evidence on how this figure was determined.
Considering the wide adoption of family evaluation and selection in sugarcane, there is a
need to determine methods for estimating optimum family selection rates. Further, such
research will determine if the optimum family selection rate is static across breeding
populations as well as over time. The objectives of this study were to evaluate and identify
elite families for cane yield, determine the optimum family selection rate and identify ideal

trait combinations among the elite families.

4.3 MATERIALS AND METHODS

The experimental material, experimental design, seedling establishment and management,
experimental sites and trial establishment, and data collection used for this study were the
same as described in Chapter 3, sections 3.3.1 to 3.3.4.

4.3.1 Data analysis

Data were analysed using mixed procedure of Statistical Analysis System (SAS Institute
2014). The estimates of variance components, standard errors and probability tests were
calculated using the COVTEST option of PROC MIXED. Best linear unbiased predictors
(BLUP) analysis for the family effects used the linear model:

Yik T+ RiF Fjt GFR) K(i)e e veveneeneneneeneninieeeee e Equation 4.1

where Yij = cane yield of the k™ genotype recorded from j™ family in the i replication, p
= grand mean, Ri = random effect of the i replication, F; = random effect of the family,
G(FR)kj = random effect of the k™ genotype nested within the random interaction effect
of the i replication by the j™ family and was also residual error. The degrees of freedom
for the BLUP were estimated using Satterthwaite’s procedure (Freund and Wilson 2003)
and used to perform an appropriate t-test.
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The following linear mixed model was used for family fixed effects analysis:

Yik=pn+ Rit Fj+ RFjj+ G(FR)K() o vevveveneeiaiieieie e Equation 4.2

where Yij = cane yield of the k™ genotype recorded from j family in the i*" replication,
=grand mean, R; = random effect of the i'" replication, Fj = fixed effect of the j*" family, FRj;
= random interaction effect of the i replication by the j family, G(FR)xj = random effect
of the k™ genotype nested within the random interaction effect of the i replication by the

j" family and was also residual error.
After analysis, families were ranked using BLUP values from lowest (large negative
values) to highest (large positive values). The ranked families were then divided into groups

based on magnitudes of their P-values (Table 4.1).

Table 4.1 Summary of the BLUP P-values, family subgroups and their yield groups

BLUP values BLUP Family Yield groups
(negative or positive) P-values subgroups

Positive P<0.0001 PP0O001 Elite
Positive P<0.001 PPO01 Elite
Positive P<0.01 PPO1 Elite
Positive P<0.05 PP05 Elite
Positive P>0.05 PPNS Average
Negative P>0.05 PNNS Average
Negative P<0.05 PNO5 Non-elite
Negative P<0.01 PNO1 Non-elite
Negative P<0.001 PNOO1 Non-elite
Negative P<0.0001 PN0001 Non-elite

Family groupings were done for each trial. The new data for each trial, created with these
groupings, were subjected to analysis of variance using the following linear mixed model:
Yijk = p + Ri+ Cj+ F(C)kj + RF (C)ijk + G(FR (C))ijkl- + v evemeneeniniiiiiinnnnnn. Equation 4.3
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where Yija = cane yield of the I genotype in the i replication of the k™ family within the
j" group, p = grand mean, R; = random effect of the i replication, Cj= fixed effect of the
j™ group of families, F(C)xj = fixed effect of the k™ family nested within the j"" group,
RF(C)ijk = random interaction effect of the i replication by the k™ family nested within the
j'™ group and is the error term for testing the group effect, G(FR (C))ij = individual 1™
genotype nested within the interaction effect of the i replication by the j family, which

in turn is nested within the j™ group and is also the residual error.

Selection gain (Gs) was estimated using the formula described by Allard (1960):

GS = KOFH . .o Equation 4.4

where K = family selection intensity, or = family phenotypic standard deviation and H =
broad-sense heritability. The optimum selection rate was determined by estimating the
selection gain, using family selection intensity (K) ranging from 1 to 100%, while the or
and H were kept constant.

4.4 RESULTS

4.4.1 Family fixed effects

The family effects F-values for BML10, BML11 and BML12 were very highly significant
(P<0.0001) for cane yield (Table 4.2). SML11 and SML12 trials had highly significant
(P<0.001) family effects F-values, while that of SML10 was significant (P<0.05). The F-
values for sandy soil trials increased from SML10 to SML12. Trials BML11 and BML12
had highly significant (P<0.0001) F-values for stalk number, while BML10 was non-
significant (P>0.05). For sandy soil, SML11 and SML12 were very highly significant
(P<0.0001) while SML10 was highly significant (P<0.001) for stalk number. The F-values
for stalk number across all trials increased from SML10 to SML12 as well as from BML10
to BML12. The F-values for stalk height were very highly significant (P<0.0001) for both
humic and sandy soil trials. The humic soil F-values increased from BML10 to BML12.
Stalk diameter F-values were very highly significant (P<0.0001) for both humic and sandy
soil trials. The F-values in humic soil trials increased from BML10 to BML12. Humic soil
trials generally produced larger F-values compared to sandy soil trials for cane yield, stalk

number, stalk height and stalk diameter. Generally stalk height had the highest R? values,
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while stalk number had the lowest values. Cane yield had the highest CV% values while

stalk diameter had the lowest CVV% values.

Table 4.2 Family F-values, their P-values, coefficient of variation (CV) and coefficient
of determination (R?) for cane yield and yield components for the humic (BML) and
sandy (SML) soil trial series planted in 2010, 2011 and 2012

Effect BML10 BML11 BML12 SML10 SML11 SML12

Cane yield

Family F=3.13 F=2.41 F=3.94 F=1.38 F=1.66 F=1.88
P<0.0001  P<0.0001 P<0.0001  P=0.0283 P=0.0010 P=0.0002

R? 0.24 0.22 0.29 0.22 0.24 0.28

cVv 66.55 57.27 42.27 62.09 44.89 41.17

Meantstdev 6.55+4.36  9.16+5.24 15.1146.39 6.11+3.79 9.31+4.17 14.77+6.08

Stalk number

Family F=0.39 F=2.75 F=4.35 F=1.68 F=2.38 F=3.06
P=0.3473  P<0.0001 P<0.0001  P=0.0011 P<0.0001 P<0.0001

R? 0.18 0.19 0.27 0.15 0.21 0.29

CVv 52.22 40.88 34.97 48.54 3191 31.59

Meantstdev 12.35+6.45 24.90+10.18 25.16+8.80 13.34+6.47 26.06+8.31 27.53+8.71

Stalk height

Family F=2.39 F=2.47 F=2.65 F=1.97 F=2.73 F=2.31
P<0.0001  P<0.0001 P<0.0001  P<0.0001 P<0.0001 P<0.0001

R? 0.40 0.37 0.31 0.44 0.35 0.28

cVv 25.65 29.32 19.32 22.49 24.26 18.71

Meantstdev  1.03+0.27  0.79+0.23 1.19+0.23  1.05+0.24 0.83+0.20 1.26+0.24

Stalk diameter

Family F=3.46 F=7.78 F=8.34 F=4.11 F=2.89 F=7.36
P<0.0001  P<0.0001 P<0.0001  P<0.0001  P<0.0001 P<0.0001

R? 0.22 0.27 0.34 0.23 0.15 0.31

cVv 10.38 10.38 11.57 10.22 13.09 11.72

Meantstdev 2.46+0.26  2.39+0.25 2.52+0.29 2.27£0.23  2.29+0.30 2.31+0.27

59



4.4.2 Group fixed effects

Group fixed effects were highly significant (P<0.0001) across all trials for all traits (except
for stalk diameter in SML10 was significant at P=0.0083) (Table 4.3). The group F-values
for cane yield, stalk number and stalk diameter in sandy soil trials increased from SML10
to SML12. Stalk diameter F-values in humic soil trials increased from BML10 to BML12,
while stalk number F-values in humic soil trials decreased from BML10 to BML12. Across
all trials the family within group F-values for cane yield were not significant (P>0.05). The
family within group F-values for stalk number for the humic soil trials were non-significant
in BML10 (P=0.5387) but significant in BML11 (P=0.0014) and highly significant in
BML12 (P<0.0001). Sandy soil trials showed a similar pattern where the family within
group F-value for stalk number was non-significant in SML10 (P=0.6176) but significant
in SML11 (P=0.0008) and highly significant in SML12 (P<0.0001) respectively. The
family within group F-values for stalk number increased from BML10 to BML12 as well
as from SML10 to SML12. The family within group F-values for stalk height for humic
soil trials were non-significant in BML10 (P=0.6558) and BML11 (P=0.0895) but highly
significant in BML12 (P<0.0001). For sandy soil, the family within group F-values were
non-significant in SML10 (P=0.6281) but significant in SML11 (P=0.0098) and SML12
(P=0.0470). The family within group F-values for stalk height in humic soil trials increased
from BML10 to BML12. The family within group F-values for stalk diameter was highly
significant (P<0.0001) for both humic and sandy soil trials.

Generally, larger and significant F-values among groups were associated with lower and
non-significant F-values for families within groups. This trend was conspicuous across all
traits. Cane yield, with highly significant F-values, produced non-significant family within
group F-values, while the yield components with lower F-values produced larger and highly

significant family within group F-values.
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Table 4.3 Group and F(Group) (family within group) F-values,

their P-values,

coefficient of variation (CV) and coefficient of determination (R?) for cane yield and

yield components for the humic (BML) and sandy (SML) soil trial series planted in

2010, 2011 and 2012

Effect BML10 BML11 BML12 SML10 SML11 SML12

Cane yield

Group F=33.40 F=24.16 F=37.75 F=14.69 F=18.34 F=20.49
P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001

F(Group) F=0.15 F=0.54 F=0.64 F=0.30 F=0.56 F=0.31
P=1.0000 P=0.9997 P=0.9929 P=1.0000 P=0.9997 P=1.0000

R? 0.24 0.22 0.29 0.22 0.24 0.28

cv 66.55 57.27 42.27 62.09 44.89 41.17

Meantstdev  6.55+4.36 9.16+5.24 15.11+6.39  6.11+3.79 9.31+4.17 14.77+6.08

Stalk number

Group F=32.83 F=15.18 F=13.28 F=11.58 F=12.17 F=13.63
P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001

F(Group) F=0.98 F=1.64 F=3.32 F=0.95 F=1.68 F=2.09
P=0.5387 P=0.0014 P<0.0001 P=0.6176 P=0.0008 P<0.0001

R? 0.18 0.19 0.27 0.15 0.21 0.29

cv 52.22 40.88 34.97 48.54 31.91 31.59

Meantstdev ~ 12.35+6.45 24.90+10.18 25.16+8.80 13.34+6.47 26.06+8.31  27.53+8.71

Stalk height

Group F=16.71 F=16.83 F=12.33 F=13.39 F=20.19 F=13.82
P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001

F(Group) F=0.93 F=1.25 F=1.90 F=0.94 F=1.47 F=1.35
P=0.6558 P=0.0895 P<0.0001 P=0.6281 P=0.0098 P=0.0470

R? 0.40 0.37 0.31 0.44 0.35 0.28

cv 25.65 29.32 19.32 22.49 24.26 18.71

Meantstdev  1.03+0.27 0.79+0.23 1.1940.23 1.05+0.24 0.83+0.20 1.26£0.24

Stalk diameter

Group F=6.33 F=8.58 F=13.26 F=2.59 F=4.78 F=14.91
P<0.0001 P<0.0001 P<0.0001 P=0.0083 P<0.0001 P<0.0001

F(Group) F=3.08 F=7.76 F=7.54 F=4.11 F=2.66 F=6.63
P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001

R? 0.22 0.27 0.34 0.23 0.15 0.31

cv 10.38 10.38 11.57 10.22 13.09 11.72

Meantstdev ~ 2.46+0.26 2.3910.25 2.52+0.29 2.27+0.23 2.29+0.30 2.31+0.27
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4.4.3 Least square means for family group effects

The levels of significant differences among the groups were investigated by least square
means of the groups (Table 4.4). The elite group of families (PPO001, PP001, PPO1 and
PPO5) produced significantly (P<0.05) higher cane yield compared to the non-elite (PNO5,
PNO1, PN0OO1 and PN0001) group of families in both humic (BML) and sandy (SML) soil
trials. Trials BML10 and BML12 showed that PPNS produced significantly (P<0.05)
higher cane yield than PNNS. A consistent decrease in cane yield was observed for the
group of families from PP0O001 to PNOOO1 (Figure 4.1). The mean cane yield increased
from BML10 and SML10 (lowest cane yield trials) to BML12 and SML12 (the highest

cane yield trials).

The elite group of families for trials BML10 and BML11 produced significantly (P<0.05)
more stalks than the non-elite group of families. Trial BML10 produced significantly
(P<0.05) more stalks for PPNS than PNNS. The stalk number decreased consistently from
PP0001 to PNO0OO1 (Figure 4.1). Trials BML10 and SML10 produced fewer stalks than
BML11, BML12, SML11 and SML12.

Stalk height of the elite group of families was significantly (P<0.05) taller than for the non-
elite group in all trials except for BML12. Stalk height decreased consistently from PP0O001
to PNOOO1 across all trials (Figure 4.1). BML11 and SML11 produced the shortest stalks
while BML12 and SML12 produced the tallest stalks.

The elite group of families produced significantly (P<0.05) thicker stalks than the non-elite
group for both BML12 and SML12 trials. There was no consistent increase or decrease
trend in values for stalk diameter from PP0O001 to PNO0O1 families (Figure 4.1). BML trials
produced thicker stalks than SML trials. The yield components that showed higher and
significant F-values for family within group effects, such as stalk number and stalk
diameter, also showed lower differences in trait values between elite and non-elite group

of families.
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Table 4.4 The least square means for family group effects for cane yield and its

components in humic (BML) and sandy (SML) soil trials

Class BML10 BML11 BML12 SML10 SML11 SML12
Cane yield

PP0O001 9.54a 12.96a 21.54a 9.28a 11.63a 19.53a
PP001 8.73ab 12.88a 19.00ab 8.14ab 10.83ab 18.10ab
PPO1 8.36b 12.58a 17.24bc 7.73abc 10.56ab 17.81ab
PP05 7.82bc 10.92b 16.31c 7.49bc 10.36ab 16.84hc
PPNS 7.10c 9.95hc 15.92¢ 6.46¢cd 9.56bc 15.40cd
PNNS 5.67d 8.36¢d 13.75d 5.47de 8.37cd 13.65de
PNO5 4.79de 7.41de 13.40d 3.99f 6.93de 12.12ef
PNO1 4.54¢ 6.37e 12.24de 3.76f 6.86e 11.26f
PNO001 3.81ef 6.06e 10.64ef 3.97ef 6.13de 10.09f
PNO001  3.25f 6.05e 9.90f 3.76f 5.70e 10.03f
Stalk number

PP0001 15.37a 28.15abc 27.53b 18.34a 28.43a 29.21abcd
PP001 15.63a 30.48a 31.35a 13.18bcde 27.02ab 30.80ab
PPO1 14.75a 29.35ab 27.80b 14.50bc 28.01ab 32.02a
PP05 12.57b 26.89bcd 25.75bcd 15.05b 26.53abc 29.91abc
PPNS 13.13b 26.24cd 26.41bc 13.72bcd 25.87abc 28.38bcd
PNNS 11.20c 24.39de 23.74d 12.59cdef 25.54bcd 27.13cd
PNO5 10.92cd 22.56¢f 25.06¢d 11.01ef 24.09cde 26.85d
PNO1 9.73de 19.32g 24.48cd 11.96def 22.57e 19.91e
PNO001 9.22¢f 21.34fg 20.04e 11.07ef 22.75de 20.33e
PNO001  8.43f 20.91fg 20.62e 10.92f 17.76f 21.92¢
Stalk height

PP0001 1.21ab 1.00ab 1.28b 1.24ab 0.99a 1.41a
PP001 1.21abc 0.91bc 1.39% 1.36a 0.95ab 1.33bc
PPO1 1.10bc 1.02a 1.23bc 1.22bc 0.89bc 1.40ab
PP05 1.24a 0.90cd 1.19cd 1.17bc 0.89bc 1.27cd
PPNS 1.10cd 0.81de 1.19cd 1.09cd 0.83cd 1.26c¢d
PNNS 0.98de 0.75ef 1.16d 1.01de 0.77de 1.24de
PNO5 0.85fg 0.71fg 1.17cd 0.84f 0.69ef 1.17ef
PNO1 0.91ef 0.669 1.15de 0.76f 0.67f 1.14f
PNO001 0.87fg 0.64g 1.06f 0.88ef 0.78d 1.12f
PN0O001  0.79g 0.78fg 1.09ef 0.81f 0.75def 1.15f
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Table 4.4 Continued.

Stalk diameter

PPO001  2.51a
PPO01 2.40d
PPO1 2.50a
PPO5 2.47ab
PPNS 2.48ab
PNNS 2.48ab
PNO5 2.46abc
PNO1 2.45bcd
PNOO1 2.33e
PN0001  2.40cd

2.41bc
2.44ab
2.45a
2.39bc
2.41bc
2.38c
2.38c
2.30d
2.30d
2.27d

2.64a
2.53b
2.53b
2.57ab
2.54b
2.52bc
2.44cd
2.37de
2.52bc
2.32e

2.24abcd
2.27abc
2.31a
2.28abc
2.30ab
2.26abc
2.23bcd
2.18d
2.21cd
2.23bcd

2.26bcd
2.31abc
2.27bcd
2.33ab
2.35a
2.28abc
2.27bcd
2.25cd
2.20d
2.27bcd

2.45a
2.38b
2.25b
2.38b
2.35b
2.27c
2.38C
2.47c
2.21c
2.21c

Values followed by different letters are significantly different at P<0.05

4.4.4 Principal component analysis

To visualise the performance of the group of families in the humic and sandy soil trials, the

data for yield and yield components was subjected to principal components analysis (PCA).

More than 90% of the variation in the data was explained by principal component 1 (PC1)

and principal component 2 (PC2) (Figure 4.2). Only results from PC1 and PC2 were

interpreted since they explained most of the variation in the data (Table 4.5). For all humic

soil trials, cane yield, stalk number and stalk height contributed average values for PC1
biplot. For sandy soil trials (SML11 and SML12), cane yield, stalk number and stalk height

contributed average values for PC1 while for SML10, only cane yield and stalk height

contributed average values for PC1 biplot. PC2 was strongly and positively influenced by

stalk diameter for all humic and sandy soil trials. In SML10, PC2 was strongly and

negatively influenced by stalk number.
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Figure 4.1 Trends in least square means for family group effects in humic (BML)
and sandy (SML) soil trials

The plot of PC1 against PC2, distinguishes the 10 groups of families based on their potential

traits (Figure 4.2). The PP0001, PP001, PPO1, PP0O5 and PPNS were displayed on the
positive side of PC1, indicating that these groups have high values for cane yield, stalk
number and stalk height for populations planted in both humic and sandy soil trials. The

PNO5, PNO1, PN0OO1, PN0001 and PNNS were displayed on the negative side of PCl1,

indicating that these groups have low values of cane yield, stalk number and stalk height
for population planted in both humic and sandy soil trials. Results indicated that PC1 could
classify the 10 groups into two major groups namely; the elite (PP0001, PP001, PP0O1, PP05

and PPNS) and non-elite (PNNS, PNO5, PNO1, PN0OO1 and PN00O1) groups.
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Figure 4.2 Biplot analysis for principal component 1 (PC1) on the x-axis plotted
against and principal component 2 (PC2) on the y-axis for families grown in humic
(BML) and sandy (SML) soil trials

The variation in PC2 was less than that in PC1 (Figure 4.2). PC1 values ranged from -4 to
4 while PC2 values ranged from -3 to 3. Two distinct clusters were observed in all trials.
The cluster on the positive scale of PC1 was largely made up of family groups that produced
higher cane yield, with higher stalk numbers and taller stalks. The cluster on the negative
side of the PC1 scale was made up of groups of families that produced lower cane vyield

with fewer and shorter stalks. On the PC1 scale, the family groups were largely ranked
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from highest to lowest yield, confirming that PC1 was an average of yield, stalk numbers
and stalk height. Within clusters, on the PC2 scale, the variability was a factor of stalk
diameter. High yielding genotypes can possess either thin or thick stalks, and the same was
true for low yielding genotypes. PC2 was a positive factor of stalk diameter. Results
indicated that elite and non-elite families could have either thin or thick stalks. The elite
families in humic soil trials appeared to possess thicker stalks compared to those in sandy

soil trails.

Table 4.5 Eigenvectors for principal component (PC) analysis
Traits BML10 SML10
PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
Cane yield 055 -015 -010 -0.82 055 -022 -0.04 -0.80
Stalk number 053 -0.21  -0.67 0.48 048 -062 0.38 0.49
Stalk height ~ 0.52 -0.29  0.73 0.32 052 0.20 -0.76  0.34
Stalk diameter 0.38  0.92 0.07 0.07 044 0.72 0.52 0.08
BML11 SML11
Cane yield 059 0.00 0.00 -081 058 -0.11 0.03 -0.81
Stalk number 057 -0.10 0.71 0.41 053 -021 -0.73 0.38
Stalk height ~ 0.57 -0.09 -0.71  0.41 053 -025 0.68 0.44
Stalk diameter 0.11  0.99 0.00 0.08 033 0.94 0.02 0.11
BML12 SML12
Cane yield 055 -002 -013 -0.83 058 0.00 -0.22  -0.79
Stalk number 052 -0.32 0.75 0.24 054 -025 0.78 0.18
Stalk height ~ 0.52 -0.32 -0.64 0.46 056 -0.17 -057 057
Stalk diameter 0.39  0.89 0.03 0.23 024 0.95 0.10 0.15
BML = Humic soil trials, SML = Sandy soil trials, PC1 = Principal component 1, PC2 =

Principal component 2, PC3 = Principal component 3, PC4 = Principal component 4

4.4.5 Proportions of elite families and optimum selection rates

To determine the number of elite families, BLUP analysis was performed. The families that
had significant (P<0.05) and positive BLUP values for cane yield were classified as elite
families. A sample of BLUP values and their related statistics are presented in Table 4.6.
As described by Zhou (2014) and Zhou and Mokwele (2015), BLUP refers to the estimates
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of individual family value relative to the population mean. BLUP estimates can be positive
or negative indicating that a family produced higher or smaller values than the grand mean,
respectively. In this study families were classified into elite [with significant (P<0.05)
positive BLUP values], average [with non-significant (P>0.05) negative or positive BLUP

values], and non-elite [with significant (P<0.05) negative BLUP values] families.

Table 4.6 Sample output for family, best linear unbiased prediction (BLUP) of cane
yield in relation to the grand mean, standard error (S.E.) of BLUP, t-statistics (t-stats),
degrees of freedom (DF) and probability of a larger t-stats (P>t) of sugarcane families

grown in humic soil trials (BML10)

Family  Female Male BLUP S.E. t-stats DF P>t
Uu0038  98S0290 MO -0.54 0.60 -0.89 176 0.3718
uu0049  98S0290 MP 1.98 0.55 3.62 176 0.0003

UuU0113 9951082 95H0130 0.48 0.58 0.84 176 0.4029
Uu0134 97B0451 9850590 1.51 0.58 2.61 176 0.0091
Uu0135 95H0517 9850590 0.19 0.58 0.33 176 0.7452
Uu0137 00S1407 9850113 -1.88 0.77 -2.43 176 0.0151
Uu0140 98S0113 97B0272 2.29 0.58 3.95 176 <.0001
Uu0141 96H0231 97B0272  1.77 0.58 3.06 176 0.0022
uu0142 98S0113 82H0397 -1.51 0.58 -2.61 176 0.0092

uu0199 97B0707 MO 1.25 0.58 2.16 176 0.0307
uu0227 99B1889 MO -0.14 0.58 -0.25 176 0.8054
uu0273  96H0259 95H0039 3.13 0.58 5.40 176 <.0001
uu0277  98S0590 MO 0.95 0.58 1.65 176 0.0991
uu0280 97B0707 MO 0.72 0.58 1.25 176 0.2106
uu0283 99B1889 MO -1.79 0.58 -3.07 176 0.0021
Uu0309 95H0039 MP -1.40 0.59 -2.36 176 0.0182

MO = Males only, MP = Melting pot

The proportions of families that produced significantly (P<0.05) higher BLUP values (elite
families) were counted for all trials (Table 4.7). The number of elite families in BML
(humic soil) trials were generally more than those in SML (sandy soil) trials. The number

of elite families in each trial was divided by the total number of families in the trial to give
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a percent value of elite families. The percent elite families in BML trials ranged from 18 to
29% and those in SML trials ranged from 12 to 23%.

Table 4.7 Proportion of elite families in the humic (BML10, BML11, BML12) and
sandy (SML10, SML11, SML12) soil populations

Trial Family Elite families %Elite
BML10 102 30 29.4
BML11 113 20 18.0
BML12 111 25 22,5
SML10 121 19 16.0
SML11 163 20 12.3
SML12 112 26 23.2
Total 722 140 19.4

To determine optimum family selection rate, the predicted family selection gain for each

trial is plotted against family selection rates (Figures 4.3 and 4.4). The optimum selection

rates varied with breeding programmes. Humic soil breeding programme trials had higher

family selection rates compared to sandy soil breeding programme trials. In humic soil

trials, the %Gs decreased rapidly with an increase in selection rate up to 30% (Figure 4.3).

Beyond 30% (from 40 to 100%) selection rate, the %Gs decreased marginally suggesting

that the likely family selection rate was around 30%. In sandy soil trials, the %Gs decreased

rapidly with an increase in selection rate (Figure 4.4). Beyond 25% (from 30 to 100%)

selection rate, the %Gs decreased marginally in all trials suggesting that the likely optimum

family selection rate was around 25%.
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Figure 4.3 Predicted selection gain (%Gs) values plotted against family selection rates
for cane yield in humic soil populations (BML10, BML11 and BML12)
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Figure 4.4 Predicted selection gain (%Gs) values plotted against family selection rates
for cane yield in sandy soil populations (SML10, SML11 and SML12)
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4.5 DISCUSSION

The significant family effects F-values for all traits in all trials indicated that selection for
families with superior trait values would be effective in both the humic and sandy soil
breeding programmes. The effectiveness of family selection in sugarcane breeding has been
demonstrated in several studies (Cox and Hogarth 1993b; Cox and Stringer 1998; Kimbeng
et al. 2000, 2001a, 2001b; Stringer et al. 2011). The higher F-values observed for humic
soil populations compared to sandy soil populations highlighted the differences between
the populations. Results indicated a greater potential for identifying superior families that
possess high cane yield in humic soil trials compared to sandy soil trials. Humic soil are
more uniform and deeper, with higher organic matter and clay content than sandy soil. The
higher F-values observed for the humic soil populations could also be explained by the
origin of the populations and cycles of recurrent breeding and selection. The humic soil
breeding programme was established in the 1970s while the sandy soil breeding programme
was established in 1997 (Nuss 1998). Therefore, the humic soil populations have benefited
from 47 years of recurrent breeding and selection compared to just 19 years for the sandy
soil breeding and selection programme. Further, the sandy soil breeding populations
originated from the humic soil breeding programme and is currently in the stage of
screening and development to produce adapted populations. Therefore, the lower F-values
highlight the presence of a significant proportion of genetic background that is not adapted
to sandy soil conditions. Further cycles of breeding and selection are expected to increase
the adaptability of the sandy soil breeding populations and increase genetic variability of

traits.

The highly significant group effects indicated that families could be categorised according
to trait values. Results suggested that families could be categorised into groups ranging
from superior trait values to those with inferior trait values. The grouping also highlights
the potential to identify and select elite families as well as identify and discard inferior
families. The objective of family selection is to identify elite families from where individual
genotype selection will be focused (Cox and Hogarth 1993b; Kimbeng and Cox 2003; Melo
et al. 2011). The group effects F-values were largest for cane yield and lower for the yield
components. This suggested that selection of elite families would be more effective when
selection is directly applied for cane yield rather than the individual yield components. This

result is particularly significant because it highlights why in Australia (Kimbeng et al. 2000;
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Kimbeng and Cox 2003) family selection, based on harvesting whole plots of families using
automatic weighing machines (Hogarth and Mullins 1989), has been effective. However,
use of automatic weighing machines may be expensive and unaffordable for smaller
breeding programmes where such an investment in equipment is considered uneconomical
(Stringer et al. 2011; Zhou 2014). Therefore, estimating cane yield through yield
components remains the most viable and practical approach for smaller and resource
limited breeding programmes. Further studies on logistic regression models by Zhou et al.
(2013a) suggested that selection for yield, through its components may be more efficient
and research to evaluate families through yield components using logistic regression

models is needed.

Results showed that for traits, where F-values for groups were large and highly significant,
the families within groups were largely non-significant; indicating that family groups were
created by combining families with similar mean values. For cane yield, family within
group was non-significant across all trials suggesting that the majority of the variability
was among the groups and not families within groups. The opposite was true for the yield
components were families within group differences were significant. These differences
were highly significant across all trials for stalk diameter. These observations have
significant implications for family selection and individual genotype selection among the
selected families. Firstly, the main objective is to identify superior families for cane yield,
which can be done with high precision because of highly significant group F-values for
cane yield. The second objective would be to select for elite families that possess desirable
combinations of yield components. The second level of family selection can be achieved
by utilising the knowledge of path coefficient analysis (Kang et al. 1989; De Sousa-Vieira
and Milligan 1999, 2005).

Research in sugarcane has shown that the largest contributor to cane yield is stalk number
(Singh and Sharma 1997; Zhou 2004; Kumar and Singh 2005). Therefore, families with a
high stalk population are likely more superior to those with lower stalk populations
particularly in subtropical regions of countries such as South Africa (Zhou and Shoko
2012). Stalk population has been found important for adaptability and ratooning ability
particularly in subtropical breeding programmes such as for South Africa (Zhou and Shoko
2012) and USA (Milligan et al. 1996). Further selection should be done among those
families with high stalk populations and genotypes with generally taller stalks. Finally,
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families with numerous and taller stalks should be screened for stalk diameter. Stalk
diameter had the largest F-values for families within groups suggesting that the superior
families could possess a wide range of stalk thickness. The combination of yield
components can be decided based on path coefficient studies and prior knowledge of

combinations that impact greater yield and adaptability in a breeding programme.

The least square mean values showed high discrimination among the groups for cane yield
suggesting that identification of high yielding families would be accurate. Families with
cane yields higher than the population mean produced significantly higher cane yields
compared to those that produced cane yields below the population mean. This suggests that
lower yielding families could be eliminated more accurately with low risk of discarding
elite families and progenies. While stalk population and stalk height values decreased from
high cane yielding to low cane yielding families, the decline was less consistent and in
some populations the decrease was gradual. This indicates variability for stalk populations
and stalk height within families and provides the opportunity to select the best combinations
within elite families. Stalk diameter showed a slight decrease from high cane yielding to
low cane yielding families indicating that stalk diameter was well distributed within each
group of families. Therefore, families can be selected for stalk diameter only if they possess
high yielding traits. Results highlighted that within groups of families, particularly elite
families, different trait combinations exist for exploitation during family selection.

Stalk height produced the highest R? values compared to other traits which suggested that
the statistical model used accounted for the majority of variability of the data for stalk
height. Probably, environmental variables had larger influences on cane yield, stalk number
and stalk diameter than stalk height. Stalk diameter, followed by stalk height, had the lowest
CV% while cane yield had the highest CV%, suggesting larger variability in the data for
cane yield compared to the yield components. The variability in data obtained from the
yield components could cumulatively contribute to the larger CV% and variability of cane

yield data.

Elite families, defined as families that produce significantly higher cane yields than the
population mean, generally produce higher cane yield, higher stalk populations and taller
stalks compared to the non-elite families. The trend was consistent across all trials
suggesting that high trait values for cane yield, stalk population and stalk height were
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required for elite families. However, with stalk diameter, it appears that the elite and non-
elite families could have similar stalk diameter values. This result, suggesting that stalk
diameter was less important in determining cane yield, was also reported in path coefficient
analysis studies (James 1971; Kang et al. 1989; Zhou 2004; Chaudhary and Joshi 2005;
Tyagi et al. 2012). Results may further indicate that after identifying elite families, focus
should be on families that possess high stalk populations and taller stalks; traits that are

also known from path coefficient analysis that contribute to cane yield.

Results from PCA showed that cane yield, stalk number and stalk height contributed
positively to PC1 indicating that differentiating between elite and non-elite families was
largely from these yield components. Elite families were characterised by high cane yield,
high stalk population and taller stalks, while the opposite was true for non-elite families.
PC2 was a factor positive for stalk diameter indicating that, within the groups of families,
variability for stalk diameter was large. The PCA showed that either thin or thick stalks
were present among elite and non-elite families. The differences among elite families
between humic and sandy soil populations could be defined by stalk diameter. Elite humic
soil families were more likely to possess thicker stalks, while sandy soil populations were
likely to have thinner stalks; a potential adaptation difference to the growing conditions.
Humic soil growing conditions are more favourable with less moisture and nutrient stress,
while sandy soil are more prone to water and nutrient stress. The result suggests that thin
stalks impart hardiness and adaptability to harsher growing conditions compared to thick
stalks. Results validate why N31, a thin and tall stalk population variety, has shown superior
adaptability to sandy soil conditions compared to N48, which is a thick stalked variety that
is more adapted to humic soil conditions. This knowledge is particularly important to guide

future selection in sandy soil trials.

The PCA graphics indicated the large variability for cane yield and yield components
among the group of families in the Midlands breeding programmes. The PCA graphics
further visually emphasised that the positioning and adaptability of the group of families
across field trials were discriminated by stalk diameter. Results further indicated that,
among the group of families that produced significantly high cane yield than the population
mean, there was a group of families that is characterised by thin stalks. Therefore, in order
to increase cane vyield, focus should be put on improving stalk number and stalk height
because stalk diameter does not influence cane yield production. Results are in conformity
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with the findings from the studies carried out in Lousiana (Gravois et al. 1991; Milligan et
al. 1996). Groups of families (clustered for high mean values) which are on the positive
scale of PC1 could be used to improve the sugarcane yield components through breeding
and selection.

The humic soil populations produced a 36.3% higher proportion of elite families than the
sandy soil populations suggesting the superiority of humic soil populations. The humic soil
breeding programme has been in existence for 47 years while the sandy soil breeding
programme was established 19 years ago (Nuss 1998). The longer cycles of breeding and
selection for the humic soil populations have resulted in better genetic background and
better accumulation of additive genes for yield compared to the sandy soil populations.
Further, when the sandy soil breeding programme was established, there was no suitable
source of parental material to initiate the breeding programme. Consequently parents for
the breeding programme were derived mainly from the humic soil and other SASRI
breeding programmes. Most of these were less adapted and are still being developed for
suitability. In the Midlands region, sugarcane is grown for 24 months to maturity and
therefore, fewer cycles of breeding and selection are realised in a short period of time,
further impacting the recurrent selection benefits for the sandy soil programme. Results
also suggest that with the adoption of family evaluation and selection in Midlands breeding
programmes, higher selection gains will be achieved. A study by Zhou and Gwata (2016)
showed higher genotype genetic gains for cane yield in humic soil programmes compared
to sandy soil programmes, indicating that higher proportions of elite families would

translate to higher genetic gains at genotype release.

The optimum selection rates were 30% for humic soil populations and less than 25% for
the sandy soil populations. Results suggest that optimum family selection rates are different
between populations and certainly variable across breeding programmes. The variability in
optimum family selection rates could be caused by the quality of the populations, where
breeding programmes with a long history are likely to have higher proportions of optimum
family selection rates compared to those just starting, as in the case for the humic and sandy
soil breeding programmes. Results are different from the optimum family selection rates
reported in Australia (Kimbeng and Cox 2003) of around 40%. The modelled optimum
family selection rates were higher than the estimates proportions of elite families in the

populations.
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The proportions of elite families were determined from families which produced
significantly higher cane yields than the population mean. The optimum selection rate was
estimated using predicted selection gains which take into account within family variability,
and the ability to identify families. Families may have lower means but have larger within
family variability and therefore they possess high segregation for traits and are more ideal
for selection of elite genotypes. Humic soil populations had a higher optimum selection
rate and proportions of elite families than sandy soil populations suggesting that both values
are indicative of the quality of the population, and the potential of breeding populations to

possess high value families.

4.6 CONCLUSIONS

The highly significant family effects F-values indicated the potential effectiveness of
family selection. Results further indicated the potential to identify and select elite families
as well as to identify and discard non-elite families. The highly significant group effects F-
values indicated families could be categorised according to trait values. From the principal
component analysis, it is clear that number of stalks and stalk height contributed most to
cane yield. Therefore, stalk number and stalk height are important traits to consider when
selecting and evaluating families for sugarcane yield. Stalk diameter varied widely within
both elite and non-elite families. The humic soil populations produced a higher proportion
of elite families and had a higher optimum selection rate compared to the sandy soil
populations. Results indicated that humic soil populations had a greater potential in
increasing gains for cane yield through family selection.
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CHAPTER S5

DETERMINING ELITE PARENTS FOR SUGARCANE YIELD
USING FAMILY SELECTION DATA

5.1 ABSTRACT

The success of a sugarcane breeding programme can be determined by the choice of
parents, crosses made and progeny testing. The objectives of this study were to use best
linear unbiased prediction (BLUP) to identify superior parents from family data and to
determine the proportion of superior parents within populations in the Midlands breeding
programmes. Data on stalk number, height and diameter, collected from 20 seedling
progenies per plot in each of the three replications per family, were used to estimate cane
yield. Family data was analysed using Statistical Analysis System (SAS) mixed models to
estimate the breeding values of parents. Significant (P<0.05) female and male variances
indicated that the large variability observed among progenies could be attributed to the
variability among parents. Using BLUP estimates, female (82H0397, 96H0259, 98B0460,
9850290, 98H0590, 9851362 and N52) and male (0250639, 82H0397, 97B0272, 98B0460,
98B1889 and N52) parents have been identified that produced progenies with significantly
(P<0.05) higher cane yield in humic and sandy soil populations. The identified parents
potentially are elite parents that could be used in building a core germplasm pool of
genotypes that produce elite progenies. Humic soil populations contained a higher
proportion of elite parents compared to the sandy soil populations; probably due to longer
cycles of recurrent breeding and selection. Results have highlighted the deficiency in basing
parent selection on breeding values instead of mid-parent values because the majority of
parents with high mid-parent values produced progenies with significantly lower yield. The
proportion of elite parents was low at 20% (females) and 10.6% (males) for humic soil
populations and 12.7% (females) and 9.8% (males) for sandy soil populations. This
suggested that intensive parent evaluation and development is required for these

populations.

Keywords: Best linear unbiased prediction, sugarcane yield, parents, progenies
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5.2 INTRODUCTION

Selection of parents forms the foundation of all breeding programmes. The parent
combinations made at the time of crossing ultimately determines the quality of progeny
produced when crosses are planted in the field (Chang and Milligan 1992a, 1992b; Stringer
etal. 1996; Cox 1996; Cox and Stringer 1998; Balzarini 2000). Therefore, parent evaluation
is critical in any plant breeding programme. Crossing with elite parents is expected to
increase genetic gains in populations over time because of a higher accumulation of
additive genes (Stringer et al. 2011; Zhou 2015). In sugarcane breeding, crossing with
parents known to produce progenies with high trait values is very important because genetic
recombination and segregation occurs only at crossing (Skinner et al. 1987; Barbosa et al.
2001; Kimbeng and Cox 2003). Thereafter, subsequent stages are planted from vegetative

material with no further recombination.

In the early years of sugarcane breeding, the proven cross and proven parent systems were
used to identify genotypes to be used in crosses (Heinz and Tew 1987). The proven cross
system depends on the number of genotypes that is being advanced from a cross as well as
the stage of advancement reached by individual genotypes. Crosses, from which large
numbers of individuals are advanced, are considered elite families. Parents used to generate
the elite crosses are then considered elite parents. The elite crosses are repeated more
frequently, in the hope of generating more elite progenies. As a result, the elite parents are
used more frequently in crosses resulting in an increased bias towards crosses and parents
designated as elite, with little attention given to new crosses with limited advancement data.
This bias eventually leads to potentially narrowing genetic diversity of parent and progeny

populations.

The first disadvantage of the proven cross and proven parent system was that crosses with
higher germination rates, and therefore larger number of seedlings planted, were likely to
be declared elite crosses. Their parents were also likely to be declared elite. Crosses and
parents with lower germination rates had a lower likelihood of being classified as elite
crosses and elite parents because fewer of their progenies were advanced to later stages.
The second disadvantage was associated with the lack of a statistic to compare
performances among crosses and parents when determining whether a cross or a parent was

elite (Zhou 2009). Numbers of advanced genotypes from different germination rates were
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the only data available for classifying crosses and parents. This major weakness meant that
a cross could be classified as elite in one year but later as non-elite. The third disadvantage
was associated with the length of time taken to determine whether crosses or parents were
elite. Considering that sugarcane is a perennial plant, it takes at least 12 to 24 months in
South Africa from planting to harvest of a trial. Advancements from Stage | to V can take
at least 10 to 24 years before the quality of crosses and parents could be determined.
Therefore, the long period means that breeders will go for long periods without knowing if
their parent selection and cross combinations are producing desirable populations (Milligan
and Legendre 1990; Kimbeng and Cox 2003).

Considering that the purpose of cross- and parent evaluation is to advise on cross
combinations, lengthy periods (before sufficient data is available to quantify the quality of
crosses and parents) meant lengthy delays in improving cross combinations and parents. In
addition, breeders are required to build up a collection of superior parents that would
contribute to the gene pool for future breeding programmes. Such a collection of superior
parents will change when new, high quality parents replace the old and less desirable
parents. With the proven cross system, it would be difficult (and sometimes take lengthy
periods) to shift the genetic potential of parents because more crosses could be made with
elite parents at the expense of testing new parents. This creates a bias that is self-
perpetuating.

At SASRI, parents are currently chosen based on the proven parent system as well as
genetic values. Family data has been collected in the last four years and will eventually
replace the proven cross and parent system in evaluating and identifying superior parents
for use in future crosses. The use of family data, to evaluate parents, is expected to provide
better comparisons among parents and continuous evaluation of old and new parents used
in crosses. Therefore, the objectives of this study were to use best linear unbiased prediction
(BLUP) to identify superior parents using family data from six Stage | trials and to

determine the proportions of superior parents within these populations.

5.3 MATERIALS AND METHODS

The experimental material, experimental design, seedling establishment and management,
experimental sites and trial establishment, and data collection used for this study were the
same as described in Chapter 3, sections 3.3.1 to 3.3.4.
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5.3.1 Data analysis

Data were analysed using mixed procedure of Statistical Analysis System (SAS Institute
2014). The estimates of variance components, standard errors and probability tests were
calculated using the COVTEST option of PROC MIXED. BLUP analysis for the parental

effects was done using the linear model:

Yik = L+ Ri+ Fj+ M+ G(FRM)I(ijK)- + e v eveereneeieteeeeeeee e, Equation 5.1

where Yijkl = cane yield of the 1™ genotype in the i" replication of the j" female and k™"
male parent random effects, g = grand mean, R; = random effect of the i"" replication, Fj=
random effect of the female parent, Mk = random effect of the male parent, G(FRM)yjk =
individual 1™ genotype nested within the interaction effect of the i replication by the j"
female parent by the k™" male parent and is also the residual error. The degrees of freedom
for the BLUP were estimated using Satterthwaite’s procedure (Freund and Wilson 2003)
for an appropriate t-test.

The female and male parents in each trial were grouped based on BLUP values. After
analysis, the parents were ranked using BLUP values from lowest (large negative values)
to highest (large positive values). The ranked parents were then divided into groups based
on magnitudes of their P-values. Parents were grouped into elite, average, and non-elite
cane yield groups. The data from these groups were subjected to analysis of variance using

the following linear mixed model:

Yijkim =L+ Ri + Cj + F(C)ki)+ M(C)igy + G(FRM (C))m(ijkl) -+ vevvvvnvenanenn Equation 5.2

where Yijum = cane yield of the m™ genotype in the i"" replication of the k™ female and I"
male parent within the j group, g = grand mean, Ri = random effect of the i" replication,
C; = fixed effect of the j" group of parents, F(C)xg) = random effect of the k'™ female parent
nested within the j group, M(C)i = random effect of the I male parent nested with j™
group, G(FRM (C))myijy = individual m™" genotype nested within the interaction effect of
the i replication by the k" female parent by the 1™ male parent, which in turn is nested

within the j™ group and is also the residual error.
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The proportions of superior parents were determined based on the BLUP values with their
probability levels. Parents with positive BLUP values at P<0.05 were considered as elite
parents while parents with negative BLUP values at P<0.05 were considered as poor
parents for cane yield.

5.4 RESULTS

The female variance effects were highly significant (P<0.001) in BML10, BML11,
BML12, SML11 and significant (P<0.01) in SML10 and SML12 (Table 5.1). The male
variance effects were highly significant (P<0.001) in SML12, significant at P<0.01 in
BML11 and BML12 and significant at P<0.05 in BML10, SML10 and SML11. The female
effects produced in most cases larger variances and smaller standard error (SE) compared
to the male effects. The residual error variance effects were highly significant (P<0.001)

for all trials and were larger than both female and male variance effects across all trials.

Table 5.1 Covariate parameter estimates for female and male effect, residual error
and their standard error (S.E.) for the humic (BML) and sandy (SML) soil breeding

programmes

Trial Female Male Residual
Estimate + S.E. Estimate + S.E. Estimate + S.E.
BML10 1.80+0.52*** 1.12+0.52* 21.32+0.42%**
BML11 1.97+1.35*** 1.35+0.56** 30.93+£0.59***
BML12 4.86+1.42%** 5.54+£1.90** 44.93+£0.86***
SML10 0.50+0.18** 0.55+0.25* 16.36+0.31***
SML11 1.69+0.43*** 0.88+0.49* 19.40+0.38***
SML12 2.29+0.78** 7.36+2.18*** 43.03£0.89***

***Significant at P<0.001, **Significant at P<0.01, *Significant at P<0.05

The BLUP analysis was used to generate potential breeding values for the female and male
parents in BML (humic soil) and SML (sandy soil) trials. The BLUP estimates and their
related statistics are presented in Tables 5.2 to 5.7. As described by Zhou (2014a) and Zhou
and Mokwele (2015), BLUP refers to the estimates of family breeding value relative to the
population mean. BLUP estimates can be positive or negative indicating that a family

produced higher or smaller values than the grand mean, respectively.
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In this study parents were classified into elite [with significant (P<0.05) positive BLUP
values], average [with non-significant (P>0.05) negative or positive BLUP values], and
non-elite [with significant (P<0.05) negative BLUP values] parents. Polycrosses such as
males only (MO) and melting pot (MP) were not classified into elite, average or non-elite

parents for cane yield because the source of pollen for these crosses is unknown.

Female parents 96H0590, 9850590, 9951504, 98B0460, 9951362, 96H0259 and 99B1659
had progenies that produced significantly (P<0.05) higher cane yield compared to the grand
mean for the BML10 populations (Table 5.2). Male parents 99B1889 and 95H0039
produced progenies with significantly (P<0.05) higher cane yield compared to the grand
mean. Female parents 9850113, N48, 97B0740, 95H0517, 95H0039, 9850082, 95H0130
and 99S0089 produced progenies that had significantly (P<0.05) lower cane vyield
compared to the grand mean. Male parents 9850290 and N48 produced progenies that had

significantly (P<0.05) lower cane yield compared to the grand mean.

Female parents 97B0931, 00B0094, 99B1979, 96H0289, 94H0102, 99B0325 and 00B1735
produced progenies that had significantly (P<0.05) higher cane yield compared to the grand
mean in BML11 (Table 5.3). Male parents 97B0931, 82H0397 and 96H0320 produced
progenies that had significantly (P<0.05) higher cane yield compared to the grand mean.
Female parents 95H0130, 97B0740, 95L.0828, 911.1198, 96H0320, 86H0048 and 00B1741
produced progenies that had significantly (P<0.05) lower cane yield compared to the grand
mean. Male parent 99B1439 produced progenies that had significantly (P<0.05) lower cane

yield compared to the grand mean.

Female parents 95H0039, 93H0460, 82H0397, 00B1741, 00B1431, N52, 01B0586 and
01B0742 produced progenies that had significantly (P<0.05) higher cane yield compared
to the grand mean in BML12 (Table 5.4). Male parents 0250639, 96H0289, 00B0379 and
85L.1612 produced progenies with significantly (P<0.05) higher cane yield compared to the
grand mean. Female parents 97B0272, 96H0289, 9950176, 00B1056, 91M1610, 96H0320,
99B1439 and 00B1244 produced progenies that had significantly (P<0.05) lower cane yield
compared to the grand mean. Male parents 99B1439, 90H0525, 87L0573, 80M0922 and
CP701133 produced progenies that had significantly (P<0.05) lower cane yield compared
to the grand mean.
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Table 5.2 Female and male best linear unbiased prediction (BLUP), standard error of
BLUP (S.E.), t-stats (t-statistic) and probability of a larger t-statistic (P>t) for the

humic soil (BML10) populations

Female BLUP SE t-stats P>t Female BLUP S.E. t-stats P>t
96H0590 2.68 0.59 457 <0001 97B0740 -1.04 0.36 -2.93 0.0034
98S0590 1.55 049 3.13 0.0017 00S1407 -1.06 091 -1.17 0.2420
99S1504 1.54 059 261 0.0091 95H0517 -1.11 045 -249 0.0129
98B0460 1.45 0.33 4.33 <0001 95H0039 -1.39 049 -2.87 0.0041
98B0202 1.31 092 142 0.1557 9850082 -141 048 -291 0.0036
79H0469 1.22 0.67 1.82 0.0693 95H0130 -253 0.36 -7.09 <.0001
9951362 1.20 048 253 0.0115 99S0089 -3.10 0.75 -4.13 <.0001
96H0259 1.19 0.38 3.17 0.0015

99B1659 0.88 0.36 247 0.0137 Male BLUP S.E. t-stats P>t
9850290 0.85 047 1.82 0.0685 99B1889 1.78 059 3.04 0.0024
99B1022 0.79 1.09 0.72 0.4704 95H0039 1.10 043 259 0.0097
9850311 0.74 092 0.81 0.4185 98B0460 0.81 0.87 0.93 0.3499
96H0231 0.74 0.53 1.40 0.1628 9850590 0.81 051 157 0.1159
97B0451 0.47 040 1.8 0.2364 97B0272 0.75 046 1.64 0.1003
93H0119 0.42 041 1.02 0.3056 9950089 0.49 0.94 0.52 0.6035
86H0048 0.38 0.63 0.61 0.5451 95H0517 0.46 049 0.93 0.3540
97B0707 0.38 0.37 1.02 0.3085 96H0259 0.46 0.87 0.53 0.5942
97B0208 0.37 0.92 0.40 0.6884 9951043 0.23 0.87 0.26 0.7918
82H0397 0.20 059 0.34 0.7354 96H0590 0.12 0.66 0.19 0.8500
97B0272 0.17 0.92 0.19 0.8528 99B1659 0.11 0.87 0.12 0.9028
9951082 0.12 092 0.13 0.9000 9951504 0.08 0.68 0.11 0.9103
99B0325 -0.03 0.61 -0.05 0.9611 95H0130 0.07 0.87 0.08 0.9341
99B0112 -054 059 -0.92 0.3598 82H0397 -0.32 050 -0.64 0.5204
99B1889 -0.66 0.38 -1.70 0.0883 MO -0.34 030 -1.13  0.2575
N31 -0.67 092 -0.73 04664 MP -0.38 0.38 -1.02  0.3099
98S0030 -0.67 051 -1.32 0.1857 95H0170 -0.42 0.87 -0.48 0.6315
98S0113 -0.76 0.36 -2.09 0.0370 99B0325 -0.75 042 -1.76 0.0784
9951043 -0.77 0.85 -0.91 0.3603 9850290 -1.07 052 -2.06 0.0392
9850330 -0.88 0.61 -1.44 0.1502 98S0330 -1.09 0.66 -1.66 0.0971
N48 -1.00 042 -236 0.0182 98S0113 -1.14 0.77 -1.47 0.1410
89H0568 -1.02 0.61 -1.66 0.0977 N48 -1.76  0.50 -3.54  0.0004

MO = Males only, MP = Melting pot
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Table 5.3 Female and male best linear unbiased prediction (BLUP), standard error of
BLUP (S.E.), t-stats (t-statistic) and probability of a larger t-statistic (P>t) for the

humic soil (BML11) populations

Female BLUP SE t-stats P>t Female BLUP S.E. t-stats P>t
97B0931  2.81 0.67 4.18 <.0001 N48 -1.34 101 -1.32 0.1864
00B0094  2.68 051 5.24 <.0001 95L0828 -1.45 055 -2.63 0.0087
99B1979  2.25 048 4.71 <.0001 85HMS86 -152 106 -143 0.1518
96H0289  1.70 0.63 2.70 0.0070 91L1198 -156 068 -2.28 0.0224
94H0102 1.54 0.55 2.80 0.0051 96H0320 -161 054 -298 0.0029
99B0325 1.27 0.51 251 0.0120 86H0048 -2.33 0.80 -2.92 0.0035
00B1735 1.17 051 231 0.0211 00B1741 -241 049 -496 <.0001
96H0588  1.14 0.67 1.69 0.0904

99B1659 1.06 094 1.12 0.2639 Male BLUP S.E. t-stats P>t
95H0059  0.98 0.80 1.22 0.2210 97B0931  2.04 0.69 2.95 0.0032
98B0460  0.91 0.73 1.25 0.2127 82H0397 1.45 0.46 3.13 0.0018
94H0031  0.89 050 1.77 0.0775 96H0320  1.38 0.65 211 0.0351
98B0114  0.84 0.68 1.22 0.2220 9210429 1.18 0.67 1.74 0.0815
99B1047  0.76 1.03 0.74 0.4612 99B0325 1.16 0.76 1.53 0.1263
00B1706  0.73 0.52 1.39 0.1641 00B1244 0.75 0.89 0.84 0.4000
99B1844  0.68 0.67 1.02 0.3087 94H0102 0.52 0.96 0.54 0.5896
00B1431  0.50 0.69 0.73 0.4664 95L.1446 0.44 0.76 0.58 0.5595
00B1056  0.49 0.56 0.87 0.3849 00B0094  0.33 0.64 0.51 0.6102
86H0437  0.39 0.99 0.39 0.6951 99B1979  0.32 0.60 0.52 0.6021
91W1460 0.25 1.13 0.22 0.8271 MO 0.29 0.34 0.86 0.3897
99B1439  0.23 0.69 0.34 0.7360 00B1431 0.27 053 0.51 0.6107
93H0094  0.12 0.95 0.12 0.9026 95H0059  0.27 0.94 0.28 0.7780
97B0707  0.02 0.37 0.05 0.9610 97wW0181 0.17 1.01 0.17 0.8676
89H0568 -0.06 0.50 -0.13 0.9001 97B0107 0.09 054 0.17 0.8640
98B0202 -0.14 1.03 -0.13 0.8933 CP701133 -0.02 054 -0.04 0.9697
92H0193 -0.19 0.65 -0.29 0.7691 95L0828 -0.09 096 -0.10 0.9218
85H0428 -0.22 1.02 -0.21 0.8322 80M0922 -0.15 0.95 -0.15 0.8773
8111629 -0.23 050 -046 0.6468 85H0428 -0.16 0.69 -0.23 0.8199
96H0220 -0.28 055 -0.51 0.6130 N48 -0.17 058 -0.29 0.7711
93H0460 -0.40 050 -0.79 04300 MP -0.20 0.39 -0.52 0.6001
97B0107 -0.53 045 -1.17 0.2409 96H0289 -0.21 0.65 -0.32 0.7453
N19 -059 090 -065 05154 98G0115 -0.32 0.83 -0.39 0.6975
82H0397 -0.80 0.45 -1.79 0.0743 88L0046 -0.64 093 -0.69 0.4895
CP701133 -0.90 053 -1.69 0.0903 88MO0777 -0.81 0.71 -1.15 0.2503
71L0416 -098 088 -1.11 0.2669 00B1735 -090 0.71 -1.26 0.2079
98B0532 -1.12 0.63 -1.77 0.0760 77F0790 -1.04 098 -1.07 0.2865
95H0130 -1.13 0.56 -2.02 0.0437 96E0439 -1.10 0.86 -1.29 0.1986
00B1244 -1.18 0.68 -1.73 0.0828 95H0553 -1.26 0.69 -1.82 0.0693
97B0272 -121 0.78 -156 0.1186 01G0498 -1.39 0.72 -192 0.0545
97B0740 -1.24 041 -3.03 0.0025 99B1439 -2.17 052 -4.15 <.0001

MO = Males only, MP = Melting pot
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Table 5.4 Female and male best linear unbiased prediction (BLUP), standard error of
BLUP (S.E.), t-stats (t-statistic) and probability of a larger t-statistic (P>t) for the

humic soil (BML12) populations

Female BLUP SE t-stats P>t Male BLUP S.E. t-stats P>t
95H0039 4.23 1.35 3.13 0.0017 0250639 4.66 1.00 4.66 <.0001
93H0460 3.81 0.68 5.63 <.0001 96H0289 2.58 122 211 0.0347
82H0397 3.56 0.61 5.85 <.0001 01S1749 212 1.37 1.55 0.1222
00B1741 2.58 1.06 2.44 0.0149 00B0379  2.07 1.02 2.02 0.0431
00B1431 2.54 0.89 2.84 0.0045 85L1612 1.90 089 212 0.0338
N52 2.29 0.60 3.83 0.0001 N52 1.66 142 1.17 0.2421
01B0586  1.93 0.71 272 0.0066 00B1741 1.52 0.83 1.82 0.0681
01B0742 1.73 0.49 3.50 0.0005 02B0228 1.39 095 1.46 0.1452
85H0428 1.39 0.86 1.61 0.1065 00S1919 1.23 1.66 0.74 0.4572
02B0228 0.99 0.72 137 0.1706 N31 1.23 0.85 1.46 0.1451
97B0107 0.91 1.67 0.55 0.5854 0151637 1.11 095 1.17 0.2428
92H0193 0.72 1.33 0.54 0.5866 0151672 1.11 0.71 1.58 0.1152
89H0568 0.52 0.88 0.59 0.5522 82H0397 1.04 1.69 0.62 0.5381
00S1919 041 0.86 0.47 0.6352 99B1979  0.87 0.92 0.95 0.3433
99B1979 0.30 0.56 0.54 0.5872 MP 0.59 051 1.14 0.2528
01B1377 0.05 0.97 0.06 0.9548 MO 0.50 0.54 0.94 0.3496
00B0379 -0.06 1.67 -0.04 0.9712 N48 0.29 1.35 0.22 0.8271
00S1247 -0.13 059 -0.22 0.8247 1K7650 0.02 2.04 0.01 0.9905
02B1571 -0.20 0.73 -0.27 0.7883 00S1368 -0.15 0.88 -0.18 0.8605
90HO0525 -0.60 0.69 -0.87 0.3849 85L0102 -0.38 2.02 -0.19 0.8502
94H0031 -0.60 0.93 -0.64 05198 97B0272 -0.72 110 -0.65 0.5141
96H0220 -0.65 1.49 -043 0.6651 01B1377 -0.75 1.70 -0.44  0.6583
00sS0664 -0.70 152 -0.46 0.6442 US56158 -0.78 151 -0.52  0.6059
86H0437 -0.78 059 -1.32 0.1884 95H0039 -1.05 095 -1.10 0.2695
00B1941 -0.87 0.89 -0.98 0.3291 97B0107 -1.20 095 -1.26 0.2066
97B0272 -1.37 053 -259 0.0097 99B1439 -1.74 0.86 -2.01  0.0443
96H0289 -1.76 0.69 -255 0.0107 00B1941 -2.03 1.67 -1.21  0.2247
00B0094 -1.80 1.05 -1.71 0.0869 99K0784 -256 1.34 -191  0.0559
86H0048 -2.00 1.22 -1.64 0.1003 90H0525 -2.88 0.81 -3.55 0.0004
9980176 -2.18 0.96 -2.28 0.0227 87L0573 -3.17 116 -2.72  0.0065
00B1056 -2.40 0.61 -3.95 <.0001 80MO0922 -3.87 124 -3.12 0.0018
91M1610 -2.46 0.69 -3.56 0.0004 CP701133 -4.63 142 -3.25 0.0012
96H0320 -2.46 1.11 -2.21  0.0270

99B1439 -3.14 0.76 -4.15 <.0001

00B1244 -3.81 0.93 -410 <.0001

MO = Males only, MP = Melting pot
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Female parents 82H0397, 98B0460, 98S0590 and 9850290 produced progenies that had
significantly (P<0.05) higher cane yield compared to the grand mean in SML10 (Table 5.5).
Male parents 99B1889 and 9951504 produced progenies that had significantly (P<0.05)
higher cane yield compared to the grand mean. Female parents 99S0176, 95H0517,
95H0130 and 89H0568 produced progenies that had significantly (P<0.05) lower cane
yield compared to the grand mean. Male parents MO, 95H0517 and 9850290 produced
families that had significantly (P<0.05) lower cane yield than the grand mean.

Female parents 95H0167, 99S1362, 9850311, 96H0259, 97B0707, 9850030, 95H0517,
9511446, 9210429 and 9951043 produced progenies that had significantly (P<0.05) higher
cane yield compared to the grand mean in SML11 (Table 5.6). Male parents 82H0397 and
97B0272 produced progenies that had significantly (P<0.05) higher cane yield compared
to the population (grand) mean. Female parents 96H0398, 85H0428, 95H0039, 96H0296,
93H0115, 85H0363, N42, 95H0130 and 85L.1374 produced progenies that had significantly
(P<0.05) low cane yield compared to the grand mean. No male parents were observed that

produced progenies that had significantly lower cane yield compared to the grand mean.

Female parents N52, 82H0397, 01S1428, 00S1958, 01S1637 and 95H0059 produced
progenies that had significantly (P<0.05) higher cane yield compared to the grand mean in
SML12 (Table 5.7). Male parents N52, US56158, 00B1244, 95H0059, 0251314 and
0250639 produced progenies that had significantly (P<0.05) higher cane yield compared
to the grand mean. Female parents 85H0428, 00B1741, 01S1672, 01S1749 and 95H0553
produced progenies that had significantly (P<0.05) lower cane yield compared to the grand
mean. Male parents 99B1979, 85L.1612, 0151428, 00B1941, N48, 99S0176 and 0151681
produced progenies that had significantly (P<0.05) lower cane yield compared to the grand

mean.
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Table 5.5 Female and male best linear unbiased prediction (BLUP), standard error of
BLUP (S.E.), t-stats (t-statistic) and probability of a larger t-statistic (P>t) for the
sandy soil (SML10) populations

Female BLUP SE  t-stats P>t Female BLUP S.E. t-stats P>t
82H0397 1.50 040 3.78 0.0002 99B0O112 -0.47 056 -0.84 0.4021
98B0460 0.94 0.33 2.86 0.0042 93H0119 -0.77 056 -1.38 0.1671
98S0590 0.73 0.33 2.18 0.0296 9950176  -0.96 0.35 -2.74  0.0061
9850290 0.56 0.28 2.01 0.0447 95HO0517 -1.11 0.35 -3.16 0.0016
99S1362 0.54 0.28 1.95 0.0515 95H0130 -1.13 0.33 -3.40  0.0007
95H0170 0.47 035 1.35 0.1770 89HO0568 -1.52 057 -2.65 0.0080
98S0311  0.43 0.50 0.86 0.3893

79H0469 0.42 0.56 0.75 0.4553 Male BLUP S.E. t-stats P>t
9850082 0.39 0.26 151 0.1302 99B1889 1.52 0.41 3.67 0.0002
86H0048 0.37 051 0.73 0.4656 96H0259 0.97 057 1.70 0.0887
9951082 0.31 0.37 0.84 0.4021 99S1504 0.90 0.37 244 0.0146
N48 0.28 0.53 0.54 0.5926 98B0460 0.71 043 1.65 0.0980
97B0740 0.28 0.33 0.85 0.3963 96H0231 0.54 0.47 1.17 0.2439
96H0231 0.26 0.36 0.71 0.4772 95H0039 0.43 034 1.24 0.2145
99B1659 0.21 0.32 0.66 0.5090 98S0113 0.40 035 1.12 0.2610
92H0188 0.18 0.47 0.39 0.6948 9951043 0.16 047 0.35 0.7263
96H0590 0.14 0.33 0.42 0.6766 9850082 0.04 0.51 0.09 0.9309
9850330 0.12 0.30 0.42 0.6754 96H0590 -0.04 0.50 -0.07 0.9405
N31 0.11 0.44 0.25 0.8024 MP -0.08 0.23 -0.36 0.7184
99B1889 0.10 042 0.23 0.8172 99B1659 -0.11 059 -0.19 0.8518
96H0259 0.00 0.35 0.01 0.9935 99B0325 -0.14 0.35 -041  0.6807
9951043 -0.05 0.25 -0.22 0.8288 95H0130 -0.25 0.36 -0.71 0.4792
97B0272 -0.10 058 -0.17 0.8634 98G1178 -0.28 0.39 -0.72 0.4738
9950712 -0.11 0.31 -0.35 07292 94L1039 -0.34 0.53 -0.65 0.5129
9850030 -0.11 0.29 -0.38 0.7039 82H0397 -0.38 031 -1.21  0.2270
95H0039 -0.12 0.32 -0.38 0.7013 97B0272 -0.45 0.33 -1.39 0.1636
9951504 -0.21 0.33 -0.64 05242 N48 -0.53 0.39 -1.37 0.1699
98B0202 -0.25 0.53 -0.46 0.6422 MO -0.58 0.22 -2.68 0.0074
9850113  -0.27 0.25 -1.10 0.2719 95H0170 -0.63 052 -1.21 0.2261
9950089 -0.32 0.33 -0.99 0.3206 95H0517 -0.78 0.39 -2.02 0.0438
00S1407 -0.41 0.31 -1.35 0.1768 9850290 -1.06 047 -2.26 0.0236
90HO0525 -0.43 048 -0.90 0.3697

MO = Males only, MP = Melting pot
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Table 5.6 Female and male best linear unbiased prediction (BLUP), standard error of
BLUP (S.E.), t-stats (t-statistic) and probability of a larger t-statistic (P>t) for the

sandy soil (SML11) populations

Female BLUP SE t-stats P>t Female BLUP SE. t- P>t
stats

95H0167 2.28 0.38 5.96 <.0001 88H0167 -0.16 1.25 -0.13 0.8953
99S1362  1.96 0.57 3.47 0.0005 88H0173 -0.16 1.25 -0.12 0.9012
9850311  1.93 0.33 5.85 <.0001 88H0179 -0.18 1.25 -0.15 0.8832
96H0259 1.85 0.56 3.33 0.0009 96L0679 -0.18 1.01 -0.18 0.8587
97B0707 1.68 0.81 2.08 0.0372 9210434 -0.18 1.25 -0.15 0.8845
9850030 1.48 049 3.03 0.0025 95H0170 -0.20 0.71 -0.29 0.7745
95H0517  1.47 0.35 4.26 <.0001 90H0525 -0.21 0.31 -0.66 0.5066
9511446  1.30 052 248 0.0133 88H0178 -0.23 1.25 -0.18 0.8536
97B0740 1.27 0.80 1.58 0.1141 92L0432 -0.23 1.25 -0.19 0.8531
N16 1.13 0.70 1.61 0.1066 88H0166 -0.26 056 -0.46 0.6479
9210429 1.03 044 2.35 0.0187 95H0553 -0.27 0.51 -0.53 0.5962
9210431  0.97 1.25 0.78 0.4363 88HO0170 -0.28 1.25 -0.23 0.8199
76H0376  0.84 0.87 0.96 0.3358 88H0169 -0.30 1.25 -0.24 0.8084
9951043  0.82 041 1.97 0.0488 88H0177 -0.36 1.25 -0.29 0.7710
94H0031  0.80 071 1.14 0.2555 9210430 -0.37 1.25 -0.30 0.7650
92H0193 0.73 0.89 0.82 0.4107 88HO0171 -0.41 1.25 -0.33 0.7443
97W0181 0.73 0.39 1.87 0.0609 00B0094 -0.50 0.88 -0.57 0.5718
95W1786 0.55 052 1.06 0.2895 99S1472  -0.56 0.64 -0.87 0.3837
9951082  0.52 0.30 1.72 0.0846 00B1056 -0.65 0.95 -0.68 0.4963
98S0330  0.46 0.57 0.82 0.4148 99S0712  -0.65 0.37 -1.77 0.0767
9950176  0.42 029 143 0.1519 99B1844 -0.99 0.81 -1.23 0.2175
82H0397 0.38 0.38 1.00 0.3192 97B0197 -1.06 0.61 -1.72 0.0848
9111198 0.38 045 0.84 0.4020 85L1056 -1.20 1.03 -1.17 0.2432
86H0437  0.37 0.65 0.57 0.5712 88MO0777 -1.20 0.97 -1.23 0.2180
N45 0.37 0.40 0.95 0.3442 96H0398 -1.21 052 -2.33 0.0201
88H0174  0.33 1.25 0.27 0.7900 85H0428 -1.27 049 -2.61 0.0092
9210433 0.31 1.25 0.25 0.8060 95H0039 -1.29 0.66 -1.96 0.0496
00S1407 0.21 1.09 0.19 0.8477 96H0296 -1.31 0.58 -2.24 0.0248
97B0272  0.19 082 0.24 0.8128 93H0115 -1.64 0.47 -3.51 0.0005
99B0325 0.15 0.39 0.38 0.7059 85H0363 -2.05 0.80 -2.56 0.0105
97B0931  0.06 0.80 0.07 0.9442 N42 -2.06 0.68 -3.04 0.0023
9950854  0.04 0.55 0.08 0.9370 95H0130 -2.38 0.69 -3.44 0.0006
88H0175 0.02 1.25 0.01 0.9885 85L1374 -2.43 0.70 -3.49 0.0005
88H0168  -0.06 1.25 -0.05 0.9589

85L1612  -0.07 051 -0.13 0.8953 Male BLUP S.E. t- P>t

stats

88H0172  -0.08 1.25 -0.06 0.9486 82H0397 1.47 0.62 239 0.0169
88H0176  -0.08 1.25 -0.06 0.9486 97B0272 1.16 047 245 0.0144
86H0048  -0.09 050 -0.17 0.8655 97B0107 1.03 0.80 1.29 0.1964
9210435 -0.10 1.25 -0.08 0.9360 99B0325 1.01 0.70 145 0.1480
89H0568  -0.11 0.60 -0.19 0.8509 96H0289 0.53 0.72 0.73 0.4654

MO = Males only, MP = Melting pot
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Table 5.6 Continued.

Male BLUP SE  t-stats P>t Male BLUP S.E. t-stats P>t

MO 0.40 029 1.38 0.1683 82H0398 -0.09 0.92 -0.09 0.9258
85H0428 0.34 0.61 0.56 0.5788 82H0410 -0.10 0.92 -0.10 0.9172
88MO0777  0.30 0.59 0.50 0.6148 82H0409 -0.12 0.92 -0.13 0.8961
95H0059 0.26 0.67 0.39 0.6973 MP -0.15 031 -0.48 0.6282
00B1244 0.19 0.88 0.22 0.8269 82H0401 -0.15 092 -0.16 0.8720
82H0405 0.17 092 0.19 0.8505 82H0400 -0.16 0.92 -0.17 0.8638
85H0363 0.08 058 0.15 0.8835 82H0408 -0.19 0.92 -0.21  0.8368
85H0605 0.06 0.71 0.08 0.9382 82H0402 -0.21 0.92 -0.23 0.8174
CP701133 0.06 0.62 0.09 0.9252 93H0460 -0.25 0.71 -0.36  0.7197
9950176 0.01 049 0.01 0.9908 99B1979 -0.34 0.82 -0.41 0.6795
82H0406 0.01 092 0.01 0.9919 95H0039 -043 0.74 -0.59 0.5577
82H0399 -0.03 092 -0.04 0.9709 92L0429 -0.52 042 -124 0.2158
82H0403 -0.04 092 -005 09636 76H0376 -0.74 062 -1.19 0.2351
82H0407 -0.04 092 -005 09636 00B1941 -0.89 0.61 -1.45 0.1466
82H0404 -0.08 092 -0.09 0.9300 99B1439 -121 0.76 -159 0.1114
N51 -0.09 084 -0.11 0.9107 90H0525 -124 0.75 -1.66 0.0978

MO = Males only, MP = Melting pot
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Table 5.7 Female and male best linear unbiased prediction (BLUP), standard error of
BLUP (S.E.), t-stats (t-statistic) and probability of a larger t-statistic (P>t) for the

sandy soil (SML12) populations

Female BLUP S[E. t-stats P>t Male BLUP SE. t- P>t
stats

N52 2.87 0.55 5.19 <.0001 N52 4.16 157 2.65 0.0081
82H0397 2.64 0.74 357 0.0004 US56158  4.08 1.11 3.66 0.0003
01S1428  1.97 0.61 3.21 0.0013 00B1244 4.00 1.03 3.88 0.0001
0051958 1.85 056 3.28 0.0011 95H0059 3.64 1.24 294 0.0032
01S1637 1.61 0.69 234 0.0192 N31 2.67 1.66 1.61 0.1080
95H0059 1.35 0.62 2.17 0.0304 0251314 2.66 1.10 2.42 0.0158
87L0573  1.29 1.35 0.96 0.3376 0250639 2.58 0.86 2.99 0.0028
0251314  1.08 057 1.90 0.0570 82H0397 1.66 1.09 153 0.1257
85L0102 0.82 053 154 0.1226  93H0094 1.58 1.08 1.46 0.1430
93H0094 0.78 0.80 0.97 0.3323 01B0586 1.56 1.11 1.41 0.1580
8511612 0.51 0.52 0.97 0.3306 85H0605 1.36 0.96 1.42 0.1568
86H0437  0.47 0.59 0.80 0.4250 00B1741 0.95 0.75 1.26 0.2064
00S0664  0.46 1.16 0.40 0.6897 96H0289 0.75 1.01 0.74 0.4575
9210429 0.36 0.89 0.40 0.6869 97B0107 0.68 1.09 0.63 0.5309
01S1681  0.29 0.48 0.62 0.5385 88MO0777  0.65 1.13 058 0.5643
91H0460  0.03 1.35 0.02 0.9851 85H0428 0.36 1.09 0.33 0.7436
0151430  -0.07 0.89 -0.08 09391 MP 0.27 0.59 0.46 0.6474
76H0376  -0.07 1.07 -0.07 0.9480 87L0573 0.08 156 0.05 0.9586
0250639  -0.18 0.62 -0.29 0.7699 99B1659 0.05 1.38 0.04 0.9706
97B0272 -0.21 0.60 -0.36 0.7212 92L0429 -0.12 1.08 -0.11 0.9112
88M0777 -0.29 0.75 -0.38 0.7003 04K1388 -0.73 1.12 -0.65 0.5130
99B0325 -0.31 1.06 -0.29 0.7708 MO -0.77 055 -1.40 0.1602
9850330 -0.42 1.17 -0.36 0.7180 CP701133 -1.00 1.48 -0.67 0.5005
9951472  -0.71 1.06 -0.67 0.5015 01S1672 -1.57 1.27 -1.24 0.2160
90HO0525 -0.77 1.36 -0.57 0.5694 99B1979 -1.90 0.88 -2.15 0.0313
00S1247  -0.81 0.89 -091 0.3630 97B0272 -1.91 1.87 -1.02 0.3079
0250097 -1.14 1.09 -1.04 0.2966 01S1749 -2.17 145 -150 0.1339
9950176  -1.18 0.78 -150 0.1325 85L1612 -2.38 0.97 -2.46 0.0138
00B0379  -1.30 1.10 -1.18 0.2384 76H0376 -2.48 1.65 -1.51 0.1315
85H0428 -1.36 0.54 -253 0.0114 0151428 -2.51 0.99 -2.55 0.0109
00B1741 -1.38 0.70 -1.97 0.0492 00B1941 -2.58 0.85 -3.03 0.0025
0180213  -1.43 1.04 -137 0.1710 N48 -3.21 1.00 -3.22 0.0013
0181672  -1.54 0.54 -2.87 0.0041 9950176 -4.48 1.25 -3.58 0.0004
86H0048  -1.58 0.89 -1.77 0.0771 0151681 -5.95 0.96 -6.18 <.0001
0151749  -1.60 0.56 -2.85 0.0043

95H0553  -2.04 0.75 -2.71  0.0067

MO = Males only, MP = Melting pot
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The elite groups of female and male parents produced both significantly (P<0.05) higher
cane yield compared to the non-elite group of parents in both BML and SML trials (Table
5.8). There was a consistent decrease in cane yield from elite to non-elite groups of parents.
The order of the magnitude of the classification (from largest to smallest) was
elite>average>non-elite for both female and male parents. A consistent increase in cane
yield, produced by both groups of female and male parents, was observed form BML10 to
BML11 to BML12 as well as from SML10 to SML11 to SML12.

Table 5.8 Female and male parent classification by least square means generated by
best linear unbiased prediction (BLUP) procedure for cane yield in humic (BML) and

sandy (SML) soil populations

Trial Classification Female Male
BML10 Elite 7.79 7.98a
Average 6.82b 6.44b
Non-elite 5.18c 5.36¢
BML11 Elite 10.65a 10.61a
Average 8.65b 9.04b
Non-elite 7.22¢ 6.86C
BML12 Elite 16.76a 16.82a
Average 13.83b 14.49b
Non-elite 12.05¢ 11.34c
SML10 Elite 7.96a 7.76a
Average 7.64b 6.22b
Non-elite 6.77c 5.74c
SML11 Elite 10.08a 10.68a
Average 8.63b 8.90b
Non-elite 7.06C 6.19c
SML12 Elite 17.82a 19.73a
Average 15.86b 15.63b
Non-elite 14.15c¢ 12.46¢

Values followed by different letters are significant different at P<0.05
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The proportions of female and male parents that produced significantly (P<0.05) higher
BLUP values (elite parents) were counted for all trials (Table 5.9). The total number of elite
female parents in BML (humic soil) trials was more than that of SML (sandy soil) trials,
except for the total number of elite female parents in BML11 which was less than for the
SML11. BML and SML trials produced more or less the same number of elite male parents.
The numbers of elite female and male parents in each trial were divided by the total number
of female and male parents in the trial to give a percent value of elite parents. The
percentage of elite female parents in BML trials ranged from 14.9 to 32.0% while in SML
trials it ranged from 10.9 to 16.7%. The percentage of elite male parents in BML trials
ranged from 9.1 to 12.5% while in SML trials it ranged from 4.4 to 17.6%.

Table 5.9 Proportions of elite parents for cane yield for the humic (BML) and sandy
(SML) soil populations

Trial Female Male
Total Elite %Elite Total Elite %Elite

Humic soil breeding programme

BML10 38 7 18.4 22 2 9.1
BML11 47 7 14.9 31 3 9.7
BML12 25 8 32.0 32 4 12,5
Total 110 22 20.0 85 9 10.6
Sandy soil breeding programme

SML10 38 5 13.2 23 2 8.7
SML11 92 10 10.9 45 2 4.4
SML12 36 6 16.7 34 6 17.6
Total 166 21 12.7 102 10 9.8

5.5 DISCUSSION

The significant female and male variance components suggested that the parents that have
been selected for crossing contributed significantly to variability among progenies for cane
yield. Generally, the female effects produced larger variances and smaller standard error
compared to the male effects and this suggested that most of the variability in progenies
were probably attributed to variability among female parents. Results suggest the potential

existence of dominance or maternal effects. Zhou (2015) reported stronger maternal effects
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compared to paternal effects and this highlight the difficulty of synchronising sugarcane
genotypes flowering during crossing. The large residual error variances (larger than both
the female and male effects) suggested that most of the variability observed in the data was
not contributed by the female and male parents. The large variability could be attributed to
large spatial variability associated with the large trial characteristic of this stage in plant
breeding trials. The large variability could also be due to non-additive genetic variation
caused by complex genome of sugarcane. Further, the large residual error indicates the need
to optimise experimental designs to improve trial efficiency. Currently, the randomised
block design is used which may not be appropriate for trials with more than 100 crosses.
Adoption of an alpha lattice design is expected to improve efficiency. The alpha lattice
designs can account for within block variability and thus reduce error variance and
increasing the efficiency of comparing families.

In both humic and sandy soil populations, female parents 82H0397 (BML12, SML10,
SML12), 96H0259 (BML10, SML11), 98B0460 (BML10, BML11, SML10), 98S0290
(BML10, SML10), 98H0590 (BML10, SML10), 99S1362 (BML10, SML10, SML11) and
N52 (BML12, SML12) produced progenies that had significantly higher cane vyield
compared to the population mean in at least more than two trials, indicating that these
parents were potentially elite parents for the Midlands breeding programmes. Male parents
02S0639 (BML12, SML12), 82H0397 (BML11, SML11), 98B0460 (BML10, SML10),
98B1889 (BML10, SML10) and N52 (SML12) produced progenies with significantly
higher cane yield compared to the population mean suggesting that these were potentially
elite male parents. According to Barbosa et al. (2005), it is important to know the breeding
values of parent genotypes to allow a greater combining ability. Thus, the identified elite
parents could in return be crossed with other parents as well as among each other in order
to examine the specific combining ability for further crossings (Barbosa et al. 2005).
Parents 82H0397, 98B0460 and N52 appeared as both elite male and female parents.
Results may indicate that both 98B0460 and N52 are likely to be true elite male parents
that excel in pollen production. In breeding trials, it has been frequently observed that
progeny plots from crosses including N52 and 98B0460 are frequently more vigorous with
better combinations of other commercial traits such as good agronomic appearance and low
disease symptoms. However, they are frequently used in polycrosses where seed is

collected from their flowers and thus act as female parents. Results indicate that all the
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above parents could be retained as elite parents to be used in building a core germplasm

pool of known genotypes that produce elite progenies.

Genotypes 00B1244 (BML12, SML11), 00B1741 (BML11, SML12), 85H0428 (SML11,
SML12), 86H0048 (BML11, SML12), 95H0039 (BML10, SML11), 95H0130 (BML10,
SML10, SML11), 95H0517 (BML10, SML10), 96H0320 (BML11, BML12), 97B0740
(BML10, BML11), and 9950176 (BML12, SML10) when used as female parents, produced
progenies with significantly lower cane yield compared the population mean in at least two
trials suggesting that these genotypes were inferior parents for the Midlands breeding
programmes. Genotypes 9850290 (BML10, SML10), 99B1439 (BML11, BML12) and
N48 (BML10, SML12), when used as male parents, produced progenies with significantly
lower cane yield compared the population mean in at least two trials. Genotype N48
produced consistently lower yielding progenies when used both as a female and male
parent; a testimony to its poor performance as a parent. Despite the poor performance of
genotype N48 as a parent according to Zhou (2014b), genotype N48 produced high sucrose
content in humic soil and high cane yield in sandy soil. Results suggest that N48 possesses
a high genetic value but a low breeding value. Genotypes that produced inferior progenies
can potentially be discarded from the gene pool because of their limited contribution to the
Midlands breeding programmes as parents. It is recommended that parent selection be
focused only on genotypes that produced elite progenies for sugarcane yield. Similar results
were obtained from a study carried out in South Africa involving selection for Eldana borer
resistance using family data (Zhou and Mokwele 2015). Furthermore, the average parents
could be used in future crosses only if they possess high breeding values for quality,
ratooning ability, and insect pest and disease resistance.

Parent selection and crossing at SASRI is currently based on mid-parent values. The
assumption is that genotypes that possess high genetic values will ultimately produce
progenies with high genetic values. However, results suggested that some parents with high
genetic values do not produce progenies with high genetic values. This indicated that a high
genetic value does not necessarily mean a genotype possess a high breeding value. Breeding
values refer to the ability of genotypes to pass on genes to their progenies (Wei et al. 2012).
Therefore, future parent selection should be based on breeding values rather than genetic
values. Results highlighted the need to intensify evaluation of parents using family data,
not only for the Midlands breeding programmes but also for other SASRI breeding
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programmes. The evaluation will ultimately identify elite parents that would form the basis
of future sugarcane breeding in South Africa. The identified elite parents can be the core
gene pool to which new parents are added after testing each year, while older parents with

comparatively lower breeding values are eliminated.

The elite group of female and male parents significantly produced higher cane vyield
compared to the non-elite group of parents in both BML and SML trials, indicating that the
groups were predictable. There was a consistent decrease in cane yield from elite to non-
elite groups of parents. Results indicated that the non-elite parents could be discarded with
minimal genetic loss from the breeding programmes. Results further highlighted the
effectiveness of using family data to generate breeding value estimates of parents involved
in crosses (Kimbeng and Cox 2003).

The numbers of elite female parents in BML trials were more than those in SML trials. The
sandy soil breeding programme started only more recently in 1997, while the humic soil
programme started 40 years ago and was relocated to the current research station (Nuss
1998). The sandy soil breeding programme started with parents derived from the humic soil
programme and other breeding programmes. Therefore, the sandy soil breeding programme
has had fewer cycles of recurrent selection compared to the humic soil breeding
programme, and thus has fewer elite parents.

There appeared to be higher numbers of elite parents in later series compared to earlier
series for both humic and sandy soil trials suggesting a potential increase in the number of
elite families with cycles of breeding. Results suggested that future cycles of recurrent
selection will have higher proportions of elite parents. A study by Zhou (2014b) has shown
an increase in yield produced by newer genotypes compared to older genotypes which
indicates the potential effectiveness of recurrent selection for cane yield. Further, results
suggested that with focussed parent evaluation, the development and identification of elite
parents will accelerate, resulting in increased efficiency in these breeding programmes.
This trend has been observed for studies in Australia (Atkin et al. 2009) and in South Africa
(Zhou 2015).
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5.6 CONCLUSIONS

The significant female and male variance components indicated the effectiveness of using
family data to estimate the breeding values of parents that were used in crosses. The
significant female and male parent’s variance effects were also associated with variability
for cane yield among parents suggesting the existence of genetic variability among parents.
Parents producing progenies that had significantly higher cane yield were identified from
the family data in both humic and sandy soil populations and those parents can be used for
building a germplasm pool for sugarcane yield. BLUP estimates identified female parents
(82H0397, 96H0259, 98B0460, 9850290, 98H0590, 98S1362 and N52) and male parents
(02S0639, 82H0397, 97B0272, 98B0460, 98B1889 and N52) that produced progenies with
significantly higher cane yield in humic and sandy soil populations, indicating that these

parents were potentially elite parents in these populations.

Parents were classified into elite, average and non-elite where the non-elite parents can be
discarded for future crosses and selection. Results from this study should encourage
breeders to make new crosses using the selected elite parents from where higher genetic
gains for sugarcane yield are expected. Humic soil populations had higher proportions of
elite parents compared to sandy soil populations probably due to longer cycles of recurrent
breeding and selection. The proportions of elite parents were 20% (females) and 10.6
(males) for humic soil populations and 12.7% (females) and 9.8% (males) for sandy soil
populations, suggesting intensive parent evaluation and development was required in these

populations.
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CHAPTER 6

GENERAL DISCUSSION, CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE RESEARCH

6.1 GENERAL DISCUSSION

Family evaluation was adopted to increase genetic gains for cane yield in SASRI breeding
programmes. Family data for stalk number, stalk height and stalk diameter was collected
during the last four years and used to estimate cane yield. Preliminary studies (Zhou 2014)
demonstrated the potential of using yield estimates for family evaluation. However, greater
understanding of the potential of family selection is required to unlock the potential genetic
gains in cane yield using family evaluation. To investigate the benefits and progress of
family evaluation at early stages of selection, three study areas were identified namely;
family versus individual genotype selection (Chapter 3), family evaluation (Chapter 4) and

parent evaluation (Chapter 5).

This study showed that family selection for all traits (cane yield, stalk number, height and
diameter) was superior to individual genotype selection producing larger variability, higher
broad-sense heritability and higher predicted selection gains. Results indicated that an
increase in genetic values for cane yield and its components could be accelerated using
family selection rather than individual genotype selection. Cane yield had higher predicted
selection gains compared to yield components, indicating that selection of families directly
for cane yield was more efficient than through the yield components. Stalk height
consistently produced higher CV% values suggesting that more precision was necessary in
the measurement of height. In addition, the study showed that data collected from yield
components was sufficient in determining family differences. However, cane yield is
known to correlate with yield components as demonstrated by path coefficient studies
(Risch 2000).

In practice, family evaluation leads to the selection of elite families followed by the
selection of superior genotypes within elite families. Of great interest is that while results
have shown the superiority of family selection, results also indicated that individual

genotype variances were significant. This was a strong evidence that a combination of
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family selection followed by individual genotype selection could be more effective and

efficient than family selection alone.

The family gains for humic soil populations were more than those for sandy soil
populations, indicating that high proportions of elite families for cane yield were advanced
in humic rather than in sandy soil breeding populations. This could be due to differences in
soil type since humic soil is more uniform and deeper, with higher organic matter and clay
content compared to sandy soil. Therefore, less impact of GXE is expected from humic soil
compared to sandy soil. This further enhances the ability to identify superior families and
genotypes on humic soil. In addition, the humic soil breeding programme has been in
existence for over 40 years and has benefited from several cycles of genetic
recombination’s compared to the sandy soil breeding programme, which was established
20 years ago (Nuss 1998).

There were significant differences among families and group of families which indicated
the ability of using progeny performance data to determine differences among sugarcane
families in humic and sandy soil breeding populations. Based on the variation observed
among families for cane yield, families were divided into three groups (elite, average and
non-elite) using BLUP estimates. Generally, the means of cane yield significantly
decreased from the elite to the non-elite group of families. The elite group of families
represented families that produced significant higher cane yield compared to the population
mean. The non-elite group of families represented families that produced significant lower
cane yield compared to the population mean. The elite group produced significant higher
cane yield than the average groups, whereas the average groups produced significant higher
cane yield than non-elite groups. It is suggested that individual genotype selection be
concentrated on the progenies from elite families, whereas the non-elite families should be
discarded. It is also recommended that the average group should not be discarded but
preferably be used as a group of family that is known to possess progenies with high

breeding values for agronomic, quality, and pest and disease resistance traits.

Principal component analysis provided an efficient way of summarising the whole data set
by compressing the different correlated variables into fewer dimensions. The total variation
explained by the first two PCs was more than 90%. The first PC emphasised on cane yield,
stalk number and stalk height while the second PC emphasised on stalk diameter. It became
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clear that in an attempt to increase cane yield the focus should be on improving stalk
number and stalk height rather than stalk diameter. Using BLUP analysis, selection based
on family data in the plant crop of original seedlings, was effective in identifying elite
families for cane yield. Humic soil populations produced higher proportions of elite
families compared to sandy soil populations. Results indicated that populations grown in
humic soil had a greater potential of increasing gains for cane yield through family
selection. The optimum selection rate for humic soil populations was higher than for sandy

soil populations.

This study showed highly significant female and male variance components which
indicated that parents were contributing significantly to variability among progenies for
cane yield. Parents were divided into three groups (elite, average and non-elite) for cane
yield using BLUP estimates. The elite parents produced families with higher cane yield
than the average parents, whereas the average parents produced families with higher cane
yield than the non-elite parents. Results indicated that the non-elite parents could be
discarded with minimal genetic loss from the breeding programmes. In the Midlands
breeding programmes (humic and sandy soil), the sandy soil breeding programme is the
youngest, therefore fewer recurrent selection has occurred (Nuss 1998) and thus has fewer
elite parents. Thus, dedicated recurrent selection for cane yield is required for the sandy
soil breeding programmes.

Generally, the proportions of elite parents (both females and males) were low for humic
(30.6%) and sandy (22.5%) soil populations because the majority of parents with high
genetic values produced families with significantly low cane yield compared to the
population mean. This study revealed that some parents with high genetic values do not
produce progenies with high genetic values. This indicated that a high genetic value does
not necessarily mean a genotype possesses a high breeding value. Therefore, it is
recommended that future parent selection should be based on breeding values rather than
genetic values. Information on breeding values will be informative for parent selection,
germplasm development, introgression breeding and parent combinations at a time of

crossing.

Generally there was a large residual error in all trials, indicating that large variability was
not accounted for by experimental designs. This large residual error indicated the need to
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optimise experimental designs to improve trial efficiency. It was concluded that the
randomised complete block design, which was used for all these trials, may not be
appropriate for trials with more than 100 families (crosses). In an attempt to improve design
efficiency, the adoption of an alpha lattice design could increase the efficiency in trials.

6.2 CONCLUSIONS

Family selection was more effective than individual genotype selection since it produced
higher variability, higher heritability and larger predicted selection gains across all trials in
both humic and sandy soil breeding programmes. Selecting families directly for cane yield
was more efficient than through its components. Stalk height was more susceptible to inter-
plot competition among individuals compared to families and this indicates the potential of
stalk height to benefit from family selection. Combined gains from both family selection
and individual genotype selection are expected to increase the genetic gains for yield in
sugarcane breeding. The significant differences among families and group of families
indicated the effectiveness of family selection and the potential of identifying and selecting
elite families as well as discarding the non-elite families. Principal component analysis
showed that number of stalks and stalk height contributed the most to cane yield. Therefore,
stalk number and stalk height are important traits to consider when selecting and evaluating
families for sugarcane yield. Elite families were identified using BLUP estimates. The
humic soil populations produced a higher proportion of elite families and had a higher

optimum selection rate compared to the sandy soil populations.

The significant female and male variance components indicated the effectiveness of using
family data to estimate the breeding values of parents that were used in crosses. Elite
parents for cane yield were identified using BLUP estimates from family data in both humic
and sandy soil breeding populations. Elite parents can be used to build a core germplasm
while the non-elite parents can be discarded for future breeding and selection. There were
lower proportions of elite parents for both humic and sandy soil populations indicating a

need for parent evaluation and development for these populations.
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6.3 RECOMMENDATIONS FOR FUTURE RESEARCH

1. This study demonstrated the advantages of family over individual genotype
selection for cane yield in the Midlands breeding programmes. Further studies are
needed to investigate the benefits of family evaluation and selection for cane yield
across the other SASRI breeding programmes.

2. Gains achieved by family selection at early stages of selection could be further
enhanced by combining family selection with individual genotype selection in two
steps; first selection of elite families and then individual selection. Thus, there is a
need for research to evaluate the gains from combination of family and individual
selection. This will allow for investigating the subsequent selection stages to
determine whether family traits could predict the performance of genotypes
advanced to later stages of the SASRI breeding programme.

3. Although yield components provided sufficient discriminating ability to determine
family differences, family genetic interrelationships for the yield traits are still not
known. Further studies are needed to determine the family phenotypic and genetic
correlations among yield traits as well as establish path coefficients across different

populations.

4. The current study has determined the optimum family selection rates for the
Midlands breeding programmes. Therefore, further studies should focus on
determining if the optimum family selection rates are static across the SASRI

breeding populations.

5. Future studies should intensify evaluation of parents using family data, not only for
the Midlands breeding programmes but also for other SASRI breeding programmes.
The evaluation will identify elite parents that would form the basis of sugarcane
breeding and such information can also be used for the development of sugarcane

germplasm in South Africa.
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6. Further studies are required to quantify the field variability in the original seedlings

trials and accommodate them during experimental design.

7. Genetic populations studied in three years and in two environments are different.
Therefore, it would be important to consider future research to study the same pool

of families in contrasting environment, over different years.
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ABSTRACT

Family selection provides the potential to improve gains for quantitative traits with low
heritability such as cane yield at early selection stages. Family evaluation data can also be
used to identify superior parents for use in future crossing. The objectives of the study were
to compare family with individual genotype selection for cane yield components; to
identify and determine the proportions of elite families for sugarcane yield; to determine
the optimum family selection rate and identify ideal trait combinations among the elite
families; to identify superior parents using family data and determine the proportion of
superior parents within populations in the Midlands breeding programmes. Family data on
stalk number, stalk height and stalk diameter were collected from a sample of the first 20
genotypes per family plot. Family yield data were analysed using Statistical Analysis
System (SAS) linear mixed models. Family variance was 1.2 to 5.0 times that of individual
genotype variance indicating larger variability among families compared to individual
progenies. Families produced larger broad-sense heritability estimates (25 to 90%) than
individual genotypes (1.6 to 23.5%) suggesting that selection for superior families would
be more accurate than for individual genotypes. Families produced higher predicted
selection gains (9 to 59%) compared to individual genotypes (1 to 12%) which indicated
that family selection would be more efficient. Results indicated highly significant
differences (P<0.0001) for family and group effects for all traits. The highly significant
differences (P<0.0001) observed for family within group effects for stalk diameter
indicated large variability for families within the different cane yield groups. The humic
soil populations produced a significantly (P<0.05) high proportion of elite families and the
higher optimum selection rate (30%) compared to sandy soil trials (25%) suggested that
humic soil populations contained more elite families compared to sandy soil populations.
Using BLUP estimates, female (82H0397, 96H0259, 98B0460, 9850290, 98H0590,
9851362 and N52) and male (02S0639, 82H0397, 97B0272, 98B0460, 98B1889 and N52)
parents produced progenies with significantly (P<0.05) high cane yield compared to the
population mean in both humic and sandy soil populations. The identified elite parents
could be used in building a core germplasm pool of genotypes that produce elite progenies.
Humic soil populations contained a higher proportion of elite parents (30.6%) compared to
sandy soil populations (22.5%) which is probably due to longer cycles of recurrent breeding

and selection in humic soil breeding programmes. The low proportions of elite parents for

109



both humic and sandy soil populations obtained suggest that intensive parent evaluation

and development is required.

Keywords: Sugarcane, family, individual genotype, parents, yield, predicted selection gains

110



OPSOMMING

Familie-seleksie het die potensiaal om vordering vir kwantitatiewe eienskappe met lae
oorerflikhede, soos rietopbrengs in ‘n vroeé seleksiestadium, te bevorder. Familie-
evaluasie data kan ook gebruik word om beter ouers te identifiseer wat gebruik kan word
in toekomstige kruisings. Die doelwitte van hierdie studie was om familie- en individuele
genotipe seleksie met mekaar te vergelyk ten op sigte van rietopbrengs-komponente; om
die proporsies “elite” families te evaleueer en te bepaal vir rietopbrengs; om die optimale
familie-seleksie tempo te bepaal en om die ideale eienskapkombinasies tussen families te
identifiseer; om beter ouers te identifiseer deur gebruik te maak van familie-data en om die
proporsie beter ouers binne die Midlandse telingsprogramme te identifiseer. Familie-data
in terme van aantal stele, steelhoogte en steeldeursnee is versamel vanaf die eerste 20
genotipes per familie-plot. Familie-opbrengs data is ontleed deur gebruik te maak van
Statistiese Analise Stelsel (SAS) se lineére gemengde modelle. Familie-variansie was 1.2
tot 5.0 keer dié van individuele genotipe variansie en dit toon aan dat groter veranderlikheid
tussen families voorgekom het as tussen individuele nageslagte. Families het groter breé
sin oorerflikheidsskattings (25 tot 90%) gelewer in vergelyking met individuele genotipes
(16 tot 23.5%) en dit toon aan dat seleksie vir beter families meer akkuraat sal wees as vir
individuele genotipes. Families het hoér verwagte seleksie-vorderings (9 tot 59%) gelewer
in vergelyking met individuele genotipes (1 tot 12%) wat aanngetoon het dat familie-
seleksie meer effektief sal wees. Resultate het aangetoon dat daar hoogs betekenisvolle
verskille (P<0.0001) vir familie- en groepeffekte vir alle eienskappe voorgekom het. Die
hoogse betekenisvolle verskille (P<0.0001) vir familie- en groepeffekte vir steeldeursnee
het aangetoon dat daar groot veranderlikheid tussen families binne die verskillende
rietopbrengsgroepe was. Die humusgrond-populasies het ‘n betekinsvolle (P<0.05) hoér
proporsie “elite” families geproduseer en die hoér optimum seleksietempo (30%)
invergelyking met sandgrond proewe (25%) het voorgestel dat die humusgrond populasies
meer “elite” families vervat het as die sandgrond populasies. Deur gebruik te maak van
BLUP skattings het vroulike (82H0397, 96H0259, 98B0460, 9850290, 98H0590, 9851362
en N52) en manlike (0250639, 82H0397, 97B0272, 98B0460, 98B1889 en N52) ouers
nageslagte geproduseer wat betekenisvol (P<0.05) hoé rietopbrengste in beide humus- en
sandgrond populasies gelewer het. Die geidentifiseerde “elite” ouers kan gebruik word om
‘n kern kiemplasmapoel van genotipes te bou wat weer “elite” nageslagte kan produseer.

Humusgrond populasies het ‘n hoér proporsie “elite” ouers (30.6%) vervat in vergelyking
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met sandgrond populasies (22.5%) wat waarskynlik toegeskryf kan word aan die langer
seleksiesiklusse van herhalende teling en seleksie in humusgrond telingsprogramme. Die
lae proporsies “elite” ouers wat voogekom het vir beide humus- en sandgrond populasies

stel voor dat intensiewe ouerevaluasie en ontwikkeling benodig word.

Sleutelwoorde: Suikerriet, familie, individuele genotipe, ouers, opbrengs, verwagte

seleksie vordering
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