heterosis in maize. Aust. J. Biol. Sci. 18: 569—583, (1965). —— ORRr-
Ewing, A. L.: Further inbreeding studies with Douglas-fir. The
Forestry Chronical 33: 318—332, (1957). —— Ogr-Ewing, A. L.: In-
breeding and single crossing in Douglas-fir. Forest Science 11:
279—290, (1965). —— Orr-Ewing, A. L.: Inbreeding Douglas-fir to
the S, generation. Silvae Genetica 25: 179—183, (1976). —— RuboLPH,
T. D.: Cone set, seed yield, seed quality, and early seedling deve-
lopment of S, generation jack pine. Proceedings of Tenth Central
States Forest Tree Improvement Conference. Purdue University.
pPp. 42—60, (1976). —— Ruporrn, T. D.: Four year height growth
variation among and within SD, Sl X Sl, S1 open-pollinated and S,
inbred jack pine families. Can. For. Research 11: 654—6861, (1981).

—— Sarvas, R.: Investigations on the flowering and seed crop of
Pinus sylvestris. Comm. Inst. Forest Fenn. 53. 4. 198 pp, (1962).
Sorenson, F. C., FrankiiN, J. F. and Woobrarp, R.: Self-pollination
effects on seed and seedling traits in noble fir. Forest Science 22:
155—159, (1976). ~~— Sorenson, F. C. and Mites, R. S.: Self-pollina-
tion effects on Douglas-fir and ponderosa pine seeds and seedlings.
Silvae Genetica 23: 135—138, (1974). —— Sn~iezko, R. A.: Inbreeding
and outcrossing in loblolly pine. Ph.D. thesis. Dept. of Forestry,
North Carolina State Univ., Raleigh, N.C. 50 pp, (1984).. —— Wit~
cox, M. D.: Inbreeding depression and genetic variance estimated
from self- and cross-pollinated families of Pinus radiata. Silvae
Genetica 32: 89—396, (1983).

Linkage Relationships among Allozyme loci in Japanese Black Pine,
Phinus thunbergii Parl.

By S. SHIRAISHI

Silviculture Division,
Forestry and Forest Products Research Institute,
P.O. Box 16, Tsukuba Norin Kenkyu Danchi-nai,
Ibaraki, 305 Japan

(Received 14th July 1986)

Summary

Linkage relationships among 32 polymorphic allozyme
loci were investigated in Japanese black pine, Pinus thun-
bergii ParL. Haploid megagametophytes from 18 mother
trees that possess doubly or more heterozygous loci were
utilized for materials. Results of segregations in 221 in-
stances among the possible 496 two-locus combinations of
these loci were discussed by procedure of Akaike informa-
tion criterion (AIC) in addition to conventional chi-square
analysis. Segregation in most of the tested pairs revealed
the independence in each locus. In fifteen pairwise combi-
nations, however, linkage was recognized- G2d was always
associated with Pgm-1. Tzo-4 and Lap-2 also showed almost
complete linkage. Me-1:Lap-2, Me-1:Tz0-4, Adh-3:Lap-1
and Shd-1:Est-2 were linked closely with estimated re-
combination values of 0.13, 0.15, 0.26 and 0.27 respectively.
Mdh-1:Est-2, 6Pg-1:Est-4, Shd-2:6Pg-3, Got-2:Fm, Adh-3:
Est-2 and 6Pg-3:Est-3 were linked with recombination
values between 0.33 and 0.39. The remaining tested pairs
were linked weakly with recombination values greater
than 0.40. By AIC, linkages including nonrandom segrega-
tions in gametic genotype for specific loci were detected.
Nineteen loci involved in these combinations were classified
into six linkage groups, and a linkage map was made up on
basis of the estimated recombination values and ordering
of the loci in each group by three-point mapping.

Key words: Linkage, isozymes, allozymes, AIC, Pinus thunbergii,
Japanese black pine.

Zusammenfassung

Die Kopplungsverhéltnisse zwischen 32 polymorphen Al-
lozym-Loci wurden bei Pinus thunbergii ParL. untersucht.
Haploide Megagametophyten von 18 Sameneltern, die zwei
oder mehrere heterozygote Loci aufwiesen, wurden ver-
wendet. Die Segregation von 221 bei 496 mdéglichen Zwei-
Locus Kombinationen wurden mittels des Akaike Informa-
tionskriteriums (AIC) und anhand der konventionellen
z2-Analyse untersucht. Die Segregationsverhiltnisse der
meisten Paare zeigte die Unabhingigkeit der Loci an. Bei
15 paarweisen Kombinationen wurde jedoch Kopplung be-
obachtet. G2d war stets Pgm-1 gekoppelt. Tzo-4 und Lap-2
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zeigten meistens vollstindige Kopplung. Me-1:Lap-2, Me-1:
Tz0-4, Adh-3:Lap-1 und Shd-1: Est-2 waren mit einer ge-
schitzten Rekombinationsrate von 0,13/0,15/0,26 bzw. 0,27
eng gekoppelt. Mdh-1:Est-2, 6Pg-1:Est-4, Shd-2:6Pg-3,
Got-2:Fm, Adh-3:Est-2 und 6Pg-3:Est-3 waren mit Rekom-
binationsraten zwischen 0,33 und 0,39 gekoppelt. Die {ibrigen
der getesteten Paare waren mit Rekombinationsraten gro-
Ber 0,40 nur schwach gekoppelt. Kopplung einschlielich
nicht zufilliger Segregation der Parameter konnte bei ei-
nigen Loci beobachtet werden. Neunzehn Loci konnten in
6 Kopplungsgruppen eingeteilt werden. Die geschitzten
Rekombinationsraten dienten zur Erstellung einer Kopp-
lungskarte. Die Reihenfolge der Loci wurde anhand des
“three point mapping” festgelegt.

Introduction

In breeding as well as genetic studies, it is very important
to investigate the linkage relationship among loci and to
make up the linkage map. It is necessary to clarify the re-
lationship among loci as genetic markers when we study
genetic structures and their dynamics in populations using
isozymes and terpenes and so on. There are a few reports
regarding linkage disequilibrium and epistatic selection in
population (Mirton et al., 1980; Roserps and BROTscCHOL,
1985). If the linkage map was made up on easily detectable
marker genes such as allozymes, it would be easy to locate
newly-detected genes on the map. When economically im-
portant genes are found and recombined by crossing in the
future, the selection in the early stage is possible by using
marker genes closely linked to them. Such a technique for
early selection is useful, especially in forest trees which
have very long vegetative period and it takes long time to
manifest a lot of characteristics. The information obtained
from linkage maps of various species also proved useful
for characterizing phylogenetic relationships among them
(Cueuiak and PiteL, 1985).

In coniferous species, linkage of genes which control
isozymes can be revealed easily without making crosses by
analysis of the independence of segregation in each locus
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using the haploid megagametophyte tissue of seeds. Each
megagametophyte has the same genetic constitution as the
female gamete. This advantage expedited the progress of
the linkage studies in forest tree genetics. On many allozy-
me loci of Pinus ponderosa (O’MavLLey et al., 1979), P. rigida
(Guries et al-, 1978), P. sylvestries (Rupin and ExBerc, 1978),
P. taeda (Apams and Jory, 1980), P. strobus (Eckerrt et al.,
1981), Abies balsamea (NeaLe and Apawms, 1981), Picea glauca
(Kinc and Dancik, 1983), Pseudotsuga menziesii (EL-KAssaBy
et al., 1982) and Larix laricina (Cueuiak and PireL, 1985), the
linkage relationships have been investigated.

In this paper, the linkage relationships among 32 poly-
morphic allozyme loci encoding 19 enzyme systems in Ja-
panese black pine were discussed. Akaike information cri-
terion (AIC) method was adopted to decide the linkage in
addition to chi-square test that has been generally used. A
linkage map was established from the data of the pair-loci
recognized as linkage.

Materials and Methods

1. Materials and isozyme analysis

Ramets of 17 plus trees and ortet of one resistance clone,
Sendai-sho 2 for the pine wood nematode were used as
mother trees for the collection of wind-pollinated seeds.
The megagametophytes from doubly or more heterozygous
clones were analyzed to investigate the linkage relation-
ship among the following 32 polymorphic loci in 19 enzyme
systems: Alcohol dehydrogenase (Adh-1, Adh-3), Sorbitol
dehydrogenase (Sod), Shikimate dehydrogenase (Shd-1,
Shd-2), Glycerate dehydrogenase (G2d), Malate dehydro-
genase (Mdh-1, Mdh-2), Malic enzyme (Me-1, Me-3), 6-
Phosphogluconete dehydrogenase (6Pg-1, 6Pg-2, 6Pg-3),
Glucose-6-phosphate dehydrogenase (G6p), Glutamate de-
hydrogenase (Gdh), Peroxidase (Px), Tetrazolium oxidase
(Tz0-3, Tzo-4), Glutamate oxalomate transaminase (Got-1,
Got-2), Glucoxinase (Gk), Phosphoglucomutase (Pgm-1,
Pgm-2), Esterase (Est-1, Est-2, Est-3, Est-4), Amylase (Amy),
Leucine aminopeptidase (Lap-1, Lap-2), Fumarase (Fm),
Phosphoglucose isomerase (Pgi)-

The same procedures as SuiraisHi (in press) were used in
tissue preparation and extract, polyacrylamide gel electro-
phoresis and detection of enzyme activities.

2. Statistical procedures

The following two statistical methods were adopted to
judge linkage.

Chi-square test

This analysis systematized by Maruer (1938) has been
generally used for linkage study. The genotypes of megaga-
metophytes from doubly heterozygous maternal parents for
two loci being represented as A and B, were scored within
each family. The chi-squares, 7,2 and yp? for gametic single
locus segregation in A and B locus, and ;2 for joint segre-
gation, were calculated for the genotypic score. The y,2 and
xp* were used to test the goodness of fit to an expected 1:1
Mendelian ratio at five percent level. y;2 was used to test
the goodness of fit to an expected 1:1 ratio in two-locus
joint segregation. When the pairing alleles in both or only
one locus segregated according to the Mendelian ratio, and
at the same time, the significant deviation in joint segrega-
tion recognized at five percent level, the two loci were de-
termined to be linked each other.

Akaike Information Criterion procedure

Akaike information criterion (AIC) introduced by AkAIkE
(1973 and 1976) was the statistic for lack of fit in the sta-
tistical models.

Let the f be the number of parameters without restraint
in model and the I be the maximum likelihood estimate.
AIC is:

AIC = (-2)log I + 2f

The model scored smaller AIC estimate is evaluated as
better one, and the model scored minimum AIC estimate
(MAICE) is the best among the models assumed. AKAIKE
adopted this statistic to the genetic analysis, and found that
AIC could obtain clearer result in comparison with chi-
square test.

Four kinds of gametic genotype, A1BI1, A1B2, A2B] and
A2B2 from doubly heterozygous maternal parent (A1B1/
A2B2) are segregated on 1:1:1:1 ratio under Mendelian
law, if they are independent. Some distortion in segregation,
however, could happen depending on the linkage, reduced
or nonrandom production of gametes in A and/or B locus.
Considering the three factors that influence for the single-
locus segregation in each locus and the joint segregation, the
nine models could be designed as shown in Table 1:

Model 0: This is non-restrictive model. In this model, the

expected value of each genotype equals to the observed

value.

Model 1: The pairing alleles segregate according to the

Mendelian ratio in both A and B locus. The two loci are

not linked.

Model 2: The pairing alleles segregate according to the

Mendelian ratio in both A and B locus. The two loci

are linked.

Table 1. — Definitions of three parameters, q dp and 7, and the
number of parameter (f) without imposed restriction in each AIC
model.

Model 0 1 2 3 4 5 o 7 8

r - =0.5<0.5 =0.5 <0.5 =0.5 <0.5 =0.5 0.5
a4 ~ =l =l AL Al =1 =1 A1 41
qp - =1 =1 =1 =l AL Al £l L
f 3 0 1 1 2 1 2 2 3
Table 2. — The expected probability (p ) of four genotypes
(A.B.) in each AIC modei.
Genotype Al1B1 AlB2 A2B1 A2B2
Ob.val.* a b c d
Model O a/n b/n e/n d/n
Model 1 1/4 1/4 1/4 1/4
Model 2 (1-r)/z; rlz, r/z; (1-r)/z
[(a+d)/2n} [ (b+c)/2n) {(b+c)/2n] [(a+d)/2n]
Mode! 3 V24 1/24 q4/23 q4/73
[(a+b)/2n} | (a+b)/2n | (c+d)/2n] [(c+d)/2n]
Model 4 (1-r)/z4 rlz, roqu/7a (1-r)-q4/74
{ (a+d)(a+b)/n? | [(b4c)(a+b)/n? | [(b+c)(c+d)/n? ] |(a+d)(c+d)/n?]
Model > 1/2 qp/2s 1/zg qp/2s
| (atc)/2n] [ (b+d)/2n| | Catc)/2n] [(b+d)/2n]
Model 6 (1-r)/z, r«qB/zb rlz, (1-r)-qg/zs
[(a+d)(a+c)/n?} [(b+c)(b+d)/n2] | (b+c)(a+c)/n? ] [(a+d)(b+d)/n? ]
Model 7 \/z, qglzs q4/zr 9498727
[(a+b)(a+c)/n?) [(a*cg(b+d)/nzl l((+d§(a+c)/n7] {(c+d)(b+d)/n? |
Model B8 (1-r)/zg r-qg/zs r-qu/zy (1-r)-q4-qg/zs
[ 21 {7 7] {21

n=atbtcdd; z,=2(1-r)+2r=2; 23=2+2q,; z.=(1—r)+r+r~qA+(]—r)qA; 25=2+2qp;
2=(1-r)+r qg+r+(l-riqg; 2;=14qp+q+q4-qg; za=(1-r)+r-qgtr-qu+(1-r)-q,-qg
[ 1; General solutions obtained by method of maximum IiEelihood except
model 8 (shown with "?"), The approximate values were computed
by Newton-Raphson method in model 8.
#*'0Observed value
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Model 3: The pairing alleles in B locus segregate accord-
ing to the Mendelian ratio, while, nonrandom segregation
causes in A locus. The two loci are not lirked.

Model 4: The pairing alleles in B locus segregate accord-
ing to the Mendelian ratio, while, nonrandom segregation
causes in A locus. The two loci are linked each other.
Model 5: The pairing alleles in A locus segregate accord-
ing to the Mendelian ratio, while, nonrandom segregation
causes in A locus. The two loci are not linked.

Model 6: The pairing alleles in A locus segregate accord-
ing to the Mendelian ratio, while, nonrandom segregation
causes in B locus. The two loci are linked each other.
Model 7: Nonrandom segregation causes in both A and B
locus, and the two loci are not linked.

Model 8: Nonrandom segregation causes in both A and
B locus, and the two loci are linked each other.

Let segregation ratios in A and B loci be A1:A2 = 1:q,,
B1:B2 = 1:qp respectively, and the recombination value
between two loci be r. The definitions of the three para-
meters, g4, gp, and r and the number of parameter (f)
without imposed restriction in each model were summarized
as Table 1.

Assuming the discrete random variable X = [x;, X;, --=, X ]
accords to the multinomial distribution of the parameter
P = [p,, Ps», ---, DPx] independently and identically, the lo-
garithmic likelihood function (1) could be defined as fol-
lows:

1= loge{n!/(xl! cxy e X D)+ Ixge log p;

where: n = X+Xo+ ——— +Xp
When the p was obtained so as the I being maximum by
maximum likelihood method, the value of 1 is the maximum

likelihood estimate (Al) As the first term in this equation is
the constant, AIC can be compared only with second term.
The maximum likelihood estimates (i) for AIC of the nine
models in this study were calculated by the following for-
mula:

I =a-log,ppipy + D-108oPa1B2 + € 108cPa2Ry + d-1og.Ppsp2

p, . Wwere expected probabilities of each genotype, and
they were shown in Table 2. The estimates of py . in each
model were calculated from the expected probabilities by
method of maximum likelihood. As in model 8, general

solution of estimates could not be obtained, the approximate
values were calculated using Newrton-RarHsoN method that
was able to solve the non-linear simultaneous equation
(SakanNo, 1982).

Results and Discussion

Inheritance of isozyme variations in 19 enzyme systems
was investigated in Japanese black pine, and 37 loci encod-~
ing them were found (SHiraishi, in press). More than six
megagametophytes of wind-pollinated seeds from each 18
mother tree were analyzed and the genotypes in these loci
were assumed previously. As no heterozygous mother trees
were found in five, Adh-2, Me-2, Tzo-1, Tz0-2, and Got-3,
of 37 allozyme loci, the association among remaining 32 loci
were investigated. Two hundred and twenty-one combina-
tions among possible 496 two-locus combinations of the 32
polymorphic loci were studied for linkage analyses. The
number of families and the total number of megagameto-
phytes analyzed for particular pair of loci are shown in
Table 3.

Chi-square test for random joint segregation has been
used to determine the linkage. Unbalanced segregation of a
pair of alleles in only one locus doesn’t affect the chi-square
analysis for joint segregation to detect linkage (Baly,
1961). If both loci, however, are unbalanced, the chi-square
analysis is not valid. Therefore, in addition to chi-square
test, AIC analysis which can detect linkage even from
the data with unbalanced segregations in both loci, was ap-
plied in this study.

The total of 349 families were analyzed to discuss the
linkage relationships in the available 221 two-locus combi-
nations. Data from more than two families were obtained
in 80 combinations of them, and only one family’s data was
used in remaining 141 combinations. From analyses of these
data, linkage was recognized in 15 pairwise combinations
among 19 loci (Table 4 and Table 5).

In most of 141 two-locus pairs with single family, the
chi-square analyses for joint segregations confirmed inde-
pendence of ‘the loci. In ten pairs, however, chi-square for
joint segregation departed significantly from expected 1:1
ratio. Nine pairs except Mdh-1:Est-2 exhibited Mendelian
1:1 ratio in both single locus segregation, and departed
significantly from expected value only in joint segregation.
In AIC analysis for these pairs, model 2 that the two loci

Table 4. — The combinations of two-loci (A;B) which recognized significant deviation
from random joint segregation by chi-square analysis.

Combination 0 Sample Segregation classes Chi-square
A : B Family size AlB1:A1B2:A2Bl1:A2B2 x; (p) Xf; Cp) X]z_, (p)
Adh-3:Est-2 Oki 102 104 28 21 20 35 0.35(0.56) 0.62(0.44)  4,65(0.04)
Adh-3:Lap-1 Sendai-sho 2 89 36 9 14 30 0,01(0,92) 1.36(0.25) 20.78(0.01)
Shd-1:Est-2 Oki 102 106 39 11 17 37  0.15(0.70) 0.62(0.44) 22,15(0.01)
Shd-2:6Pg-3 Oki 102 104 33 21 18 32 0,15(0.70) 0.04(0.85) 6.,50(0,02)
Shd-2:Got-2 Oki 103 108 30 21 22 35 0,33(0,57) 0.15(0.71) 4.48(0.04)
Mdh-1:Est-2 Minamitakaki 102 54 25 8 10 11 2,67(0.11) 4,74(0.04) 6.00(0.02)
M e-1:Lap-2 Yatsuka 102 83 38 7 4 34 0,59(0.45) 0,01(0.92) 44.83(0.01)
6Pg-1:Est-4 Oki 102 104 34 20 18 32 0,15(0,70) O 7.54(0.01)
6Pg-3:Est-3 Oki 102 104 33 20 21 30 0,04(0,85) 0.15(0.70) 4.65(0.04)
Got-2:F m Oki 103 108 33 19 23 33 0,15(0.71) 0.15(0.71)  5.33(0.03)
Shd-2:Est-3 Minamimatsuura 117 72 27 19 12 14 5,56(0,03) 0.50(0.49) 1.39(0.25)
Oki 102 106 32 22 18 32 0,15(0.70) 0.15(0.70) 5.54(0.03)
Motoyoshi 101 108 18 22 27 41 7.26(0.01) 3.00(0.09) 0.93(0.34)
Sendai-sho 2 72 22 18 14 18 0.89(0.36) O 0.89(0.36)
Kawanabe 41 52 14 14 8 16 0,31(0.59) 1.23(0.28) 1,23(0.28)
G 2 d:Pgm-1 Motoyoshi 101 108 64 ] 0 44 3.70(0.06) 3.70(0.06) 108.00(0.01)
Asakuchi 101 72 30 0 0 42 2,00(0.16) 2.00(0.16) 72.00(0.01)
M e-1:Tzo-4 Minamimatsuura 117 90 40 5 9 36 O 0.71(0.41) 42,71(0.01)
Yatsuka 102 83 138 7 4 34 0,59(0.45) 0.01(0.92) 44,83(0.01)
Tzo-4:Lap-2 Yatsuka 102 83 42 0 0 41 0,01(0.92) 0.01(0.92) 83.00(0.01)
Kawanabe 15 83 41 1 0 41 0,01(0,92) 0.01(0.92) 79.05(0.01)
Pgm-2:A m y Minamimatsuura 101 54 19 6 13 16 0,30(0.59) 1.85(0.18) 4.74(0.04)
Asakuchi 101 72 20 17 16 19 0.06(0.82) O 0.50(0.49)
Minamimatsuura 108 108 29 23 20 36 0,15(0,71) 0.93(0.34) 4.48(0.04)

Remarks; assumed that the largest linkage class is-the parental type (A1B1; A2B2)
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Table 5. — Results of AIC analysis in the two-locus combinations recognized as linkage.

Model
Combination Family
0 1 2 3 4 S 6 7 8
Adh-3:Est-2 Oki 102 288.9 288.4 285,7% 290.0 287,3 289.7 287.0 291.4 288.9
Adh-3:Lap-1 Sendai-sho 2 229.5 246.8 227.1% 248,8 229.1 247.4 227.7 249.4 229.5
Shd-1:Est-2 Oki 102 270.0 288.4 267.3% 290.2 2069.2 289.7 268.7 291.6 270.0
Shd-2:6Pg-3 Oki 102 287.5 288.4 283.8% 290.2 285.6 290.3 285.7 292.2 287.5
Shd-2:Got-2 Oki 103 300.5 299.4 296.9% 301.1 298.6 301.3 298.8 303.0 300.5
Mdh-1:Est-2 Minamitakaki 1G2 143.8 149.7 145.6 149.0 144.9 146.9 142.8% 146.2 143.8
M e-1:Lap-2 Yatsuka 102 185.0 230.1 182,0% 231.5 183.4 232.1 184,0 1233.5 185.0
6Pg-1:Est-4 Oki 102 286.6 288.4 282.7% 290.2 284.6 290.4 284.7 292,2 286.6
6Pg-3:Est-3 Oki 102 289.5 288.4 285.7% 290,3 287.6 290,2 287.5 292.2 289.5
Got-2:F m Oki 103 299.7 299.,4 296.1% 301.,3 297.9 301.3 297.9 303.1 299.7
Shd-2:Est-3 Minamimatsuura 117 198.5 199,6 200.2 196.0% 196,6 201.1 201.7 197.5 198.5
Oki 102 288.4 288.4 284.8% 290.2 286.6 290.2 286.6 292.0 288.4
. Motoyoshi 101 294.8 299.4 300.5 294,1 295.2 298.4 299.5 293.1% 294.8
Sendai-sho 2 203.8 199.6% 200.7 200.7 201.9 20l1.6 202.7 202.7 203.8
Kawanabe 41 147,2 144,2% 44,9 145.9 146,6 144,9 145,7 146.6 147,2
G 2 d:Pgm-1 Motoyoshi 101 152,0 299.4 151,7 297.7 150,0% 297,7 150,0% 296,0 152.,0
Asakuchi 101 103.8 199.6 10!.8% 199.6 101.8% 199.6 101.8* 201.6 103.8
M e-1:Tzo-4 Minamimatsuura 117 207.2 249,5 204.6% 251.5 206.6 250.8 205.,9 252.8 207.2
Yatsuka 102 185.0 230.1 182.0% 231.5 183,4 232,1 184,0 233.5 185.0
Tzo-4:Lap-2 Yatsuka 102 121,10 230,01 117,1% 232,01 119,1 232,1 119,1 234,1 121.,1
Kawanabe 15 130.5 230.1 127,9% 232,1 129,9 232.1 129.9 234.1 130.5
Pgm-2:A m y Minamimatsuura 10} 148,0 149.7 146.9% 151,4 148.6 149.9 147.1 151.6 148.0
Asakuchi 101 205.1 199.6%* 201.1 201.6 203.1 201.6 203.1 203.6 205.1
Minamimatsuura 108 300.0 299.4 296,9% 301,3 298.8 300.5 298.0 302.4 300.0
*) MAICE

assumed to be linked, scored the minimum value (MAICE),
and was selected as the best one. In the combination be-
tween Mdh-1 and Est-2 of Minamitakaki 102 family, chi-
square for segregation of a pair of alleles in Est-2 deviated
significantly from random segregation. The linkage, how-
ever, was found by the significant departure from the ex-~
pected value in joint segregation. AIC exhibited MAICE in
model 6. So this model which took linkage into account
with a nonrandom segregation in one locus was selected,
and these two loci were confirmed to be linked. By using
AIC analysis, it was possible to get more information on a
sort of gametic selection which results in an unequal pro-
duction of gametes with respective genes.

Among 80 two-locus pairwise combinations with more
than two families, five linkage pairs were observed in the
total of nine families. All the testing families in the two
pairs, Me-1:Tzo0-4 and Tzo-4:Lap-2, exhibited the large chi-
square value for the joint segregation, and model 2 of AIC
was selected as the best model. Tight linkage was recogniz-
ed in these two pairs. In the combination between G2d:
Pgm-1, the chi-squares of two families exhibited signifi-
cant distortion for independence in two loci, and no signi-
ficant distortion for the single locus segregation in each
locus. In AIC analysis, the models (Model 4, 6 in Motoyoski
101 and Model 2, 4, 6 in Asakuchi 101) that the two loci as-
sumed to be linked were adopted. Three families were in-
vestigated for the relationship between Pgm-2:Amy. In
two of them, Minamimatsuura 101 and Minamimatsuura
108, the linkage was observed as the results of chi-square
and AIC analysis. In Asakuchi 101, the linkage wasn't
confirmed. As two of three families exhibited the linkage,
these two loci seemed to be linked weakly. In Shd-2:Est-3
combination, only one of the five testing families, Oki 102
family exhibited the significant linkage. As there were the
linkages between Shd-2:6Pg-3, and between 6Pg-3:Est-3 as
mentioned above, Shd-2 and Est-3 seemed to be linked

- very weakly.

As mentioned above, linkage was recognized between
Adh-3 and Lap-1 in this study. Also in Pinus sylvestris, the
linkages were observed between the~two loci (ADH-MA,
ADH-MB) of alcohol dehydrogenase and the one (LAP-B)
of leucine aminopeptidase (Rupin and Ekserc 1978). The
difference in electrophoretical procedures between RubpiN’s
and this study prevented the accurate identification of loci.
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However, it seemed that Adh-3 and Lap-1 in P. thunbergii
were homologous to ADH-MA or ADH-MB, and LAP-B in
P. sylvestris, respectively.

The fifteen pairwise combinations recognized as linkage
involved 19 loci. These loci were classified into following
six linkage groups.

group A: Shd-2, 6Pg-3, Got-2, Est-3, Fm
group B: Adh-3, Shd-1, Mdh-1, Est-2, Lap-1
group C: Me-1, Tzo-4, Lap-2

group D: G2d, Pgm-1

group E: 6Pg-1, Est-4

group F: Pgm-2, Amy

Table 6. — Estimated recombination value between the loci that
belong to each linkage group.

Sample. No, Recombination value
Combination Family of
size rec.¥ r S, Rt Sp
Group A
Shd-2:6Pg-3 Oki 102 104 39 0.38£0.05
Shd-2:Got-2 Oki 103 108 43 0.40%0.05
Shd-2:Est-3 Minamimatsuura 117 72 3] 0.43%0,06 0.43x0,02
Oki 102 104 40 0.39+0.05
Motoyoshi 101 108 49 0.450,05
Sendai-sho 2 72 32 0.44%0.06
Kawanabe 41 52 22 0.420,07
Shd-2:F m Oki 103 108 53 0.4920.05 0.48£0,04
Kawanabe 4! 52 24 0.46+0.07
6Pg-3:Est-3 Oki 102 104 41 0.39+0.05
Got=-2:F m Oki 103 108 42 0.39£0.05
Est-3:F m Kawanabe 41 67 33 0.4910.06
Group B
Adh-3:Shd-1 Oki 102 104 43 0,4110,05
Adh-3:Est-2 Oki 102 104 41 0.39£0,05
Adh-3:Lap-1 Sendai-sho 2 89 23 0,26£0.05
Shd-1:Est-2 Oki 102 104 28 0,27+0.04
Mdh-1:Est-2 Minamitakaki 102 54 18 0.33%0.06
Est-2:Lap-1 Kawanabe 57 86 37 0.43%0.05 0,46%0,03
Kimotsuki 8 124 59 0.4810.05
Group C
M e-1:Tzo-4 Minamimatsuura 117 90 14 0.16+0.04 0.15%0,03
Yatsuka 102 83 11 0.13£0.04
M e-1:Lap-2 Yatsuka 102 83 11 0.1320.04
Tzo-4:Lap-2 Yatsuka 102 83 0 0.00£0.00 0.01%0.0!
Kawanabe 15 83 1 0.01£0.01
Group D
G 2 d:Pgm-1 Motoyoshi 101 108 0 0.00£0.00 0.000.00
Asakuchi 101 72 0 0.00+0.00
Group E
6Pg-1:Est-4 Oki 102 104 38 0.3710.05
Group F
Pgm-2:A m y Minamimatsuura 101 54 19 0.35¢0.07 0.4120.03
Asakuchi 101 72 33 0.46$0,06
Minamimatsuura 108 108 43 0.40+0.05

*) Number of recombinant type



The segregation data and estimated recombination values
of available two-locus combinations in each group were
shown in Table 6. The estimated recombination value (r)
and associated standard error (S,) were calculated as fol-
lows:

= NR/n

r
S, = Je(l-r)/n

where: NR and n are the number of recombinant types
(A1B2 plus A2B1) and the total number of megagameto-
phytes analyzed respectively.

Map distance is generally used to express the distance
between the loci on the chromosome. It is the percentage
of the frequency of crossing over between the linked two
loci. Frequency of crossing over is almost the same as the
recombination value when the two loci were linked tightly.
However, the discrepancy between the frequency of cros-
sing over and recombination value becomes greater as the
distance becomes greater. This gap is caused by missed
counting of multiple crossing over, and recombination value
is always estimated smaller than the frequency of crossing
over. Kosamer's formula (1944) has been utilized in many
kinds of organism for estimating the map distance from
the recombination value (Buar, 1948 and 1950). Jensen and
JorcenseN’s method (1975) using maximum likelihood esti-
mate has been applied to adjust the map distance among
loci. It was reported, however, that the location of loci on
the chromosome affected the interference among loci (BaiLey,
1961). Therefore, it is necessary to gather the information
where the set of loci located on the chromosome, i.e. the
distrnce from centromere or chromosome ferminus. There
are, however, no available information in this species. Esti-
mated recombination values were utilized without any
transformation as relative distance between loci in this
study.

In the two-locus combinations with the data from more
than two families, the heterogeneity for the joint segrega-
tions among families was checked by chi-square test. As no
significant departure was indicated in all linkage combi-
nations, mean recombination wvalue (R) and associated
standard error (Sp) were calculated as follows:

R = ZINR./2n.
i i

Sp = YR(I-R)/Zn,

where: NR; and n; are the number of recombinant types
(A1B2 plus A2B1) :and the total number of megagameto-
phytes analyzed in ith family.

Three linkage groups, A, B and C were composed of
three or more loci and three remaining groups contained
single pair combination. The placement of the loci were de-
cided by three-point mapping (Oumura, 1982) in group A,
B, and C.

Group A

In seven of ten possible two-locus pairs of the five loci,
data from six families (12 families in total) were available.
Oki 103 was triple heterozygous clone in Shd-2, Got-2, and
Fm. The estimated recombination values among these loci
were 0.40 X 0.05 in Shd-2:Got-2, 0.49 * 0.05 in Shd-2:Fm,
and 0.39 * 0.05 in Got-2:Fm. As the recombination value
was the largest between Shd-2:Fm and these two loci seem-
ed to be linked most loosely, it was found these three loci
were arranged as Shd-2, Got-2 and Fm in order. Oki 102
had three heterozygous loci, Shd-2, 6Pg-3 and Est-3. The
recombination values among the three loci were 0.38 * 0.05

between Shd-2 and 6Pg-3, 0.39 * 0.05 between Shd-2 and
Est-3, and 0.39 * 0.05 between 6Pg-3 and Est-3. They were
very similar each other. Kawanabe 41 possessed three hete-
rozygous loci, Shd-2, Est-3,and Fm.The recombination value
of each pair was 0.42 * 0.07 in Shd-2:Est-3, 0.46 * 0.07 in
Shd-2:Fm and 0.49 * 0.06 in Est-3:Fm. Respective recombi-
nation values were very large. As estimated recombination
values contain some possible errors, in the case that they
are on close together or large, enough attention should be
paid to determine the linear arrangement of loci by three-
point mapping. It was relinquished to decide the ordering
of 6Pg-3 and Est-3 in relation to Shd-2, Got-2 and Fm. Ad-
ditional families possessing suitable genotypes must be
examined to clarify where 6Pg-3 and Est-3 are located in
this group.

The data from more than two families were obtained in
Shd-2:Est-3 and Shd-2:Fm pairs. The mean recombination
values in these pairs were calculated as 0.43 + 0.02 and 0.48
% 0.04 respectively.

Group B

This group contained five loci. As no data for Mdh-1
could be obtained except the association with Est-2, the
ordering of Mdh-1 in relation to Adh-3, Shd-1 and Lap-1
could not be determined. The arrangement of other four
loci except Mdh-1 was discussed. Among four families ex-
amined, OKki 102 was triple heterozygous clone in Adh-3,
Shd-1 and Est-2. The recombination values in each pair of
these loci were 0.41 X 0.05 (Adh-3:Shd-1), 0.39  0.05 (Adh-3:
Est-2) and 0.27 * 0.04 (Shd-1:Est-2). As the largest value
was exhibited between Adh-3 and Shd-1, these three
loci seemed to be arranged in the order of Adh-3, Est-2
and Shd-1. No families possessing heterozygous Lap-1
and other two loci were available to decide the placement
of Lap-1. The recombination values among Lap-1, Adh-3
and Est-2, were 0.39 * 0.05 in Adh-3:Est-2 of Oki 102, 0.26 *
0.05 in Adh-3:Lap-1 of sendai-sho 2 family, and 0.43 * 0.05
and 0.48 * 0.05 in Est-2:Lap-1 of Kawanabe 57 and Kimot-
suki 8 respectively. As the recombination value between
Adh-3:Lap-1 was the smallest and between Est-2:Lap-1
was the largest, these three loci seemed to be located in the
order of LAP-1, ADH-3 and Est-2. It needs to gain further
data from the suitable family possessing the triple hetero-
zygous loci including Lap-1 to achieve accurate mapping.
The mean recombination value in Est-2:Lap-1 was 0.46
0.03.

Group C

The data on all possible two-locus pairs of the three loci,
Me-1, Tzo-4 and Lap-2 were obtained. The recombination
values estimated from Yatsuka 102 family whose maternal
parent was iriple heterozygous in these loci, were 0.13 *
0.04 in Me-1:Tz0-4 and Me-1:Lap-2, and 0.00 = 0.00 in
Tzo-4:Lap-2. As no recombinant types were found in 83
megagametophytes analyzed in Tzo-4:Lap-2 combination,
the accurate placement of these loci could not be deter-
mined. By analyzing additional samples and detecting the
recombinant class, the ordering of the loci will be decided.
The mean recombination values were 0.15 * 0.03 in Me-1:
Tzo-4 and 0.01 * 0.01 in Tzo-4:Lap-2. The three loci in this
linkage group located on close each other, especially Tzo-4
and Lap-2 were linked almost completely.

Group D

G2d and Pgm-1 belong to this group. No recombinants
were detected in the total of 180 megagametophytes from
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two families, Motoyoshi 101 and Asakuchi 101 families.
They were linked completely-

Group E

The recombination value between 6Pg-1 and Est-4 cal-
culated from the data of only one family, and it was 0.37 £
0.05.

Group F
The slight linkage was recognized between Pgm-2 and

Amy. The mean recombination value calculated from the
data of three families was 0.41 * 0.03.

Conclusions

The linkage relationships were studied among 32 poly-
morphic allozyme loci in Japanese black pine. A total of
349 families in 221 two-locus pairs were examined. Linkage
was detected in 15 pairwise combinations using chi-square
and AIC analyses. G2d and Pgm-1 were linked completely.
Lap-2 and Tzo-4 were almost completely with an estimated
recombination value of 0.01 * 0.01, and they were also
linked tightly to Me-1 with recombination values of 0.13 *
0.04 and 0.15 * 0.03. Adh-3:Lap-1 and Shd-1:Est-2 were
linked with recombination values of 0.26 * 0.05 and 0.27 *
0.04 respectively. Remaining nine pairwise combinations
were linked weakly with recombination values greater than
0.30. The nineteen loci involved in these linkage combina-
tions were classified into six linkage groups. On the basis
of the estimated recombination value and ordering of the
loci in each group, a linkage map shown in Figure 1 was
made up.

Group A Shd-2 Got-2 Fm
—— + +
. 0.40 0.39
—— 4
0.38 .
t 0.39 +
6Pg-3 ’ Est-3
Group B Lap-1 Adh-3 Est-2 Shd-1
+ + —+ —
0.26 0.39 . 0.27
4+ £
0.33 Mdh-1
Group C Tzo-4 Lap-2  Me-1
o5
0.01
Group D G2d y Pgm-1
—_—
0.00
Group E 6Pg-1 Est-4
M "
i 0.37 d
Group F Pgm-2 Amy
4+ +
0.41
Figure 1. — A schematic linkage map of Japanese black pine,

Pinus thunbergii.
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