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The present paper discusses a general expression for determining the minimum sample size (plants) for a given 
number of seeds or vice versa for capturing multiple allelic diversity. The model considers sampling from a 
large 2 k-ploid population under a broad range of mating systems. Numerous expressions/results developed for 
germplasm collection/regeneration for diploid populations by earlier workers can be directly deduced from our 
general expression by assigning appropriate values of the corresponding parameters. A seed factor which 
influences the plant sample size has also been isolated to aid the collectors in selecting the appropriate 
combination of number of plants and seeds per plant. When genotypic multiplicity of seeds is taken into 
consideration, a sample size of even less than 172 plants can conserve diversity of 20 alleles from 50,000 
polymorphic loci with a very large probability of conservation (0⋅9999) in most of the cases. 

[Sapra R L, Narain P, Chauhan S V S, Lal S K and Singh B B 2003 Sample size for collecting germplasms – a polyploid model with mixed  
mating system; J. Biosci. 28 155–161] 

1. Introduction 

Several probability models have been developed over the 
past three decades which can estimate minimum or opti-
mal sample size (plants as well as seeds) for the purpose 
of collection, regeneration and conservation of plant 
germplasm. Minimum sample size required for conserv-
ing allelic, genotypic and phenotypic diversity has been 
discussed in a number of papers (Oka 1969; Allard 1970; 
Bennett 1970; Marshal and Brown 1975; Oka 1975; 
Qualset 1975; Bogyo et al 1980; Gregorius 1980; Hawkes 
1980; Chapman 1984; Yonezawa 1985; Namkoong 1988; 
Yonezawa and Ichihashi 1989; Crossa 1989; Brown and 
Briggs 1991; Crossa et al 1993; Brown and Marshall 
1995; Lawrence et al 1995a,b; Sapra et al 1998). Discus-
sions have focused from diallelic with mono locus mod-
els to multiallelic and multilocus models. Yonezawa and 
Ichihashi (1989) were the first to study mathematically 
the contribution of seeds per plant to the outcome of the 
sampling by taking appropriate combination of the num-

ber of plants and number of seeds per plant. They consi-
dered a diploid model and worked out sample sizes by 
taking 2 or 3 alleles at each of the 2 or 4 independent 
loci. However, they could not come out with a general 
expression which can clearly give required sample sizes 
for capturing multi allelic and multi loci variability. The 
purpose of the present paper, is therefore, to develop a 
general expression by considering the probability of all 
the alleles contained in a target population and to provide 
extra flexibility and savings to the collector in terms of 
seeds as well as plants depending upon the species. 

2. Diploid model 

2.1 Diallelic locus 

In a particular species, the plant sample size primarily 
depend upon the number of alleles, their frequencies, 
number of loci, ploidy level and the mating behaviour. In 
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considering the problem of sample size, it is convenient 
to begin by considering the simplest case of conserving a 
pair of alleles at a single locus in a sample drawn at ran-
dom from a population of plants. The analysis of the 
problem is then extended to the situation where there are 
more than two alleles per locus at several of the inde-
pendent loci. First we will deal with sampling of plants 
without considering the contribution of seeds to the out-
come of sampling. Let us consider a diploid plant popu-
lation as the target population with two alleles A1 and A2 
having frequencies p1 and p2 at a locus and reproducing 
seeds by constant proportion of selfing (s) and random 
mating (1-s). These two alleles have been assumed to be 
selectively neutral and the population is at genetic equi-
librium. Suppose we wish to conserve a gene at a single 
locus. The genetical variation at this locus will have been 
completely conserved when a sample drawn from the 
population contains at least one copy of each of the  
alleles. We assume the species in question is diploid one, 
and the frequencies of the three genotypes (A1 A1, A1A2, 
A2 A2) at this locus be G1, G2, and G3. The probability P, 
that a randomly drawn sample of size m plants contains at 
least one copy of each allele then is, 
 

P = 1 – probability of missing A1 in m number of 
plants 

– probability of missing A2 in m number of plants 

= 1 – (G3)
m – (G1)

m, 

where G1, G2 and G3 are the frequencies of A1A1, A1A2 
and A2A2 in the target population and are related to the 
allelic frequencies as: 

G1 = p1
2 (1-F1) + p1F1; 

G2 = 2 p1p2
 (1-F1); 

G3 = p2
2 (1-F1) + p2F1, 

and, F1 = s/(2-s) is the inbreeding coefficient measuring 
the deviation from random mating. Let the allele A2 be 
considered as rare in nature with a frequency p0. The 
term (G3)

m then becomes negligible, can be ignored, and 
the probability expression now reduces to, 

P ≈ 1 – (G1)
m. 

If now there are λ independent loci, collecting both the 
alleles at all the loci will yield the probability expression 
as, 

P ≈ (1 – G1
m)λ. 

The number of plants (m) to be sampled can be easily 
determined by evaluating the above said expression. Deal-
ing with more than 2 alleles becomes complicated, invol-
ving the use of principle of inclusion and exclusion of 
probabilities. We shall now extend our mathematical 
treatment to the contribution of seeds per plant to the 
outcome of the sampling. Yonezawa and Ichihashi (1989) 
formulated an expression for determining number of plants 
and seeds/plant to be sampled for including at least one 
copy of both the alleles with a given probability of conser-
vation (P) as: 

P = 1 – (G1 g11
n + G2 g21

n)m – (G2 g23
n + G3 g33

n)m, (1) 

where n is the number of seeds sampled from a single 
plant; g11, g21, g23 and g33 are the frequencies of genotypes 
(seeds) produced on single plants, as shown in table 1 
which is reproduced from Yonezawa and Ichihashi 
(1989) for better understanding. 
 Let us assume that A2 is rare in nature, has a frequency 
(p2 = p0) of the order of 0⋅05 or less, and the explorer 
samples large number of seeds from each of the plant;  
the contribution of all the terms except G1g11

n, in the  

Table 1. Genotypic array in target population and seeds on single plants. 
    

Plants in population Seeds on single plants 
              
 
Genotype 

 
Frequency 

 
Genotype 

Frequency in 
selfed seeds 

Frequency in out 
crossed seeds 

Frequency in the 
total 

 
Designation 

              
  A1A1 1 p1 s + (1-s)p1 g11 
A1A1 G1 A1A2 0 p2 (1-s)p2 g12 
  A2A2 0 0 0 g13 
       
  A1A1 1/4 p1/2 s/4 + (1-s)p1/2 g21 
A1A2 G2 A1A2 1/2 1/2 s/2 + (1-s)/2 g22 
  A2A2 1/4 p2/2 s/4 + (1-s)p2/2 g23 
       
  A1A1 0 0 0 g31 
A2A2 G3 A1A2 0 p1 (1-s)p1 g32 
  A2A2 1 p2 s + (1-s)p2 g33               
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expression (1) now is almost negligible. Therefore with  
elimination of these terms, the expression (1) now redu-
ces to: 

P ≈ 1- (G1 g11
n)m. (1.1) 

Taking logarithm on both sides of (1.1) and simplifying, 
we arrive at the following expression for minimum plant 
sample size as: 

m > log (1-P)/(log G1 + n log g11). (1.2) 

After assigning the values of G1 and g11, the final expres-
sion we arrive at is: 

m > log (1-P)/{log [ (1-p0)
2 (1-F1) + (1-p0)F1 ] + n 

log [s + (1-s)(1-p0)]}. (2) 

From expression (2), we can deduce two important results: 

(i) m > log (1-P)/log (1-p0); when s = 1 (2.1) 

(ii) m > log (1-P)/{(2 + n) log (1-p0)}; when s = 0  
 (2.2) 

2.2 Multiallelic multilocus 

Expression (2) estimates the minimum number of plants 
to be sampled for a given number of seeds for including 
both the alleles of a locus only. The equations for hand-
ling more than 2 alleles at a locus become quite compli-
cated as the number of alleles increase. Crossa et al 
(1993), and Hernandez and Crossa (1993) developed these 
equations and computer algorithm for determining opti-
mum plant sample size for regeneration of germplasm. 
However they didn’t consider the selfing parameter, as well 
as the effect of number of seeds/plant on the sample size 
(plants) in their model. They developed a simplified 
equation for (a) number of alleles per locus at all the λ 
independent loci subject to the condition that (a-1) alleles 
occur with an identical low frequency of (p0), and that the 
ath allele occurs with a frequency of [1-(a-1)p0]. This 
kind of assumption is more logical for two reasons:  
(i) the sample size is mainly affected by the frequencies 
of rare alleles; and (ii) obtaining the required sample size 
for many alleles at different frequencies is very imprac-
tical. The algebraic treatment is quite cumbersome (in 
our case) when the number of alleles are large. Never-
theless, we have deduced expression (3) using the results 
of Crossa et al (1993) for multiallelic and multilocus  
diploid population, and our results (1.1). However, in the 
§ 4, we shall provide an empirical verification of our  
expression (3). 
 Crossa et al (1993) used the following probability  
expression for ‘a’ allelic classes, 

P ≈ 1-(a-1)(1-p0)
m. (2.3) 

Comparing the above said Crossa et al (1993) results 
with (1.1), it is clear that the term (a-1) controls the mul-
tialleic situation while the term (1-p0)

m takes care of the 
rare alleles. Using the term (a-1) in (1.1) we arrive at, 

P ≈ 1 – (a-1)(G1 g11
n)m. (2.4) 

If there are λ independent loci, (2.4) reduces to 

P ≈ [ 1 – (a-1) (G1 g11
n) m ]λ. (3) 

Expression (3) for minimum sample size can be further 
written with an inequality sign (>), after incorporating 
the values of G1 and g11, as: 

m > {log [ (1-(P)1/λ ] - log (a-1) }/{log [ (1-p0)
2  

 (1-F1) + (1-p0)F1)] + n log [s + (1-s)(1-p0) ]} (4) 
 
As expected, when a = 2 and λ = 1 expression (4) redu-
ces to (2). 

3. Auto-polyploid model 

3.1 Diallelic locus 

Let us consider a 2 k-auto-polyploid population as the 
target population with two alleles, A1 and A2, at a single 
locus, having frequencies p1 and p2, respectively, repro-
ducing seeds by constant proportions of selfing (s) and 
random mating (1-s), with no double reduction or sele-
ction under chromosomal segregation. Such a population 
at equilibrium can be denoted as: 
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The sum of the allelic frequencies and the sum of the geno-
typic frequencies as given above is one. Fk is the theoreti-
cal populational inbreeding coefficient at equilibrium for 
a 2 k-ploid organism, and is related to the proportion of 
selfing (s) by the formula (McConnell and Fyfe 1975): 

Fk = s/{2k–(2k–1)s}. 
 
When k = 1, the population becomes a diploid and can be 
represented as: 
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Let us again assume allele A2 to be rare, having a freque-
ncy (p0), and the collector samples large number of seeds 
from each of the selected plant of the target population. 
We can now formulate probability expression for auto-
polyploids similar to expression (1) which we desired for 
diploids for sampling seeds for retaining at least a copy 
of both the alleles (A1, A2) with a certain degree of prob-
ability. For formulating such expressions, tables can be 
easily generated for auto-tetraploids, auto-hexaploids etc. 
in the same way as for diploids represented in table 1. On 
dropping the terms other than G1 g11

n and comparing with 
the diploid expression (2), we can write an expression for 
auto-polyploids by merely incorporating the ploidy para-
meter, (k), as follows: 

m > log (1-P) /{log [ (1-p0)
2 k (1-Fk)] + n log [s +  

 (1-s)(1-p0)
k ]}. (5) 

3.2 Multiallelic multilocus 

Writing expressions for multiallelic and multilocus situa-
tion is straightforward and leads to the following expres-
sion by incorporating the ploidy parameter. Using (3), (4) 
and (5), and after simplification, we get the final expres-
sion (6), 

m > A/(B + C + D); (6) 

where A = log [ (1-(P)1/λ ] – log (a-1), 

B = log (1-p0), 

C = log [ (1-p0)
2 k –1 (1-Fk) + Fk], 

D = n log [s + (1-s)(1-p0)
k]. 

4. Empirical verification 

For empirical verification of expression (6), we construc-
ted three tables similar to table 1, by writing down the 
genotypic frequencies for plants as well as genotypic 
frequencies of seeds borne on individual plant for diploid 
species with 3 and 4 alleles, and for auto-tetraploid  
species with 3 alleles. Three large probability expres-
sions, as represented by expression (1) were formulated. 
For verification of our expression, we considered ten  
levels of loci (1, 2, 10 20, 100, 1000, 5000, 10000 20000, 
50000), two levels of probability of conservation (95%, 
99⋅99%), two levels of rare allele frequency (0⋅05, 0⋅01), 
eleven levels of selfing (0, 0⋅1, 0⋅2, 0⋅3, 0⋅4, 0⋅5, 0⋅6, 0⋅7, 
0⋅8, 0⋅9, 1⋅0) and 14 seeds number (1, 2, 3, 4, 5, 10, 15 
20, 25, 30, 35, 40, 45, 50) for calculation of sample sizes. 
The sample sizes obtained from these probability expres-
sions were compared with those obtained from our sim-

plified expression (6). It was observed that the exact 
values (calculated from the said probability expressions) 
were in close agreement with those calculated by using 
expression (6) for n > 5. However, for n ≤ 5, the deve-
loped expression underestimated the plant sample sizes 
for a given number of seeds. Thus, expression (6) can be 
safely utilized with accuracy over varied conditions for 
determination of minimum sample sizes for large popu-
lations. 

5. Discussion 

The above derived expression (6) is the most generalized 
one for determining minimum number of plants required 
for collecting the multiallleic and multilocus diversity 
from large populations, keeping in view the genotypic 
multiplicity of seed embryos borne on a single plant. By 
assigning certain values to the parameters, this interesting 
expression yields several important and useful results 
derived by some of the earlier workers, as given below: 
 
(i) When k = 1 it gives results for diploid populations. 
(ii) When k = 1 and s = 1 it reduces to m > A/B. This is 
the same equation as developed by Crossa et al (1993) 
for determining the optimal sample size for capturing all 
the alleles from a homogeneous diploid population. Inter-
estingly, the equation m > A/B does not contain the para-
meter for number of seeds (n) indicating that the plant 
sample size is not affected by the number of seeds sam-
pled from each plant if the population is an inbred one 
i.e. (s = 1). 
(iii) When k = 1, s = 1 and a = 2, the expression (6) redu-
ces to the one as suggested by Chapman (1984). 
(iv) When k = 1, a = 2, λ = 1 and s = 1, our expression 
gives the same results as given by the gametic model of 
Marshall and Brown (1975) for selfed diploid population; 
and when k = 1, a = 2, λ = 1, s = 0 and n = 0, it gives 
results for apomictic diploid population. 
(v) When k = 1 and n > 5, the results obtained agree with 
those of Yonezawa and Ichihashi (1989). However, when 
the number of seeds sampled per plant is taken as less 
than 5, the model may underestimate the plant sample 
size. 
(vi) When the genotypic multiplicity of seed embryos 
borne on single plant are not taken into consideration as 
proposed by Yonezawa and Ichihashi (1989) i.e. n = 0, 
the expression (6) reduces to m > A/(B + C), which is the 
same as developed by Sapra et al (1998) for determining 
the minimum plant sample size (vegetative) to conserve 
all the alleles at all the independent loci in a 2 k-ploid 
population with varying degrees of selfing. The compo-
nent ‘C’ identified here accounts for reduction in plant 
sample size owing to deviation from selfing or diploidy 
or both (Sapra et al 1998). The results obtained by Law-
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rence et al (1995a) can be easily obtained from the  
expression m > A/(B + C). 
(vii) The component ‘D’ in expression (6) is a ‘seed  
factor’ and determines the efficiency in terms of number 
of plants to be sampled. How many seeds per plant 
should be sampled, or whether we can achieve greater 
efficiency by collecting more seeds from a smaller  
number of plants, depends upon the value of this seed 
factor. The value of D lies between nk[log(1-p0)] and 0. 
The lower limit is attained under exclusive random  
mating in out crossing population (s = 0) and the upper 
limit is attained when the population is either highly  
inbred one (s = 1) or n is taken as zero. Thus, the seed 
factor, ‘D’ provides the explorer and additional flexibility 
for selecting an appropriate combination of plants and 
seeds/plant. 
(viii) The expression (6) gives following three additional 
useful results: 

m1r /mkr ≈ k, (6.1) 

m1s /mks ≈ 1, (6.2) 

mks /mkr ≈ k(2 + n), (6.3) 

where m1r and mkr are the number of plants sampled from 
a diploid population and polyploid population respec-
tively, under exclusive random mating for a given set of 
parameters; and m1s and mks are the number of plants 
sampled from diploid population and polyploid popu-
lation for a given set of parameters under exclusive self-
ing. 
 The result (6.1) indicates that auto-polyploidy is al-
most k times conservative of genetic variability in com-
parison to diploid population under random mating. The 
result (6.2) is interesting, and indicates that under exclu-
sive selfing the plant sample size for a given set of  
parameters gets fixed irrespective of their ploidy level. 
The result (6.3) indicates that the number of plants to be 
sampled from a random mating population for a given set 
of parameters is almost inversely proportional to the 
product of ploidy level and number of seeds, when the 
number of seeds sampled are very large. 
 In our situation we have assumed (a-1) alleles occur 
with an identical low frequency at all the loci. Though 
this situation will be hardly met in the actual field condi-
tions, yet, it will set a upper limit of the sample size for 
all practical purposes. We calculated theoretical plant 
sample sizes for 10, 50, 100 and 500 seeds per plant  
under varying degrees of selfing for conserving alleles as 
large as 20 (one abundant and 19 rare alleles with fre-
quency 0⋅01) from 50,000 polymorphic loci (table 2). 
Our calculations show that for a fully cross-fertilizing 
species, a plant sample size of 23 is sufficient for con-
serving diversity when 100 seeds are collected from each 
plant whereas only 5 plants are to be sampled when 500 

seeds are collected from each plant. Plant sample size 
increases slowly with the increase in selfing rate up to 
90% of selfing. However, beyond 90%, the sample size 
increases drastically with the increase in selfing rate and 
attains a maximum value of 2286 when the species set 
the seeds fully through self-pollination (s = 1). At this 
stage the plant sample size becomes fixed and can not be 
reduced by increasing the number of seeds as all the 
seeds are in homozygous and homogeneous conditions. 
 Table 3 gives the seed sample sizes under varying deg-
rees of selfing when 23 plants are sampled (23 is the 
plant sample size required under exclusive random  
mating conditions in table 2). The table shows that up to 
80% selfing, less than 500 seeds will be sufficient for 
capturing the said variability and beyond 90% the seed 
sample size may be very large ranging from a thousand to 
ten-thousand per plant. Lawrence et al (1995a) suggested 
that a sample of about 172 plants, drawn at random from 
a population of target species, is of sufficient size to con-
serve at a very high probability, all or very nearly all of 
the polymorphic genes that are segregated in the popu-
lation, provided their frequency is not less than 0⋅05,  
irrespective of whether the individuals of the species set 
all of their seed by self- or by cross–fertilization or  
a mixture of both. Table 4 shows the values of various 
seed sample sizes to be collected for some 172 plants as  

Table 2. Plant sample size under varying degrees of selfing 
for capturing 20 alleles (one abundant and 19 rare alleles occur-
ring at a frequency of 1% each) at each of the 50000 loci with a 
probability of conservation of 0⋅9999 when 10, 50, 100 and 500 

seeds are sampled from each plant. 
  
  
 Number of plants 
          
Selfing (s) 10 seeds 50 seeds 100 seeds 500 seeds 
          
0⋅00 191 44 23 5 
0⋅10 209 49 25 6 
0⋅20 232 55 28 6 
0⋅30 260 63 32 7 
0⋅40 296 73 38 8 
0⋅50 344 86 45 10 
0⋅60 412 107 56 12 
0⋅70 514 140 73 16 
0⋅80 688 203 108 23 
0⋅90 1051 372 206 45 
0⋅91 1110 406 226 50 
0⋅92 1177 446 251 56 
0⋅93 1252 496 283 64 
0⋅94 1337 558 323 74 
0⋅95 1436 639 377 89 
0⋅96 1551 746 453 109 
0⋅97 1686 897 566 144 
0⋅98 1847 1124 755 209 
0⋅99 2043 1507 1135 382 
1⋅00 2286 2286 2286 2286 
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suggested by Lawrence et al (1995a). Compared to  
Lawrence et al (1995a) model, our model provides the 
explorer an extra flexibility and higher certainty for  
collecting all the genes with a frequency as low as 0⋅01. 

6. Conclusions 

We have developed a single simplified expression which 
can give ample flexibility to the practical explorer for 
deciding minimum sample size (a suitable combination of 
number of plants and seeds/plant) for capturing allelic 
diversity during the field collection. A seed factor that is 
an indicative of efficiency in terms of number of plants 
has also been isolated in the expression. Our task has 
been to find the minimum plant sample size for a given 
number of seeds or vice versa to give a very high proba-
bility of conserving all of the genetical variation of the 
species. This model provides the explorer an option of 
flexibility while collecting for conservation purposes suited 
to the varying field conditions, and limiting resources. 
We believe our recommendations could lead to consider-

able saving of resources during collection and storage of 
material in gene banks. 
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Selfing (s) Seeds (n) Plants (m) 
      
0⋅00    11–12   164–176 
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0⋅80   63 173 
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of the 50000 loci with a probability of conservation  

of 0⋅9999 when 23 plants are sampled. 
        
Selfing (s) Seeds (n) Selfing (s) Seeds (n) 
        
0⋅00  98 0⋅91 1098 
0⋅10 110 0⋅92 1235 
0⋅20 125 0⋅93 1410 
0⋅30 145 0⋅94 1650 
0⋅40 164 0⋅95 1980 
0⋅50 198 0⋅96 2470 
0⋅60 246 0⋅97 3295 
0⋅70 328 0⋅98 4945 
0⋅80 495 0⋅99 9890 
0⋅90 987 1⋅00  
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