Regulates the yield of cereal grains through manipulating
Tillering regulates the yield of cereal grains through manipulating the number of extra panicles and assimilates availability for grain formation. It is one of the key plastic traits of cereals, showing response to changes in growing environments. It is an important agronomic traits related to crop adaptation to changed environments, as high tillering genotypes suits better in favourable environment to maximize resource use, while low tillering one may be more desirable for stressed conditions to reduce resource loss (Daisuke Fujita et al., 2010). As a special kind of branch of monocotyledonous plants, tillers are one of the fundamental components of plant architecture regulating the yield of cereals (Kuraparthy et al., 2008), as it is directly linked to the number of panicles formed (Aarati et al., 2003; Beall et al., 1991; Chai et al., 2006). Tillering plays an important role in biomass accumulation as intercepted radiation is increased with the greater leaf area associated with tillering. In adverse environmental conditions when water for transpiration is limited, low tillering is expected to allow more efficient use of available water. Production of few but vigorous productive tillers can restrict plant size, which can increase post-anthesis water availability and grain yield in water limited conditions (Hammer, 2006). However, excessive tillering can lead to high tiller abortion, poor grain set, and small panicle size and reduce tiller leaf area for photo-assimilation thereby reduce grain yield (Kariali and Mohapatra, 2007). Therefore, a clear understanding of regulation of tillering in cereals is required to identify genotypes with adaptation to target environments.

The mechanism of tiller development is characterized by the initiation of axillary meristem, formation of axillary bud and subsequent outgrowth (Schmitz and Theres, 2005). All these three stages are regulated by internal genetic back ground, external environment and their interactions (Anterola et al., 2009; Beveridge et al., 2003; Shimizu-Sato et al., 2009). The genetic mechanism and environmental regulation of tiller dynamics triggers the physiological mechanism happening in the cell. Discoveries achieved in this area revealed that an array of genes with their coordinated expression in common networks controls the axillary branching in Arabiodopsis, tomato, petunia and pea (Reviewed in (Yaish, 2010),(Doust, 2007); (Dun et al., 2006; Leyser, 2005; McSteen, 2009; McSteen and Leyser, 2005). Some orthologous genes of those gene networks have also been found in rice and maize (Li et al., 2003; Mao et al., 2007; Takeda et al., 2003). All these genes were found to control shoot branching through the alteration of different transcriptional and hormonal pathways (Reviewed in (Yaish, 2010). However, the exact mechanism of hormonal and transcriptional regulation of tillering is still unclear. Environmental parameters such as nutrient supply, irradiance, and spacing influence growth of emergent tillers in the field (De Datta, 1981; Yoshida, 1981). In conditions where tillering is not affected by water or nitrogen stress, the plant carbon balance, and in particular the availability of assimilates, drives tiller production (Lafarge, 2006; Mitchell, 1953; Ong and Marshall, 1979). The availability of assimilates for tillering decreases with either increasing demand by the main culm or a reduced supply from photosynthesis. Assimilate demand of the main culm increases at high temperatures (Bos and Neuteboom, 1998; Cannell, 1969; Major et al., 1982) in response to a high leaf growth rate (Lafarge et al., 1998). Assimilate supply is reduced by low light interception, resulting from low incident radiation, a short photoperiod, high planting density or defoliation (Bos and Neuteboom, 1998; Cannell, 1969; Gautier et al., 1999; Gerik and Neely, 1987). A change in light quality associated with increases in plant density has also been shown to affect tiller production. In crops grown with non-limiting water and nutrients, Deregibus et al. (1985) and Ballare et al. (1987) observed a decrease in the ratio of red : far-red light and in tiller production as density increased; this occurred prior to any appreciable shading or depletion of assimilate resources.

Tiller outgrowth depends on resource availability and the ratio of carbohydrate supply and demand (S/D) has been used in rice (Dingkuhn et al., 2006; Luquet et al., 2006) and sorghum (Kim et al., 2010a; Kim et al., 2010b) to relate tiller appearance to plant internal competition for resources.Kirby et al. (1985) reported that the early growth of tillers completely depends on photoassimilates and nutrients from the mainstem, which was also supported by previous investigation on existence of mainstem and substem tiller competition for resources in wheat (Mohamed and Marshall, 1979).The S/D ratio is a complex indicator of plant carbohydrate status, in which solar radiation and leaf area determine carbohydrate supply via photosynthesis and temperature and leaf size determine carbohydrate demand associated with growth (Hammer et al., 1993; Kim et al., 2010a; Mazzella et al., 2000; Tardieu et al., 1999). Recent investigation of tillering in a few sorghum genotypes revealed that internal plant competition for resources could explain most of the observed genotypic variation in maximum tiller number, but that genotypes also differed in their propensity to tiller (Kim et al., 2010a), possibly indicating hormonal control of tillering. While there is some understanding of the mechanisms regulating tillering and branching in monocots, it is far from complete. Leaf and plant size are two important factors that can influence tillering. A negative correlation between tiller number and plant height was observed in rice (Richards, 1988). However, the relationships between other leaf and plant size traits and tillering has not been fully elucidated. To optimise grain yield, it is necessary to have a plant type with the appropriate productive tiller number and plant architecture for the prevailing conditions. Therefore, a systematic characterisation of this trait is necessary for its better exploitation in high grain yield (Saracutu et al., 2010). Crop genotypic diversity and the associated the associated growing environment contribute to phenotypic plasticity in the populations. Scientific evidences revealed the genetic divergence mainly due to physiological alteration in the plants as observed in branching (or tillering) in monocots and dicots. Environments also play role in changing physiological mechanism causing phenotypic plasticity. Still there is a gap in understanding the physiological mechanism of tillering in cereals attributed by genetics and environmental variation. Thus a clear understanding of the genetic, environmental and physiological mechanism underlying tillering has significant implications for sorghum breeding. Present study was therefore aimed to:

explore the extent of genetic diversity in tillering and other morpho-physiological traits in sorghum,

examine the of association phenotypic traits (leaf and plant size) with tillering,

determine physiological and environmental regulation associated with tillering in sorghum, and

validate resource competition as indicated by S/D index on the regulation of tillering across a wide range of genotypes
MATERIALS AND METHODS

Experimental materials
Sorghum genotypes consisted of diverse conglomerates of 51 Inbred and 39-49 hybrids were grown in three experiments with contrasting temperature and radiation regimes that were conducive to environmental differences in tillering. The inbred lines included in this study were the genotypes of previous tillering and root experiments (Table 1). The hybrids included a subset of 30 that formed an incomplete North Carolina Design II produced from 8 males and 4 females. Females used to produce hybrids were CMS lines. Parents of mapping populations, and male and female parents for North Carolina Design II were included in inbred evaluation.

Table 1 Diverse germplasm from elite parent lines (inbred) used in the experiments.

Genotype

Origin

Characteristics

Ai4

China

2-dwarf, photoperiod insensitive, possible cold tolerance

B35

Ethiopia

Partially converted durra landrace IS 12555, Highly stay green, female parent of NC II design

B923296

Australia

Elite stay green parent ex QPIF breeding program, female parent of NC II design

Dorado

El Salvador

Moderately fungal disease resistant, hard endosperm

ICSV745

India

Parent of mapping population

IS 8525

Ethiopia

Parent of mapping population for ergot resistance

SC111-14E

Ethiopia

Fully converted zera zera landrace Gambela No 6

SC1075-8

Nigeria

Partial conversion of a landrace from Nigeria.

ISCV400

Mali

Bred by ICRISAT as a food sorghum in Mali, 2-dwarf, white grain

Karper 669

USA

Diverse yellow endosperm germplasm line

KS115

USA

Large seed

LR2490-3

China

Breeding line, 2-dwarf, classified as zera zera

LR9198

China

Breeding line, 2-dwarf, male of a good hybrid in China

M35-1

India

Drought resistant

Malisor 84-7

Mali

Advanced line from Mali, described as Kafir-caudatum

MLT135

USA

Elite moderately senescent parent line ex TAMU breeding program

MP531

Southern Africa

Breeding line, 2-dwarf, obtained via TAMU.

QL12

Australia

Source of stay green drought resistance. A male parent of NCII design.

QL33

Australia

Elite moderately senescent parent line ex QPIF breeding program. A female parent of NCII design.

QL36

Australia

Elite moderately senescent parent line ex QPIF breeding program. Male parent of NCII design.

R890562

Australia

Elite moderately senescent parent line ex QPIF breeding program.

R9188

USA

Partially converted derivatives of sweet sorghum Rio. A male parent of NC II design.

R931945-2-2

Australia

Elite stay green parent ex QPIF breeding program. Parent of mapping population, a male parent of NC II design.

R9403463-2-1

Australia

Elite moderately senescent parent line ex QPIF breeding program. Parent of mapping population for brown mid rib.

R9733

USA

Breeding line from Texas A&M University breeding program.

R993396

Australia

Elite moderately senescent parent line ex QPIF breeding program. Mmale parent of NCII design.

R999003

Australia

Selected from an interespciifc cross between S arundinaceum(African wild type high tillering) and R931945-2-2 (low tillering)

R999017

Australia

Selected from an interespciifc cross between S arundinaceum (African wild type high tillering) and R931945-2-2 (low tillering)

R999066

Australia

Selected from an interespciifc cross between S arundinaceum(African wild type high tillering) and R931945-2-2 (low tillering)

R999081

Australia

Selected from an interespciifc cross between S arundinaceum(African wild type high tillering) and R931945-2-2 (low tillering)

R999110

Australia

Selected from an interespciifc cross between S arundinaceum(African wild type high tillering) and R931945-2-2 (low tillering)

R999197

Australia

Selected from an interespciifc cross between S arundinaceum(African wild type high tillering) and R931945-2-2 (low tillering)

R999218

Australia

Selected from an interespciifc cross between S arundinaceum(African wild type high tillering) and R931945-2-2 (low tillering)

Rio

USA

Sweet sorghum

RS29

India

Drought resistant

SC103-14E

Ethiopia

Conversion of a breeding line from South Africa, guinea-caudatum

SC108C

Ethiopia

Fully converted bicolor-kafir landrace Gambela No 1

SC170-6-8

Ethiopia

Partly converted version of IS12661 a caudatum line ex Ethiopia. A high yielding genotype and parent of mapping population.

SC23

Ethiopia

A durra genotype

SC35C

Ethiopia

Fully converted durra landrace IS 12555, source of stay-green.

SC56-14E

Sudan

Source of stay green drought resistance. A male parent of NC II design. Fully converted caudatum landrace.

SC62C

Sudan

A high tillering genotype, male parent of NC II design. Fully converted Caudatum-bicolor landrace.

SC636-6

Uganda

Partial conversion of a caudatum landrace.

SC999

Ethiopia

Partially converted durra-bicolor landrace IS 11080.

TAM422

USA

Early hybrid parent lacking in stay green drought resistance.

Tx2536

USA

Early hybrid parent lacking in stay green drought resistance.

Tx2737

USA

A high yielding genotype having yellow endosperm, widely used as parent commercially in the USA.

Tx2895

USA

Widely used commercially in the USA.

Tx430

USA

yellow endosperm, widely used as parent commercially in the USA.

TX623

USA

An elite US female pedigree BTx3197/SC170-6-4-4. Female parent of NCII design.

TX7000

USA

Early hybrid parent lacking in stay green drought resistance. Male parent of NCII design.
Experimental sites
One glass house and two field experiments were carried out in two sorghum growing seasons under different environmental regimes (Table 2). Experiment 1 was sown in September 2008 in a glasshouse at the University of Queensland in St Lucia and Experiment 2 and Experiment 3 were sown in December 2008 and January 2010 respectively in the field at Hermitage Research Station, Warwick, Queensland. In Exp-1, maximum and minimum air temperature and total radiation were logged daily using a datalogger (CR10; Campbell Scientific). Thermal time was calculated from hourly data, using broken linear relationship with cardinal temperatures of 11, 30 and 42 for the base, optimum and maximum temperature (Hammer et al., 1993; Kim et al., 2010a; Kim et al., 2010b). For Exp. 2 and 3, weather data were recorded at a centrally located weather station. Daily accumulated radiation was also calculated. Both temperature and radiation data were measured from first 45 days after sowing as most of the tillers appeared within this duration. Exp. 1 tended to have higher temperature and Exp. 2 and Exp 3 higher daily radiation (Table 2).

Table 2 Environmental conditions for the experiments under study. Radiation and temperature parameters were calculated up to final primary tiller appearance.

Environmental parameters

Exp 1

Exp2

Exp3

Experimental sites

University of Queensland Glass House

Hermitage research Station, Warwick, Field

Hermitage research Station, Warwick, Field

Location

(Latitude, longitude, altitude)

27° 28’ S, 153°1’E,

.... m

28° 12’ S, 152°5’E, 462 m

28° 12’ S, 152°5’E, 462 m

Sowing date

11 September 2008

17 December 2008

03 February 2010

Photoperiod at sowing

Spacing

30 cm X 30 cm

75 cm x 75 cm

50 cm x 75 cm

Average radiation

(MJ m-2day-1)

7.8

24.9

18.3

Average daily minimum temperature (oC)

20.2

16.0

16.7

Average daily maximum temperature (oC)

31.9

28.7

26.0

Thermal time (oC day-1)

13.10

10.6

10.0

Total rainfall

Irrigated

40.9

160.3
Experimental design
All three experiments were carried out with randomized complete block row and column design with three replications. Genotypes were arranged in a diagonal fashion along rows and columns to allow for a two dimensional spatial adjustments. Experiment 1 carried out in a glasshouse at the University of Queensland in St Lucia included 51 inbred and 39 hybrids. This experiment was laid out in six columns of 45 pots each to account for potential temperature gradients in the glasshouse. Pots of 30 cm diameter were filled with pre-sterilized and pre-fertilized University of California soil mix (containing sand and peat). Four seeds were sown in each pot and after emergence, plants were gradually thinned to one plant per pot by the four leaf stage The whorl of each axis in each plant was sprayed daily with 0.3% Ca (NO3)2 after establishment to minimise symptoms of Ca deficiency. Three weeks after sowing, a 2% solution of AQUASOL was added in two consecutive weeks to provide additional N. Watering was done regularly and no drought stress occurred.

Experiment 2 and 3 were planted in the field at Warwick, Queensland in December 2008 and January 2010 respectively. These experiments included 100 genotypes (including the 90 genotypes of Exp. 1 and 10 NILs). Plots were distributed in 30 ranges of 10 rows and consisted of 1 row of 4.75 m length each. The sites were fertilized and cultivated before planting. The experiments were machine planted with 75 cm row spacing and thinned at the 3-leaf stage to give >70 cm (wide spacing to maximise tillering) and 45-50 cm (moderate spacing) plant to plant spacing in experiment 2 and experiment 3 respectively (Table 2) to provide different field environments. Weeding was done as and when necessary. The experiments were rain-fed and terminated around anthesis.
Observations and variables estimation
Observations were done on a number of traits, related to leaf area development and size of the main shoot. Data on leaf and plant size, leaf appearance and tiller number were recorded on one plant per genotype in each replication. The number of visible and fully expanded leaves on the main shoot and the number of emerged tillers were recorded three times a week. A leaf was visible when its tip was visible above the enclosing leaf whorl and fully expanded if its ligule was visible above the ligule of the previous leaf. Total leaf number (TLN) at anthesis was the number of fully expanded leaves produced on the main shoot. Leaf size was represented by the final length (LL) and maximum width (LW) of main shoot leaves 5, 7, and 9. Average leaf length (ALL) and average leaf width (ALW) were derived from LL and LW respectively. Leaf area was obtained by multiplying length and width by a shape coefficient of 0.69 (Kim et al., 2010b). Internode diameter (ID) was measured using digital slide callipers on the narrowest region of the first internode above the basal root zone. . Plant height was measured from base to flag leaf (PH.B.FL) and from base to bottom of inflorescence (PH.B.I). Measurement of inflorescence length (IL) yielded total plant height (TPH). Days to anthesis (DTA) was measured from the first date of pollen shed. Tillers were named after the main shoot leaf axil form which they appeared, e.g. T3 appeared from the axil of Leaf 3. Basal tiller number (BTL) included only primary tillers, while for total tiller number (TTN) primary, secondary and tertiary tillers were counted.

Plant carbohydrate supply/demand (S/D) index was estimated by a modified formula of Kim et al (2010a) to quantify genotypic effects on tillering:

Where is the average incident global radiation per unit thermal time (MJ ) during the period of expansion of main shoot leaf 5 (LED5, ), LA5 the fully expanded area of L5, which was expanding at the start of tillering, LLIR (5-9) the linear rate of increase in leaf length between L5 and L9, and LWIR (5-9) the linear rate of increase in leaf width between L5 and L9. δTT was used to measure leaf expansion duration of main shoot leaf 5 (LED5) as the time between tip and ligule appearance of that leaf. Incident daily global radiation for the duration of expansion of main shoot leaf5 (RADLED5) was calculated for that period. Phylochron is the inverse of the rate of leaf appearance ().
Data Analysis
Initial statistical analysis was done using combined analysis of variation (ANOVA) to estimate the extent of magnitude of variation among the genotypes to be due to genotype, environment, replications, row, column and their interactions. Variance estimates of genetic parameters and genotypic value of each trait was measured from REML mixed model allowing for spatial variation across the experiment (Gilmour, 1997) following the model-

Where represents the observed value for the trait at experiment i, where i=1,2, genotype j, where j=1,2,…,100 and replicate k. is a fixed effect which represents the mean trait value for experiment i. is a effect for genotype j at experiment i. is the random residual effect.

Trait values of each genotype in each experiment were estimated from best linear unbiased estimators (BLUEs) and the main genotypic effect was predicted from best linear unbiased predictors (BLUPs). In the estimation of BLUE, genotype was considered as fixed, and environment, replication within environment, genotype x environment, row within environment and column within environment as random factors. While in BLUPs genotype was considered as random. In multi-environmental trial analysis, correlated error terms (variance-covariance matrix structure) along with ‘environment’ were specified as diagonal considering the heterogeneity of error variance across environments (Borras et al., 2009). Both mixed model mentioned here were fitted using linear mixed procedures from Genstat 13.0.

BLUEs were used to estimate the extent of genotypic variability across the experiments. Estimates of variance components were substituted for the estimation of heritability, coefficient of variations and genetic advance.

As an indicator of magnitude of variability, Coefficients of variation were estimated by the formulae described by Singh and Chaudhary() as follows:

Phenotypic coefficient of variation, and

Genotypic coefficient of variation,, where is additive genetic variance and is the phenotypic variance and is the grand mean.

Though GCV indicates the extent of genetic variation of a trait, but is not enough to describe the perpetuation of genes from one generation to the next (Johnson et al., 1963). Therefore, heritabilities were estimated to indicate the effectiveness of selection of genotypes based on phenotypic performance as:

Where and the variance component of genotype by environment interaction, is the error. In case of single trial, . , and were estimated from the variance components of ANOVA proposed by Singh et al.(1993). Heritability along with selection differential can enhance the utility of the estimates. Therefore, genetic advance (GA) was estimated at 5% selection intensity (k=2.06) using the procedure given by Allard (1960) as follows:

Genetic advance,

As the expected genetic advance from selection expressed as a percentage of mean ( is the product of (1) the selction differential measured in terms of the phenotypic standard deviation, (2) the genetic coefficient of variation, and (3) the square root of the heritability ratio, was estimated to have a better approximation of genetic progress in the population.

Phenotypic correlations were estimated from the mean values across experiments. The stimation of genetic correlation among the traits, principle component analysis were done from BLUPs. Biplots were used to approximate the genetic correlation between two variables from the cosine angle formed by their vectors, only when the two principle component retained most of the variations. In case when the two principle components failed to explain most of the variation, genetic correlations were observed from the direct estimation (Borràs et al., 2009).
RESULTS
Combined analysis of showed the significance of the experimental design as the genotypic variability was associated with the significant effect of environment, replication, row and column. This result suggested the importance of the inclusion of these components in REML mixed model analysis.
Genetic variability and environmental determination in tillering
The genotypic effect of total tiller number was highly significant in each experiment and across the experiments. Despite highly significant effect of genotype-by-environment interaction, the magnitude of mean square of this interaction is much smaller than site and genotypic effect. Therefore, the estimate of genetic variance and heritability of this trait is high in each experiment and across the experiments (Table 3).
Table 3 Analysis of variances and estimates of genetics parameters of total tiller number in sorghum estimated in three environments.

Mean squares
Sources of variation

UQGH08

HRS08

HRS10

Across environments

90

100

100

90-100

Genotype

3.51***

9.19***

4.36***

15.15***

Site
-

-

-
314.30***

Genotype.Site
-

-

-
1.29***

Replication

5.08***

2.84*

0.12ns

0.12ns

Replication. Row

1.64***

4.68***

3.04***

2.81***

Replication.Column

3.18***

3.41***

2.62***

3.38***

Site.Replication
-

-

-
3.96***
Genetic parameters
Components

1.28(0.22)

3.51(0.54)

1.65(0.27)

1.80(0.28)
-

-

-
0.31(0.06)

0.52(0.06)

0.66(0.08)

0.44(0.06)

0.54(0.04)

0.70

0.81

0.75

0.67

GCV (%)

1.04

0.58

0.37

0.54

PCV (%)

1.24

0.64

0.43

0.66

ΔG%

177.97

107.56

66.35

90.47

* P<0.05; ** P<0.01;*** P<0.001; ns =not significant

: Total number of genotypes included in the analysis

: genotypic variance component,

: variance component for genotype by environment interaction

: residual variance component.

The magnitude of phenotypic coefficient of variation (PCV) was higher than the genotypic coefficient of variation (GCV), which indicates that the apparent variation was not only due to genotypic but also due to influence of environment. Variation in GCV and PCV across the experiments indicates that genotypic response of tillering varies depending on environment. High ΔG% is mainly due to the performance of SC62C and its hybrids (Fig ). However, the combination of high GCV and high heritability indicates highly genetic regulation of this trait.

Fig. 1. Total tiller number in three different environments. Lines connected the genotypic means estimated from Best Linear Unbiased Estimators (BLUE) indicates the type of genotype by environment interaction for the trait.

Genotypic means of total tiller number, estimated from single site analyses as BLUE, were lower in the glass house experiment than at field experiments (Fig.1), which is mainly due to the effect of low radiation and high temperature at the glass house (Table 2). The variability in tillering was 0-9.0, 0.2-15.0 and 0.3-13.0 in env1, env2 and env3 respectively. However the variation in hybrid was narrower than in inbed lines (Data not shown). In all three experiments, SC62C produced the highest tiller number among the inbred lines and in hybrid form. Production of exceptionally high tillers by SC62 and its hybrids is due to the production of secondary and tertiary tillers, which were absent in other genotypes.

Fig. 2. Genetic correlation across the environments among the genotypes for tillering in sorghum. Estimated correlations are shown with standard error expecting that the correlations differ from 1.0 (upper dash line) in presence of genotype by environment interaction. Env_12, Env_23 and Env_13 are the pair of environment 1 and Environment 2, environment 2 and environment 3, and environment 1 and environment 3 respectively.

The genetic correlations of total tiller number between environments were strong and but significantly different from 1.0 in each case (Fig.2) indicating the existence of genotype-by-environment interaction. In general, the genotype-by-environment interaction was mainly non-cross overtype, though some genotypes showed crossover type interaction (Fig.1). Univariate regression of thermal time and radiation during leaf expansion duration 5-9 with tillering showed that changes in temperature (y = -0.03 x +6.77, R2 =0.17, P<0.001) and radiation (y= 0.01x – 0.2, R2 =0.21, P<0.001) have an influence on tillering in sorghum genotypes. Radiation have positive effect on tillering and could explain largest proportion of variation in plasticity of tillering.
Relationship of morpho-physiological traits with tillering
Table 4 Phenotypic correlations among the morpho-physiological traits of sorghum inbred lines (above diagonal) and hybrids (below diagonal) across three different environments

Traits

ALL

ALW

TNL

TPH

ID

LA5

Phylo

LLIR

LWIR

S_D

DTA

T_basal

T_Fert

T_Max

ALL
 
0.77***

0.06ns

0.24ns

0.28*

0.76***

0.26ns

0.44**

0.58***

0.12ns

0.14ns

-0.30*

-0.25ns

-0.24ns

ALW

0.26ns
 
0.06ns

0.14ns

0.33*

0.82***

0.16ns

0.22ns

0.74***

0.18ns

0.15ns

-0.44**

-0.43**

-0.43**

TNL

-0.64***

-0.17ns
 
0.26ns

0.58***

-0.01ns

-0.61***

-0.01ns

0.15ns

-0.15ns

0.82***

-0.19ns

-0.39**

-0.31*

TPH

0.16ns

0.08ns

0.19ns
 
-0.15ns

0.09ns

-0.03ns

0.11ns

0.19ns

-0.07ns

0.31*

0.02ns

0.00ns

0.00ns

ID

-0.49***

-0.02ns

0.86***

0.04ns
 
0.31*

-0.28*

0.14ns

0.19ns

0.00ns

0.53***

-0.41**

-0.48***

-0.46***

LA5

0.74***

0.72***

-0.47***

0.27ns

-0.31*
 
0.04ns

0.06ns

0.28*

0.60***

0.00ns

-0.09ns

-0.15ns

-0.12ns

Phylo

0.81***

0.05ns

-0.67***

0.02ns

-0.56***

0.52***
 
0.40**

0.21ns

-0.09ns

-0.21ns

-0.07ns

0.21ns

0.13ns

LLIR

0.73***

0.11ns

-0.66***

0.09ns

-0.68***

0.39**

0.68***
 
0.25ns

-0.37**

0.20ns

-0.14ns

-0.10ns

-0.08ns

LWIR

0.15ns

0.84***

0.02ns

-0.09ns

0.17ns

0.41**

-0.10ns

0.00ns
 
-0.42**

0.24ns

-0.65***

-0.53***

-0.58***

S_D

-0.04ns

0.39**

-0.02ns

0.06ns

0.09ns

0.47***

0.02ns

-0.32*

0.00ns
 
-0.17ns

0.36**

0.22ns

0.27ns

DTA

-0.50***

-0.03ns

0.92***

0.20ns

0.82***

-0.29*

-0.54***

-0.63***

0.12ns

0.13ns
 
-0.23ns

-0.37**

-0.30*

T_basal

-0.17ns

-0.24ns

-0.23ns

0.13ns

-0.36*

-0.09ns

-0.10ns

0.09ns

-0.43**

-0.03ns

-0.29*
 
0.85***

0.93***

T_Fert

-0.20ns

-0.29*

-0.18ns

-0.01ns

-0.32*

-0.18ns

-0.10ns

0.08ns

-0.43**

-0.05ns

-0.24ns

0.90***
 
0.96***

T_Max

-0.03ns

-0.26ns

-0.30*

0.16ns

-0.42**

-0.01ns

0.04ns

0.19ns

-0.45**

-0.03ns

-0.35*

0.96***

0.93***
 
?????????
Should we include length and width of leaf no 5, 7 and 9 or any one? It is interesting that LW5 is not significantly correlated with tiller number, correlation increased with higher (larger) leaf number. We can explain leaf width increase rate as a component of resource demand or as a blocking component of intercepted radiation at the tillering site and sink.

Fig. 3 Biplots showing genetic correlations among traits
???? Should we include biplots of each experiment?

Physiological determinants of tillering: Are those genetic?
Fig 4 Scatter plots showing genetic relationship of tillering with physiological parameters (ID, LLIR and LWIR as components of resource demand for other growth and developmental processes and S/D index as an indicator of resource availability for tillering).
??? I am not sure, we should include these scatter plots or not, though genetic correlation of this traits were depicted in biplots. But these scatter plots describe the amount of genetic variability of tillering can be explained by those parameters.
Fig 5 Scatter plot of S/D index versus total tiller number in two environments shows that the regulation of tillering through supply-demand in mainly environmental not genetic. Tillering of all the genotypes is higher in environments with high supply-demand ratio.
Can we do multiple regression including ID, LLIR, LWIR, Leaf number in the equation to find out the percentage of other factors involved in the mechanism of tillering in sorghum?

Can we modify S/D index equation?

Reason:

LA5 may not represent the plant size during tillering stage. Haekoo’s genotypes were selected from hybrids of same parents. Probably he had less variation in leaf size of L5. As at the early growth stage plants are similar in size, we can take LA5 out of the equation.

We can include stem diameter in the equation. But it may not be justifiable, as we didn’t observe the stem diameter during tillering stage.

We can think about phylochron?

DISCUSSION

Wide range of variation in tillering with predominant role of SC62C which produces secondary and tertiary tillers.

Tillering is highly heritable-therefore, it is an useful tool of plant breeding

Light and temperature have significant role on tillering across genotypes.

High light intensity increases resources supply and low temperature reduced resource demand for other growth processes, thereby increase supply demand ratio to increase tiller number.

Genotypic variability in internode diameter and leaf width increase rate could explain a significant part of genetic variation in tillering in sorghum.

