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Quantitative Genetics of Sugarcane 
II. Correlation Analysis of  Continuous Characters in Relation to Hybrid Sugarcane Breeding 

A. H. D. BROWN 1 j .  I)ANIELS 1 and B. D. H.  LATTER ~ 

Agricultural Experiment Station, South Pacific Sugar Mills Ltd., Lautoka, Fiji l, 
and Division of Plant Industry,  CSIR0,  Canberra 2 

Summary. t. A study has been made of the genetic, clonaI and environmental correlations existing among conl- 
mercially important characters in a sugarcane breeding population of interspecific hybrid origin. 

2. In general, there is a close correspondence between genetic correlation coefficients measuring tile extent of 
association at the level of family means, and clonaI correlations measuring genotypic relationships at the level of 
clone means. Greater weight has therefore been given to the numerical estimates of the clonal correlations, in view 
of their greater accuracy, and the possibility that atypical family groups may unduly influence the genetic correlations. 

3. Many significant enviromnental correlations, generally of a low order of magnitude, have been detected. These 
have been found to fall naturally into a pattern based on the operation of factors causing differences from plot-to-plot 
in either growth rate or the process of ripening. 

4. A wide variety of genetic relationships cannot be explained in terms of these same two physiological processes. 
The signs of the clonal correlation coefficients for these particular associations fall very clearly into a pattern identical 
with that distinguishing the wild species from Saccharum officinarum. 

5. The cytological basis for this partial retention of original parent species associations is almost certainly the 
segregation of whole chromosomes from the wild species as intact units, with little possibility of gene exchange or 
recombination with chromosomes from S. officinarum. 

6. The magnitudes of the observed clonal correlations in general indicate ample scope for independent genetic 
manipulation of traits from wild and noble canes, provided selection pressure is maintained on all those of commercial 
importance. However, the interrelationships involving number of stalks per plot, stalk cross-sectional area and fibre 
percent fresh weight, are somewhat more restrictive. 

7. Attention is drawn to the need for a more extensive sanlpling of the genetic variation available within the wild 
species S. spontaneum, S. robustum and S. sinense. 

i.  Introduction 
The theory of quantitative genetics provides the 

basis for an interpretation not only of analyses of 
variation shown by individual quantitative charac- 
ters, but  also of analyses of covariance describing the 
way in which a number of characters vary conjointly 
in a population. This information may be used in 
the prediction of correlated responses to directional 
selection, in the detection of unfavourable genetic 
associations existing in a given breeding population, 
and in the construction of selection indices (ROBINSON 
et al., t951 ; JOHNSON et al., 1955). 

I t  has been the practice in studies of hybrid sugar- 
cane populations to derive only phenotypic correla- 
tion coefficients, despite the fact that  these may be 
misleading whenever different mechanisms are oper- 
ative at the genetic and environmental levels. BRowN 
(t965) has discussed one such example, viz. the cor- 
relation between sugar and fibre. Commercial accept- 
ability in sugarcane is determined by a wide range 
of characters showing continuous variation, and it 
is~of particular importance to the breeder that  the 
relationships existing among these characters be well 
understood. This paper reports the results of such 
a s tudy of the Fiji breeding population (BRowN et al., 
1968), made possible by the use of high-speed com- 
puting facilities. In particular, attention is given to 

the origin and extent of unfavourable genetic associa- 
tions existing in this typical commercial hybrid 
breeding population. 

2. Material and Methods 
The experimental material consisted of 14t hybrid 

sugarcane clones, each derived from crosses made as 
part of the normal breeding programme in Fiji. 
There are represented three full-sib progeny from 
each of 47 families, with four replicate plots per clone. 
The first paper of this series (BRowN et al., 1968) 
gives details of the origin of the clones, the experimen- 
tal design, the 42 characters under study, the breed- 
ing behaviour of the population, and the heritability 
and repeatability estimates for individual characters. 
In the present paper the characters are given identi- 
cal numbers and designations. 

The basic analysis of covariance is comparable 
with the analysis of variance presented in the previ- 
ous paper. Table t sets out the expectations of the 
mean products in the analysis, in terms of environ- 
mental, intra-fanlily and inter-family components of 
covariance. Estimates have been derived of four 
distinct parameters measuring the genetic, clonal and 
environmental correlations, and the standardized 
genetic covariance (Table 2). The genetic correlation 
is derived solely from the between full-sib family 
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Table t. The analysis of covariance table 

Mean Source of variation d.f. product Expectation 

Sub-blocks 1 t 
Families 46 F cove + 4 covi + 11.8 coy t 
Blocks • families 92 I cove + 4 cov~ 
Residual 414 E cove 

components of variance and covariance, and will 
therefore include some contribution due to non- 
additive genetic effects (FALCONER, t960). A clonal 
correlation provides a measure of the relationship 
between two characters in terms of their ' t rue '  clone 
means, and m a y  therefore include non-heritable 
effects t ransmit ted  during asexual reproduction. The 
environmental correlation reflects the influence of 
environmental  factors on joint variat ion displayed 
within clones. 

Table 2. Parameters characterizing the relationship between 
x~ and x2 

Parameter Definition Notes 

Genetic correlation coy! (I ,2) 
o-t(1). ~/(2) 
covo O, 2) Clonal correlation ~-c(~ �9 a , (~  

Environmental correla- COVe (1, 2) 
tion a,(l) . ae(2) 

Standardized genetic 2 coy! (1, 2) 
covariance ap( l ) �9 ap(2) 

covc=  coy t + cov~ 
.~ = .~ + *~ 

The te rm standardized genetic covariance is used 
here to describe a measure of joint variat ion which 
is specifically involved in prediction foxmulae for 
correlated responses to directional selection (FAL- 
COSER, t960). I t  corresponds to the expression 
h x r~ h v where h~, h.~ denote the heritabilities of two 
characters and rg denotes the genetic correlation 
existing between them. 

The s tandard errors of all statistics have been 
est imated by  means of large sample formulae given 
by  MODE and ROBINSON (1959). The accuracy of 
the experiment was such tha t  a genetic correlation 
greater in absolute magnitude than  0.5 could be 
detected unless the heri tabil i ty of one of the charac- 
ters concerned was part icularly low. Greater  resolu- 
tion was obtained in the est imation of clonal cor- 
relations, values of 0.30 and less frequently being 
judged statistically significant. 

3. Results 

From the mat r ix  of possible covariance analyses, 
sub-sets have been chosen for detailed s tudy because 
of their specific biological interest. Only a selection 
of the results will be presented here, dealing in turn 
with: (a) the effect of statistical t ransformations on 
estimates of the three types of correlation coefficient; 

(b) the relationships of all cha- 
ractels  with yield and sucrose 
percent fresh weight, the two 
trai ts  of most  direct concern in 
the determination of commercial 
yield of sucrose per acre; (c) rela- 
tionships with sucrose percent dry 
weight, a variable which provides 

a direct measure of the efficiency of sucrose storage; 
(d) impor tant  associations involving reducing sugars 
percent fresh weight, fibre percent fresh weight and 
starch;  and finally (e) a discussion of analyses of 
some measures of within-plot variabili ty.  

Scale transformations 

In  the first paper  of this series a table was given 
of those variables with distributions showing pro- 
nounced asymmetry ,  with details of their coefficients 

of variat ion on the scale of measurement  and 
variables appropriate  logarithmic transformations.  

Correlation analyses involving these seven 
variables have shown the scale t lansforma-  
tions to have relatively unimpor tant  effects 
on the numerical estimates obtained. Table 3 
sets out comparisons which are typical  of 
those observed throughout  this study. 

In  the analyses to be presented in this 
paper,  t ransformations have been used for 
all variables with a skewed distribution of 
family means, the nature of the change in 
scale being indicated in the Tables. Approxi- 
mate  normali ty  can therefore be assumed in 

making predictions of direct and correlated responses 
to selection. In each case of scale t ransformation,  
the signs of the derived correlation coefficients are 
identical with those which would be obtained from 
the untransformed scales. 

Components of sucrose per acre 
The most  useful overall measure of the commercial  

potential  of a genotype is the quant i ty  of sucrose 
produced per unit  area. Figure I sets out the con- 
ventional breakdown of sucrose per acre into two 
components,  yield of cane per acre (xle) and sucrose 
percent fresh weight (x2~), and indicates those primary 
variables directly influencing the level of these two 
major  components.  I t  is our intention to concentrate 
at tent ion initially on those characters for which 
measurements  were taken directly in the experiment,  
and then to consider the derived variables calculated 
numerically from the pr imary  observations. Mathe- 
matical  relationships can then readily be distinguish- 
ed from more fundamental  associations. 

The relationships involving the six pr imary  vari-  
ables in Figure I are set out in detail in Table 4. 
Before proceeding to discuss the numerical estimates, 
an impor tant  general point should be made here with 
regard to the uti l i ty of the genetic and clonal cor- 
relations. In  some instances, as with stalk numbers  
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(xlJ and total sugars 
(x22), the two conela- 
tions differ appreciably 
in magnitude (Table 4), 
and we shall in general 
give more weight to the 
measure of the clonal 
relationship in such 
cases, for two quite 
different reasons. 

Firstly, the precision 
of the clonal correla- 
tions is considerably 
greater than that  of the 
genetic correlations, as 
judged from their re- 
spective standard er- 
rors. Secondly, a gene- 
tic correlation may be 
unduly influenced by  

Variable 

Table  3. The effects of changes of scale on estimates of genetic parameters 

Correlations with Sucrose % D.W. (x.,9) I 
Scale 

Genetic Clonal Environmental 

Mean leaf area (x~0) x + . 5 2  + .34 + . 0 2  + .10 -- .09 4- .05 
l ogx  + .54  •  + .03  •  -- .08 •  

Yield grade (x~J x -- .20 • .28 --.13 i .12 + .03  • .05 
- - l o g ( 1 4 . 5  -- x) --.23 •  -- .18 + . 1 2  +.01 •  

Stalks per  plot  (x~7) x - - .83"  • .22 -- .49* + .08 + .05  • .05 
log x - - .88"  + . 2 5  -- .49* •  + . 0 7  + . 0 5  

Reducing sugars (x26) x -- .56* • .2t -- .46* • .08 -- .44* • .04 
log (2.5 + 10x) -- .57* • .22 -- .47* _4- .08 - - .41"  • .04 

Starch con ten t  ( ,a)  x -- .30 • .25 -- .22* + .10 + . 0 0  • .05 
logx --.31 • .22 --.24* • .10 +.02 + .O5 

Leafhopper count  x + .43  • .27 +.21 • .t3 + . 0 8  • .05 
(x~) log (I.6 + x) + ,25  • .24 + .15  :k .12 + . 1 0  • .05 

t The transformation - -  log (70 -- x) has been used for x2~ whenever the covariable has 
been transformed. 

* Significantly greater than zero in absolute value. 

atypical progeny groups, being derived solely 
from between-family components of variance and 
covariance (BRowN et al., 1968). Figures 2 and 3 
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Fig. 1. Primary variables with a direct influence on yield of 
sucrose per acre. The primary variables in this study (xl--x~a) 
are those actually measured, as opposed to those derived 
numerically (x25--x42). Specific gravity, the remaining major 
component of sucrose per acre, did not show significant genetic 

variation in this population 
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Fig. 2. Relationship between fibre percent fresh weight (xa) 
and number of stalks per plot (-by), plotted in terms of observed 

full-sib family means 

Table  4. Relationships among primary variables directly involved in the determination of sucrose per acre. 
Above diagonal: upper-genetic, lower-clonal correlations. Below diagonal." environmental correlation 

Stalk number Stalk length 

(*'17) flog ~3 (*1~) 

Total sugars Reducing sugars Fibre % fresh Stalk c.s. area % extract % extract fresh wt. 
(*~) (.,,22) (~a) (~) 

-- .59* ! . 2 8  -- .79* •  + .43  •  + .90*  i , 2 2  
- - .71"  + . 0 6  --.21 •  + .13  •  + . 60*  •  
-- .29 •  -- .16 • .25 + . 1 2  • .28 + . 4 0  •  
-- .17 • . t0 -- .06 • .11 + . 0 2  • .11 + .47*  • ,08 

+ . 5 2  •  --.03 •  -- .93* •  
+ .17  •  + .03  + . t 0  -- .64* + . 0 6  

-- .59* ~ .20 - - .80"  •  
- - .54"  i .08 -- .49* •  

-- .40* • .04 +.21 • .34 
+.02 •  

+.21" •  +.21" •  +.o7 + .o5  

- .02  i . o 5  +.02 •  +.oo + .o5  

Stalk n u m b e r  ( z l j  +.51 + .27 
flog x] + . 3 7 "  • .09 

Stalk length  (x19) + .39*  + .04 

Sta lk  c.s. area (x2o) -- .02 • .05 + .25*  _ .05 

Tota l  sugars 
% ext rac t  (xej 

Reducing  sugars 
o//o ext rac t  (x2a) 

F ibre  % fresh wt. 
(x24) + .17" + . 0 5  + .15" _+.05 -- .04 •  + .20*  •  --.31" + . 0 4  

* Significantly greater than zero in absolute value. 
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given that stalk number and stalk length are the 
important components of yield. It appears that 
ample opportunity exists for genetic improvement 
in yielding ability while maintaining fibre at a com- 
mercially acceptable level. The partial clonal cor- 
relation between sucrose percent fresh weight (x~) 
and yield (xl,), with fibre level held constant, can be 
calculated to be essentially zero (--.004). 

Of the derived variables (x25--x**), dry matter per 
plot (x33), juice per plot (x3,) and volume of cane per 
plot (x~) can be seen from Table 6 to be virtually 
identical with yield itself (x~). The variables x33 and 
xa4 both involve x~ in their derivation (cf. Table 3 
of BROWN et al., 19681, and variables showing posi- 
tive clonal correlations with yield, viz. dry matter 
percent fresh weight (x3~) and fibre percent fresh 
weight (x,4), are also involved. 

The indices of leaf area per plot (x41) and leaf 
weight per plot (x4~) are also closely correlated with 
yield (Table 6), due primarily to the fact that stalk 
number (x~7) is involved in the derivation of both 
variables. It is this component which has the highest 
coefficient of vmiation (BROWX et at., 1968). Of the 
other variables concerned, viz. x13, x~4, xls and x v 
leaf weight (xT) and teaf length (x14) can be seen 
from Table 6 to be positively correlated with yield, 
the clonal correlations being +.29 and +.24 re- 
spectively. 

Characters related to sucrose content 
Tables 7 and 8 set out the significant clonal rela- 

tionships involving sucrose percent fresh weight (x,7) 
and sucrose percent dry matter (x2~) respectively. 
Of the associations involving sucrose percent fresh 
weight, that with stalk number has previously been 
discussed (Figures 3, 4), and the correlations with 
reducing sugars (-%e) and fibre (x~4) have been pre- 
sented in Figure 4. 

The observed relationship between sucrose and 
total sugars, both expressed on a fresh weight basis 
(x~v x~), can be seen from Table 7 to be extremely 
close. In view of the fact that total sugars and 
reducing sugars are genetically negatively correlated 
(Table 4), selection on the basis of total sugars can 
be expected to achieve the breeder's objectives of 

that a positive environmental correlation exists 
between sucrose percent dry weight (xa9) and dry 
matter percent fresh weight (x3t), though it is of 
a very low order. The clonal correlation in this case 
is of opposite sign to the environmental correlation 
and it is pertinent to discuss the probable nature of 
the genetic and environmental variation involved in 
this and similar instances. 

From the environmental correlations presented in 
Tables 4, 6, 7 and 8, and others calculated in the 
course of this study, it is apparent that environ- 
mental conditions favouring increased yield o] cane 
(xin) are responsible for increases in stalk number 
(x,, x 6, x17), stalk length (x19) and stalk cross-sectional 
area (x,0). Node length (x39) atso tends to be increased, 
as does leaf weight (xT) and leaf width (x13). In this 
9 months old crop such conditions led to higher 
values of total dry matter percent fresh weight, due 
to increases in both sucrose percent fresh weight 
(x27) and fibre percent fresh weight (x~,). Sucrose 
percent dry weight (x29) and reducing sugars percent 
fresh weight (x~n) appear not to be affected. 

On the other hand, environmental conditions 
favouring increased sucrose percent dry weight (Table 8) 
lead to an increase in dry matter percent fresh weight 
(x31) which is associated with decreases in fibre per- 
cent fresh weight (x,4) and in reducing sugars percent 
fresh weight (x2~). These palticular relationships are 
those to be expected from plot-to-plot variation in 
environmental factors affecting the process of ripen- 
ing, which involves the cessation of growth and sub- 
sequent channelling of assimilates into sucrose storage 
(HATCH and GLASZIOU, t963). 

It therefore appears that the observed environ- 
mental correlations can be accounted for satisfactorily 
in terms of factors influencing either growth rate or 
the process of ripening. However, many of the 
genetic relationships obviously cannot be explained 
in terms of corresponding genotypic effects on these 
two basic processes. Conspicuous examples are: 

(i) the negative clonal correlation (--.64 + .06) 
between fibre percent fresh weight (x24) and stalk 
cross-sectional area (x~o) with no detectable environ- 
mental correlation (Table 4); 

(ii) the negative genetic relationship between stalk 
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Table 7. Characters showing statistically significant clonal correlations with sucrose % fresh weight (x27) 

Correlations with sucrose % fresh wt. 
No. Character 

Genetic Clonal Environmental 

x 4 Stalks per plot: [logx] --.84* 4-.29 --.25" i .11 --.03 -4-.05 

x17 Stalks per plot: [log x] --.78* ~ .33 --.23* + .t0 + .19"  4- .05 
x22 Total sugars % extract + .99"  4- .01 +.98* i .01 +.98* -4- .01 
x2s Reducing sugars % extract --.69* + .16 --.67* + .06 --.56* i .03 
x24 Fibre % fresh wt. --.76* -4-,21 --.46* + .08 +.22* + .05 

x25 Total sugars % fresh wt. + .99"  + .01 + .98"  + .01 + .98"  + .01 
x26 Reducing sugars % fresh wt. --.78* • .14 --.72* + .06 --.56" • .03 

[log x] 
x~8 Sucrose % juice +.99* + .01 +.98* -t- .01 +.99* + .01 
x.~ 9 Sucrose % dry wt. : +.94* i .05 +.85* 4- .03 +.79* + .02 

[-- log (70 -- x)] 
x30 Sucrose % total sugars; +.88* + .08 +.83* + .04 + .7 t  * + .02 

[-- log (100 -- x)] 
xs~ Dry matter  % fresh wt. + .22 + .41 +.24* 4- .10 +.79* 4- .02 
x42 Leaf weight per plot --.40 4- .26 --.24* 4- .11 +.20* :j= .05 

* Significantly greater than zero in absolute value. 

Table 8. Characters showing statistically significant clonal correlations with sucrose % dry weight (x~9) 

Correlations with sucrose % dry wt. 
No. Character 

Genetic Clonal Environmental 

x 4 Stalks per plot: [log x] --.82* + .25 --.38* + .09 --.04 ___ .05 

x 8 Leaf moisture +.84* + .38 +.36* + .09 +.02 + .05 
Xll Leaf potassium % dry wt. +.62* + .22 +.28* + .t0 +.08 + .05 
x~2 Early yield grade (ratoons) --.38 + .23 --.29" + .11 +.08 + .05 

x14 Leaf length t -- .28" + .09 - - . t0  + .05 
x16 Yield per plot --.54" + .23 --.40* + .09 +.05 + .05 
x17 Stalks per plot: [log x] --.88* + .25 --.49* + .08 +.07 + .05 
x18 Stalk length --.31 • .23 --.33* + .10 +.07 + .05 
x20 Stalk cross-sectional area +.74* + .23 + .46"  + .08 +.08 + .05 
x~l Starch: [log x] --.31 + .22 --.24* + .t0 + .02 + .05 
x22 Total sugars % extract +.95* + .05 +.85* + .03 +.76* + .02 
x2~ Reducing sugars % extract --.47* + .23 --.45* + .08 --.41 * + .04 
x24 Fibre % fresh wt. --.95* + .08 --.82* + .03 --.36* + .04 

x25 Total sugars % fresh wt. +.96* + .04 +.87* + .03 
xz6 Reducing sugars % fresh wt. : --.60" + .22 --.48" + .08 

[log x] 
x~7 Sucrose % fresh wt. +.94* + .05 +.85* + .03 
xzs Sucrose % juice +.88* + .09 +.75* + .05 
xa0 Sucrose % total sugars: +.72* + .16 +.60* + .07 

[-- log (iO0 -- x)] 
x31 Dry matter  % fresh wt. --.15 + .43 --.27* + .10 
x~ Dry matter  plot per --.54" + .24 --.42" + .09 
x~ Juice per plot - . 4 9 *  + .24 - . 3 6 *  + .1o 
x~ Volume of cane per plot - . 4 9 *  + .25 - . 3 5 "  + .t0 
x36 Specific gravity 'f - .46" + . 19 
xss Mean node volume +.31 + .36 +.23* + .09 
x39 Mean node length --.50* + .t8 --.40* + .09 
x~l Leaf area per plot: [log x] --.54 + .31 --.43* + .09 
x4z Leaf weight per plot --.39 + .24 --.42* + .09 

+.78*  + .02 
--.40* + .04 

+.79* + .02 
+ . 7 t *  + .02 
+.52* + .04 

+.28* + .o5 
+.o9 + .05 
+.o7 + .o5 
+.07 -6.05 
- . o 8  + .o5 
+.07 + .05 
+ . o l  + .o5 
+.o6 + .05 
+ . t 0  4-.05 

* Significantly greater than zero in absolute value. 
t No estimate possible because of negative or near-zero variance component between families. 

(x14), yield (xle), s talk length  (xlg), s ta lk  cross-sectio- 
nal  area (x20) and  s tarch  (xm); 

(v) the clonal c o n e l a t i o n  be tween dry  m a t t e r  per- 
cent  fresh weight  (Xal) and  sucrose percent  d ry  
weight  (x2g) is nega t ive  (-- .27) whereas the cor- 

responding  e n v i r o n m e n t a l  correlat ion is posi t ive 
(+ .28) ,  as previous ly  no ted  (Table 8). 

Almost  all these genetic re la t ionships  are in accord 
wi th  the character  pa t t e rns  responsible for the con- 
t ras t  be tween wild and  "nob le"  canes. By  compari-  
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son with the noble canes, the wild species typically 
produce many thin stalks of high fible content per 
unit lancl area, with leaves of low moisture content. 
They are of high yield in terms of cane per unit area, 
but  their sucrose content is low and starch content 
f lequently relatively high. The cytological basis for 
a partial retention of these parental character asso- 
ciations is well understood, and will be discussed in 
the final section of this paper. 

Note in particular the contrast between sucrose 
expressed on a fresh weight basis (Table 7) and on 
a dry weight basis (Table 8), in the detection of 
genetic relationships. Sucrose percent dry weight 
(x29) appears to be the more valuable character for 
this purpose, and is much less affected by the factors 
responsible for environmental correlations between 
characters  apart from those influencing sucrose 
storage. 

An unexpected genetic association with sucrose 
percent dry weight is tha t  of leaf potassium level 
(Xn), expressed on a dry weight basis (Table 8). 
I t  is possible that  this is simply a chance result, the 
estimates of genetic and clonal correlations being 
roughly three times their respective standard errors. 
However, it is well known that  K + or other uni- 
valent cations are required as cofactors for a wide 
variety of enzymes, catalyzing apparently unrelated 
chemical reactions (EvANs and SORGER, t966). 
Though there is no evidence of potash deficiency in 
this experiment (the clone means ranging from t.35 
to t .89%), it is possible that  the ability of some 
genotypes to achieve high levels of sucrose storage 
may be dependent on above-average concentrations 
of K +. 

Characters associated with reducing sugars, 
fibre or starch 

The level of reducing sugars percent fresh weight 
(x26) has been shown to be inversely related to that  
of sucrose percent fresh weight (x2~), due to both 
genetic and environmental effects (Table 7, Figure 4). 
The only other genetic associations involving reduc- 
ing sugar level detected in this s tudy were those 
reflecting this same phenomenon. The clonal cor- 
relation between reducing sugars percent fresh weight 
and dry mat ter  percent fresh weight (x31) is only 
--.44 + .09, because of the non-significant clonal 
correlation between reducing sugars and fibre 
(Table 4). 

Many of the important  associations involving fible 
percent fresh weight (x24) have already been discussed 
(Tables 4, 6, 7, 8). As might be anticipated, leaf 
moisture (xs) is negatively correlated with fibre, the 
clonal correlation being --.53 + .07, and the environ- 
mental correlation --A0 _ .05. Leaf potassium (Xu) 
also shows a significant clonal correlation of --.37 
_ .t0 with fibre. Three further clonal correlations 
are of particular interest from the point of view of 
original parental species associations. Leaf width is 

negatively correlated with fibre, leaf length positively 
correlated, and stalk weight also negatively correlat- 
ed, the clonal correlation coefficients being --.23 

.09, + .29  + .09 and --.26 + .09 respectively. 
Here again the genetic relationships can be seen to 
be of a very low order, but  the signs of the correla- 
tions are those to be anticipated from residual 
parental associations. 

The significant clonal correlations shown by starch 
(x21) are of interest from the same point of view. 
In order of absolute magnitude the clonal correla- 
tions are +.43 + .09 with stalk number (xl~); 
+.35 + .t0 with yield (x~6); + .32  + .09 with fibre 

p e r c e n t  fresh weight (x~4); + .27  + .10 with dry 
mat ter  percent fresh weight (x31); - - . 2 4 _  .10 with 
sucrose percent dry mat ter  (x29); --.23 _ A0 with 
leaf moisture (xs)" --.21 + .10 with leaf width (x13)" 
+ . 2 i  +__ .09 with leaf length (x~4); and - - . 2 0 _  .t0 
with stalk weight (x3~). Again these relationships 
are all of a low order, but  the sign of each is consistent 
with the view that  genes from the wild species are 
primarily responsible for high starch levels. 

Measures of within-plot variability 
In the first paper of this series, it was pointed out 

that  measures of within-plot variability may  them- 
selves be considered as variables which might show 
significant genotypic variation, and which might also 
possibly be genetically related to other characters 
involved in the study. I t  was shown that  within- 
plot variability in nodes per stalk, stalk length and 
stalk cross-sectional area was under genotypic con- 
trol, and these variables were therefore included in 
the present correlation analysis. 

In each case the measure of within-plot variability 
proved to be genetically related to the corresponding 
plot mean value, the clonal correlations between plot 
mean and variance being + t . 0 4  _ At,  +.73 _ .2t, 
and + .92  __+ .05 respectively for nodes per stalk, 
stalk length and stalk cross-sectional area. Little 
additional genetic information could therefore be 
expected from the variability measures. The cor- 
responding environmental correlations, after allow- 
ing for independent sampling variation in both the 
means and the plot variances, were + .29  ___ .05, 
+ . 2 t  _+ .05, and +.51 + .05. These correlations are 
directly related to the skewness of the overall distri- 
bution of plot mean values, positive skewness being 
obvious to the eye only in the case of cross-sectional 
area (BRowN et al., 1968). I t  is of some interest from 
a statistical point of view to see that  a close geno- 
typic relationship may exist between mean and 
variability, which may not readily be detected from 
the shape of the frequency distribution of the plot 
mean values. 

4. Discuss ion 
The environmental and genetic relationships 

emerging from this s tudy can be understood on the 
basis of three main generalizations. 
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1. The many significant environmental correlations 
can be accounted for satisfactorily in terms of factors 
influencing either growth rate or the process of ripen- 
ing. The various relationships fall into a consistent 
pattern if one considers environmental conditions 
favouring increased yield of cane on the one hand, 
and those favouring increased sucrose percent dry 
mat ter  on the other, as representative of effects on 
these two basic physiological processes. 

2. Many of the genetic relationships cannot be ex- 
plained in terms of the same two basic processes. 
The clonal correlation coefficients observed in these 
instances are, with two exceptions, of a low order of 
magnitude (less than 0.5 in absolute value), and the 
signs of the clonal correlations fall very clearly into 
a pat tern indicating partial preservation of original 
parental species associations. The two character com- 
binations with exceptionally high clonal correlations 
are stalk number and stalk cross-sectional area 
(--.71), and fibre and stalk cross-sectional area 
(--.64). 

3. The variables xl--x24 in this s tudy are the 
pr imary experimental observations recorded. The 
remainder have been derived arithmetically from 
these, and many high genetic and environmental 
correlation coefficients are readily understood from 
the mathematical  relationships involved (BRowN 
et al., t968). In a number of instances, a single com- 
ponent with a high coefficient of variation has been 
seen to determine the genetic relationships of a deriv- 
ed variable almost completely. 

Of these three generalizations, that  involving the 
retention of many of the original species associations 
is of particular interest. I t  is the objective of the 
commercial sugarcane breeder to combine the eco- 
nomically desirable features of both the noble canes 
and their wild relatives, and the usual procedure of 
successive backcrossing to the S. officinarum group 
is thought  to involve the manipulation of chromo- 
somes from the wild species virtually as intact units 
(PRICE, t965). One of the objectives of the quan- 
t i tat ive genetic analysis of this dynamic commercial 
breeding population has therefore been the measure- 
ment of the degree to which variables are genetically 
independent, in spite of cytological behaviour which 
restricts gene exchange and recombination between 
chromosomes derived from different species (BROWN 
et al., t968). 

A representative measure of the clonal correlation 
between two characters of commercial importance 
which fall into this category, is that  between yield 
of cane per plot (xle) and sucrose percent dry  weight 
(X29), viz. --.40 + .09. Such a figure must on the 
whole be taken as encouraging, in that  84% of the 
genetic variation shown by the two characters is 
independent, though an obvious necessity exists for 
selection pressure to be maintained on each of the 
two variables. On the othei hand, the relationships 

involving stalk number, stalk cross-sectional area 
and fibre percent fresh weight (Figure 4), with 
clonal correlations of absolute value in the range 
.60--.7t ,  are somewhat more restrictive. I t  appears 
likely that  pleiotropic effects of genes dictated by  
purely structural considerations may be to some 
extent involved here, but  it is nevertheless clearly 
desirable to consider breeding procedures capable of 
achieving a greater degree of gene exchange between 
wild and noble canes. 

One possibility is the increase of recombination by 
the induction of chromosome breakage, a proposal 
which has been discussed by  PRICE and WARNER 
(t959) in some detail. A second procedure, which 
seems assured of at least a measure of success, in- 
volves a more extensive sampling of the genetic 
variation available within the wild species, parti- 
cularly S. spontaneum. ARCENEAUX (1965) and PRICE 
(t965) have pointed out that  modern commercial 
varieties rest on a very narrow genetic base. Only 
one or two gametes have been sampled from a very 
small number of clones of S. spontaneum, S. robustum 
and S. sinense. There is considerable variation in 
biochemical characters within S. spontaneum, and 
some high sucrose and low starch clones have been 
recorded (PANJE and RAO, 1954; 1956). These clones 
have not yet been utilised, and it is possible tha t  
they may not transmit some of the unfavourable 
associations reported in this paper. 

The approach should then be to introduce into 
hybrid breeding populations a larger and more useful 
sample of wild chromosomes by  means of conventio- 
nal nobilization programmes using a wide array of 
wild clones, and also by  deliberate pre-nobilization 
recombination and selection within the wild species 
themselves. In the following paper of this series, an 
experiment designed to evaluate the potential for 
sucrose selection in S. spontaneum will be described 
and some of the operational difficulties inherent in 
such a programme will be discussed. 
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Zusammenfassung 
t .  Genetische, klonale und Umweltkorrelationen 

wurden an wirtschaftlich wichtigen Merkmalen einer 
aus interspezifischen Kreuzungen stammenden Zuk- 
kerrohr-Zuchtpopulation untersucht. 

2. Im allgemeinen besteht eine gute t3bereinstim- 
mung zwischen den genetischen Korrelationskoeffi- 
zienten, denen die Familienmittelwerte zugrunde 
liegen, und den klonalen Korrelationen, die auf 
Grund der genotypischen Beziehungen der Mittel- 
werte der Klone errechnet werden. Mit Riicksicht 
auf ihre gr6Bere Genauigkeit und auf die M6glichkeit, 
daft atypische Familiengruppen die genetischen 
Korrelationen beeinflussen k6nnen, ist den numeri- 
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schen Schi i tzungen der  k lona len  Kor r e l a t i onen  gr6Be- 
res Gewicht  be ige leg t  worden.  

3. Es  wurden  viele s ign i f ikante  U m w e l t k o r r e -  
la t ionen ,  in de r  Regel  ger inger  Gr613enordnung, auf-  
gefunden.  Sie b i lden  ein nat f i r l iches  Muster ,  das  auf 
de r  W i r k u n g  von F a k t o r e n  be ruh t ,  die Unte r sch iede  
von Parze l le  zu Parze l le  in bezug  auf die W a c h s t u m s -  
r a t e  oder  den Reifungsprozel3 ve rursachen .  

4. L ine  groBe Anzah l  von gene t i schen  Beziehun-  
gen k a n n  abe r  n ich t  auf  de r  Basis  eben dieser  be iden  
phys io logischen  Prozesse  erkl~trt werden.  Die Vor-  
zeichen der  k lona len  Kor re la t ionskoef f i z i en ten  ftir 
diese besonderen  Bez iehungen  passen  sehr  k l a r  in 
ein Muster ,  das  m i t  dern iden t i sch  ist,  das  die Wi ld -  
a r t en  von Saccharum officinarum un te r sche ide t .  

5. Die  cy*ologische Basis  ffir diese tei lweise Auf-  
r e c h t e r h a l t u n g  von Merkmal sbez iehungen  der  ur-  
spr i ingl ichen E l t e r n a r t e n  is t  m i t  z iemlicher  S icherhe i t  
die S p a l t u n g  ganzer  Chromosomen  der  W i l d a r t e n  
als i n t a k t e r  E inhe i t en  mi t  ger inger  M6gl ichkei t  eines 
Genaus t ausches  oder  e iner  R e k o m b i n a t i o n  m i t  
Chromosomen von S. officinarum. 

6. Die St~rke  der  b e o b a c h t e t e n  k lona len  Kor re -  
l a t i onen  d e u t e t  im a l lgemeinen  auf ein grol3es Aus-  
mal3 unabh~tngiger Ver te i lung  der  gene t i schen  Grund-  
lagen von Merkmalen  wi lden  u n d  ve rede l t en  Zucker -  
rohrs  hin,  vorausgese tz t ,  dab  der  Se l ek t ionsd ruck  
auf die  wi r t scha f t l i ch  wicht igen  Merkmale  e rha l t en  
b le ib t .  Bei  der  Anzah l  der  S tengel  je Parzel le ,  dem 
S tenge lque r schn i t t  u n d  dem F a s e r a n t e i l  a m  Fr i sch-  
gewich t  s ind  die Bez iehungen  j edoch  e twas  mehr  ein- 
geschr~tnkt. 
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