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Quantitative genetic analysis in Phalaris tuberosa

III. Maternal effects on seedling growth and development

B Y B. D. H. LATTER*

Division of Plant Industry, CSIRO, Canberra, Australia
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SUMMARY

The genetic basis of variation in rate of seedling growth and develop-
ment has been examined in the Australian commercial population of
Phalaris tuberosa. A model of additive genetic maternal effects has been
used, with seed weight of the female parent as an index of maternal ability.
Rate of leaf appearance, rate of tillering and growth per tiller are all
genetically variable in the population, with estimated heritabilities of
0-36, 0-23 and 0-34 respectively on an individual seedling basis. Total
seedling growth has a lower heritability (0-17), due to a negative genetic
correlation between tiller production and growth per tiller (— 0-46). These
two components have also been shown to be subject to qualitatively
different seed size maternal effects. Genetic differences in seed size in the
female parent have been found to influence growth per tiller, while
environmental differences in seed size affect primarily the rates of leaf
appearance and tiller production.

1. INTRODUCTION

A quantitative theory of genetically determined maternal effects in random-
breeding populations has been developed by Dickerson (1947) and Kempthorne
(1957) for non-epistatic genes. Kempthorne's theory allows for an arbitrary degree
of dominance in respect of direct and maternal effects on a quantitative character
but the expectations of observable covariances among relatives depend on a total
of nine parameters if environmental maternal effects are included. The parameters
cannot therefore be estimated from observations of sire-offspring, dam-offspring,
full-sib and half-sib covariances alone, unless simplifications of the model can
justifiably be introduced.

In earlier papers of this series, the genetic basis of differences in seedling growth
rate in the Australian commercial population of Phalaris tuberosa has been studied
(Latter, 1965a, 6), using a model of additive genetic maternal effects. Mean seed
size, measured as the weight of a sample of seed produced by an individual plant,
has been shown to be highly correlated with maternal ability (Latter, 19656;
Me William & Latter, 1970). Since the additive genetic variance in seed weight is
almost 80 % of the total phenotypic variance among the parental individuals in
the population, the model assumes dominance effects to be unimportant for seed
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weight and for the resultant genetically determined maternal effect on seedling
growth rate (Latter, 1965 a).

The present paper deals with seven physiological components of seedling growth
and development in the same population, measuring rates of tillering, of leaf
appearance and of growth per tiller. Three main questions are of interest:

(1) Which variables are most subject to maternal influence?
(2) Do the traits differ in the relative importance of genetic and environmental

maternal effects due to seed size?
(3) What is the nature of the maternal, genetic and environmental relationships

among the seven components ?
Recent studies with Lolium multiflorum and L. perenne have shown maternal

effects to be significant for some components of seedling growth (Edwards &
Emara, 1969; Edwards, 1970) but no attempt has been made to separate environ-
mental from genetic maternal effects. The importance of the present analysis lies
in the demonstration of a qualitative difference between the two in their effects on
seedling growth and development.

2. RESUME OF THEORY AND PROCEDURES
Phalaris tuberosa is a wind-pollinated perennial grass species showing a high

level of self-incompatibility. Quantitative genetic analysis of a character of high
heritability, namely seed weight, has shown no evidence of self-fertilization under
open pollination (Latter, 1965&), and selfing has therefore been ignored in the
genetic model used in the analysis. The model assumes the observed phenotypic
value of the character subject to maternal influence (seedling growth rate or one
of its components) to be the sum of (i) an additive genetic value, (ii) a dominance
effect, (iii) an additive genetic maternal effect, (iv) an environmental maternal
effect, and (v) an independent environmental deviation. The phenotypic value of
the trait related to maternal ability (seed weight) is supposed to be the sum of
(i) an additive genetic value and (ii) an independent environmental deviation.

It should be noted that the genetical model used in these analyses does not allow
for the possibility of paternal effects on seed size. A small but highly significant
effect of this sort has been reported by Bingham (1966) in wheat, involving parental
varieties of markedly different grain size.

Seed weight has a heritability of 0-79 + 0-06 in the Australian commercial
population, based on the covariance of maternal parent and offspring scored in
separate years (Latter, 19656). The repeatability of seed weight, estimated from
samples of seed harvested from the same plants in different years, must therefore
be due almost entirely to genetic factors rather than permanent environmental
differences among individuals (Falconer, 1960). The covariance of maternal seed
weight and offspring seedling growth normally includes both genetic and environ-
mental maternal effects, since the measure of seed weight is taken from the seed
sample used to produce offspring: a covariance of this sort is denoted by cov (D, 0).
In a perennial species, however, the seed weight determination may be repeated
using samples of seed collected from the female parent in later years, and the
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covariance of dam seed weight and offspring seedling growth will then include only
genetically determined maternal effects, plus any permanent environmental
maternal influence: such a covariance is herein denoted by cov (D*, 0). The
expectations of all covariances used in this paper are given as equations 13-23 by
Latter (1965a), and will be referred to directly by number.

Table 1. Observed and derived variables involved in the analysis of
maternal effects on seedling growth and development

STo.

X2
x3
Xi
X5
x6

X-,

XS

X9

Character

Flowering date
Seed weight
Seedling weight
Time to 3rd leaf f
Time to 6th leafj
Time to 1st tillerf
Tiller number
Rate of leaf
appearance

Rate of tiller
production

Growth per tiller

Scale of measurement

Days after-November 1
50 seed wt. (mg)
Log10 dry wt. (eg)
Leaves per day
Leaves per day
Tillers per day
Count at seedling harvest
Leaves per day

Tillers per day

Log10 dry wt. (eg)

Mean

25-4
79-5
1-72
0-193
0190
0-040
7-34
0188

0152

0-87

Standard
deviation

4-3
9-3
016
0-017
0015
0005
1-89
0020

0040

014

c.v. (%)

11-7
38-2J

8-7
7-9

12-1
25-8
10-4

26-2

33-01

t Measured from the time of sowing pre-germinated seed.
J Coefficients of variation on the untransformed scale of measurement.

The data analysed in this paper are derived from experiments 2 and 4 of Latter
(19656). Experiment 2 involves 200 maternal half-sib families derived by open
pollination (family size 21), whereas experiment 4 deals with 134 full-sib families
produced by random pair-crossing, seed having been collected only from the
designated female parent of a cross (family size 18). Seedling observations in each
experiment were made on three separate replications sown through the late
summer and autumn, providing three contrasting natural temperature regimes.
The characters measured are listed in Table 1. Flowering date (xx) was scored as
the day on which the third ear commenced to emerge from the leaf sheath. Seed
weight (x2) refers to the weight in milligrams of 50 mature seeds shaken from heads
of the plant concerned. Seedling weight (x3) was determined by harvesting the top
growth of individual seedlings at approximately 2 months' of age: tiller number
(x7) and growth per tiller (a;10) refer to the date of seedling harvest. Rate of leaf
appearance (x8) has been calculated from the number of days elapsing between the
emergence of the 3rd and 6th leaves. Rate of tiller production (xg) refers to the
period between emergence of the first tiller and final seedling harvest.

3. RESULTS AND DISCUSSION

The correlations among relatives estimated for the eight seedling variables are
set out in Table 2, together with three derived statistics for each character, (i) The
heritability (h2) of a trait subject to maternal influence includes only the permanent
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contribution of parents to the performance of their offspring (Latter (1965a),
equation 19), and is estimated as the sum of the sire-offspring and dam*-offspring
correlations (Latter (1965a), equations 17, 23). (ii) The statistic 4[r(FS)-r(H8)]
measures the total genetic variance excluding maternal effects, i.e. the additive
genetic + dominance variances, as a fraction of the total phenotypic variance,
(iii) The difference between r(HS) and \W, on the other hand, measures only the
variance due to environmental maternal effects, plus a major fraction of that due
to genetically determined maternal effects (Latter (1965a), equations 19, 21).

The data of Table 2, considered in isolation, illustrate the extreme difficulty of a
detailed analysis of maternal effects. The eight variables have a mean heritability
among individuals of 0-256, with coefficients of variation in the range 8-38%
(Table 1). The estimates of total genetic variance as a fraction of the total pheno-
typic variance average 0-222, and there can be no doubt that extensive genetic
variation exists in the Australian commercial population for all three major
components of seedling growth, namely rate of leaf appearance (xs), rate of tillering
(x9) and growth per tiller [x10). However, the statistic testing for maternal influence,
r(HS) — \h2, is statistically significant only for variables x3 and x10, and the differ-
ence between r(S, 0) and r(D*, 0) is not sufficiently accurate to provide a useful
estimate of genetically determined maternal effects for any of the eight variables.

The resolution of the analysis can be greatly improved, however, by using seed
size (the weight of 50 seeds produced by the maternal parent) as an index of
maternal ability. The last column of Table 3 shows the correlations between seed
weight of the maternal parent and individual offspring seedling performance to be
statistically highly significant for all variables except rate of leaf appearance (x8).
The corresponding correlation of sire and offspring, r(S2, On), which measures the
strictly genetic relationship between seed weight and individual seedling growth,
is, if anything, negative. There can therefore be no doubt about the reality of
maternal influence via seed size on all measured seedling traits except rate of leaf
appearance.

(i) Genetic and environmental maternal effects

The total correlation between the observed seed weight of the maternal parent
and the true mean value of seedling trait xn in the derived maternal half-sib group
of offspring is given for each seedling character in the last column of Table 4. These
correlations are calculated as r(D2, On)l[r(HS)n]i. For seedling weight (x3) the
correlation is 0-59 (i.e. 0-127/^(0-084)), indicating that seed size is a major factor
in the determination of seedling growth. The correlations for component traits
range from 0-12 for rate of leaf appearance (x8), which is not significant, to 0-57 for
time to third leaf (x4).

Of particular interest are the correlations expressed separately in terms of
genetic and environmental differences in seed size (Table 4). The correlation in-
volving genetic differences in seed size is given by r(D*, On)l[hl.r(HS)n]b, where
hi = 0-79 + 0-06. The corresponding correlation involving environmental differ-
ences in seed size is given by [r{D2, On) -r(D£, OJ]/[(1 - hi) .r(HS)n]l. The genetic
maternal effects due to seed size can be seen from Table 4 to be significant only for
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the two growth characters, seedling weight (x3) and growth per tiller (x10): com-
pletely independent verification of this phenomenon is provided by the half-sib
and phenotypic correlations of Table 3. The environmental maternal effects due to
seed size, on the other hand, are most readily detected for variables xi — x7, i.e. time
to emergence of third leaf, sixth leaf and first tiller, and final tiller number. The
environmental correlations are not estimated with great accuracy, but it is never-
theless quite clear that a qualitative difference exists between the genetic and
environmental maternal effects of seed size.

Table 4. Maternal effects of seed weight on measures of seedling growth and develop-
ment, subdivided into genetic and environmental components

Maternal correlation due to seed sizef

Character

x3

xh
xe

x7
xa

X\n

f

Genetic

0-41*
0-08

-0-12
-0-13
-0-01
-0-22

0-05
0-37*

Environmental

0-50
1-09*
0-92*
0-66*
0-75*
0-70
0-57

- 0 0 4

Total

0-59**
0-57**
0-32**
0-42**
0-33**
0-12
0-30**
0-31**

*, ** Significantly different from zero at P < 0-05, P < 0-01 respectively.
f Correlations between the true mean value of character xn in a maternal half-sib group,

and the breeding value, environmental deviation and phenotypic values respectively, of seed
weight in the maternal parent.

(ii) Relationships among the seedling characters

Table 5 sets out the estimated phenotypic correlations among the eight seedling
characters (above diagonal), together with those due to maternal plus genetic
factors (i.e. based on components of variance and covariance among maternal
half-sib or full-sib groups). The estimates have been pooled from experiments 2
and 4, and are based on a total of 6150 individuals in 334 families.

The striking negative correlations are those involving growth per tiller (x10) and
measures of rate of tiller production (x6, z7 and x9). The same phenomenon has
been reported by Cooper & Edwards (1961) in Lolium multiflorum and L. perenne,
the genetic correlation within varieties in their study averaging — 0-44, compared
with —0-46 in the Australian commercial population of Phalaris tuberosa. Evans,
Wardlaw & Williams (1964) have also noted an 'inverse relation between environ-
mental conditions favouring leaf and stem growth on established tillers (long days
and moderately high temperatures), and those favouring root growth and abundant
tillering (short days and low temperatures)'.

The breakdown of seed size maternal effects in Table 4 shows these two facets
of seedling growth also to be affected by seed size differences in quahtatively
distinct ways. The genetic maternal effects may possibly depend on differences in
the levels of endogenous gibberellins and auxins, while the environmental maternal
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effects might be expected to involve primarily nutritional factors and differences
in embryo size. The only evidence to support these conjectures is that gibberellic
acid is known to inhibit tillering and root growth in a number of grasses, while
promoting leaf and stem growth on established tillers (Evans, Wardlaw & Williams,
1964).
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