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A Method for Quantitative Genetic Analysis of Early Clonal
Generation Seedlings of an Asexual Crop with Special Application
to a Breeding Population of the Potato (Solanum tuberosum L.)

G. C. C. TAx1

Research Station, Agriculture Canada, Fredericton, N. B. (Canada)

Summary. Traditionally, the selection and breeding of asexual crops starts with a population of many thousands of
seedlings derived from many crosses. Heavy screening of clones in the first field trial, sometimes up to 90%, of the
population, is a routine practice. The extent of such early selection pressure is questioned since plants in the early
clonal generations are usually managed in an unconventional cultivation system as compared to that used in the later
clonal generation trials or in the commercial practice. A method of quantitative genetic analysis is presented for
analyzing data of quantitative traits which are collected from two different clonal generations. It is proposed to
measure the regression type of heritability between two clonal generations in standard deviation unit and the expected
response to selection in the first clonal generation with a physical unit used in the second clonal generation. Subse-
quently, the method was applied to a breeding population of potato. The results indicated that selection for quantita-
tive traits in the first clonal generation was in most cases less efficient than direct selection in the second clonal genera-

tion.

Introduction

The breeding of an asexual crop differs from that
of sexually reproduced crops in many aspects. Ior
instance, once a seedling is established from true seed
following hybridization, the integrity of its genotype
is maintained through vegetative propagation. Hence,
it is the whole, instead of part (i. e., additive, domi-
nance and/or epistatic effect) of the genotypic value
of a seedling which should be assessed in a breeding
program.

The type of seed used in growing I, and initial
clonal generations is frequently different from that
used for later generation clones and commercial
varieties. The quantity of sets is also limited in these
early generations. This forces the breeder to handle
his early generation clonal materials in a somewhat
different manner than is the case with the later
generations. Consequently, the early clonal gene-
rations are cultured in a micro-environment which
differs also from that of the commercial crop. For
example, in a potato breeding program the I, seed-
lings are usually raised in the greenhouse from true
seeds. Field testing of progenies begins with the first
clonal generation when plants are grown in single
hills from small uncut tubers. The spacing between
hills is usually much wider than that used for plants
in the later generations in order to maintain the
identity of individual genotypes. Only after the
second clonal generation are there sufficient tubers
for a field trial that simulates the standard cultural
practice. In North America this implies spacing a
clone derived from cut seed pieces in rows 91.4 cm (3')
apart with 25.4—50.8 (10—20"") between the hills.

The present study proposes a method for the gene-
tic analysis of quantitative traits of an asexunal crop.
The genotypes in the breeding population are assu-
med to be tested in two separate clonal generations
which are managed differently. Formulae for esti-
mating heritability and genetic progress under diffe-
rent selection schemes are presented. The method is
then applied to a breeding population of potato.

Heritability and Expected Response to Selection

A breeding population of an asexual crop always
involves clones from many crosses. Let us start with
a simple case, 1. e., a population of » seedlings in one
cross. Extension to a more complicated case with
seedlings from many crosses will be considered later.
Let x, and v, be the phenotypic values of a quanti-
tative trait of the sth clone in a cross tested in two
successive early clonal generation trials. We shall
identify the two generations as the first (C,) and
second {C,) clonal generations and abbreviate the
two clonal generation trials as the C; and €, trials
respectively. In practice, it may be set up such that
clones in the C; trial are planted in an unconventional
way because of management problems in the early
generation, whereas the same clones in the C, trial
are managed ‘normally’ as in commercial practice.
Mathematical models corresponding to the two trials
can be expressed as:

Xy =ty + Eps T 4
Vs = Uy + 8ys + Cys ]

s=1,2,..,#%n

(1.1)
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where

u, = population mean of clones in the C; trial,

g.s = genotypic effect of the sth clone in the C, trial,

e, = non-heritable effect or error deviate of the stk
clone in the C, trial,

#,, &y, and e, are the corresponding effects in the C,
trial.

X8

Assuming that the error deviates, ¢, and ¢, in
the two trials are independent of each other, herita-
bility of a quantitative trait can be estimated by
calculating a regression coefficient of data of the C,
clones on those of the C,’s. However, the differential
management systems between the two trials may
cause changes in scale from C; to C, and thus contri-
bute to a special type of genotype-environment
interaction. To cancel the scaling factor due to this
type of interaction, Frey and Horner (1957) proposed
a standard unit method for measuring heritability
which is actually the correlation coefficient between
the two trials. Let &,, and b,, be the heritability
values estimated by the conventional regression me-
thod and the standard unit method respectively. The
expected response of clones in the C, trial due to
selecting clones in the C; trial can be expressed as:

R,

in which ¢ is the intensity of selection and o} and o}
are the phenotypic variances of clones in the C; and C,
trials. Frey and Horner (1957) had also calculated
the predicted gain to selection in standard unit which
is the product of intensity of selection and standard
unit heritability, i. e.,

Ry, = iby, .

» = 1b,,0, = 1b,0,

(1.2)

Falconer and his co-worker (Falconer, 1952 and
1960; Falconer and Latyszewski, 1952) used a totally
different concept to analyze the genotype-environ-
ment interaction problem. They proposed to treat
a trait measured in two different environments as
two different traits instead of one. The improvement
of a trait in the C, trial as a result of selecting for the
trait in the C; trial is then treated as a problem of
measuring the correlated response. The expectation
of the correlated response can be given as:

CR,, = ihhyr 0,
where A and %; are the heritabilities derived from
the C, and C, trials and 7, is the genotypic correlation
between the two trials. With the assumption that
the error deviates are not correlated between the two
trials, it can be shown that:

by = Ryt }

: (1.3)
CR,, = Ry0,.

It is thus clear that the two approaches are different
from each other only in the manner of expressing the
expected response to selection: as gain in terms of
standard deviation unit (1.2) by Frey and Horner
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(1957) or as gain in a physical unit used in the C,
trial (1.3) by Falconer (1960).

If R, is the expected response to direct selection in
the C, trial, the relative efficiency of selection in the
C, trial to that of direct selection in the C, trial is
determined:

CR,,|R, = t,,byfih, .

This relation can be converted to a useful statistic
for breeding work, i.e., the relative intensity of
selection:

iyuliy = By (1.4)
This, in turn, measures how the strength of the
selection pressure which must be exerted on a first
clonal generation population in order to reach a level
of improvement which is identical to that achieved
by direct selection in the second clonal generation
population.

Extension to Different Selection Schemes

The above results can be extended to a breeding
population of m crosses, each having # clones, i. e.,
a total of N = mn clones. If x, and y represent
the phenotypic values of a quantitative trait of the
ith clone in the stk cross tested in the C, and C, trials,
respectively, the mathematical models in (1.1) can be
modified as follows:

Kt = Uy, + fxs + Wt + g

Vst = U, + fys + Wyst + Cyst
s=1,2,...m; t=1,2,...,n.

(2.1)

In this instance, f and w represent respectively, an
average cross effect and a clone within cross deviate.
It is assumed, as above, that the error deviates are
independent of each other in the two trials. Three
statistical analyses can be carried out on observed
data of a quantitative trait. They are two analyses
of variance for the C; and C, trials respectively and
an analysis of covariance between the two trials. The
expectations of four mean squares and two mean
products derived from the three analyses are given
in Table 1. In the table, the variance and covariance

Table 1. Variance component structure in the expectations
of mean squaves and mean products devived from analyses of
variance and covaviance

Mean squares

and products Expectations

ANOVA of 1st clonal generation trial
between crosses M1
clones w. crosses M2
ANOVA of 2nd clonal generation trial
between crosses M3 wVig+ Vay + Vey
clones w. crosses M4 Voy + Vey
ANOCOVA of 1st and 2nd clonal generation trials

between crosses M5 wWi 4+ Wy
‘clones w. crosses M6 W

nViy + Vir + Vex
Viexr + Vex
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components in the expectations are represented by V
and W respectively with a suitable subscript verifying
the source of effect. For example, V,, is the variance
component due to the average cross effects in the C;
trial and W, the corresponding covariance component
between the two trials.

There are three basic methods of selection when a
breeding population is composed of genotypes from
many crosses. If selection is based on the phenotypic
values of individual genotypes only, we are using the
method of individual (or mass) selection. Alternati-
vely, selection may be practiced on the basis of the
cross means without any concern for the variation
of individual genotypes within crosses. This is known
as family selection. Further, we may also use within
famaly selection in which any genotype having better
phenotypic performance than others in its own cross
is selected. The mean merit of a cross is totally
disregarded when within family selection is practiced.
More detail interpretation of these selection methods
can be found from Lerner (1958) and Falconer (1960).

Where %'2, hi*, and A, represent the standard unit
heritabilities of individual values, cross means and
within-cross deviations, they can be derived as
follows:

W= (W) + W) {(Vix + Vs + Vi) X
X (Vi + Vi + V)32
h* = (W, + Wom)[{(Vi + Viuln + Viifn) X
X (Viy + Vigln 4 V,yn)} 12
hit = Wol{(Vey + Vi) (Vay + Vi) 12
If CR, CR;, and CR, represent the expected

responses in the C, trial due to individual, family and
within family selection in the C, trial,

(2.2)

e e e, ettt i’

CR = il'%,, o=V, + Ve +V,
CR; = ihioy,, ofy = Vi 4 Viyln + Viln ¢(2.3)
CR, = thy6,,, Oo=m—1) Ve + V,)in

and 7 is the intensity of selection, ¢}, ¢,, and g}, are,
respectively, the phenotypic variances for individual
values, cross means and within-cross deviations in
the C, trial. The various variances and covariances
in the formulae can be estimated by using the mean
squares (M;, M,, M; and M,) and mean products
(M5 and M) in Table 1.

The relative intensity of selection due to individual,
family and within-family selection can be evaluated
when the genetic advances to direct selection in the C,
trial can be estimated for these selection schemes.
This can be done if we replicate at least partly the
clones in the C, trial so that an estimate of the error
variance is available to determine the heritability
values in the C, trial.

- Application to a Breeding Population of Potato

A set of data collected from a breeding population
of potato is used to illustrate the analytic procedure.
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The population contained 25 hybrid progenies derived
from 20 parents. The parents included American and
European varieties and parental lines, and Frederic-
ton-derived lines. More information about the paren-
tal combinations of the 25 crosses and the perfor-
mance of the parents can be found from the appen-
dices at the end of the paper.

In 1969, 100 small uncut tubers derived from 1968
greenhouse-grown F; plants of each of the 25 crosses
were planted in the field. A complete randomized
block design with four replicates was used. Each
replicate had 25 single-row plots and each plot con-
tained 25 hills for 25 clones of a cross. The spacing
between adjacent hills in a row was 76.2 cm, and
that between adjacent plots was 91.4 cm. Five
consecutive plants in a plot were sampled and recor-
ded for various horticultural traits. This gave a total
of 500 recorded clones with each cross having 20
clones.

Three to five medium-sized tubers from each of the
500 first clonal generation plants were reserved when
tubers were dug in field. In 1970, tubers of each clone
or parent were cut into 10 sets and planted in field
in a single row plot of 2.54 m long. Four groups of
tubers of each of 17 parents* were also included for
comparisons. The field plots were completely random-
ized. The spacing between adjacent plants in a plot
was 25.4 cm and that between plots was 91.4 cm.
The 1969 and 1970 trials are referred to as the C,
and C, trials respectively.

Seven horticultural traits were recorded for each of
the 500 clones in the two trials. The physical units
used to record each of the traits in the two trials are
as follows:

Maturity of haulm: scored from 1 (early) to 5 (late)
according to the degree of senescence of the haulm
immediately prior to harvest.

Marketable yield: vyield of marketable tubers
(tubers > 5.5 cm (2!/,”") in diameter) harvested (plot
size: .67 m? for the C; trial and 2.24 m? for the C,
trial).

Number of marketable tubers: number of marketable
tubers harvested in a plot.

Average weight of marketable tuber: weight per tuber
derived from the relation (marketable yield/no. mar-
ketable tubers).

Total yield: yield of all tubers harvested in a plot.

Total number of tubers: number of all tubers har-
vested in a plot.

Average tuber weight: weight per tuber derived from
the relation (total yield/total no. of tubers).

Data from 499 clones in both trials were used for
the analyses since there was one missing plot in the
1970 experiment. Four statistical analyses were
carried out for each of the seven traits. These were:
1) analysis of variance for clones in the C; trial;

* Tubers of three parents were not available during the
time of the 1970 experiment.
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Table 2. Awnalyses of vaviance and covariance fov seven traits of clones in the fivst and second clonal generation trials*
and analyses of variance for parental clones augmented with the second clonal genevation clones

Mean squares and mean products

Degrees
;?f tom  Maturity Mark. i‘;'rk g‘;ﬂ‘:’ & Total ggtal Av. tuber
reedom yield tubers  tuber vield tubers  WF
ANOVA, 1st clonal gen. trial, 1969
Between crosses 24 9.72 1.19 12.92 0.01545 1.44 165.14 0.01715
Clones w. crosses 474 1.86 0.48 6.41 0.00426 0.53 31.01 0.00422
ANOVA, 2nd clonal gen. trial, 1970
Between crosses 24 5.17 19.37 312.33  0.00587 20.72 4103.19 0.00572
Clones w. crosses 474 0.57 6.09 132.901  0.00212 6.16 882.38 0.00162
ANOCOVA, 1st & 2nd clonal gen. trials
Between crosses 24 5.84 2.54 13.81  0.00555  2.53 384.79 0.00575
Clones w. crosses 474 0.43 0.82 6.76  0.00079  0.65 42.96 0.00090
ANOVA, parental clones, 1970
Parents 16 1.23 7.76 131.41 0.00222 7.29 397.92. 0.00176
Error 51 0.12 3.54 81.98 0.00097 2.92 192.22  0.00099

* Data of 499 seedlings were used for the analyses of both trials since one plot was missing in the second clonal generation trial.

2) analysis of variance for clones in the C, trial;
3) analysis of covariance for clones between the two
trials; and 4) analysis of variance for the 17 parents
in the 1970 experiment according to a completely
randomized design -with four replicates. The results
of these analyses are shown in Table 2.

The mean squares and mean products derived from
the first three analyses were used to estimate the
standard unit heritabilities for individual values,
cross means, and within cross deviations as described
in the last section. The results are given in the 2nd,
3rd and 4th columns of Table 3. Another set of
variance component estimates of heritabilities for
clones in the C, trial was also calculated by using the
variance components derived from the two mean
squares in the second analysis and the error mean
square from the fourth analysis. The results are given
in the 5th, 6th and 7th columns of Table 3. In gene-
ral, for both the standard unit and the variance com-

Table 3. Heritability of seven traits estimated in standard

unit by covrelation analysis involving two clonal genevation

trials and estimated by variance components in the second
clonal genevation trial

Variance component
estimate*

Standard unit
estimate*

KRR RE R BB

w

Maturity 0.52 0.82 0.42 0.85 0.98 0.79
Marketable Yield 0.48 0.53 0.48 0.48 0.82 0.42
No. mark. tubers 0.23 0.22 0.23 0.42 0.74 0.38
Av. wt. mark.

tubers 0.31 0.58 0.26 0.58 0.83 0.54
Total yield 0.37 046 0.36 0.58 086 0.53
Total no. tubers  0.30 0.47 0.26 0.82 0.95 0.78
Av. tuber weight 0.38 0.58 0.35 0.46 0.83 0.39

* b2 and k?; h{? and h¥; R, and 7, represent heritabilities
for individual values, cross means and within cross deviations,
respectively.
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ponent estimates, the heritability values of the seven
traits followed the order: cross means > individual
values > within cross deviations. The variance com-
ponent estimates were, in general, larger than the
corresponding standard unit estimates with the ex-
ception of those based on individual values and
within-cross deviations for marketable yield and
average tuber weight which were closely related,
regardless of the two methods of estimation.

Maturity and number of marketable tubers showed
the highest and lowest heritability values respectively,
irregardless of the methods of estimation. Total num-
ber of tubers, on the other hand, showed relatively
low values for the three standard unit estimates but
were the second highest for the three variance com-
ponent estimates.

Estimates of the expected response to selection are
presented (Table 4) for between clonal generation ana-
lyses (2nd, 3rd and 4th columns) and the second clonal
generation analyses (5th, 6th and 7th columns). The
intensities of selection (¢) for individual, family and
within family selection were, respectively, 1.75 (10%, or
50clones), 1.745 (8% or 2 crosses) and 1.64 (10%, or 2clo-
nes/cross). Most of the estimated gains from selection
in the first clonal generation were less than those attri-
buted to direct selection in the second clonal gene-
ration. The only exceptions were individual and
within family selection for marketable yield in the
first clonal generation which gave slightly better
results than the corresponding direct selection in the
second clonal generation. With respect to the three
selection schemes, the gains followed the order:
individual selection > within family selection > fa-
mily selection with only one negligible exception.
Family selection gave the lowest response even though
a higher intensity of selection was used.

The results of relative intensity of selection for
selection in the first clonal generation to direct
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Table 4. Expected vesponse to selection in the fivst clonal genevation trial and to divect selection in the second clonal gene-
vation tvial. The intensities of selection (i) for individual, family and within-family selection ave taken to be 1.75 (10%, or
50 clones), 1.745 (8%, or 2 cvosses) and 1.64 (10%, ov 2 clones of each cvoss) vespectively

Select. in parent. trial

Select. in progeny trial

Within-

. N Within-
Ind. Family family Ind. Family family
Maturity (1—5) —.82 —.73 —.53 —1.33 —.87 —1.00
Mark. yield (kg/plot*) 2.19 .91 1.98 2.16 1.40 1.74
No. mark. tubers (4/plot) 4.80 1.50 4.49 8.80 5.09 7.43
Av. wt. mark. tuber (kg/tuber) .0259 L0175 .0203 L0485 .0249 .0418
Total yield (kg/plot) 1.72 .82 1.51 2.65 1.53 2.20
Total no. tubers (3/plot) 17.12 11.70 12.98 46.13 23.85 39.10
Av. tuber wt. (kg/tuber) .0288 0.0172 0.0234 0.0341 .0244 .0262

* 1 plot = 2.24 m?

selection in the second clonal generation are shown
in Table 5. Again, except for individual and within-
family selection for marketable yield, selection in the
first clonal generation would require a higher inten-
sity of selection to reach a similar order of genetic
advance as direct selection in the second clonal
generation. For example, using individual selection,
the intensity of selection for total number of tubers
in the first clonal generation should be 2.7 times
stronger than that used in the second clonal gene-
ration in order to achieve an equivalent efficiency of
selection. To translate this result into a technique
for seedling screening, elimination of 509, (¢ = .80)
of the clones in the second clonal generation would be
required to achieve an order of genetic gain compar-
able to that achieved by eliminating 969, (¢ = 2.16)
of the clones in the first clonal generation.

Table 5. Relative intensity of selection for three selection

schemes

Individual Family Within-family

selection selection selection
Maturity 1.62 1.19 1.87
Mark. yield .08 1.54 .88
No. mark. tubers 1.84 3.39 1.66
Av. wt. mark. tubers 1.87 1.43 2.06
Total yield 1.54 1.86 1.46
Total no. tubers 2.69 2.04 3.01
Av. tuber wt. 1.19 1.42 1.12

Discussion

The breeding of many asexual crops such as potato,
sweet potato, sugarcane, usually begins with a popu-
lation of many thousands of clones. Heavy screening
of clones in the first trial, sometimes up to 909, of
the population, is routinely practiced to reduce the
number of genotypes so that the merit of the selected
ones can be evaluated more accurately in later gene-
rations. The criteria for selection may be based solely
on visual discrimination or alternatively on some
easily scored traits. Few investigations have been
carried in the past to reconcile the practice of dis-
carding the bulk of the genotypes when the clones

are still being managed in an unconventional culti-
vation system. Most quantitative genetic analyses
for asexual crops (e.g., Keller and Likens, 1955;
Burton and Devane, 1953) measured heritability by
intra-class correlation coefficient following analysis
of variance of identical trials conducted over a
sample of environments. In the present case, the
different environmental conditions between the early
clonal generations would cause the variances due to
environmental and genotype-environmental inter-
action effects to be heterogeneous for clones grown
in these generations. Hence, it is doubtful if the
analysis of variance approach is a suitable method.
The present study, which estimates genetic parame-
ters following analysis of variance for data within a
trial and analysis of covariance for data between two
trials, may circumvent such a problem.

It is proposed that, based on the results of analyses
of variance and covariance of the first and second
clonal generation trials, the regression type of herita-
bility of a quantitative trait is measured in standard
units and the expected response to selection is ex-
pressed by the physical units compiled in the second
clonal generation trial. This ensures that both par-
ameters are comparable to those measured directly
from the results of analysis of variance of the second
clonal generation trial and thus offers a chance to
compare the genetic advance between selection in the
first clonal generation and that in the second clonal
generation.

Another aspect of the present approach is that it
considers only the total genotypic effect of a clone
which is transmitted from one generation to another.
No further partition of a genotypic effect is attempted
in the method, since a superior genotype can be main-
tained by means of clonal propagation in the asexu-
ally reproduced crop. According to Hanson (1963),
the method measures heritability in a broad sense.
The reference unit of measurement is the physical
unit of a trait used in the second clonal generation
trial.

The results obtained from analysis of the potato
data are helpful in establishing efficient breeding
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methods. Tirst of all, individual or mass selection
offers the best selection method for those with the
seven studied traits whether applied in the first or
the second clonal generation. Both standard unit and
variance component estimates of heritability have
shown the highest values based on cross means of the
seven traits. But the expected response to family
selection was the lowest for any of the seven traits
among the three selection schemes. This was appa-
rently because of the rather small amount of genetic
variability for cross means.

Considering the best selection methed, i. e., indi-
vidual selection, five out of the seven traits showed
a much lesser gain from selecting seedlings in the first
clonal generation than in the second clonal generation
(Table 4). If a 509, screening rate is used for direct
selection in the second generation, the rate required
to obtain an equivalent efficiency for selection in the
first clonal generation should be approximately 75,
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50, 81, 80, 74, 96 and 589, for maturity, yield, number
and average weight of marketable tubers; and yield,
number and average weight of all tubers, respectively,
based on results in Table 5. A heavy rate of screening
reduces the chance of retaining the superior geno-
types through the later stage of selection when more
accurate identification procedures are employed.
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