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Abstract Morris and Spieth (1978) described a method
of calculating unbiased estimates of diploid genotype fre-
quencies given information on the genotypes of haploid
cells derived from diploid individuals. They concluded that
three haploids per diploid would minimize sampling vari-
ance of genotype frequencies, given a fixed total number
of haploids examined. If the identity of individual diploid
genotypes is needed, Morris and Spieth (1978) stated that
more haploids should be collected per diploid. We extend
this work by showing from a Bayesian perspective that the
probability of misclassification of individuals depends not
only on the number of haploids sampled, but also on the
genetic structure of the population since misclassification
error will increase as the frequency of heterozygotes in-
creases. Since information on the genetic structure (allele
frequencies, inbreeding coefficient) of a population is
rarely known prior to the initiation of an empirical study,
the usefulness of our Bayesian approach is in experimen-
tal design, by revealing the magnitude of possible misclas-
sification errors given a particular choice of number of hap-
loids.
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Introduction

A variety of technical and genetic factors associated with
diploid tissue can make genetic analysis of haploid cells
more tractable (Morris and Spieth 1978; Lewis and Snow
1992; Lynch and Milligan 1994). Since the derivation of
haploid cells from diploid cells by meiosis is common to
nearly all organisms, several workers have considered
ways to infer diploid genotype frequencies from the de-
rived haploid cells. This statistical problem was addressed
by Tigerstedt (1973) and Bergmann (1973, as cited by Mor-
ris and Spieth 1978), who sought to infer the diploid gen-
otype frequencies of conifers by genetic analysis of hap-
loid female gametophytes. Morris and Spieth (1978) pre-
sented a formal discussion of the calculation of unbiased
estimators of diploid genotype and allele frequencies based
on data from haploid gametophytes. Additionally, they de-
termined the optimum sampling design for a fixed experi-
mental effort (i.e., given that a certain number of haploid
genotypes can be determined, how many trees and game-
tophytes per tree should be sampled?). Morris and Spieth’s
1978 paper has been heavily cited (32 citations through
September 1994), primarily by conifer researchers who
used their approach to design sampling strategies for anal-
ysis of genetic variation (e.g., Millar 1983; Cheliak et al.
1984; Strauss 1986; Yeh and Morgan 1987). The impor-
tance of the Morris and Spieth (1978) approach extends
beyond conifers; their paper has been considered by work-
ers concerned with experimental design and mating system
theory (Shaw and Brown 1982; Cheliak et al. 1983; Ross
1986), and by researchers focusing on other types of or-
ganisms (Shoen 1979; Lobo and Krieger 1992).

The Morris and Spieth (1978) approach for estimating
unbiased genotype frequencies focuses on the frequency
of directly detected heterozygotes (i.e., cases where an ar-
ray of haploids sampled from one diploid individual in-
cludes alleles of two types,=polytypic haploid array), with
an adjustment for the frequency of heterozygotes that are
not detected (i.e., by chance, a haploid array includes only
alleles of one type,=monotypic haploid array). Specifi-



cally, the unbiased estimate of the frequency of the heter-
ozygote genotype AjA; (or, equivalently, the estimated
probability that a sampled individual has genotype A;A;)
is:
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and the unbiased estimate of the frequency of the homo-
zygote genotype A;A; (or, equivalently, the estimated prob-
ability that a sampled individual has genotype A;A;) is:
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where k is the number of haploids sampled per diploid, n
is the total number of diploids, and n;; and n;; are the num-
ber of monotypic and polytypic haploid arrays, respec-
tively.

The probability of failing to directly detect a heterozy-
gote is 1/2%°1. Morris and Spieth (1978) considered the al-
location of a fixed number of haploids within and among
diploids to minimize variation in estimated genotype fre-
quencies. They recommended sampling three haploids per
diploid, but also stated that more haploids per diploid
should be used if the identification of individuals is the ob-
jective. Using Bayesian inference, we extend their work
by considering how the probability of sampling a hetero-
zygote, which itself depends on the genetic structure of the
population, affects the probability of misclassification of
individuals.

Bayesian approach

Using Bayesian inference (Schmitt 1969), we can calcu-
late P(genotype | data), i.e., the probability of having sam-
pled a particular diploid genotype given our data (data=ob-
servation of a specific haploid array). We, after all, know
only the haploid genotypes and are unsure about the dip-
loid genotype. Note that we use the term “probability” in
the Bayesian sense of “our confidence or degree of belief
in an individual having a particular genotype”; “probabil-
ity” is incorrect in a strict sense because a given individ-
ual either has or doesn’t have a specific genotype. Bayes’s
rule in this case is:

P (data | genotype) P (genotype)

P (genotype | data) = P (data)

@)

If one obtains a polytypic array of haploid genotypes, the
probability of the diploid genotype being heterozygous is
one. However, if one screens k haploid products and all
have the A; allele (i.e., data=k A;’s), there arc two possible
diploid genotypes, A;A; and AjA;. The conditional prob-
ability of the diploid genotype being a homozygote is:
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P(AA; IkA;’S)=
P (kA1 s AiAi) P (A1A1)
P(kA;’s| AjA) P(A;A) + 2 P (kA;'sIAjA|) P (AA))
i

while the conditional probability of it being a heterozygote
is:

P(AA[IkA;’s)=
P(kA;’sI AjA) P (AA)+ 2P (KA sIAJA) P (A[A))
J

)

Consider now, for simplicity, a case with two alleles at a
locus. If we were to classify the diploid individuals that
produce monotypic arrays as homozygous, Eq. 2 describes
the probability that we will misclassify (i.e., classify an in-
dividual as a homozygote when it is a heterozygote). It is
convenient to reparameterize these equations by defining
genotype frequencies in terms of the allele frequency (p)
and the inbreeding coefficient (f) (Hartl and Clark 1989):

P(AA)=(1-)p* +fp
P (A;A,) = (1-f) 2p (1-p)
P (AA,) = (1-f) (1-p)* + £ (1-p)

Reparameterized in this way, Eq. 2 becomes:
S (1-D-p)

1
= +(1— ST ) (f+p-1p)

Equation 3 shows that the probability of misclassification
depends on p and f as well as k (see Fig. 1). There are two
components to this misclassification error. First, the de-
gree of misclassification will depend on the probability of
sampling a heterozygote, which in turn depends on the ge-
netic structure of the population as defined by p and f. For
example, with high levels of inbreeding and a high fre-

P (AIAZ I kAl ’S) =

3)

P (AAs/K A,'S)

Fig. 1 The probability that an individual yielding a monotypic A,
haploid array is heterozygous for different frequencies of the A al-
lele (p) and different values of the inbreeding coefficient (f). Surfac-
es are indicated for cases where k=3 and k=6; note that the vertical
axis was truncated to allow comparison of the surfaces. As p and f
approach 0, the expected frequency of heterozygotes approaches 1.0
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P (misciassification)

P (misclassification)

Fig. 2 The average probability of misclassification (=avg. expect-
ed frequencies of heterozygotes in a collection of A; and A, mono-
typic haploid arrays, see Eq. 4) for different frequencies of the A
allele (p) and different values of the inbreeding coefficient (f). Sur-
faces are shown for k=3 and k=6; note the differences in the vertical
scale for the two graphs

quency of the A, allele, nearly all individuals in the pop-
ulation are A A, and thus the chance of misclassifying an
individual when only A, types are recovered is low. Sec-
ond, if a heterozygote is sampled, the probability of mis-
classification will depend on the number of haploids
screened (k), as emphasized by Morris and Spieth (1978).

Taken at face value, Eq. 3 suggests that if A, is rare
(p=0) and the population is in Hardy-Weinberg equilibrium
(f=0), the probability of misclassification of heterozygotes
given monotypic A; arrays approaches one (Fig. 1). (Note
that the magnitude of the misclassification is sample size-
dependent). However, in a population with small f and p,
monotypic A, arrays rarely will be encountered. A better
representation of the possible impact of misclassification
error is provided by Fig. 2 for the cases where k=3 and 6.
The vertical axis is an average probability of misclassifi-
cation error, which is the average of the probabilities of
misclassifying A; and A, monotypic arrays, weighted by
their expected frequencies:

Figure 2 reveals that the highest average errors are ob-
tained with Hardy-Weinberg equilibrium and equally fre-
quent alleles. Note that the absolute magnitude of misclas-
sification is greatly reduced with the increased number of
haploids sampled.

Discussion

Identities of individual genotypes are necessary for stud-
ies of spatial substructuring of populations (Heywood
1991), paternity assignment (Meagher and Thompson
1987), and analysis of the relationship between fitness of
an organism and its genotype (for example, examination
of the relationship between fitness and heterozygosity: En-
nos 1990). Although the actual genotype of individuals that
produce monotypic arrays can never be known with com-
plete certainty, one can reduce the chance of misclassifi-
cation of individuals by increasing the number of haploids
sampled per individual. The Bayesian approach quantifies
the probabilities of correct identification and illustrates the
importance of the genetic structure of the population to
classifying individuals. However, one rarely knows the ge-
netic structure of the sampled population prior to the study.
The main usefulness of the Bayesian perspective is, there-
fore, not in actual calculation of misclassification error in
an empirical study, but in experimental design. Consider,
for example, the graphs for k=3 and k=6 in Fig. 2. For k=3,
the actual range of misclassification errors (0-0.2) is an
order of magnitude larger than the actual range of errors
(0-0.03) for the k=6 case. Thus, since it is difficult to have
a priori knowledge of the mating system (estimates of out-
crossing rates for the same plant species can differ greatly:
Waller 1986; Holtsford and Ellstrand 1989), it is useful to
know the range of Bayesian misclassification errors asso-
ciated with a particular value of k so that the maximum
possible error in classification of individuals is understood.
Such maximum errors will occur when p=0.5 and f=0 (Fig.
2); in this case, Eq. 4 can be simplified to:

N
21{—1
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Given a decision on the maximum possible misclassifica-
tion error that can be tolerated (m), one can solve for the
minimum number of haploids that must be sampled (k) by
rearranging Eq. 5:

log (___I—m)
m
k21+——m—77=
log 2

Avg P (misclassification) =

P(AA; kA, ’s)[——pq (Zlk— Dyp2a-ne+ pf} +P (AA, | kAz’s)[———pq (211: Dyq21-n+ qf}

AvgP (misclassification) =

where q=1-p.
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In addition to its value in experimental design, our ap-
proach can be used in a retrospective way. For example, in
work by Tigerstedt (1973), spatial maps of genotypes were
created with individuals with monotypic arrays assigned
as homozygotes and individuals with polytypic arrays con-
sidered as heterozygotes; a proportion of the individuals
that were identified as homozygous will, however, actu-
ally be heterozygous. The Morris and Spieth (1978) ap-
proach can be used to calculate unbiased genotype frequen-
cies for the population. Such estimates of p and f (the lat-
ter obtained using Wright’s F;g =1-h_/h,; where h, and h,
refer, respectively, to the observed and Hardy-Weinberg
expected frequency of heterozygotes), would allow one to
estimate where a specific population is on the Bayesian
surface (Fig. 2), allowing a more fine-tuned evaluation of
the degree of misclassification in the analysis.
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