
Abstract Implementation of most traditional full-sib
crossing and testing designs is logistically difficult, cost-
ly, and genetic gain is constrained by resource availabili-
ty. An alternative to full-sib crossing and testing can
ameliorate all these constraints. The alternative solution
is to apply a pollen mix (PMX) of many male parents
rather than a single pollen for each cross. PMX breeding
is easy to implement, ensures good estimates of breeding
values of the parent being pollinated, and provides for
increased genetic gain opportunity because of the signifi-
cantly increased number of effective parental combina-
tions tested. However, PMX breeding has found limited
use because inbreeding and pedigree control is lost. The
development of relatively inexpensive molecular mark-
ers allows for the paternity analysis of progeny, thus al-
lowing full pedigree control. We call this system PMX
breeding with parental analysis (PMX/WPA). The feasi-
bility of PMX/WPA was evaluated in a loblolly pine
(Pinus taeda) third-generation population of 45 select in-
dividuals, among which there was considerable related-
ness. All parental trees were genotyped at seven chloro-
plast and three nuclear microsatellite loci. Unique finger-
prints were obtained for all 45 individuals, but unambig-
uous paternal determinations for progeny from a com-

plete pollen mix would not be possible due largely to re-
latedness in the breeding population. The inclusion of
more markers and/or the creation of polmixes and breed-
ing groups that avoid relatedness would resolve this
problem. Three PMX/WPA scenarios are described and
compared with conventional full-sib breeding and testing
systems: (1) paternity analysis of only the forward (next
generation) selection candidates in each generation, (2)
paternal genotyping of all progeny test individuals in
PMX crosses and using those data to construct the effec-
tive full-sib crosses for statistical analysis, and (3) like
#2 except mixing seed of the several PMX crosses for
ease of greenhouse rearing and progeny testing and then
doing maternal and paternal analysis.
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Introduction

For decades breeders have faced the dilemma of how to
mate a select group of individuals (parents) for the next
generation of genetic improvement (step 3 Table 1). The
chosen mating design is usually a compromise as no sin-
gle design has been found that best meets all objectives
(Namkoong 1979). Some common objectives of a mat-
ing design are to:

(1) Accurately estimate the breeding value of the parents
being bred for the purpose of recommending which to
include in a production scenario (sometimes called
backward selection) (step 7a Table 1), and for deter-
mining which crosses among high breeding-value
parents will provide the best potential for the selec-
tion of individuals for the next generation of breed-
ing.

(2) Produce a set of crosses that will allow a high genetic-
gain potential from the selection of the best individuals
within the best crosses for the next generation of breed-
ing, often called forward selection (step 8 Table 1).
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Select Breeding Group Step 1
(Parents)
↓
Graft For Breeding Step 2
↓
Crossing Among Parents Step 3
↓
Seed Collection Step 4
↓
Sow in a Nursery Step 5
↓
Field Plant Crosses Step 6
(Progeny Test)
↓
Measurement and Analysis Step 7
↓
Advanced Generation Selection Step 8
Among and Within Best Crosses
↓
(Repeat Cycle)

(3) Provide a full pedigree where both male and female
are known for new selections in order to control the
level of inbreeding.

(4) Generate sound estimates of genetic parameters: heri-
tability, general and specific combining ability, genet-
ic correlations among traits and genotype-environ-
ment interaction.

(5) Do all of the above efficiently in order to keep breed-
ing and testing costs at a manageable level.

The most obvious mating design to achieve all but objec-
tive 5 (above) would be to cross every parent with every
other parent (full diallel), but that alternative is almost
always rejected in operational breeding programs be-
cause it is impractical to make and test so many crosses.
The number of total selections may be of the order of a
few hundred and the number of possible crosses in the
thousands, a number that may be prohibitively expensive
to breed and test. The latter is especially true for tree
species which, due to their large individual tree size, re-
quire special equipment to do breeding and a large area
for testing individual plants. Consequently, forest geneti-
cists have sought mating and testing designs that achieve
their primary objectives as efficiently as possible. All de-
signs currently in use for tree improvement programs re-
present a compromise because no design heretofore
meets the above five objectives very effectively. The
purpose of this paper is to present a novel solution to
some of the problems of existing breeding and testing
designs by using molecular-marker technologies as an
integral component of improvement programs.

Currently used mating designs

Mating designs that have been commonly compared in
the literature are open pollination versus controlled polli-
nation and, for the latter, full-sib crossing versus polymix
(a mixture of pollen from several males) crossing

(Bridgwater 1992). The most-common method of quanti-
tative comparisons for these mating designs in the litera-
ture is to hold the number of parents bred, and number of
progeny tested from crosses among them, as constants in
each generation and then determine how well each de-
sign estimates genetic parameters and their genetic gain
potential. A synopsis follows.

Open pollination

Open pollination (OP) in forestry is usually assumed to
take place in a progeny test where only a handful of new
selections are found among several hundred or a few
thousand other individuals. OP breeding gives a good es-
timation of parental breeding values and heritability esti-
mates (Bridgwater 1992; Burdon and Shelbourne 1971;
Cotterill 1986a, b; White 1996).

The genetic-gain potential from using the OP fami-
lies for the next generation of progeny testing is weak
since the selected parents are mated with a nonselected
population from the previous generation (Burdon and
Shelbourne 1971; Cotterill 1986a, b). This and other
disadvantages, such as lack of full pedigree control and
the inability to estimate specific combining ability, have
resulted in limited use of OP breeding in forestry except
in programs where limited resources dictate a simple
and low-cost approach.

Full-sib crossing

There are many full-sib mating patterns that have been
discussed and analyzed in the literature including full-
diallel, cousin mating, single-pair, nested, factorial, dis-
connected half diallels and circular systems (Cotterill
1986a, b; Pederson 1972; Burdon and van Buijtenen
1990; van Buijtenen and Burdon 1990; Bridgwater 1992;
Huber et al. 1992). Of these, the last three have been

Table 1 Process flow for a typ-
ical genetic improvement pro-
gram for forest trees

Step 7a. Evaluate
Parents (B.V.) for
Commercial Production
Purposes Such as an
Open-Pollinated Seed
Orchard



commonly used in forest tree improvement because they
provide: (1) a reasonably good parameter estimation
(general and specific combining ability, heritability,
breeding value of parents), (2) a foundation for reason-
ably good genetic gain, and (3) full pedigree control. In
these designs each parent is usually mated with four to
six of the other parents in the breeding population.

Full-sib system weaknesses include. (1) the amount of
work involved in breeding and testing, (2) suboptimal
estimation of breeding value, and (3) a weak foundation
for selection for the next generation of breeding. The
two latter limitations stem from the relatively few cross-
es for each parent. For a given population size for the
progeny test of the crosses, it is generally better to have
many crosses per parent for a precise parameter estima-
tion and high genetic gain potential from forward selec-
tion rather than few crosses with many individuals per
cross (Pederson 1972; White 1996). This is especially
true when selection emphasis is heavily on family versus
individuals within families, i.e., under low heritability
situations. Few crosses per parent can result in inaccu-
rate breeding value estimation, especially if there is sig-
nificant specific combining ability (SCA) in the breeding
population (van Buijtenen and Burdon 1990; Burdon and
van Buijtenen 1990). Genetic gain for the next genera-
tion is limited due to the fact that the best parents among
those being bred may not have been frequently mated to
the other best parents due to chance. Nontheless, few
crosses and many individuals per cross are usually opted
for due to the high cost of making and testing the cross-
es. Although the full pedigree is known, the limited
number of crosses usually means that there is a tendency
to select from within a few good crosses, which can of-
ten mean a common parentage among those crosses and
the danger of inbreeding building up in future genera-
tions. Alternatively, inbreeding concerns may force se-
lection from more unrelated but mediocre families, thus
limiting genetic gain.

Polymix crossing

Polymix (PMX) crossing is done by mixing pollen from
several males and applying the pollen to isolated fe-
males. One of the big advantages is the simplicity of
crossing and the subsequent testing of relatively few
crosses. Polymix crossing is sometimes considered for
parental breeding value estimation only (Burdon and van
Buijtenen 1990; White 1996), in which case the source
of pollen may or may not be made up of the parents in
the breeding group. It is sometimes given credence as a
complete breeding system for breeding value (B.V.) esti-
mation and as a foundation for the selection of individu-
als for advanced generation breeding (Shelbourne 1969;
Burdon and Shelbourne 1971; Cotterill 1986a, b; Kerr
1998). In the latter case it is preferable to use pollen
from the select group in order to keep the genetic gain
potential high. PMX crossing provides excellent estima-
tion of breeding value and GCA but not usually of SCA

(Bridgwater 1992; Huber et al. 1992). Genetic gain po-
tential for forward selection is good but not as high as
that offered by the commonly used full-sib systems men-
tioned above. The gain potential from PMX crossing is
70% to over 90% of the potential for full-sib systems
(Cotterill 1986a, b; Kerr 1998; Shelbourne 1969; van
Buijtenen and Burdon 1990), depending on the magni-
tude of the genetic parameters, with increasing heritabili-
ty and SCA favoring PMX crossing (van Buijtenen and
Burdon 1990).

PMX mating systems result in less genetic gain from
advanced generation selections versus full-sib systems,
primarily because the paternal parent’s general combin-
ing ability (GCA) is unknown (Burdon and Shelbourne
1971). When individual selections are made within the
best full-sib crosses for the next generation of breeding
they are commonly chosen on the basis of an index that
includes the following information:

Ind. B.V.=fem. gca+male gca+h2
w (ind. dev. within full-sib cross)

(1)
where: h2

w=within-cross heritability.
For the PMX cross the individual value is estimated as
follows:

Ind. B.V.=fem. gca+h2
w (ind. dev. within PMX cross). (2)

Selection within PMX crosses does not have the benefit
of knowing the male GCA, but the heritability for, and
variation within, a PMX cross is greater than that for
full-sib crosses because a PMX cross is actually made up
of the variation among many full-sib crosses as well as
the variation within those crosses. On balance, lack of
information on male GCA results in a reduced gain effi-
ciency of PMX breeding and testing. Lack of full pedi-
gree control and the possibility that a few males may be
represented among selections for the next breeding gen-
eration, resulting in possible inbreeding depression, is
another drawback that has limited use of PMX crossing
as a stand-alone system (Bridgwater 1992).

Combined systems

Many organizations use a combination of mating designs
to take advantage of the strengths of each and to offset,
to some degree, the limitations of any one design (van
Buijtenen and Burdon 1990). The major tree-improve-
ment cooperatives for pine species in the southeastern
U.S. use a complementary system consisting of PMX
crossing for parental breeding values and full-sib cross-
ing from which selections are made for the next genera-
tion of breeding (Lowe and van Buijtenen 1986;
McKeand and Bridgwater 1992; White et al. 1993). Full-
sib crossing is typically a circular or disconnected half-
diallel design. While offering many advantages, these
systems are costly in terms of time and resources. Fur-
thermore, they do not overcome the above-mentioned
limitations of full-sib crossing systems for the purposes
of forward selection gain and inbreeding control.
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A new alternative: PMX crossing with parental analysis
of progeny (PMX/WPA)

Advances in molecular genetics, and specifically the de-
velopment of low-cost genetic markers, open up new
breeding and testing strategies that were once unthink-
able. We propose the use of parental analysis to over-
come the heretofore primary limitations of PMX breed-
ing and testing, which are lack of male pedigree control
and lack of male GCA information for advanced genera-
tion selection. Three scenarios will be discussed in de-
tail. For each of these scenarios, select parents are as-
sumed to be mated with a pollen mixture of a majority of
parents from the same select group and the resulting
PMX crosses planted in typical field tests.

Scenario 1 – partial population paternity analysis

A group of provisional candidates are identified for ad-
vanced generation breeding (step 8 in Table 1) using fe-
male GCA and individual performance as selection crite-
ria. Tissue samples from all of the parents involved in
the PMX crosses, as well as the advanced generation
candidates, are genotyped and paternity is assigned to
the provisional candidates. The list of provisional candi-
dates is then narrowed down to a final breeding list
whose fathers have an acceptable GCA and an accept-
able level of relatedness based on a criteria such as
group merit which weighs genetic gain potential against
an estimate of inbreeding depression (Rosvall and 
Andersson 1999). A limitation of this system is that the
initial list of provisional candidates may not include the
highest value individuals in the test since male GCA is
known only for the provisional candidate list. Nonethe-
less, the final screening based on paternity analysis
should allow genetic gain to be higher than had been
possible with PMX crossing systems of the past. This ap-
proach is feasible if the paternal analysis cost per indi-
vidual is somewhat expensive, perhaps in the order of
$30–$50/individual for some tree-improvement pro-
grams.

Scenario 2 – full population paternity analysis

Genotyping of all original parents and all individuals
destined for field testing is carried out by collecting tis-
sue samples either in the nursery (step 5) or in the field
test (step 6). Sample DNA is characterized and the father
of each tree is identified before data analysis (step 7). By
determing the father of all individuals before analysis of
the measurement data, the information on both male and
female parentage can be used in advanced generation se-
lection as is done in any other full-sib mating system.
Besides the usual advantages of PMX breeding, this
system has several additional advantages over other full-
sib systems such as the commonly used circular and dis-
connected half-diallels. As long as fertilization is mostly

at random, many effective crosses are generated with
PMX mating, resulting in a greater genetic gain potential
for advanced generation selection and more flexibility
for relatedness control. Also, genetic typing of all indi-
viduals helps reduce the number of identity (pedigree)
errors that are carried into future generations, a serious
concern in any genetic-improvement program (Adams et
al. 1988). This scenario is possible when genetic finger-
printing is inexpensive enough to genetically type all in-
dividuals, perhaps in the order of $3–5/individual in
some tree-improvement programs.

Scenario 3 – full population maternity and paternity
analysis (throw away the ID tags)

After the seed is processed (step 4 Table 1) equal (or
known) quantities of seed from the PMX crosses are
completely mixed before sowing in the nursery. The
nursery crop and the field test are established without
PMX cross-identification tags. Consequently, the field
test is a completely randomized design. Tissue samples
are taken from all field-test individuals at the time of
measurement and from the original parents for genetic
typing, and maternal and paternal determinations are
made in the laboratory for all individuals in the progeny
test. This system should be considered when both mater-
nity and paternity determinations are possible and genet-
ic typing is inexpensive, perhaps in the order of
$3–$5/tree for some tree-improvement programs, and
when the cost of maintaining the identity of crosses in
the nursery and/or field test is difficult and/or expensive.

The state of pedigree analysis in tree improvement
programs

Molecular-marker applications in tree improvement and
tree breeding have increased notably in recent years, in-
cluding such uses as clonal fingerprinting for identifica-
tion and taxonomic analysis, the creation of genetic
maps, the dissection of complex traits and quantitative
trait loci detection, and marker-aided selection (Groover
et al. 1994; O’Malley and McKeand 1994; Cervera et al.,
1996; O’Malley et al. 1996; Staub et al. 1996; Dinus and
Tuskan 1997). However, marker applications focused on
pedigree issues in forestry are largely restricted to seed
orchard studies, including estimating pollen contamina-
tion, selfing, male reproductive success, and supplemen-
tal mass-pollination success (Wheeler and Jech 1992;
Stoehr et al. 1998; Walter et al. 1998). Most orchard ap-
plications rely on paternity analysis to infer pollen do-
nors. Paternity analyses have also been applied in natu-
ral-stand progeny arrays (Dow and Ashley 1996;
Ziegenhagen et al. 1998; Isagi et al. 2000).

Recently, rapid advancements in the development of
highly informative markers have led to increased use of
pedigree analyses for parentage assignment and the esti-
mation of relatedness among progeny arrays for a num-

933



(2) To present prototype genetic marker results and dis-
cuss the current and future genetic marker potential for
the kinds of genetic typing and parental determinations
called for in the three PMX/WPA scenarios.
(3) To discuss the overall applicability of the PMX/WPA
breeding and testing system and its advantages and dis-
advantages.

A subsequent manuscript will present the results of com-
puter simulations comparing the genetic gain potential of
the three PMX/WPA scenarios with some currently used
breeding and testing designs. Discussions and examples
typically center on the authors’ experience with tree spe-
cies but the PMX/WPA scenarios may be applicable to
other organisms wherein a plurality of crosses can be
created through fertilization with a mix of male gametes.

Materials and methods

Fingerprinting, paternity and pedigree analysis

Plant materials

For data reported here, needle samples were collected from two
groups: (1) 78 first-generation loblolly pine plus-tree selections
were used in our analysis to determine population gene frequen-
cies for seven cpSSR and three nuclear SSR loci. These trees were
selected in natural stands from North Carolina, South Carolina and
Georgia (Atlantic Coastal Plain provenance, ACP); (2) 45 elite
1st, 2nd and 3rd generation selections from Weyerhaeuser’s breed-
ing program were genotyped at the same suite of loci. Consider-
able relatedness occurred among these 45 trees, including half-
sibs, full-sibs, parent-offspring, and grand-parent-offspring rela-
tionships Twenty nine of these trees were paternally unrelated.

DNA extraction

DNA was prepared from needle tissue following the CTAB proce-
dure of Doyle and Doyle (1990) or using the DNeasy 96 DNA ex-
traction kit (Qiagen, Valencia, Calif.). Details of extraction meth-
ods are presented in Appendix 1.

PCR-amplification

DNA fragments were PCR-amplified from loblolly pine genomic
DNA samples using the 20 pairs of DNA primers designed by
Vendramin et al. (1996) for amplification of chloroplast microsat-
ellites based on the complete DNA sequence of Pinus thunbergii
(Wakasugi et al. 1994). Complete details of the PCR methods are
noted in Appendix 1.

Electrophoresis

DNA fragments were separated on an automated DNA sequencing
apparatus (LI-COR 4000) using 0.25-mm gels (8% Long Ranger,
FMC BioProducts), 25-cm gel plates, and electrophoresis buffer
1× TBE. Gel images were analyzed using RFLP-Scan software
(Scanalytics, Billerica, Mass.). The software was used as an aid to
facilitate scoring the size of the DNA fragments amplified from
chloroplast DNA templates. The bands were analyzed for multiple
peaks and ”stutter” bands using quantitative peak profiles. Micro-
satellite fragments were classified by size using estimates of band
migration rates relative to molecular-weight markers and size stan-
dards. Further details of electrophoretic methods are noted in Ap-
pendix 1.
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ber of species including humans (Hohoff and Brinkmann
1999), Drosophila (Dewoody et al. 2000), salmon
(Norris et al. 2000), shrubs (Krauss 1999) and trees
(Isagi et al. 2000). While the salmon studies have an ap-
plied objective of tracking pedigrees to maintain diversi-
ty and reduce inbreeding in mating lines, to our knowl-
edge there are no reports in the literature of pedigree
analysis for improving breeding and or testing efficien-
cies, or increasing genetic gain potential as discussed
above. 

The discrimination requirements of a pedigree analy-
sis increase notably in the three PMX/WPA scenarios re-
ferred to previously. The ability to accurately assign par-
entage and estimate relatedness using molecular markers
depends on many factors:

1. Size of the potential parent pool or parental combina-
tions.

2. Amount of relatedness among parents in the breeding
group.

3. Prior knowledge of parental genotypes (one parent
known vs no parental genotypes).

4. Type of marker chosen (information content, number
of loci, repeatability, inheritance, i.e., Mendelian, pa-
ternal, maternal).

5. Population gene frequencies.
6. Statistical models (exclusion vs likelihood or paternity

or maternity assignments).
7. Genotype error and mutation rates.

Additionally, the cost of genotyping will significantly in-
fluence how the technique is applied.

In this study we test the diagostic power of three
highly variable nuclear microsatellites and seven chloro-
plast microsatellites to: (1) uniquely fingerprint a select
breeding population of 45 individuals of mixed pedigree,
(2) to assign paternity where male parent/offspring rela-
tionships exist, and (3) to estimate known levels of relat-
edness. The chloroplast SSRs are non-recombining and,
like the Y-chromosome markers in humans (Hohoff and
Brinkmann 1999), are paternally inherited in conifers
(Neale et al. 1986; Wagner 1992) making paternity as-
signment straightforward.

Microsatellites (SSRs, STRs) have proven very useful
for pedigree analyses (Blouin et al. 1996; Norris et al.
2000), and are generally considered the most-powerful
genetic marker available today (Goldstein and Pollock,
1997). Microsatellites are easily scored, reproducible,
highly variable, and codominant. Most individuals in a
population are heterozygous at SSR loci and few share
the same genotype, making them ideal for fingerprinting
and determination of parentage (O’Malley and Whetten
1997; Elsik et al. 2000).

Objectives

The objectives of this paper are:

(1) To introduce the PMX/WPA approach to plant breed-
ing and testing.
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Analysis

Exclusion probability for haplotypes was calculated using haplo-
type frequencies derived from the 78 first-generation selections in
group 1 and the 29 paternally unrelated individuals in the elite sec-
ond group. For haplotype j, the exclusion probability was calculat-
ed as

1−pj,

where pj is the frequency of the jth haplotype. The mean exclusion
probability was calculated as

Nh
∑ pj×(1–pj)
1,

where Nh is the total number of haplotypes.
Known genotypes and putative pedigrees for the elite popula-

tion were submitted to the likelihood model KINSHIP (Goodnight
and Queller 1999). Estimates of relatedness (probability of sharing
an allele by descent) for all possible pairs of individuals (990 com-
binations) and for all potential hypothetical relationships were de-
termined.

Results and Discussion

Fingerprinting, paternity and pedigree analysis

This study investigated the utility of molecular markers
for tree-breeding applications, including a novel ap-
proach to breeding and testing that relies on paternity or
full-pedigree analysis.

(1) cpSSRs: all of the 20 microsatellite primer pairs
designed by Vendramin et al. (1996) to amplify simple
sequence repeat regions in the chloroplast genome of
Pinus thunbergii amplified similar size DNA fragments
in Pinus taeda. Of these, seven showed a simple pattern
of inheritance that conformed with the expectation of
uni-parental inheritance from the pollen parent, and
were considered sufficiently variable to be used in this
study (Table 2). Variation generally consisted of a series
of single base pair differences. Unlike nuclear SSRs, the
number of alleles per locus in these conifer cpSSRs was
rather limited, varying from two to four. Fifty different
7-locus haplotypes were detected in the natural and elite
populations surveyed in this study. Fourteen additional
haplotypes were detected in open-pollinated progeny
from an ACP seed orchard (data not shown). Twenty of
the 64 haplotypes were observed in the elite study popu-
lation (Table 3). Of these, ten occurred in only one se-
lection, five were shared between two or more selec-
tions related by descent, four were shared between relat-
ed and unrelated selections, and one was shared only
among unrelated individuals (Table 3). Haplotype fre-
quencies among the 29 paternally unrelated individuals
in the elite group ranged from 0.034 to 0.103, and
among unrelated individuals in the combined groups
from 0.009 to 0.112. Combined, the five most-common
haplotypes in these two groups occurred 42.4% of the
time.

The mean exclusion probability for the multi-locus
haplotype in the elite group was 92.1% (the probability
of excluding a non-sire), but this calculation assumes

random mating among unrelated individuals. The 45 in-
dividuals in the elite group represent selections from
three separate generations, many of which are related as
grandparent-offspring, parent – offspring, half-sibs or
full-sibs, both maternal and paternal (Table 3).

In Weyerhaeuser’s pine breeding-program databank,
parentage gender is not maintained (because reciprocal
effects are virtually non-existent). As a consequence,
chloroplast haplotypes were used to infer paternity/ma-
ternity for all levels of relationships (Table 3). In all
cases but one, paternity could be verified with double
exclusion (i.e., at least two cpSSR loci excluded one par-
ent as being the father). In the exceptional case, acces-
sions #5 and #6, parents of accession #4, shared the same
haplotype and it was impossible to determine maternity
or paternity for either. For the 45 individuals studied,
there were 16 known cases of paternal haplotype-identity
by descent.

(2) Nuclear microsatellites: one bi (3034)- and two tri
(6c12f, 3011) -nucleotide repeat nSSR loci were geno-
typed for all 45 elite selections (Table 3) and the natural
population sample. The number of alleles per locus var-
ied from 12 to 28 (select and population groups com-
bined), with about 25% of the 54 total alleles occurring
only once in the combined populations. The frequency of
the most-common allele at each locus varied from 0.22
to 0.42. For two of the loci (3034 and 6c12f), gene fre-
quencies in the test population and the population sam-
ple were similar. However, for locus 3011 they were dra-
matically different. Of the 28 alleles detected, only eight
were shared by both populations. The natural population

Table 2 Primer sequences for chloroplast and nuclear microsatel-
lites (* denotes the IRD 41-labeled nucleotide)

Chloroplast Sequence
microsatellites

PT1254f *CAATTGGAATGAGAACAGATAGG
PT1254r TGCGTTGCACTTCGTTATAG
PT9383f *AGAATAAACTGACGTAGATGCCA
PT9383r AATTTTCAATTCCTTTCTTTCTCC
PT26081f *CCCGTATCCAGATATACTTCCA
PT26081r TGGTTTGATTCATTCGTTCAT
PT30204f *TCATAGCGGAAGATCCTCTTT
PT30204r CGGATTGATCCTAACCATACC
PT71936f *TTCATTGGAAATACACTAGCCC
PT71936r AAAACCGTACATGAGATTCCC
PT109567f *TATTATCGAACAACGAGAATAATCC
PT109567r TCACTGTCACTCTACAAAACCG
PT110048f *TAAGGGGACTAGAGCAGGCTA
PT110048r TTCGATATTGAACCTTGGACA

Nuclear microsatellites
3011f CACGACGTTGTAAAACGACAATTTGGG

TGTATTTTTCTTAGA
3011r AAAAGTTGAAGGAGTTGGTGATC
3034f CACGACGTTGTAAAACGACTCAAAATG

CAAAAGACG
3034r ATTAGGACTGGGGATGAT
6C12Ff CACGACGTTGTAAAACGACCCAGACAA

CCCAAATGAAGG
6C12Fr GCCAGTGCAGACACAAACAA
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group had 12 private alleles, the elite population sample
had eight. The most common allele in the natural popula-
tion (177; 0. 52%) occurred in only one individual in the
study population. The two populations originated from
geographically distinct areas in the eastern range of the
species in the southeast United States. Williams et al.
(2000) have demonstrated that populations of P. taeda
from the eastern and western portions of the species-
range possess some private alleles, but the differences do
not seem to be of the order noted here.

Twenty one putative cases of either maternal- or pa-
ternal – offspring relatedness occurred in this elite popu-
lation. In three of these cases, observed nSSR genotypes
were not consistent with expected genotypes. Accession
21 shared an appropriate haplotype with the putative fa-

ther, accession 23, but did not share a common allele at
nSSR 3011. Accessions 12 and 13, putative full-sibs, did
not share a common allele with the putative mother (14),
at one locus in the case of #13, and at two loci in the
case of #14 (Table 3). Such inconsistencies could have
arisen by (1) inaccurate genotyping, (2) mutations, or (3)
an inaccurately labeled pedigree. The latter case is
known to occur with a higher than acceptable frequency
in tree breeding (Adams et al. 1988). The routine use of
markers in confirming parentage in progeny tests, as
suggested in the PMX/WPA scenarios, would greatly re-
duce this occurrence.

(3) Fingerprinting: the combination of paternally in-
herited cpSSR haplotypes and three Mendelian nSSR ge-
notypes provided a unique fingerprint for each of the 45

Table 3 Accession number,
known relatives within the
breeding population (m=mater-
nal parent and p=paternal par-
ent), and molecular-marker ge-
notypes for an experimental
elite breeding population of
loblolly pine. Genotypes in-
clude a 7-locus haplotype de-
rived from chloroplast micro-
satellites and three diploid nu-
clear microsatellites

Accession Half-sibs Full-sibs Known Known Genotype
parent grand-

parent Haplo- 6c12f 3011 3034
type

7 1 161/176 150/204 216/216
30 32 m 33 m 4 173/176 135/238 220/212
17 19p,21 m 5 173/176 150/243 220/216
19 17p,21 m 5 161/176 189/243 218/216

3 5 170/173 150/150 230/228
8 7 182/191 231/255 228/216

15 16 m 8 173/191 204/243 228/228
41 16 0 0 220/228
12 13p 14 m 19 164/176 150/243 228/216
13 12p 14 m 19 197/173 162/238 228/216
18 20p,22p 19 173/176 150/150 224/214
20 18p,22p 19 164/173 135/150* 224/214
22 18p,20p 19 173/176 150/162 228/224
24 26 m 25p 27 m 45 m 19 167/182 201/243 216/216
25 26 m 24p 27 m 45 m 19 167/182 201/204 226/216

1 28 167/173 150/232 224/220
32 30 m 33 m 29 164/176 168/238 226/212
35 43p 34 164/170 150/150 226/224
43 34 164/173 150/168 228/226
14 35 173/173 186/201 216/216
16 15 m 35 173/173 135/150 226/220
37 35 173/173 150/168 226/216
38 36 161/176 150/204 228/224

4 5,6 m/p 37 164/164 150/150 224/216
5 37 164/164 150/150 224/222
6 37 164/173 150/150 216/216
2 37 161/173 204/261 226/220

10 9 m 11p 42 164/173 150/201 226/216
11 42 167/173 135/201 226/226
34 42p 45 164/191 150/243 226/214
21 17 m,19 m 23p 45 161/173 150/189 222/214
23 45 173/173 177/177 216/214
42 45 164/173 150/216 218/214

9 10 m 11 m 45 173/173 201/223 226/216
26 24 m,25 m 27p 45 m 48 167/176 150/204 228/226
27 45 m 48 167/182 204/243 226/216
33 53 176/176 150/238 228/212
44 57 173/191 135/150 228/228
36 39p 40p 45p 60 182/191 162/243 226/220
39 36p,40p 45p 60 173/182 135/243 226/226
40 39p 36p 45p 60 182/191 243/243 226/220
45 60 182/191 243/243 226/224
28 31p 29p 35 m 43p 63 164/173 150/204 228/224
29 31p 28p 35 m 43p 63 164/167 150/204 228/226
31 28p,29p 34 m 42p 63 164/164 150/150 216/214



selections in this study, despite the appreciable level of
relatedness.

(4) Paternity assignment: the ability to assign paterni-
ty unambiguously to offspring is the core requirement
for the successful adoption of PMX/WPA. Statistical ap-
proaches to assigning paternity range from straightfor-
ward genetic exclusion to sophisticated likelihood mod-
els (Smouse and Meagher 1994; Marshall et al. 1998;
Goodnight and Queller 1999).

Exclusion, where technically and economically feasi-
ble, would be desirable in breeding populations where
the tracking of pedigree and the level of inbreeding are
critical. Based on the results of the elite population stud-
ied here, it would not be possible to unambiguously as-
sign the paternity of progeny generated from a complete
mix of the individuals, largely as a result of the consider-
able relatedness observed in the population. In two in-
stances it would be impossible to distinguish between
progeny of two unrelated trees (Table 3, Accessions 16
and 37 and Accessions 12 and 22) with the markers used
in this study. Complete exclusion of progeny derived
from a polymix of this test population could be obtained
in the following three ways:
(i) Increase the number of cp markers. The addition of
one or more cpSTS markers (Stoehr et al. 1998) would
virtually eliminate the opportunity for unrelated individ-
uals to share haplotypes.
(ii) Increase the number of nuclear markers. An increase
in the number of microsatellites or alternative markers
such as SNPs (Chakraborty et al. 1999; Krawczak 1999)
or AFLPs (Krauss 1999; Mueller and Wolfenbarger
1999) would separate both unrelated and related individ-
uals. Gerber et al. (1999) showed that four to six highly
polymorphic nSSRs, such as those used in this study,
were sufficient to produce paternal exclusion of 99.9%
in a natural population of oak. Approximately 45 AFLP
or SNPs loci, with a low frequency of ”presence” alleles,
provide similar exclusion probabilities (Chakroborty et
al. 1999; Gerber et al. 1999). Since first-order relatives
always share at least one allele at every locus, paternity
exclusion of related individuals is dependent on the
number of loci available, their level of polymorphism,
and population substructure.
(iii) Alternatives to the addition of new markers : com-
plete paternal exclusion can be insured by (1) complete
elimination of paternally related individuals from the
breeding population, or (2) the creation of polymixes
that avoid mixing pollens known to share the same hap-
lotype. Two approaches to the latter option exist. The
maximum number of pollen parents can be retained by
creating several polymixes, each one customized for a
separate group of paternally related individuals. For the
test population used here, assuming that haplotype ex-
clusion of all unrelated individuals could be achieved,
six polymixes would be necessary, varying from 42–44
pollen parents each. Multiple polymixes require more
pollen, increase chances of error and require additional
record keeping. An alternative is a single polymix for all
trees, excluding all paternally related individuals but one

for each related group in order to facilitate application of
PMX/WPA scenarios #1 and #2. In this example, the
polymix would consist of 27 individuals, an entirely ac-
ceptable number for breeding value analysis and suffi-
cient males to ensure a broad representation of males in
the resulting progeny. Similarly, elimination of another
three individuals from the pollen mix would exclude ma-
ternal relatedness which would facilitate the application
of PMX/WPA scenario #3.

Likelihood models are used to statistically assign pa-
ternity, parentage, or other levels of relatedness (Mar-
shall et al. 1998; Goodnight and Queller 1999). Howev-
er, such models are generally designed to deal with natu-
ral populations and assume random mating and non-re-
latedness. Likelihood approaches may be quite flexible
and make full utilization of the data, accounting for such
factors as allele frequencies and the potential for geno-
typing errors or mutations (by modeling double-exclu-
sion requirements; Marshall et al. 1998). Furthermore,
paternal assignments may be made with relatively few
loci making the approach cost-effective. The most signif-
icant shortcoming of the likelihood approach is that the
probability of assigning paternity incorrectly, given relat-
ededness, can be non-zero. Valuable insight into paterni-
ty assignment is provided by Double et al. (1997). They
provide equations for calculating single-locus exclusion
probabilities when related males compete for mating, as
is the case in our elite populations. They also model ex-
clusion probabilities based on the number of loci used
and their level of polymorphism. For instance, to achieve
an exclusion probability in excess of 90% when one, five
or ten first-order relatives are competing, five, eight and
nine loci, respectively, each with ten equally frequent al-
leles are required. If needed, this might be both techni-
cally and economically feasible, but would require sig-
nificant marker development.

(5) Pedigree analysis: the PMX/WPA scenario #3 re-
quires that both maternity and paternity be determined
unambiguously for all progeny. Likelihood models pro-
vide one approach to satisfying this need. In this study,
the analytical software KINSHIP (Goodnight and Queller
1999) was used to estimate relatedness (probability of
sharing an allele by descent) for all possible pairs of in-
dividuals (990 combinations) and for all potential hypo-
thetical relationships. Based on known relationships, the
program-estimated averages were reasonably accurate
(Table 4), but variation about the mean was significant.
Similar dispersion was noted in salmon (Norris et al.
2000). Furthermore, high estimates of relatedness were
obtained for a number of unrelated pairs. Without the ad-
dition of many more loci, it is apparent that likelihood
approaches to assigning parentage for both parents
would not be precise enough to meet the needs of this
scenario.

It should be noted that single-locus or haplotype ma-
ternal exclusion can be developed relatively easily for
conifers using maternally inherited mitochondrial DNA
markers (Wagner 1992). Though variation is known to
exist in the mtDNA of conifers (Deverno et al. 1993;
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Dong and Wagner 1993; Aagard et al. 1995), a suite of
highly informative markers is not currently available for
pine. Notable concerns for the development of mt mark-
ers would include high rates of mutation in hot spots
and heteroplasmy (Wagner et al. 1991; Hipkins et al.
1994).

General applicability of PMX/WPA

Advantages of the PMX/WPA scenarios (advantages
may depend on the chosen scenario) as compared to cur-
rently used full-sib breeding and testing systems include:

(1) Logistical simplicity:

(i) Breeding is simpler, easier and less expensive (Cotterill
1986a, b) because there are fewer crosses to make and
fewer constraints on parental combinations. It is even
conceivable that the breeding could be completed a year
earlier in conifer species with the simpler PMX design.
These advantages are especially true if only one pollen
mix is used.
(ii) Testing is simpler because there are fewer crosses to
test. Testing may also be less expensive if the same pre-
cision on genetic information such as breeding values or
gca and sca estimation (scenarios #2 and 3) can be
achieved with fewer total individuals in the progeny test
due to a more-efficient breeding design.

(2) Improved estimation of breeding values:

Breeding values are more reliably estimated because
each parent gets crossed with more of the other parents
(Burdon and van Buijtenen 1990; Bridgwater 1992;
White 1996). This assumes that several male parents will
fertilize each female.

(3) Increased gain:

Gain from forward selection will be greater because
there is a greater likelihood of best-parent by best-parent
matings. In general, for a given number of individuals
tested, gain is greater with many crosses and few indi-
viduals per cross rather than few crosses and many indi-
viduals per cross, especially for low-heritability traits
(Pederson 1972, White 1996). A PMX cross is effective-
ly a collection of several full-sib crosses and, if fertiliza-
tion by pollen parents is random, then random-number
generation indicates that nearly all of the possible cross-

es among all parents will be realized under most conven-
tional testing designs. This improved gain also comes
about because there is better opportunity to control in-
breeding (i.e.), there are more choices of high value
crosses from which selections can be made that can meet
desired coancestry constraints.

(4) Maintaining genetic integrity:

Molecular marker genotypying of all selected progeny
provides a quality control check on genetic identity. In
most breeding programs if identity errors occur they
would go undetected which could possibly lead to later
inbreeding complications or nonrealization of expected
gains. Studies have revealed that identity errors in breed-
ing and production programs are common (Adams et al.
1988); such errors could strongly affect genetic-parame-
ter estimation and seriously affect genetic gain if error
rates exceed 2% (Ericsson 1999).

(5) Tie-in with other molecular genetics objectives:

Genetic fingerprinting of progeny and parents for
PMX/WPA applications could readily tie in with marker-
assisted selection, association genetics and transforma-
tion genetics.

The value of PMX/WPA depends greatly on whether or
not genotyping be done at a low enough cost to make it
competitive with conventional full-sib breeding and test-
ing. We believe that costs are already low enough to make
PMX/WPA scenario #1 a viable option since only a small
percentage of the total progeny test population would be
genotyped. To make scenarios #2 and #3 viable, genotyp-
ing costs would likely need to be much lower than today’s
costs. However, development of new marker technologies
(e.g., AFLP and single nucleotide polymorphisms or
SNPs) along with automated DNA sample analyses (e.g.,
DNA chips or microarrays) could lead to applicability of
scenarios #2 and #3 within the next few years.

Table 5 provides a subjective summary of compari-
sons between PMX/WPA and other breeding and testing
systems for many typical tree-improvement programs,
assuming the above advantages are achievable. These
subjective ratings need verification through experimenta-
tion and computer simulations; nonetheless, the relative
scores suggest that the PMX/WPA breeding and testing
scenarios deserve careful study.

Potential disadvantages of the PMX/WPA scenarios
include:

Table 4 Expected (Re) and average (standard error in parentheses) observed estimates of relatedness (probability of sharing an allele by
descent) for known pedigree relationships in the elite test population

Grandparent – offspring Parent – offspring Full-sibs Half-sibs
N=6 N=21 N=7 N=12
Re=0.25 Re=0.50 Re=0.50 Re=0.25

0.31 (0.10) 0.44 (0.05) 0.53 (0.09) 0.31 (0.06)
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(1) Differential reproductive success:

A key assumption for some of the advantages of the
PMX/WPA breeding and testing system is that several
males are effective in fertilization. If few males domi-
nate fertilization events, benefits are significantly re-
duced. Unequal or reduced male contribution could oc-
cur if: (1) few males are used in the pollen mix, (2) some
of the pollen lots are inviable, or (3) there is genetically
determined differential male reproductive success in fer-
tlization.

These problems appear to be negligible or easily man-
aged. We recommend using several males (>20) in
PMX/WPA crossing schemes. Careful pollen collection,
processing, storing and testing will ensure all pollen lots
are equally viable. Regarding (3), there have been a
number of studies in trees on the relative reproductive
success of male pollen in mixtures (Tobolski 1983;
Lindgren and Yazdani 1988, Moran and Griffin 1985,
Apsit et al. 1989; Rogers and Boyle 1991, Nakamura and
Wheeler 1992, Skroppa and Lindgren 1994). Though
most of these studies were done with few (two to six)
pollen parents in the mixture, differential paternal parent
contributions were slight. Only the two spruce (Picea)
species showed very meaningful departures from expec-
tation in the effective fertilization by different males
(Rogers and Boyle 1991; Skroppa and Lindgren 1994).
Fowler (1987) points out that only a few pollen grains
(four for P. taeda) can occupy the micropyle in a com-
petitive position for fertilization of the ovule in many co-
niferous species. This fact reduces the probability that
any one pollen parent will dominate in fertilization be-
cause it is unlikely that pollen grains of the same parent
would occur in a high percentage of the micropyles if
several parents are used in the polymix. There was no
significant departure from expectation in male parental

representation in the progeny when a nine-parent pollen
mix was applied to four females in loblolly pine (Wiselogel
and van Buijtenen 1988).

(2) Inbreeding:

In certain instances some of the pollen in a mix could be
”self” pollen or pollen from a closely related individual.
The latter can occur in advanced generations of breeding
in closed breeding lines of small population size. This
could result in a condition where the pollen mix is more-
closely related to some female parents than it is to others
and the related pollen fertilizes differentially, or when
fertilization results in differential levels of inbreeding
among the PMX progeny groups. Different levels of in-
breeding among crosses can occur in full-sib mating de-
signs as well, especially in advanced generations. When
the full parentage (and pedigree) of all individuals in the
progeny test is known, as is the case for full-sib breeding
and in PMX/WPA scenarios #2 and #3, it is possible to
analyze the effects of the differential inbreeding levels
and account for it in the calculation of breeding values.
In PMX/WPA scenario #1 the male parentage is deter-
mined for only the few individuals who are candidates
for the next generation of breeding so that such adjust-
ments are not possible. This potential bias in breeding
values depends on how successful the related pollen is at
producing viable progeny and on the differential success
of ”self” fertilizations. Nonetheless, the degree of this
differential relatedness of the pollen mix with different
females does not seem to be a serious problem for most
current tree-breeding lines since parents tend not to be
closely related and because self pollen would be only a
small portion of the pollen mix. Furthermore, self pollen
in a mix with unrelated pollen (and probably closely re-
lated pollen as well) does not compete well to produce

Table 5 Comparisons of open-pollinated, full-sib and polymix
breeding and testing systems including PMX/WPA scenarios one
through three. Subjective ratings are relative to each other where:
1=worst through 5=best. Ratings assume that the PMX/WPA pa-

rental-analysis cost targets of $30/tree for scenario one and $3/tree
for scenarios two and three are achievable. Comparisons are for a
40-parents per generation breeding line

Item Open Full-sib PMX PMX/WPA PMX/WPA PMX/WPA
pollinated (circular) Scenario 1 Scenario 2 Scenario 3

Number of crosses to make 0 80 40 40 40 40
Number of families to test 40 80 40 40 40 40
Simplicity of breeding 5 1 3 3 3 3
Simplicity of testing 5 1 5 5 5 5
Simplicity of pedigree analysis 5 5 5 3 2 1

(None) (None) (None)
Simplicity score 15 7 13 11 10 9
Parental breeding Value and 5 1 5 5 5 5

GCA Estimation
SCA variance Estimation 1 3 1 1 5 5
SCA of Specific crosses 1 5 1 1 3 3
Advanced generation selection 1 3 2 4 5 5

gain
Inbreeding control 1 3 1 4 5 5
Pedigree error control 1 3 1 5 5 5
Value score 10 18 11 20 28 28
Total 25 25 24 31 38 37
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viable progeny for testing, presumably due to genetic
load (embryonic lethal alleles occuring in a homozygous
state; Lindgren and Yazdani 1988). Two possible solu-
tions to this potential ”related pollen” problem include:
(1) create large polymixes with many males in the pollen
mix, (2) create custom pollen mixes for each group of
unrelated females leaving out self and closely related
pollens.

(3) Specific cross SCA:

PMX breeding in scenario #1 does not permit estimates
of specific combining ability (SCA) and is therefore ap-
propriate in programs that exploit primarily general com-
bining ability (GCA). In scenarios #2 and #3 estimates
of SCA variance at a population level are well estimated
even with limited numbers of trees per PMX cross. How-
ever, it would be necessary to produce several progeny
per cross in order to generate SCA on a specific cross
basis. Specific-cross SCA may be valuable in the com-
mercial production of full-sib crosses but GCA is the pri-
mary source of gains from one generation to another in
breeding populations.

Conclusions

Polymix breeding, combined with parental analysis of
the progeny (PMX/WPA) using genetic markers, ap-
pears to be a viable alternative to currently used full-sib
breeding and testing systems. Potential key advantages
are simpler and less-expensive breeding and testing,
greater genetic gain and an elimination of identity er-
rors. PMX/WPA scenario #1 requires paternal analysis
of a small percentage of the progeny test population
that have a high breeding value based on the breeding
value of the mother and the performance of the individ-
ual progeny. Based on the paternal analysis only those
from high breeding value fathers and those that help in
coancestry control are used for breeding for the next
generation. PMX/WPA scenario #2 requires paternity
analysis of all PMX progeny such that both male and
female are known for selection work. This effectively
yields many crosses for genetic parameter estimation
and provides flexibility for high genetic gain and in-
breeding control. PMX/WPA scenario #3 requires full
parental analysis of all PMX progeny. This approach
provides the same benefits of scenario #2 but might be
desirable where maintaining parental identity in tests is
difficult or expensive.

Successful implementation of a PMX/WPA program
is dependent on marker technologies that provide com-
plete parental exclusion. The preliminary data reported
here suggest that relatively few, carefully chosen mark-
ers (7–10) may be adequate to meet most breeding popu-
lation needs for scenarios #1 and #2 today. Although sce-
narios #2 and #3 may be prohibitively expensive at this
point in time, new marker technologies and automation
of DNA sample analysis should make them feasible
within the next few years. The actual number of markers

required depends on many factors including population
size, marker informativeness, gene frequencies, genotyp-
ing error rates, etc. Relatedness among pollen parents
and female parents in the breeding population greatly in-
creases the difficulty of determining the parentage of
PMX progeny. Relatedness within the breeding popula-
tion can be accomodated by creating two or more cus-
tomized pollen-mix lots that improve paternal exclusion
probabilities.

Appendix 1: detailed material and methods

DNA extraction

For the CTAB method, 100 mg of needle tissue was
placed in a 1.5-ml microfuge tube, frozen with liquid ni-
trogen, and ground to a fine powder using a plastic pes-
tle. The needle sample was suspended in 700 µl of 2×
CTAB buffer, with 200 µg of Proteinase K. The proce-
dure yielded approximately 10 µg. The DNA samples
were resuspended in 100 µl of TE buffer (10 mM Tris,
1 mM EDTA, pH 8.0). For the DNeasy method, 50 mg
of needle tissue was placed in a 2-ml screw cap tube.
The tube contained a ceramic ball and cylinder (BIO101,
Carlsbad, Calif.). AP1 buffer was added (600 µl) with
RNaseA (100 mg/ml, 1.5 ul per sample) and Reagent
DX (detergent, 1.5 µl per sample). The samples were ho-
mogenized for 45 s by agitation (up and down with
twisting, at high speed, setting 4.5) in the FastPrep in-
strument (BIO101, Carlsbad, Calif.). The samples were
processed 12 at a time and held on ice until 96 were ho-
mogenized. The homogenates were incubated at 65°C
for 30 min, then AP2 buffer (protein precipitation, 200 µl)
was added and the tubes were shaken for 15 s. The tubes
were then chilled on ice for five minutes before being
centrifuged for 5 min at 5600 g. Supernatents (400 µl)
were transferred to 96 2-ml tubes (mtp format), then AP3
buffer was added (600 µl) and mixed by pipetting up and
down several times. The solutions (approximately 1 ml)
were transferred to a DNeasy 96 plate and centrifuged at
5600 g for 4 min. AW buffer was added (800 ul) then the
plate was centrifuged at 5600 g for 15 min. The DNA
was eluted from the plate by adding 100 µl of AE buffer,
incubating for 1 min, then centrifuging at 5600 g for
2 min. This step was repeated for maximum yield, result-
ing in 15 to 20 µg of DNA in 200 µl. The concentration
of loblolly pine samples was estimated by visual com-
parison using the fluorescence of ethidium-stained lamb-
da DNA concentration standards on 0.8% agarose gels
illuminated with UV-light.

PCR-amplification

The sense primer was fluorescently labeled with IRD-41.
The PCR-reaction was carried out in 5 µl using 40 ng of
loblolly pine genomic DNA as a template. The PCR re-
action protocol (Jang, Genetic Analysis Bulletin #30,



LI-COR, Inc., Lincoln, Nebraska) used PCR buffer and
1 unit of Taq polymerase (Boehringer Mannheim, 10 mM
Tris-HCl, 1.5 mM MgCl2, 50 mM KCl, pH 8.3), 2 pmol
of reverse (anti-sense) primer, 0.1 pmol of IR-labeled
forward (sense) primer, 0.1 mM of dNTP (using dGTP).
The reactions were run in 96-well polycarbonate micro-
titre plates (25 µl conical-bottom wells). The thermocy-
cler temperature program was (94°C, 30 s; 58°C, 30 s;
72°C, 1 m) repeated ten times, dropping the annealing
temperature by 1 degree each cycle, followed by 23 cy-
cles using the original 58°C annealing temperature. The
stop solution contained 95% formamide, 0.1 mM EDTA,
0.1% bromophenol blue, and 5 µl of stop solution was
added to each reaction. Multiplexed PCR reactions con-
tained primer pairs for four microsatellites (0.1 pmol of
each labeled reverse primer, and 2.0 pmol of each for-
ward primer).

DNA fragments containing nuclear microsatellite se-
quences were PCR-amplified from loblolly pine genomic
DNA using three pairs of DNA primers. The DNA se-
quences for two primer pairs, PtTX3011 and PtTX3034,
were obtained from the Texas A&M University web
page of Dr. Claire Williams (http://forestry.tamu.edu/ge-
netics/primer.txt). The other primer pair was designed
from the loblolly pine EST sequence 6c12f (GenBank
accession AA556811; see Table 3). This EST was found
by BLAST search of EST sequences in GenBank using
ten repeats of the trinucleotide CAG. The DNA sequence
from the M13–29 forward sequencing primer was incor-
porated at the 5′ end of each forward primer sequence
(CACGACGTTGTAAAACGAC, tailed primer strategy,
Oetting et al. 1995). The protocol is described at
http://biosupport.licor.com/support/RnP/protocols/Tail-
Prim.shtml. An M13 primer with a 5′ infrared fluoro-
phore label, IRD41, was used as the only source of la-
beled primer for detection for all nuclear microsatellites.
The PCR-reaction was carried out in 10 µl using 40 ng of
loblolly pine genomic DNA as template. The PCR reac-
tion used PCR buffer and 1 unit of Taq polymerase
(Boehringer Mannheim, 10 mM Tris-HCl, 1.5 mM
MgCl2, 50 mM KCl, pH 8.3), 2 pmol of anti-sense prim-
er, 0.1 pmol of IR-labeled sense primer, 0.1 mM of
dNTP (using dGTP). The reactions were run in 96-well
polycarbonate microtitre plates (25 µl conical-bottom
wells). The thermocycler temperature program was
(94°C, 10 s; 65°C, 30 s; 72°C, 1 m) repeated 13 times,
dropping the annealing temperature by 0.7 degrees for
each cycle, followed by 23 cycles using (94° C, 10 s;
56°C, 30 s; 72°C). The stop solution contained 95%
formamide, 0.1 mM EDTA, 0.1% bromophenol blue, and
5 µl of stop solution was added to each reaction.

Electrophoresis

The gels were run at 50°C with constant power (70 W),
and with the scanner collecting 16-bit video data with
motor speed 3. The IRD-labeled STR molecular-weight
marker contained 15 DNA fragments that ranged from

50 to 350 bp (LI-COR). Loblolly pine accession 7–56
(NCSU-Industry Cooperative Tree Improvement Pro-
gram, Raleigh) was used as a genotyping control sample
for the cpDNA microsatellites. A 48-well comb was
used, and each run contained three molecular-weight
marker standards, six control sample lanes, and 40 test
sample lanes. For multiplexed runs, aliquots of two PCR
reactions were loaded in each lane.

Note The experiments described in this manuscript were done in
compliance with the laws of the United States of America where
they were conducted.
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