
Theoretical and Applied Genetics 38, 361--369 (t 968) 

Quantitative Genetics of Sugarcane 
I. A n a l y s i s  o f  Var iat ion  in  a C o m m e r c i a l  H y b r i d  Sugarcane  P o p u l a t i o n  

A. H.  D. BROWN I, J. DANIELS 1 and B. D. H.  LATTER 2 

Agricultural Exper iment  Station, South Pacific Sugar Mills Ltd., Lautoka,  FijP, and Division of Plant  
Industry ,  CSIRO, Canberra ~ 

Summary. 1. The statistical techniques of quantitative genetic analysis have been applied to the study of variation 
in a sugarcane breeding population of interspecific hybrid origin. 

2. A comparison has been made of estimates of heritability based on sire or dam components of variance alone. 
The overall equality of these two statistics has been taken as evidence that pollen contamination, self-fertilization 
and parthenogenetic reproduction are unimportant sources of disturbance ill the genetic analysis of the population. 

3. From an analysis of plot means it has been concluded that all twenty-four primary characters show significant 
clonal variation, the overall mean value for clonal repeatability being 0.48. For sixteen of the variables, the estimate 
of heritability based on the component of variance among full-sib family groups was also significant, the mean value 
of this parameter being 0.29. 

4. For ten of the primary characters, the estimate of clonal repeatability differed significantly from the estimate 
of heritability. In every case the repeatability value was the greater of the two. I t  cannot be concluded that non- 
additive genetic variance is the major factor responsible, since the use of selected clones as parental material, and 
disassortative mating for some easily observed characters, appear to provide a sufficient explanation of the disparity. 

5. The irregular transmission of unpaired chromosomes derived from S. spontaneum, S. vobusturn and S. sineme 
may possibly contribute to the observed difference between heritability and repeatability. No other serious departure 
was observed from expectations based on diploid inheritance. 

6. The analyses show fibre percent fresh weight and sucrose percent dry matter to be particularly strong clonal 
characters. The measure of sucrose per plot, which includes variability for yield of cane, has a heritability of 0.24, 
a repeatability of 0.43, and a high coefficient of variation (46%). 

7. Comparisons of the breeding population with two commercial standards have indicated that selection among 
genotypes within the present population could lead to significant improvement in any one of the commercially im- 
portant characters. Further gains with subsequent cycles of hybridization and selection are also strongly indicated. 
No information has as yet been obtained on the magnitude of genotype • years interaction effects. 

i .  Introduction 
The importance of reliable estimates of population 

parameters  in the design of systematic  plant  breeding 
programmes is now generally recognized for both  
cross- and self-fertilized species (ROBINSON et al., 
t949; JoHNsoN et al., t955). Statistical analyses of 
the variat ion shown by  quant i ta t ive  characters in 
a given breeding population can in many  instances 
be interpreted genetically, enabling predictions to be 
made of rates of response to artificial selection, and 
of correlated responses to be expected in unselected 
characters. 

However, sugarcane breeders have been unwilling 
to apply the techniques of quant i ta t ive  genetics to 
their material  (DA•IELS, 1965), par t ly  because of the 
interspecific hybr id  origin of commercial sugarcane 
populations. The usual breeding procedure involves 
the 'nobilization' of wild species, the most impor tant  
being Saccharum spontaneum (2n  = 40-- t28) ,  by  
successive backcrossing to the cultivated sugarcanes 
S. officinarum (2 n = 80). The objective has been 
to incorporate the disease resistance and vegetat ive 
vigour of the wild parent  into the 'noble'  canes, and 
commercial breeding populations are made up largely 
of advance backcross lines and their derivatives. 

I t  is well known tha t  S. officinarum usually trans- 
mits its somatic chromosome number  when used as 
the female parent  in interspecific crosses with S. spon- 
taneum, despite the fact tha t  normal gametes are 
generally involved in crosses with other noble 
varieties. In the first backcross (BC I), using the 
interspecific hybrid as pollen parent,  2 n transmission 

on the maternal  side is also common (PRICE, t963). 
In later backcrosses and in intercrosses involving the 
resulting clones, n + n inheritance is usual and 
meiosis is essentially regular, due presumably to 
a high frequency of autosyndetic pairing. Multi- 
valent associations are rare, bu t  univalents are com- 
mon in all stages of backcrossing (BRE~ER, t961; 
PRICE, t 963). Commercial sugarcane varieties derived 
b y  nobilization have a somatic chromosome number  
of approximate ly  t 0 0 - - t 2 0  or more. A further com- 
plication is suggested by  reports tha t  parthenogenetic 
reproduction may  be possible in Saccharum (PRICE, 
1959; BvLI~, t966). 

In  the present study, conducted in Fiji, the 
statistical techniques of quant i ta t ive  genetics have 
been applied to a typical commercial hybr id  sugar- 
cane population, assuming complete outcrossing and 
normal diploid inheritance. The objectives of the 
experiment were: (t) to s tudy the applicability of 
these techniques to cytologically complicated breed- 
ing populations; (2) to examine the pat tern  of varia-  
tion shown by  the full range of quant i ta t ive  charac- 
ters of economic inteiest;  and (3) to characterize the 
relationships among the variables studied. This 
paper  describes the experiment in full, and reports 
on the first two objectives. 

2. Terminology  
The procedures available for estimating 'herit- 

abili ty '  in quant i ta t ive genetics depend either on the 
parti t ion of phenotypic variat ion between and within 
family groups, or on the correlation of parent  and 
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offspring performance. The genetic interpretat ion of 
these estimates depends on the  nature of the families 
concerned, and on the procedure of estimation. 
In  species which may  be clonally propagated, there 
is the additional possibility of measuring the ' repeat-  
ability'  of performance of individuals of the same 
genotype (HANsCI-IE and BRooI~s, 1965). 

In this series of papers the term heritability will 
be reserved for parameters  est imated from the 
resemblance between related but  distinct genotypes, 
and donal r@eatability will be used for parameters  
based on resemblance between propagules of the 
same genotype replicated in t ime and/or space. 
When describing the relationship between two dif- 
ferent quant i ta t ive  characters measured on the same 
individuals, the terms genetic correlation and clonal 
correlation respectively will be used to indicate the 
same distinction. These terms have an operational 
justification in that  they are used to make two dif- 
ferent kinds of prediction in sugarcane breeding, and 
in work with other asexually propagated species. 
A measure of elonal repeatabil i ty indicates the 
reliability of selection, and the potential  response 
within a given population of clones; clonal correla- 
tions indicate the correlated responses to be expected 
following selective elimination of clones from the 
population. The terms heritabil i ty and genetic cot- 
re/at/on predict advances and correlated responses 
expected in the succeeding generation, foUowing the 
intercrossing of a selected group of clones. 

A number  of authors have estimated repeatabil i ty 
in replicated clonal material,  interpreting the measure 
as 'heritabil i ty in the broad sense' (BURTON and 
DEVANE, t953; SCOSSIROLI et al., t963). I{NEEBONE 
(t958) has compared estimates obtained from clonal 
propagules of sand bluestem with those derived from 
a s tudy of open-pollinated progeny groups, without 
detect ing large differences. However, KEItR and 
GARDNER (1960) est imated that  the additive genetic 
variance for yield in alfalfa accounted for only one- 
third of the between clone variance, and ascribed 
the difference to non-additive genetic effects. Co~a- 

Table 1. Ancestry of parental clones 

Number of parents 
Group Description 

Males Females 

A 1 6 
B 1 - -  

C -- t 

D 11 14 

E 11 t8 

F -- 4 

G 2 4 

H I 

S. officinarum (noble canes) 
S. sponlaneum (Tabongo) 
S. officinarum • S. sponta- 

neum BC 1 
(2nd nobilization) 

S. officinarum • S. sponla- 
neum BC 2 + 
(3rd and later nobiliza- 
tions) 

Complex hybrids involving 
S. officinarum, S, sponta- 
neum and S. sinense 

Complex hybrids involving 
S. officinarum, S. sponta- 
neum and S. robuslum 

Complex hybrids involving 
S. officinarum, and more 
than one clone of S. spon- 
lgneu~l~ 

S. officinarum and S. sinense 
derivative 

STOCK et al. (t958) also concluded tha t  a major  frac- 
tion of tile genetic variance observed in a s tudy of 
s t rawberry progenies could be interpreted as due to 
epistatic effects. 

The use  of clonal repeatabil i ty to estimate the  
total  genetic variance present in a population, i.e. 
heri tabil i ty in the broad sense, or degree of genetic 
determination (FALCONER, 1960), ignores the pos- 
sibility that  non-heritable effects may  be t ransmit ted 
during vegetative reproduction (LIBBu and JuND, 
1962), thereby contributing to the observed between- 
clone variation. On the other hand, although esti- 
mates  of hal{-sib and full-sib correlations can be 
combined to give a measure of the total  genetic 
variance, provided epistatic interactions between loci 
can be ignored, a very extensive experiment is 
required if such a measure is to have any degree of 
accuracy (MODE and ROBINSON, 1959). An estimate 
of clonal repeatabil ify may  therefore be extremely 
valuable in m a n y  instances, in tha t  it provides an 
upper limit to the degree of genetic determination. 

3" M a t e r i a l  a n d  M e t h o d s  

From among crosses made in the course of the 
normal sugarcane breeding work in Fiji, a set of 
47 were chosen to provide the material  for this study. 
The crosses involved 27 male-fertile clones which 
wer< used only as male parents, and 47 clones which 
were used only as females. Seed was collected from 
the female parent  in each cross. One male was used 
in six crosses, one in four crosses, four in three cros- 
ses, four in two crosses, and 17 were involved in only 
one cross each. 

The origin of the parental  clones is summarized in 
Table t, and the general pat tern  o2 the mat ing scheme 
is set out in Table 2. A wide range of genotypes 
typical of sugarcane breeding populations is repre- 
sented in the parental  set, nine of the clones being 
commercial varieties. From Table 2 it can be seen 
tha t  crosses have been made essentially at random 
with respect to the major  categories, though there is 
a first nobilization included, and a tendency to 
intercross the complex hybrid groups F, G and H. 
Omission of these minor groups of parents does not 
appreciably red/Ice the total  genetic variance for any 
character studied, and the parental  material  has 
therefore been treated as representative of an inter- 
breeding population. 

Techniques for the reliable control of flowering in 
sugarcane are only now being developed (DANIELS, 
1965), and it was for this reason tha t  material  from 
the regular breeding programme was used. The popu- 

Table 2. The crossing scheme in terms of groups 
in Table 1 

Males 

A B D E G FI 
Totals 

F e n x a l e s  
A l 1 3 t 6 
C l t 
D 9 5 14 
E 1t 7 18 
F 2 1 1 4 
G 1 1 1 1 4 

Totals 1 ~ 27 t 5 2 I 47 
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lation structure therefore differs to some extent from 
tha t  envisaged in the theory of quant i ta t ive  genetic 
analysis, and these deficiencies must  be kept in mind 
when interpreting the statistics presented in this 
paper. The following points in part icular  should be 
emphasized: (t) The pedigrees of sugarcane clones 
are sometimes doubtful, as femaleness is really 
a reflection of the degree of anther dehiscence, and 
many  clones are self-fertile. (2) Sugarcane pollen is 
highly mobile, and even with the usual precautions 
there can be small amounts of contamination in 
regular field crosses (SKINNER, t959). (3) Disassorta- 
tive mating is normally practised for some of the 
main characters, especially components of yield. 

Three full-sib progeny were chosen at random from 
each biparental  family at stage-2 of the normal 
vaI ie ty  testing p~ogramme. At this stage each geno- 
type is represented by  an 8-foot row, and the clones 
planted are derived by  mild selection for agronomic 
type  in stage-I which involves original seedlings. 
The chosen progeny were planted in plots consisting 
of a single 8-foot row, using a replicated design with 
a total  of t2 randomized sub-blocks. Each sub-block 
contained 49 plots to accommodate 47 test  clones, 
one from each biparental  family, and two standard 
commercial varieties. A group of four such sub- 
blocks, originally chosen at random, constitutes 
a "block" in which each family is represented by  
a single progeny clone. 

The trial was planted in May, t964, with spray 
irrigation to assist germination. At eight weeks, plots 
showing poor germination were supplied with addi- 
tional setts, or young stools were t ransplanted.* 
Soil tests indicated a deficiency of phosphorus, and 
a dressing of 450 lb/acre of superphosphate was there- 
fore applied together with t l0 lb/aere of ammonium 
sulphate to ass is t  early growth. When the material  
was 8 months old and vigorously growing, it was 
flat tened by  a hurricane. The lodged cane was 
harvested; but  no measurements  were possible. Most 
of the characters in this s tudy have therefore been 
assessed in the first ratoon crop ~, which was harvested 
in September, t965, when 9 months old. 

4. Characters Observed 

The characters measured are distinguished in this 
section by  an identification number  which is also to 
be used in later papers. This facilitates 
discussion of the results, and also 
enables the formulae for calculation of 
derived variables to be readily set out. 

Plant  Crop 

A germination count of the number  
of shoots per plot (x~) was made two 
weeks after planting. A similar count 
(x~) was made after four weeks. At 
20 weeks each plot was given a visual 
yield grade for early growth (xa), and 

* Vegetative propagation is by use of 
short stem cuttings known as setts. A 
process of tillering gives rise to a number 
of stalks collectively termed a stool. 

The crop produced byrenewed growth 
from the remaining underground port- 
ions. 

Table 3. 

a count of number  of stalks per plot (xa) was made 
when the crop was 30 weeks old. In visual grading 
of plots for yield, estimates are expressed relative 
to the commercial standard, which is given a rat ing 
of 10. 

Ratoon Cr@ 

A count was taken of the number  of leafhoppers 
(Perkimiel la  vitiensis) per plot (xa) at 10--13 weeks. 
Diurnal fluctuation in numbers necessitates counting 
during a fixed two-hour period over a number  of 
days. Perkinsiella is a vector of the virus responsible 
for Fiji disease of sugarcane. The number  of stalks 
per plot (x~) was also counted at the same time. 

When the crop was ~ l - - 4 2 w e e k s  old, 20 leaf 
blades were taken from the top visible dewlap leaves 
(T.V.D.) in each plot, and the following five charac- 
ters measured: leaf weight (x~) in grams/leaf, leaf 
moisture content expressed as percent fresh weight 
(xs), and leaf nitrogen (x~), phosphate (x~0) and 
potassium (xn), each measured as percent dry weight. 
At 16 weeks, a visual yield grade was given to each 
plot for early growth (x~e). 

Harvest Variables 

The following eight field characters were measured 
at harvest  : mean leaf width (X~a) and leaf length (x~), 
each measured in centimetres and based on a sample 
of ten T.V.D. leaves; a visual yield grade (x~), the 
actual plot yield of clean cane in pounds (Xl~), and 
the number  of stalks per plot (x~) ; and from a within- 
plot sample of five stalks, the number  of nodes (i.e. 
leaves) per stalk (x~s), mean stalk length (xa~) in cm, 
and mean stalk cross-sectional area in sq. cm (x~0) 
were estimated. 

A 12-stalk sample was also taken from each plot 
for measurements of the following four biochemical 
characters: starch content (x~) expressed as p.p.m. 
of soluble solids, total  sugars (x~z) and reducing sugars 
(x~a) in an alcohol 3 : 1 extract  of fibrated cane, both 
expressed as percent of the extract  (CILLEKENS, 
~965), and finally a measure of fibre, i.e. water- 
insoluble mat te r  (x~a), expressed as percent fresh 
weight. 

Derived Variables 

In addition to these twenty-four pr imary  charac- 
ters, the derived variables listed in Table 3 were 

Variables derived from the primary characters listed in the text 

x25 Total sugars ~o fresh wt. x~2 (400 -- x24)/100 
xx~ Reducing sugars % fresh wt. (xxa/r x25 
x27 Sucrose % fresh wt. z~ -- x26 

x~s Sucrose % juice (t00 x27)/(100 -- z24 ) 
x29 Sucrose ~o dry wt. (100 x27)/(xx~ + x25) 
Xao Sucrose ~ total sugars (100 x27)/x25 
xa~ Dry matter ~ fresh wt. x24 + x25 
x~ Sucrose per plot (lb) (xl6 x~7)/100 
xaa Dry matter per plot (lb) (x~, xal)/100 
xa~ Juice per plot (lb) 
x~5 Volume of calm per plot (litres) x~6(x17(loo;;29 Xxo)/Ix24)/1 ~  a 
xa~ Specific gravity (gm/cc) 0.454 (x16/x3~ } 
x~7 Mean weight per stalk (lb) xl~/x~7 
x3~ Mean node volume (ccs) (x.zo/x~s) x~9 
xa9 Mean node length (cm) xlg/xls 
x40 Mean leaf area (sq. cm) x13 x14 
x41 Total leaf area per plot (sq. m) (x~ ~;17 xis)/t 0 k 
-%2 Total leaf weight per plot (lEg) (& x~ z~s)/103 

Number Character Derivation 
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calculated. In the computer proglamme written for 
this study, the formula for the estimation of total  
sugars (x~) involved an adjustment  factor in the 
denominator of I + 0.003 703 x22, but  the effect of 
this correction is negligible over the range of values 
concerned. 

Within-Plot Variances 

Five stalks were sampled from each plot to provide 
estimates of X~s, x~9 and x~0, and it was therefore 
possible to calculate within-plot variances for these 
three variables and also for X,s and x~9. In the dis- 
cussion to follow, the measure of within-plot variance 
corresponding to variable xi will be denoted by s~, 
and will be considered as a new variable in its own 
right. The logarithmic transformation has been used 
in all analyses of variance and covariance of the 
observed s~ values. 

5" Sta t i s t i ca l  A n a l y s e s  

The basic analysis of variance for this s tudy is set 
out in Table 4. The coefficient of 20.5 in the expecta- 

Table 4. The analysis of variance table 

Source of variation d.f. Mean Expectation 
square 

Sub-blocks t 1 
Families 46 F a2e + 4 a~ + I 1.8 ~ 

Sires 26 S a~e + 4 a} q- 12 a~ + 20.5 as ~ 
Dams within sires 20 D a2e + 4 a~/ + t 2 a~ 

Blocks • families 92 I a~ + 4 a~ 
Residual 414 E ae ~ 

tion of the between-sires mean square (S) allows for 
variation in the numbers of dams per sire (KEMP- 
THORPE, t957, p. 421). The expectation of the 
between-families mean square (F) has been derived 
in such a way tha t  a} is almost exactly equal to the 
component  of variance among unrelated full-sib 
families. 

If the parental  material  had been randomly chosen 
from the previous generation, and if the additional 
requirements of random mating and normal diploid 
inheritance were satisfied, the components of variance 
in Table 4 would have the following expectations in 
the absence of epistatic interactions between loci: 

(i) a~ = 1/4 VA, where Va denotes the additive 
genetic variance present in the breeding population; 
(ii) a S =  ~ V A +  1/4VD, where V D denotes the 
dominance variance; (iii) a} = ~ V A + a/4 V9 + Vc 
where Vc denotes the variance due to non-heritable 
effects t ransmit ted  during clonal reproduction; and 
(iv) a~, = Ve, the environmental  variance among plots. 
In the context  of the present study, the component  
a~ can be taken to be equal to the sum of the expecta- 

2 and e}. tions of ~ 
If  the total  phenotypic variance among plots 

within sub-blocks is denoted by  @ = ~ + a~ + ~ ,  
and the variance among ' t rue '  clone means is 
a~ = a} + a~.,, each character can be described by  
the following four population parameters" (i) h~ = 
4 2 a J%,  a measure of heritabil i ty in the narrow sense, 
i.e. of the additive genetic variance as a fraction of 
the phenotypic variance displayed: (ii) h~ = 4 at~%, ~ 
a measure of the degree of genetic determination of 
the character in the absence of epistasis; (iii) h} = 
2 a~/@, a measure of heritabil i ty based on the 
between-families component,  which includes M1 the 

additive genetic variance and roughly 
one-half the dominance variance; and 

a~/a ~ which measures clonal (iv) r ~ =  o / p  
repeatabili ty.  

Standard errors of estimates of these 
four parameters,  and of differences among 
them, were derived by  means of large 
sample formulae given by  MODE and Ro- 
m~SON (1959). In determining the stand- 
ard error of an estimate of h~, no account 
was taken of variation in the size of sire 
groups. Est imates of h~ and h~ from this 

experiment have very large s tandard errors, and h~ 
and r~ provide the most  useful genetic information 
for individual quant i ta t ive  characters. Nevertheless, 
estimates of heri tabil i ty based on sire or dam com- 
ponents alone, averaged over all characters, are of 
particular value in defining the nature of the breed- 
ing population under observation. 

6. R e s u l t s  a n d  D i s c u s s i o n  

Scale Transformations 
In the choice of a suitable scale for the analysis of 

each quant i ta t ive  variable, at tention was paid •177 

Table 5. The effects of changes of scale on estimates of genetic parameters 

Variable C.V. ScMe Symmetry* Heritability Repeatability 

Sucrose % dry wt. 12 x 38 .55 i .16 .75 _+ .03 
( ~ ' 2 9 )  - -  log (70 -- x) 45 .51 __+ .t6 .72 • .o3 

Mean leaf area (X4o) 20 x 62 .26 • ,15 .73 • .03 
logx 57 .25 • .t5 .72 • .03 

Yield grade (x15) 34 x 43 .20 • .09 .26 • .05 
-- log (14.5 -- x) 45 .23 • .09 .25 • .05 

Stalks per plot (x17) 47 x 62 .25 __+ .t4 .64 ! .04 
log x 53 .20 + .12 .53 • .O4 

Reducing sugars 54 x 66 .31 • .13 .57 • .04 
(x26) log x 55 .26 • .12 .52 __+ .04 

Starch content (x2x) 79 x 57 .38 • .t3 .55 __ .04 
log x 5t .53 • .14 .58 • .04 

Leaihopper count 87 x 57 .18 -}- .08 .2t • .05 
(xh) log (1.6 + x) 49 .38 • .lt .34 + .05 

* The percentage of family means which are less than the overall population mean. A symmetry value 
appreciably greater than 50% indicates a long tail in the positive direction, i.e. a positively skewed distri- 
bution. 
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a l ly  to  the  r e l a t ionsh ip  be tween  mean  and  var iance ,  
and  to the  s y m m e t r y  of the  overa l l  d i s t r ibu t ion .  
W h e r e  more  t h a n  one t r a n s f o r m a t i o n  was tes ted ,  the  
s y m m e t r y  of the  d i s t r i bu t i on  of f ami ly  means  was 
t a k e n  as a guide  to  the  s u i t a b i l i t y  of the  scale used.  

I t  is c lear  f rom the  e s t ima tes  of h e r i t a b i l i t y  and  
r e p e a t a b i l i t y  p r e sen t ed  in Tab le  5 t h a t  on ly  in 
e x t r e m e  cases are  the  p o p u l a t i o n  p a r a m e t e r s  con- 
sp icuous ly  a l t e r ed  b y  changes  of scale. I m p o r t a n t  
changes  were obse rved  wi th  t r a n s f o r m a t i o n  in the  
case of s t a r ch  con t en t  and  l ea fhoppe r  count ,  and  
b o t h  these  cha rac t e r s  show p a r t i c u l a r l y  high coef- 
f ic ients  of v a r i a t i o n  (i.e. t 0 0 % / ~ )  on the  u n t r a n s -  
fo rmed  scale. F o r  each of these  two charac te rs ,  the  
effect  of the  a p p r o p r i a t e  scale t r a n s f o r m a t i o n  was to  
increase  a p p r e c i a b l y  the  e s t i m a t e  of he r i t ab i l i t y .  

Nature of the Breeding Population 

E s t i m a t e s  of the  essent ia l  popu la t i on  p a r a m e t e r s  
are g iven  in Table  6 for each of the  t w e n t y - f o u r  
p r i m a r y  var iab les .  The  scale  t r a n s fo rma t ions  used 
in the  e s t ima t ion  of h e r i t a b i l i t y  and  r e p e a t a b i l i t y  are 
i nd i ca t ed  where  necessa ry  in the  Table ,  b u t  the  mean  
and  coefficient  of va r i a t i on  refer  t h r o u g h o u t  to the  
u n t r a n s f o r m e d  scale of measu remen t .  Table  7 sets  
ou t  the  cor respond ing  es t ima tes  for the  de r ived  
var iables .  The  s t a n d a r d  errors  of each measure  of 
h e r i t a b i l i t y  and  r e p e a t a b i l i t y  are given in bo th  
Tables .  

Al l  t w e n t y - f o u r  p r i m a r y  var iab les  showed signifi-  
can t  c lonal  va r i a t ion ,  as measu red  b y  r, (Table 6), 
and  s ix teen  of the  es t ima tes  of h e r i t a b i l i t y  based  on 
the  be tween  f ami ly  componen t  (by) were s ign i f i can t ly  

Table 6. Estimates of population parameters for the primary variables. Means and coefficients of 
variation refer to the untransformed scale of measurement 

Number Character Mean C .V .  Heritability Repeatability 

x, Shoots per  plot  a t  2 weeks 3.6 99 .37 __+ .13 .57 + .04 
x 2 Shoots per plot  a t  4 weeks 8.6 48 .28 + .12 .46 + .05 
223 Ear ly  yield grade 7.8 28 .t8 __+ .11 .40 ~ .05 
224 Stalks per plot :  [log x] 31 36 .20 + .11 .42 -I-.05 

x 5 Leafhoppers:  [log (t.6 + x)] 17 87 .38 ___ .11 .34 _+ .05 
226 Stalks per plot :  [log 22] 53 39 .00 + .08 .31 + .05 
227 T.V.D. leaf weight (gm) 5.0 25 .37 __+ .11 .38 _+ .05 
22s T.V.D. leaf moisture (%) 77.4 2.2 .13 + .12 .54 • .04 
229 Leaf nitrogen % dry  wt. 1.92 8.3 --.02 __+ .06 .15 __+ .04 
xl0 Leaf phosphate  % dry  wt. .228 15 .30 + .10 .29 + .05 
22n Leaf potassium % dry  wt. 1.64 9.0 .32 _+ .11 .41 + .05 
22~2 Ear ly  yield grade 8.5 24 .37 __+ .11 .38 J= .05 

"$'13 
X14 
2225 
"$'26 
"$'17 
2218 
"$'19 
X20 
,%, 
X22 
,$'23 
2224 

T.V.D. leaf width (cm) 5.35 t6  .42 ~ .15 .71 _+ .03 
T.V.D. leaf length (cm) 163 10 .02 =k .14 .72 • .03 
Yield grade:  [-- log (14.5 -- x)] 8.0 34 .23 ~ .09 .25 + .05 
Yield per plot  (lb) 66 44 .30 __+ .12 .48 • .05 
Stalks per plot :  ~log x] 36 47 .20 ~ .12 .53 __+ .04 
Nodes per stalk 15.7 14 .55 _+ .14 .63 • .04 
Stalk length (cm) 174 16 .47 _+_+ .13 .54 ___ .05 
Stalk cross-sectional area (sq. cm) 4.0 26 .26 _++ .t 5 .70 __+ .03 
Starch:  [log x] (p.p.m.) 192 79 .53 _+ .14 .58 __+ .04 
Total  sugars % ext rac t  3.49 12 .42 + .13 .52 _+ .05 
Reducing sugars % extract  0.t9 54 .31 __+ .13 .57 _+ .04 
Fibre % fresh wt. 13.7 15 .34 ~ .15 .72 • .03 

Table 7. Estimates of population parameters for derived variables. Means and coefficients of variation 
refer to the uuteansformed scale of measurement 

Number Character Mean C .V .  Heritability Repeatability 
(h~) (~) 

;~25 
222@ 
2227 
2228 
2229 
2280 

Xgl 
x32 
xaa 
X34 
X35 
X3g 
xa7 
"$'38 
22a9 
2240 

22~e 

Total  sugars % fresh wt. 13.3 t2 
Reducing sugars % fresh wt. [log x] 0.71 54 
Sucrose % fresh wt. 12.6 15 
Sucrose % juice 14.6 14 
Sucrose % dry  we.: [--  log (70 -- x)] 46.7 12 
Sucrose % total  sugars: 
I~-- log (t00 -- x)] 94.4 3.7 
Dry ma t t e r  % fresh wt. 27.0 8.3 
Sucrose per plot  (lb) 8.3 46 
Dry  mat te r  per  plot  (lb) t 8.0 46 
Juice per plot  (lb) 57 43 
Volume of cane per plot  (litres) 24 46 
Specific gravi ty  (gm/cc) 1.29 20 
Mean weight per  stalk (lb) 1.91 28 
Mean node volume (cc) 44 28 
Mean node length (cm) 11.2 16 
Mean leaf area : [log x] (sq. cm) 875 20 
Leaf area per plot  : [log x] (sq. m) 49 48 
Leaf weight per  plot  (Kg) 5.8 56 

�9 43 _ .13 .53 ~ .05 
.26 ! .12 .52 • .04 
�9 43 • .t3 .55 __+ .04 
�9 37 _ .t3 .50 ~ .05 
.51 ! .16 .73 • .03 

.31 __+ .13 .54 ___ .04 

.10 ~ .11 .45 _+ .05 

.24 _+ .1t .43 ~ .05 

.27 ~ .12 .49 :~ .05 

.29 2~ .12 .47 __+ .05 

.24 • .11 -37 __+ .05 
--.01 i .05 .07 _+.04 

.31 + .14 .60 __+ .04 

.17 i -  .13 .62 i -  .04 

.67 • .14 .63 + .04 

.25 :k .15 .72 ! .03 

.15 _ .12 .49 ! .04 

.3t + .12 .48 + .05 
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T a b l e  8. Mean values for heritability based on sire components (h~), dam 
components (h~) and family components (h~), and for repeatability (rc), averaging 

over the primary vaPiables (xt--x2~) 

Class of Variable h~ h~ h~ 

Preharvest (xl--Xl~) .30 m-a .07 A8 _+ .07 .24 _+ .03 -39 _+ .02 
Harvest (xla--,%4) '.29 + .09 .38 • .10 .34 + .04 .58 + .02 

Means 229 • .06 .28 ___ .06 .29 _+ .03 .48 _+ .02 

sible factors responsible for an over- 
all difference between r~ and h} are: 
(t) pollen contamination of the field 

r~ crosses; (2) non-additive genetic 
variance due to epistatic gene ef- 
fects; (3) restriction of genetic var- 
iation among the parental set due 
to prior testing and selection; (4) 
disassortative mating for some of 

the components of yield; (5) departures from diploid 
inheritance, and (6) non-heritable clonal or "seed" 
effects. 

Pollen contamination can be discounted as an im- 
portant  factor in this study, because of the evidence 
for an approximately equal contribution from male 
and female parents to the mean performance of full- 
sib progeny groups (Table 8). 

I t  is not possible to conclude that  epistatic variance 
is the prime factor responsible for the disparity 
between repeatability and heritability, as have Co~- 
STOCK et al. (t958) in a comparable s tudy with 
strawberries. These authors have pointed out that  
epistatic effects are expected to be most pronounced 
for traits showing a marked depression in mean 
progeny performance, following random intercrossing 
of elite clones. I t  can be seen from Figure t t h a t  
there is no obvious distinction in the present s tudy 
between characters for which the population mean 
is markedly different from the commercial standards, 
and those for which the mean is roughly equal to 
that  of the standards. There is, moreover, no dif- 
ficulty in accounting for the observations in terms 
of the remaining factors listed above. 

For characters of moderate heritability showing 
additive genetic variation alone, the use of selected 
clones as parental material is known to reduce 
appreciably the genetic variance among progeny 
group means (RoBERTSON, 196t). For a trait  of 
heritability 0.50, for example, with parental clones 
selected on the basis of their own performance with 
intensity P ---- 0.0t, it is to be expected that  herit- 
ability estimated from the between-family compo- 
nent would be roughly h} = 0.27, i.e. 54% of the 
true value. Disassortative mating for visual charac- 
ters such as leaf width, leaf length, stalk thickness 
and stalk number will also tend to reduce the magni- 
tude of between-family genetic variance for these 
and correlated traits. 

I t  must also be remembered that  in the production 
of commercial hybrid sugarcane clones, the breeding 
procedures of 'nobilization' and of planned outcros- 
sing lead to the occulrence of isolated chromosomes 
derived from S. spontaneum, S. robustum and S. si- 
nense, which remain unpaired during meiosis (PRICE, 
t963). If the probability of transmission of such 
'wild' chromosomes in crosses is sufficiently low, it 
can be shown algebraically that  their contribution 
to within-family variability is proportionately greater 
than that  expected from normal diploid segregation. 
I t  is therefore possible that  the discrepancy between 
estimates of h} and r~ may in part  be due to this 
phenomenon, particularly for traits such as leaf 
length, leaf area, stalk thickness, stalk number, 
reducing sugars and fibre, which are conspicuously 
different in wild and noble canes. 

greater than zero. Of the derived characters (Table 7), 
all except specific gravity showed significant r~ 
values, and 13 of the t8 estimates of heritability 
were significant. 

The individual estimates of heritability based on 
sire or dam components alone, i.e. h~ and h}, are of 
little interest because of their large standard errors. 
However, the values of these parameters averaged 
over the full range of primary variables give useful 
indications of the nature of the breeding material 
under study. The mean values are given in Table 8 
for comparison with the corresponding means of 
h} and r~. Those variables measured prior to harvest 
(xl--x~) have been considered as a separate group 
from those measured at harvest (Xla--X24). 

The equality of the average estimates of h~ and h~ 
demonstrate the reality of the contribution of the 
male parent to progeny performance, and there can 
be no doubt that  parthenogenetic reproduction is the 
exception rather than the rule in this breeding 
population. Self-fertilization must also be rare in the 
crosses involved in this study. I t  can be inferred 
that  differences in general combining ability among 
the parental clones are largely responsible for the 
observed variation among progeny group means, 
taking an overall view of the range of characters 
measured. 

The mean values of repeatability (r~) are appreci- 
ably greater than those of heritability (h~ or h~) for 
both preharvest variables and those measured at 
harvest (Table 8), and it can be seen from Figure t 
that  almost all primary variables contribute to the 
difference between the two types of measure. Pos- 
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Fig. I. The relationship between her i tabi l i ty  (h~) and repeat- 
abi l i ty  (r~) for the  p r i m a r y  var iables  Xl--X~4. Open  circles 
indicate  charac te r s  for which  t he  popu la t i on  m e a n  is appreci-  

ab ly  different  f rom the  commerc ia l  s t a n d a r d s  
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Non-heritable clonal effects may be important for 
individual characters such as the germination scores, 
but the greater difference between r~ and h~ for 
harvest vs. pre-harvest variables (Table 8) makes it 
unlikely that  such effects are the prime explanation 
of this phenomenon. 

Individual Characters 
The numerical data presented in Tables 6 and 7 

can most readily be discussed by considering related 
groups of characters in turn. 

(i) Gerncination counts. The earlier count (xl) show- 
ed a skewed distribution, but a scale transformation 
changed the genetic parameters only slightly. The 
differences between repeatability and heritability for 
x I and x, are both non-significant, but the estimates 
suggest that  non-heritable clonal effects may be im- 
portant. The heritability of germination count is 
sufficiently high to justify selection for this character, 
which is of obvious importance in establishment. 

(if) Yield grades. The estimates of repeatability 
for the visual yield grades (x~, x12, x15 ) lie in the range 
0.25 --0.40, which is below the average of the measur- 
ed variables, but the heritability estimates neverthe- 
less average 0.26. The distribution of yield grade at 
harvest (x~5) is negatively skewed, while yield itself 
(xj6) is symmetrically distributed, suggesting a reluct- 
ance on the part of the observer to give high grade 
scores. This tendency was not apparent in the visual 
assessments made at t6--20 weeks. 

(iii) Stalk counts. The distribution of stalk number 
per plot in this breeding population was positively 
skewed, with a few clones having very high counts. 
For stalk number at harvest (x~7), the range of clone 
means was t 2 - - t  t9 on the untransformed scale, with 
an overall mean of 36. The means for the two com- 
mercial standards, Pindar and Homer, were 40 and 
43 respectively. Estimates of repeatability of the 
stalk counts (x 4, x 6, Xlv ) were in the range 0.31--0.53, 
but the mean heritability is only 0.13. I t  appears 
that  the count taken from the plots following harvest 
(xs7) is more accurate than the earlier counts made 
on the standing crop. 

(iv) Leafhopper count. There is certainly good 
evidence from this s tudy for a habitat  or feeding 
preference on the part of the insect (xs), which is 
dependent on a varietal character of moderately high 
repeatability and heritability. The relationship 
between leafhopper count and the other variables 
observed in this s tudy will be considered in a later 
paper in this series. Here we are concerned to demon- 
strate a genetic component in the pattern of incidence 
of leafhoppers among plots in the trial. 

(v) Leaf characters. The index of total leaf area 
per plot (x41) shows average repeatability (0.49), but 
the estimate of heritability is not significantly dif- 
ferent from zero. Mean leaf area itself (x40) shows 
high repeatability (0.72), but non-significant herit- 
ability, due to the apparently low heritability of leaf 
length (xia). On the other hand, the index of total 
leaf weight per plot (x42) had moderately high 
heritability (0.31) and repeatability (0.48), the 
estimates being very similar to those for mean leaf 
weight itself (xT). 

The chemical analyses have shown genetic varia- 
tion to be appreciable for both phosphate (xl0) and 
potassium (xll) levels in the population, but genetic 
variation in nitrogen percent dry matter  (xg) was of 
a low order, due possibly to a high overall level of 
nitrogen nutrition. These analyses are of particular 
interest in that  they are used as a basis for fertilizer 
recommendations. 

(vi) Physical characters at harvest. Total yield per 
plot (x~6) has a high coefficient of variation (44%), 
with moderate heritability (0.30) and average 
repeatability (0.48). Ttie overall mean corresponds 
to 36 tons of cane per acre, with a range of clone 
means from 8--77 tons per acre; Pindar and Homer, 
the commercial standards, yielded 56 and 43 tons 
respectively. I t  must be emphasized, however, that  
yielding ability in this trial is not necessarily a reflec- 
tion of yield in pure stands, since competitive ability 
is an important component of yield in small plots 
(SKINN~IL 1961). 

Variation in both node length (x3o) and stalk length 
(x~) is highly heritable in this population. Stalk 
thickness (x20) has a high repeatability value (0.70), 
but only modest heritability (0.26). The genetic para- 
meters for total sucrose, dry matter  and juice per 
plot (xa~, xaa, xa~ ) are all very similar to those for 
yield itself (x16), which is the component with the 
largest coefficient of variation. 

Despite the average to above average repeatability 
of all components used in the derivation of specific 
gravity (xa~), there appears to be no genetic variation 
for this character in the population. The two compo- 
nents with the highest coefficients of variation are 
yield (Xl~) and stalk number (x17), which will be 
shown in a subsequent paper to be positively cor- 
related. However, the ratio of these two components 
alone, i.e. mean stalk weight (xav), is highly repeatable 
and heritable. The procedure of estimation of specific 
gravity cannot then be held responsible for the low 
values of the observed genetic parameters for this 
character. 

(vii) Biochemical characters. The formulae for 
estimation of total sugars percent fresh weight (x~5) 
and reducing sugars percent fresh weight (xt6) are 
presented in Table 3. A comparison of the genetic 
parameters for these characters (Table 7) with those 
of the primary variables expressed as percent solvent 
extract (x2z, x2~ ), shows them to be little influenced 
by the variation in percent fibre (x~4) in this popula- 
tion. Because of the high mean level, of sucrose per- 
cent total sugars (94.4%), genetic variation in sucrose 
percent fresh weight (x27) is reflected in the measure 
of total sugars percent alcohol extract (x=2), and the 
genetic parameters for these two Variables are almost 
identical. Nevertheless, appreciable heritable varia- 
tion is shown by sucrose percent total sugars (xa0), 
with a heritability of 0.3t and a repeatability of 0.54. 

The clone means for sucrose percent fresh weight 
ranged from 8.2--16.2 with a mean of 12.6, compared 
with the values of 14.2 and 14.8 for the commercial 
standards Pindar and Homer. For sucrose percent 
total sugars the clone means ranged from 84--98 
with a mean of 94.4, compared with 97% for each 
of the standards. 

Fibre content expressed as percent fresh weight 
(x24) shows high repeatability (0.72) and a moderately 
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high heritabili ty (0,34), which is somewhat lower than 
tha t  obtained in an earlier s tudy (BRowN, t965), 
The overall mean of 13.7 compares favourably with 
levels of t3.5 and 12,2 in the commercial standards, 
and the range of clone means was 10.6--18.4. Starch 
content (x~l) is highly heritable, with a range of clone 
means from 40- -9 t0  and an overall mean of t92. 
Pindar and Homer  averaged 200 and 330p.p.m. 
respectively. 

Of the derived characters, sucrose percent dry 
weight (x29) is perhaps the most interesting, in tha t  
it shows the highest heritability, and a distribution 
which is very markedly skewed in the negative direc- 
tion. Such a distribution suggests the population is 
approaching a well-defined upper  limit. Pindar  and 
Homer  averaged 50,3 and 54.0%, whilst the clone 
means ranged from 30.3--59.t  with an overall popu- 
lation mean of 46.8%. 

Table 9. Estimates of population parameters for the measures of within-plot 
variability 

Variable Heritability* Repeatability* Basic Character analysed (h~) (rc) 

Nodes per stalk (xls) log s~s .27 + .10 .31 + ,05 
Stalk length (x~) log s~9 .t I • .07 .12 • .04 
Stalk c.s. area (x20) iog s~0 .38 ~+ .14 .65 ~_+ .04 
Node volume (Xas) log s~s .26 • .14 .60 _+ .04 
Node length (xa~) log s~g .09 • .09 .33 __ .05 

* Heritability and repeatability here refer to the nature of variation in 
individual plot estimates of tog s~, the known sampling variance of an estimate 
based on 4 degrees of freedom, having been subtracted from the total observed 
variation. 

(viii) Within-plot variability. The results of ana- 
lyses of variance of the measures of within-plot 
variabil i ty (log s~) are presented in Table 9. In the 
calculation of the estimates of heritabili ty and repeat-  
ability, cognizance has been taken of the theoretical 
sampling variance (2/n) of an estimate of log s~ based 
on n degrees of freedom when the basic variable is 
normally distributed. The genetic parameters  then 
refer to the nature of variat ion in plot values of log s~ 
each based on a very large sample of stalks. 

All five variabil i ty measures show significant 
repeatabil i ty,  and three are significantly heritable. 
However, in a succeeding paper in this series it will 
be shown tha t  in each case the measure of within- 
plot variance is highly correlated with the plot mean 
for the basic character concerned. In the case of 
cross-sectional* area (x20) this leads to a detectable 
positive skewness in the overall distribution of plot 
means. 
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Zusarnmenfassung 
t. An einer aus interspezifischen Kreuzungen s tam-  

menden Zuckerrohr-Zuchtpopulation wurde zur Un- 
tersuchung der Variabilit~t die statistische Technik 
der quant i ta t iven Analyse angewandt. 

2. Ein Vergleich der Heritabili t~tsschgtzungen 
wurde sowohl auf der Grundlage der Varianzkom- 
ponenten der m~tnnlichen als such der weiblichen 
Eltern angestelIt. Die Ubereinst immung dieser bet- 

Theoret. Appl. Genetics 

den Statistiken wird als Hinweis betrachtet ,  dab 
Pollenverunreinigungen, Selbstbefruchtung und Par- 
thenogenese nur eine unwesentliche St6rungsquelle 
bet der genetischen Analyse der Population bilden. 

3. Aus der Untersuchung der Parzellenmittelwerte 
ging hervor, dab alle 24 Hauptmerkmale  eine signi- 
fikante klonale Variation zeigen; der Durchschnitts-  
wert fiir die klonale Wiederholbarkeit  war 0,48. 
Bet 16 der Variablen war die Heritabilit~tssch~itzung 
auf Grund der Varianzkomponenten bet den Gruppen 
yon Vollgeschwistern ebenfalls signifikant, der Durch- 
schnitt  dieses Parameters  betrug 0,29. 

4. Die SchXtzung der klonalen Wiederholbarkeit  
wich bet 10 Hauptmerkmalen  signifikant yon der 
Heritabili t~tssch~tzung ab. In  jedem Fall war der 
Wiederholbarkeitswert  gr6Ber. Es kann nicht an- 
genommen werden, dab die nichtaddit ive genetische 
Varianz der verantwortl iche Haup t fak to r  ist, da die 

Verwendung selektierter Klone als 
elterliches Material und die zuf~llige 
Kombinat ion bet einigen leicht er- 
kennbaren Merkmalen eine ausrei- 
chende Erkl~rung dieser Ungleichheit 
zu liefern scheint. 

5. Die irregul~ire Obertragung un- 
gepaarter  Chromosomen yon S. @on- 
taneum, S. robustum und S. sinense 
kann vieileicht zn der beobachteten 
Differenz zwischen Heritabilit~it und 
Wiederholbarkeit  beitragen. Ffir Schfit- 
zungen anf der Grundlage diploider 
Vererbung wurden keine weiteren be- 
deutenden Abweichungen beobachtet .  

6. Die Untersuchungen ergeben, dab der Faser- 
anteil, das Frischgewicht und der SucrosegehMt der 
Trockensubstanz besonders ausgepr~igte klonale Ei- 
genschaften sind. Die Messung des Sucrosegehaltes 
je Parzelle, die die Variabilit~t des Ertrags des 
Zuckerrohrs mit  umfaBt, hat  eine Heritabil i t~t  von 
0,24, eine Wiederholbarkeit  von 0,43 und einen hohen 
Variationskoeffizienten {46%). 

7. Vergleiche der Zuchtpopulat ion mit  zwei Han-  
delssorten haben ergeben, dab eine Auslese unter  
den Genotypen der Population zu einer signifikanten 
Verbesserung bet jedem der wirtschafttich wertvollen 
Merkmale ffihren kSnnte. Weitere Erfolge dtirften 
bet Bastardierungs- und Selektionszyklen zu erwarten 
sein. 17ber die GrSl?e der Interaktionseffekte Geno- 
typ  • Jahre  konnte bisher keine Information er- 
langt werden. 
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