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‘ Abstract ,

Segregatlon ratios and parameters of the matlng system of
”jack ‘pine (Pinus bankSIana Lamb, ) were studled in a’ stand .- N
near Bruderhelm Alberta. Stab111ty of these parameters wa .
assessed for' three crown "strata -and,ffour . 1ndependent

1fertm11zation events® w1th1n the canopy of thls stand“ﬁslng

]

open- polllnated seeds from serotinous cones ﬁhrvested in
R o - T .

'A1980 from th1rty trees._ SR - -(; }e\ h %& S - .
Analyses of observed segregatlon ratldsbéf four of f14e-3
polymorphic: ' isozyme aloc1'showed good correspondence to the
{:1‘ ratiOS'iexpeCted%-under rsimple Mendelian cogtrol;,
AlloéymeS‘f of‘ glucose -6- phosphate dehydrogenase did-QnoE'
segregate in the expected 1:1 ratlo. However,' there were
significant. segregation distortions.;'at ;sonedisampliné.
positionslon individnalwtrees. 'Heterogeneity. among 'trees,
strata and years could be the resnlt‘ ofl pollen peol
heterogeneity, segregation - distbrtion ; and/;r’ pr1m1t1ve
“"lethal and semi-lethal gene comblnatlons resultlng 1n earl;{:>
embryo abortlon These types of segregatlon dlstortlon are
important in estlmatlon of popul&tlon allele frequenc1es“j?,
from bulked samples of a small number of individuals as well
.as in inference of heterozy9051ty of 1nd1v1dual plants.
The mlxed matlng system model with a f1n1te number of
effectlve males accurately descrlbed the matlng system of
jack plne. ‘The average outcr0551ng rate was estimated to be

88+.047%. However, there were significant differences ih the

mating system among three of the four years; there was an



apﬁarent linear*detline of the effective selfing rate with

age. of the seed Real changes in the mat1ng system as well
4 hlgher mortallty 'o§~ selfed-embryos _over- time could .
naccounty for these obServations;/2§9 differences could-be,

jdemoﬁstrated among»the three crow strata of this stand.

' There _was 51gn1f1cant inter-locus heterogeneity .in the

f111al genotyplc dastrrbutipns and in  the estimated'

»

) v
outcr0551ng rates, reflecting the complex nature of - forces

-

that can affect 51ngle locus, estlmates. Accurate estlmates’

the matlng 'system, therefore, should be based upon a .
[

aryge number of loci. There was evidence of some addltlonab

-

"in reedlng due to famlly structures in the stand however,

thlS was a minor component . of the total 1nbreed1ng. These
-

- N \
] . . . . ".
results have ’‘implicatiohs in applied breeding programs for.
o )
-estimation of genetic parameters and inference of genetic

'aifferences from open-pollinated progeny arrays.

»

Pl
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1. INTBODUCTION AND OBJECTIVES
‘The'esséntial connection between any two génerations of a
sexuélly reproducin§ species is the péttern by which gametes
are transmitted from the male t; the female. This pattern of
transmission is usﬁally” termed the mating system of a
ﬁ'species. Thus,f.the mating ‘s§;tem~ defines a ' functional
relationship which allows us to predict how the gameges from
the mafdrelbopulatiOn combine to form the viable zygotic
population in a sample.

Piants'posséés several;important‘characteristics, which
make them attréctive organisms for the study of mating
systems. Among thesé.a;e the gféat vafiety of mating systems
fFryxell - 1957), - ranging from highly selfed to highly
ioutcrossea species, production of large.numbefs of progeny
per maternal plant, and the relative ease Qith which these
- progeny can be collected,'stored gnd\ grown for ;ubsequent
analysis. . |

Traditional app;oaches to the analysis bf mating.
jsystems have been largely qualitative and involved
observations of fioral morphology, crossing experiments and,
where appropriate, pollen‘movehent and pollinator behavior.
These qualitative studies resulted in classification systeﬁs
which viewed species, for example, as predﬁminantly selfed
or outcrossed or as self—compatiple or incompatiblé. The
experiments by D.F. Jones (1916, 1928) were notable

exceptions to this approach. These were some of the earliest

investigations An the dynamic nature ~f plant mating



)

systems, where it-ﬁas dehons;rated that spécies were not
Qholly sélfgd or outqrossed, but-instead~exhi5ited a range
betWeen‘these two extremes,’dependent upon many exterhal and
internal méchanismsf It wasinof until the,eafly 1950's that
population genetiqists b;gan to more fully' appreciéte the
d}namiq nature Of\plant méting systems, due largely to Fyfe
and.Bailey;(1951), who provided maximuﬁ-likelihood methods

@

to eéﬁiﬁateApollen allele frequency (p) and outcrossing rate
(t) simultanéousiy from bopulation data. Theref%re, igb was
no  longer necess;ry to design experiments where two
alternate homozygous génotypes were the only individuals
participating 1in. mating eventsf Given su%iable genetic
markers, it was possible with this proceduré té maké
estimates of the mating system of Ispecies- in‘ natural
populations or in field plantations.

Subsequent tolthis initiél breakthfough, a largé number
of estimators were developed to estimate mating system
parameters in natural populations. These estimators énd
their relative'merits and shortcomings have been suﬁmarized
by Vasek (1973) and  Jain (1979). However, the
doﬁihant/recessive expreésﬁon of most characters studied
necessitated extensive  progeny testing to identify
heterozygotes. /

The application ot protein electrophoresis resulted in
a significant advance in the estimation of mating system

parametérs. Since essentially all allozymes are expressed

co-dominantly, all phénotypes of a ldcué can be observed



w1thout progeny testlng An aealtlonal advantage of this
technlque is the large number o§ markers that -are available
for multiple estimates of matlng system parameters. In
response to application. of ele&ﬁ%ophoretlc techniques to the
study of mating systems, there also has been research into
Suitable estimation procedures.h Numerous single-locus
maximum—likeiihood estimators,(Brownqan&;Allard 1970, Brown
et al., .1975' Clegg et al. 1978, Cheliak et al. 1982) as well
as multlple locus estimators (Green et aI‘ 1980, Ritland and
Jain 1981, Shaw et al. 1981) now exist ﬁo estimate mating
System parameters in’ natural or experlmenezi populatlons

. While most of our knowledge on mating systems has been
obtained from short- generation plants, some e§t1mates of the
mating system have been made in ‘typically loﬁg:generation
forest tree species, using quantitative (Squ1llag? 1974) and
‘electrophoretic markers (Adams and. Joly 1980 BrownJQt al.
1975, El-Kassaby et al. 1982, Hopper and Moran 1981, Moran"
and Brown 1980, Moran et al. 1981, Phillips and Brown 1977,
Yeh et al. 1982). In gymnosperms, where double fertilizationl
does not occur, electrophoretic techniques are especially
powerful tools to estimate mating system parameters. The
lack of doublelferfilization results in a haploid endosperm
(megagametophyte). Thus, in addition to direct probabi]istic
inference of maternal genotypes by analysis of haploid
tissues from one plant (Morris and Speith 1978) inheritance

and linkage studies can be made 51mu1raneouq1y without the

necessity of performnng crosses, Furthermnare, cince all aof
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the cells w1th1n the seed have . been der1ved m1tot1cally from
a 51ngle ‘ haplo1d megaspore, the maternal  haploid-
contribution to the corresponding »embryo‘ can ‘be
unambiguously‘,deduced 'directly‘ from the megagametophyte.
When the hap101d maternal genotype and correspond1ng d1p101d
embryo genotype are known, the paternal contribution can
then be unambiguously ascertained. Thus,.progeny arrays from
seeds of conifers.cqﬁtain considerable inforqation which can
be used to study mating’ systems.

Jack pine (Pinus banksiana Lamb.)  is a monoecious:
conifer typical ofvbereal forests in the northern United
States and Canada. 1Its natutal range extends from the
Atlantic coast of Maine and Nova Scotia through the Great
Lakes Region, acrdSs the northern prairies to the valley of
" the Mackenzie‘River (Fowells 1965). Due to its low shade
tolerance and serotinous cones, Jjack pine typically
regenerates natur;lly after fire has destroyedj%he ‘parental
stems and has provided sufficient heat to open the
serotinous cones. This type of regenerative pLocess usually
results in relatively even-aged, dense etands.

Geographic‘and~genetic variation has been noted 1in
climatic ladaptation and virtuaily all characteristics

related to growth and form of jack pine (Rudolph and Yeatman

1982). Commercially, the spec1es is important for a’ number
2

- of products within its natural range, and tree improvement

programs have been established in several regions. Selection

of breeding stock from wild stands and - domestication

L
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programs for breédiné purposeé, however, are in a relatively

early  stage _of devglopment. EStimates of thé mating system

in natural populations could provide insights into past
evolutionary forces (such as evolution of inbreeding) and
could be incorporated at”an operaéional level in applied
breéding programs. Thus, fhe Study of mating systems can
make significant <contributions to the understanding and
effective manipulation of genetic variatién in a species.

. The purpose of this study was to estimate the”:hating
system of jack pine. The specific objectives were:

1. To determine the’inheritance and linkage pétterns of a
‘number of polymo;phic isozyme markers ‘in jack pine by
the technique of electrophoresis using hapldid
megagametophtYés and viable embryos; A first and
necessary Step to utilize electrophoretic .markers
effectively is Lb demonstrate that they are inberited in
a siﬁple Mendelian fashion.

2. To document the mating system and related paramefers of
jack pine. This part of the study centered around
estimating’ parameters of the mating system of jack pine
as well as the effective population size of the pare;tal
generation from which the seeds were derived and the
homogeneity of ‘the pollen ponl, Som? précrical
lmplications cf the roenlts +n hreading prragrams are
discussed.

The serotinous conea of jack pine provide a convienient way

te at ndy tampvey ad variatinn 1 Seqdragation rat i ~e and



parameteré_of the mating system. Previous ‘studies on pollen
flow -dynamics of wind polllnated spec1es (Kosk1 1970) and
dlstrlbutlon of male and female flowers in conlfers (Sarvas
1962) suggest that there may be crown stratum dlfferences in
the genetic comp051t10n of the pollen pool. Therefore, this
study&assesses differf:es in the mating system and
segregation ratios for various levels of the “reproductive
zrown in addition to temporal differences.

The resuits of this work have beéé}organized' into two
central chapters. The first aeals Qith inheritance and
linkage of the polymorphic loci as-well as the stability of
the observed ségrggation ratios. The second chapter presents'
estimates of the ﬂiflng system, pollen pool homogeneity, and
variance effectlve populatlon sizes for various temporal and
spatial | dlmen51ons. The final chapter discusses « the

practical implications and. implementation of the mating

System results in an applied breeding program.
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2. INHERITANCE, LINKAGE AND SEGREGATION ANALYSIS

2.1 Intfoduction e . B .=
The .‘utility of electrophoresis 'forﬂ_étué}ingA gene
structure, genet{c differentiation and: hatjhﬁiis}étems of’
populations has been shéwn fgr a large nuﬁ%ér.Bf aiverse
orgaﬁisms (Allard~1975, Brown 1979,- Nevo: 1978, Lewonéin
1974, Rick et:él:i1977, Shaw et al.'19§1). However, before
electrerhoresis can be used to ité fuilest advantage Ain
these types of studies, inheritance | of | the
electrophoretically detectable polqurpﬁiémsﬂ as well” ‘as
their linkage felationships must be known; |
Tnheritance-and linkage have been studied in a number

of conife;ous species (Table 2.1). The nature of the life
cyrle in gonifers‘perﬁits inher;tance"apd iinkage_studies to
be péfformed’ simulténeous]f. Unlike angiospermé,l the
éndﬂspefm (female gametophyte or megagametophyte) sf
gymnoéperms is haploid in the mature seed. This. condition
allrwea the qenotype..of an indivjdual to “be deterﬁinea
prrbkabilistically *by analysis of haploia megaéametdbhﬁtes
witbhantr thna neces;ity of performing crosses. éurthermofe,
sir - one "hapleid m~gaspore mitotically gives rise to all
othe cells within the ovule, barring mutation, the embryo
will inherit a haploid genotype iéenticél to the
megagametcrhye. T 'his chapter, the inhgritancéuiéﬁ . five

palye b €' " systems ~7 megagametqphytes of jack pine

-~



'v'Téble42.1..iﬁhéfitaﬁce/iinkéggjstudiﬁsfin'some”f&réét trees. -

-

PR Y L - v
L D, :

‘Species o # oﬁt # of

Ngme o 'Ep;ymes Loci Type Reference

ioblolly pine 1Q;3' 17,12+ 1,L  Adams and‘Joly 1980a b

loblolly pine ~ 10 = 12 L ‘Adams and Joly 1980b
Nofwayvsgzﬁce o ~ 1 Bartels f971
 Nofwaj spruce 2,3 éz,é I,L “Bergmann'1973“19744
‘ﬁhobfbneléihéx. 2 S 5 1 ‘C?nk%e 19717
_'Douglas;girv ' "5;7"‘ 8,9 i:L El-Kassaby et. al 1982a,b
white pine 10 "' 17 - 1,L ° Eckert et al. 1981
pitch pine D 8 .. H'T4. I Guries and Ledig 1978
S;tcﬂ pine B 7 1 L Gufies ét al. {978_
NoryaY“serCe f;, .*'1,2 I ~ Lund}vist:1974 1§7S 1977
Noryéy spfucé 3 4 4 1" Lundkvist,:Rudfn41977 .
'°Ndr§a§ spruce . 5"‘\ 15_ IWA Lundk&is; 1979 |
ponderosa pine 12 = 23 1,L O'Malley et al. 1979
Scots pine 1 Y2 1,L Rudin 1975 1977
Scots pine . 6 - 12 L Rudin and Ekberé ﬂ;;B i
' jaék pine' 7 7 , 1 Tqbolsk% 1979 : | |
black spruce . 12 18 I,L  Yeh et al. 1982
- _

':I = inheritance study; L Q'linkage study

e




(Plnus banksrana Lamb. ) is. descrlbed. In. addition,

open- poll1nated progeny. arrays were assayed to»determlne if

. the polymorphlc enzyme loc1 surveyed‘ were&'znherited in‘.a,

simple Mendelian fashion.

2.2 Materlals and Methods

Thirty sexually mature Jack ‘pine trees were sampled

! .
from a stand near Bruderheim, Alberta (Figure 2.1). To..

>

reduce the 'possibility of * sampling cibsely frelated:'

individuals (i.e., full or Half 51b11ngs) a minimum of 30 m
spacing between sample “trees was, maintained. To assess

temporal and spatial variation, 'the active female

reproductive crown of each tree was arbitrarily stratified-

into- three strata: low (L), middle (M) and high (H).
Serotinous cones representiné pollinations of, 1975, 1976
1977 and 1978 were harvested from each, stratum of each tree
from a randomlzed cardlnal dlrectlon in the late .fall of
1980. Thus, there'were 12 sampllng pdsitions per tree.
Open—pollinated seeds ' were ; extracted from the
serotinous cones by the following, method (A.K. Hellum pers.
comm.’) : Cones were’ placed in an -'oven at 180° C fo;" two’
minutes to break the resin bonds of the cone scales. Cones
- were then placed,in an oven at 60° C fé; 8-10 hours to
reffex more fdlly the ovuliferous scales. The seeds were

\ .
then removed from the cones by lightly tapping the cones on

P e s

Cow

a hard surface. o . e
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Since detection of a heterozygote was of primary

concern, required sample sizes were calculated by:

1
h

where n is the number of gametes and P, is the probability

of detecting a heterozygote, given that 1t 1is a
~ .

heterozygote. This samplingﬁ? strategy assumes, equal

distribution and survival of alternate gametes in a

heterozygous individual. In addition, the open-pollinated

progeny (i.e., embryos) allow testing of the hypothesized

maternal gepotype under the assumptions of a single
co-dominant, fullyv penetrant gene iécus segregating in a
simple Mendelian fashion.

For maternal genotypingikséeds were allowed to imbibe
distilled water for 24 hours and either were assayed
immediately or refrigeratédfféf'up to one week before assay.
Embryos for the progeny arréys were germinated for about .72
hours before being assayed. There was, howéver, a great deal
of inter-family variation in 72-hour germination of the

seeds. Therefore, it was decided on the basis 'of a

' bfeiiﬁinéry’ddtbgéngéié §£Qdy'tp af;dﬁ‘thé'fadiélé'to“eméfgéfﬁ

.n

approximately 2-3 mm from the seed before émeYo"a§éay.

Seed 'coats 'and embryos were removed ‘for' maternal -

genotyping. Individual megagametophytes were crushed in a
szintillation cup (0.5 ml) with one drop of extraction

hbuffer (Yeh and O'Malley 1980). The ~rude homogepate was

P,=1- (5" | -
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absorbed 1on three, '10x1 'mm vfiltér paper (Watmann No. 3)
wicks. Up to 40 megagametoph&tes were assayed per trge for
the -preliminary genotyping for the first experiment.
Individual embryos, with 2-3 mm of radicle, were prepa;ed in.
the same manner. The female éametophyte‘ and the
‘¢orresponding embryo were placed at adjacent positions in
the gels. Genérally, 10 embrybs were assayed per sampling
position (12 positions per tree).

The wick; with the crude homogenate were inserted into
a slice (the origin) in the gel, 2 cm from the cathodal end.
12.5% (wt/vol) starch gels were prepared from Electrostarch
(Electrostarch Co., Madison WI, lot 307). The components of
the gel and electrode buffers are shown in Table 2.2.

Electrophoresis was.performed under refrigeration at
approximately 2° C. The proteins were introduced into the
g€l at 1/2 running voltage for 10 minutes. Wicks were then
removed, crushed ice packs were épp]ied to the upper surface
of the gel and total running voltage was applied (Table
2.2). Flectrophoresis was conducted until the borate front
(buffer system LC) or the red fnod coloring tracker dye
(buffér' éyé%ems MC  and TC5 hédrmiérated a minimum of 5 cm
béYoﬁé thé origin., Foilowinq electrophoresis, gels were cut
inta 1 mm thic? hétizoﬁfal slices, stained, and incubated =t
'37° 6 (T£b1e.2.3);

A maximum likelihood G (asymprtotic X?) was used te
tect for 11 ceqregation f allelae ipn the mogag metophytes.

An “"f"""'WQf"”‘i"V oy waa oalean o ey Vool by e “‘"""‘O' ce Vb
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‘Table 2.2 Gel and electrode buffers and conditions used for

the study.

Morpholine-Citrate buffer system (MC) '

. Electrodes Buffer: 0.04 M citric acid (anhydrous), adjust pH
to 6.1 with N—(3;aminopr0pyl)-morpholine.

Gel Buffér: 1220 dilution of electrode buffer.

Power: 180 V (ca. 40 mA).

Reference: Claytdn and Tretiak (1972).

Lithium Citrate buffer system (LC)

Blectrode Buffer: 0.06 M lithium hydroxide, 0.3 M boric acid
pH 8.1. | x |

Gel Buffer: 0.03 M Tri;, 0.005 M citric acid (anhydrous) and
1% of electrode buffer,ka 8.5.

Power: 250 V (ca. 60 mA)i\

Reference: Ridgeway et. aiﬁ, (1970).

Tris-Citrate buffer system }JC)

Electrode buffer: 0.13 M T;is and 0.043 M citric acid
(anhydfons), pH 7.0.

Gel Buffer: 1:15 dilution of electrade buffer.

Power: 180 V (ca. 40 mA).

Reference: Siciliano and Shaw (1976).

e e C e T e e Ly e e e et . ———
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Table 2.3, Staining recipies and running conditions used in

tﬁe.inheritance and linkage study for jack pine.

N

8 o I ' ’
Aspartate aminotransferase (Aat) :running buffer LC; stain:
S0 ml AAT substrate?, 5 mg Pyroxidal-5' phosphate, 100 mg
Fast Blue BB salt ' “ ‘ I

Alcohol/Glutamate dehydrogenase (Adh/Gdh): running buffer
LC; stain: 50 ml 0.2 M Tris-HCl pPH 8.0, 15 mg NAD, 10 mg NBT
10, 10 mg MTT, 10 ml EtOh, 400 mg L-Glutamic acid B

Acid phosphatase (Aph): rurning buffer MC: stain: 50 ml
0.2 M Sodium Acetate pH 5.0, 150 mg Na-a-napthyl acid
phosphate, 5 ml MgCl, 1% W/V, 75 mg Fast Garnet GBC salt

Malate dehydrogenase (MDH): running buffer MC; stain: 50 ml
0.2M Tris-HCl pH 8.8, 10 mg NAD, 10 mg NBT, 5 mg PMS, 25 ml
0.5 M DL-Malic acid

Malic enzyme (ME):running buffer MC; stain: 25 ml MC E.B.,
10 mg NADP, 1 ml MgCl, 1% W/V, 10 mg MTT, 5 mg PMS, 25 ml
-0.5 M DL-Malic acid '

Glucose-6-phosphate dehydrogenase (G6P): running buffer MC;
50 ml 0.2 M Tris-HCl1 pH 8.0, 10 mg NADP, 1 ml MgCl, 1% W/v,
10 ml MTT, 5 mg PMS, 100 mg Glucose-6-phosphate

Isocitric dehydrogenase (IDH): running buffer TC; stain:
50 ml 0.2 M Tris-HCl pH 8.0, 10 mg NADP, 1 ml MgCl, 1% wW/V,
10 mg MTT, 5 mg PMS, 100 mg DL-Isocitric acid

6-Phosphogluconic -dehydrogenase (6PG): running buffer; TC

stain: 10 ml 0.2 M Tris-HCl pH 8.0, 10 mg NADP, 1 ml MgCl,
1% W/V, 15 mg PMS, 10 mg Phosphogluconic acid,

P ] " et w e ay e

'Buffer systems: MC = Morphnline Citrate: LC = Lithium
Citrater TC = Tris Citrate. See Table 2 for components of
each of the buffer systems, '

”

"AAT substrate: 5.3 g L-aspartic arid, 700 mg a-RKet~glutaric
a~id, discolve in 0.2 M Tris HC] and Addner pH to R N with
I M NaOH '



of“ﬁhe“observed segregatxon rat1os .among females and among'
sampllng p051t10ns ‘within a female. ‘A" test for - lznkage was

made for multlply heterozygous females. The test crlterlon

- was.a G? analysis cond1t1onal on the nuIT/:hYpothe51s':of :a.fie.—

TeTe1: dlstrlbutlon. of :gametes at two heterozygous loci
_wlthln a. female.

A dev1at1oni ffcom{ ;55 ' expected ratios is-:- ]udged
'Statistically.significanc iflcif_7éiéééds that of chance
expectationc,at‘4qé305. :No "iaai55£iba"§és made for levels

—

lower than this level of significance.

2. 3 Results - _ :

Flve loci 'prh—2,' Gsoi'Mdhféy'Mdh74gandu6P9852)ﬁﬁere_-
inferred to be segregating in this population sample‘ from
analysis - of female gametophytes. Variation at additionad
enzyme loci was _detected in aconitase (E.C. 4.2.1.3),
adenelate kinase (E.C.. 2.7.4,3), phosphoglucose isomerase
(E;C. 5.3.1.9),  6-phosphogluconic dehydrogenase-1
(E.C. 1.1.1.44), leucine aminopeptidase (E.C. 3.4.11.1),
asﬁartate aminotransferase-2 (E.C. 2.6.1.1), and diaphorase
(NADH dependent) (E.C. 1.6.4.3) wusing only the haploid
megagametophytic tissue. However, problems in consistently
resolving these systems or in interpretation using the
diploid emhryos precluded their inclusion in this study.
Since the major objective of this study was to assess

spatial and temporal variation in the mating system of Jjack

- u ; o, o~



“-- oo

v : 19

/

pine, comparisons of segregation were made by year and crown

~

stratum. For each variable locus, a discussion of .the
allozyme variants detected and detailed . analysis  of

segregation by female, year and crown Stratum follow.

> - |
2.4 Acid phosphatase (Aph) E.C. 3.1.3.2

Two zones'bf activity were observed on gels scored for
acid_‘phosphatase (Figure 2.2). Both zones segregated in the
megagametoph§£éé of trees heterozygous for single~banded

allozyme variants. However, @ problems in consistently

: -resolving the-more_anqdal.'zone under the electrophoretic

conditions of ﬁhié’study pfegluded‘ifsrinéiuéfoh, At Zone 2

.~ (called Aph-2), embryos were either 'Siﬁgle4banded at the
~same’ position as the ﬁegagametophyte, or triplé-bénded with

~one or two bands coincident with one or both 'bands in the

o

megagametophytes. In addition, an intermediate band of

approximately double the intensity was ohserved in these
>

embryos, This strongly suggests that Aph  enzymes are

functionally Aimeric, as has been reparied in pPjron abies

(r.. (Karst.)) by TLuandkvist (1977),

In the single tree haternzygrng faor Aph -2, nverall
observed segregation 4id not fitt the expected 1:1
distribution of gametes (G?~8.78, where the subscript

represents the degrees ~f fresdom: Table 2.4). There was no .
detectable heterogeneity among the pooled distributiong fer

crown. strata (G:=0.74) . or years (G? = 0.25)..0nly one
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Fiqure 2.72. Diagram of acid phosphatasa gelg indicating

hapln~id megagametophytes in lanes ! to 4 andg Aiploid embryn

rhenotypes in lanes 5 to 8 Lane: & + 99 g5 « 12 7 8 4 11
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Table_2.4i Observed segregation of allele 1 and 2 of enzyme

Aph-2 by Eemaie; crown strata and_Yeér‘bf collection. .

Gameteé Counts
CROWN STRATA .
Low Medium High Toral
Female .v.\gear 1 2 1 2 1 2 1 7,
2 1975 7 3 g 1 4 6 200 10
1976 6 3 5 4 6 4 17 11
1977 5 4 7 3 7 3 1¢ 10
to7R vnic:cfr\q 1 B k] 1 I
Trtal 18 10 25 I 24 16 67 37
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Significéntly deviant. segregation ratio was observed.in the

crown strata sampled (M—1975, Gi=7.36; Table 2.5). However,

the deviation of the pooled d15tr1but1on was attrlbutable to” -

; a con51stent def1c1ency of the second allele at thlS locus.

&

That 1is, while the distribution at each p051tlon sampled -
'_(except for M~1975) f1t ‘the expected distriBution under dche
null hypothe51s,: thereW-was an overall.def1c1ency of the
number 2 allele ’when all positions were pooled. This

consistency is . supported by the lack of detectablﬁ-

heteroqenelty within any of the =nqr=aat1on summaries.

~

2.5 Mélncéré;hydrngcnase (Mdh) E.C. 1.1.1.37

Two zones of activity were c~bserved on gels scored for
Mdh (Figqure 2.3)., While there was evidence of four loci 1in
this system, under the alertraphrretic =~ nditieons frr this
study, only the twn most <=athoda' 1lori could be gcored
reliahly in che progeny. Rath  »anes, Mdh T and gdh-d,
qpqreqatnd in mnqagametnphy'nq nf hotprnr;qnus females for
91nq1° bandnd variants., Two alleles were anerved af ecch of
these 10(1. In both zones, emhryns were aither cingle-bandEd
at the same prsition as the megagametophbyte or triple-banded
with one nr two bands conincident with ocne or both bands
observed in the megagametophytes. An intermediate band of
approxiﬂately double the intengsity was o~bserved. This
strongly suggests that both Mdbh enzymes are functionally

Aimeric,. Dimeriec forms of Mdh have been 1erorted in pitch



23

Table 2. 5 Summary of the segregation analysis for Aph 2 by

female, cgown strata and year of collection.

FE

-

Disﬁribution of Positions

X’ Qlass female 2
1
2 "L77 M76 H75,76
3 . L7e
4 L7 M77,78 H77,78
. .
6
Y M75 ?

Nofe, the Low strafa in 1972 faq wicrming

Class inte;§als:

i=d*o.foi5)' 2-0.1016-0.455, 3-0.456 1.32%. 4-1.124 2 “o¢
542}707;3.841'6=3.8§2ﬂ6.635, 7-3%.635

Adapsed from Snédecor and Cochran (1973)

v 34 e v oy - R
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| pine (Pinus rigida Mill.) by Guries and Ledig (1978)."

.

" 2.§.1 Mah-3

'.Overall

Bl

-segregatlon for the three heterozygous females

. at.t‘ls locus fltS the Mendellan expectatlon of a 1:1 ratio

of .gametes

‘5\\'51gn1f1cant

. Fort tree number 10, the .observed »é;strxbution of
gametes‘ deviated significantly from ‘the ' expected
distributidn under';the null hypothesis (G’-6 89). This

well (G1=0.003; Tabl% 2.6). There was, however,

heterogeneity among females (G’-9 98)

dev1at10n was in the dlrectlon of amr excess of the number 2

. allele in

?

the lbw crown stratum in 1977 and 1978, middle

crown stratum 1? 1978 and high crown stratum 1n 1976 (Table

©2.7). 1f

. the null hypqthe51s of 1-1 segregatlon of gametes

. in  heterozygous females is true, we - would expect

o

approximately:,one chance dev1at10n from the null hypothe51s

per. female at the 5% level of probability. "However, there

'were four

were in the
+ female is

”temporaliy.

- mid-crown

p051t10ns of this female which dev1ated and all
same d1rect10n. Thus, it would seem that . this
not segregating in a 1:1 ratio spatially or

For trees number 5 and 27, if we ellmlnate the

for number 5), both are segregating temporally and spatially

1
as expected

ratio.

'under the null hypothesis of a 1:1 segregation_

While the pooled distribution over both years and crown

strata fit the expectatibns under the null hypothesis, there

position in 1978 (only four gametes were tested
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Table 2 6 Obse;ved segfedatlon oﬁ»allele 1. and 2 of enzyme

deh 3 by female, crpwn strata and year‘of collect1on. f;'
R -
Gamete Counts .
-
CRO WN STRATA
Low ‘Mediﬁm High Total
Female Year 1. 2 12 12 12
5 1975 4 4 4 5 6 4. - 14 13
1976 4 6 8 2 5 4 17 12
1977 5 5 4 3 3 5 12 13
1978 4 4 4 0 5 3 137
Total 17 19 2010 19 16 56 45
10 - 1975 6 2 2 7 5 5 13 14
1976 7 3 3 4 2 8 12 15
1977 2 . 8 6. 4 3 7 11 19
1978 -~ 0 7 T 6 3 6 4 .19
Total 15 ' 20 12 21 13 26  4o‘ug7 
27 1975 4 6 5 '5 . 6 4 15. 15 -
1976 5 4 7 3 6 4 18 11,
1977 6 4 5 5 6 4 1713
1978 7 3 7 .3 - 37 17 13
Total. 22 17 24 16 21 19 67 52
Summary 1975 14 12 11 17 17 13 42 42
1976 16 13 18° 9 . 13 16 47 38
1977 13 17 15 12 12 16 40 45
1§i8 11 18 12 9 11 16 34 39
TRal 54 56 56 47 53 61 163 164
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Table 2.7.'Summary\of!Ehe’ségrégaticn anafysis of Mdh-=3 hy

R . . " .y s - e e IR g P - .o - e
. female, crown” strdta ahd {eir. .
Eas 7 S ","(,4 "“ i & "‘ B e e O s

¥ PRI F O . -

KDistribﬁtidﬁ70f'Pbgftioné

- e e e e

-X* Class female 5 female 10 female 27

“1% .. " L75,77,78 H75 . M75,77

L2 L6 MI5M77. M6,77. .. . L75,76,77 H75,76,77 ",

H75,76
3 H77,78
s L75,76 H77 L75 M76,78 H78"
5 S M75
6 . M76,78 " L77 M78 H76

7 : L78

Class intervals:
1=0‘0,1015, 2=0.1016-0.455, 3-0.456 1,323, 1-1. 3724 2.706,
5=2.707-3.841 6=3.842-6.635, 7=>6.635}

Adapted from Snedecor and Cochran (1973)
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_ was 51gn1f1cant (Gi= 6.70) heterogeneity.among trees in the

;mlddle crown stratum when pooled over years. N

rzpﬁﬁéfndh;4

The pooled segregation ratio for the four trees
(numbers 4, 7, 11 and 29) heterozygous at Mdh-4 fits the

~ ’

expectations of a 1:1 segregation ratio (G*=0.84), with no
detectaﬁle heterogeneity (G2=3.60; Table 2.8). Trees number
7 .and 29 -both-exhibited one signifiéanbﬁdeviation"froﬁ' the
null hypothesis, which was not unexpected (Table 2.9).
However, trees number 4 and 11 had three and fqur
significanﬁ COmparisons; respectively. | Thefe ~;as no
consistent trend for the directiog of the deviation ~among
the three signif{cant comparisons for tree 4. For tree 11,
‘rhere was a tendency for a deficiency of the number 2 allele
(in M—197é, ‘H-1977 'aﬂd H-1978), as .well as siénificant
Mheterogéneity of the segregation ratio of the middle crown
stratum across the years (G2-~8.92). While no heterogeneity
was detected in the high crown stratum, for all heterozygous
;rees there was an oberall lack of fit to the expécted.
distribution under the null hypothesis (G?=8.40). This lack
of fit was due to a def1c1ency of the 2 alle]é Most of the
deviant segregation ratios for Mdh-4 tended to occur in
years 1977 and 1978, . The pooled distribution for crown
strata had significant heterogeneity among the three strata
'Y(G§v7.18). The proled distributionikor the high crown strata

did not fit the 1:1 segregation ratim (Gi=7.47). This lack
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Y
Table 2.8. Observed segregation of allele 1 and 2 of enzyme

Mdh-4 by female, crown strata and year of collection.

5 - " Gamete Counts - . . . . . ... .. ..

CROWN STRATA

Low Medium High Total

Female Year 1 2 1 2 1 2 1 2
&7 1975 9 10 "5 5 5 377 7997 '8
1976 11 9 6 4 8 - 2 25 15

1977 4 6 2 8 3 7 g 21

1978 9 1 5 4 2 3 16 8

Total 33 26 18 21 18 15 69 62

7 1975 3 6 3 7 7 3 13 16
1976 6 2 3 7 7 3 16 12

1977 1 ] 4 6 5 5 16 20

1978 6 -3 6 4 3 4 15 11
Total 16 20 16 24 22 15 54 59

[ 1975 6 4 4 6 6 4 16 14
1976 3 4 8 5 5 5 16 14

1977 6 4 2 8 9 1 17 13

1978 5 5 6 1 S 1 20 7

Total 20 17 - 20 20 29 11 69 48

29 1975 5 5 N 6 2 7 3 18 10.
1976 4 5 3 7 7 3 14 15

1977 4 6 5 5 4 4 13 15

1978 1 9 () 3 3 6 10 18

Total 14 25 20 17 21 16 55 58
Summary 1975 23 25 18 20 25 13 66 58
1976 24 20 20 23 27 13 71 56

1977 15 25 13 27 21 17 49 69

1978 21 18 23 12 17 14 61 44

Total 83 818 74 R? : an ~7 247 227
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‘Table 2. 9 Summary of the segregatlon analy51s of Mdh 4 by

female, crown strata and year of collectlon.

S a$?bi5tribution of Positions
g, >
X? Class female 4 female 7 female 1J' - female 29

SR

o SLISMIS L Lol o- L8 HTG

° 2'1 | L76 M76,78 M77,78 L75,76,77
H78 H77,78 ©  M75,H7S

3 H75 175,78 ~-~M7s‘5"';

¢ H77 " L76 M75,76

 u7s,76

5

6. M77 H76 o0 M77,78

7 L78 L77 .- H77,78

.ﬁ;S[MZ?iﬁji N

L76,77

- 478 ‘H78 .

M75,76 H75,76

L78

Class intervals: .
1=0-0.1015", 2=0.1016-0.455, 3=0.456-1,323,
5=2.707-3.841 6=3.842-6.635, 7=>6.635

Adapted from Snedecor and Cochran (1973)

=1.324-2.706,

- - ——
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of fit was due to a'deficientyfoflbhefnnmberYZQallelefi,

-

2.6 GHPhOSphcgluébnic dehydroéenase‘(spgd)“E‘c 1.1.1.44

Two zones of act1v1ty were observed on gels scored for

6Pgd (Flgure 2 4) Wh1le both zones were varlable only zone.

2 prov1ded consistent resolutlon in d1p101d . ‘embryos. Thus,

this dlSCUSSlOﬂ w1ll center only on variants detected in

- " . e "

v o

':‘rx

'idne'two l(de51gnated 6Pgd 2) wiﬁegagahetéﬁhYtes' ekhibited -

segregation in zone two of trees heterozygous for

single-banded variants Three alleles were observed in thlS

zone. Embryos were elther s1ngle banded at the same p051t1on'

as the megagametcphyte or-triple—banded w1tn the' alternate

.......

band - coﬁncident“ ~with. the variants observed in the

i»

megagametophytes and an 1ntermed1ate band bf approxrmately*
double intensity. These results strongly suggest that the'

enzyme 6Pgd ;stﬁuncbionally djmerrgJ as has been reported in

loblolly pine (Pinus taeda L.) and pitch pine (Adams and

Joly 1980a, and Guries and Ledig 1978),

? 12
bt W

2.6.1 6Pgd-2, allele 2

Overall segregation' of the six trees sheterozygous at

this gene locus fits the expected distribution of gametes '

conditional on the null hypothesis of a 1] segregation
ratio (Gi=0.43; Table 2.10) There was 1a significantly
detectable heterogeneity among the ponled Aigtributinnre ~f

the heterozygous trees (Gz-0.49).

L



. .AlleleRm ..

2

‘ 1
T3
4
Figure

1.27 ]

1.00

.98 ]
0.86 ]

i

2.4,

Diagram of 6-phosphogluconic dehydrogenase gel

b3
0
N
R
- e -

"indicating haploid megagametopytes in lanes 1 to 4 and
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- Table 2 }0 Observed segregatlon of allele 1 and 2 of enzyme

6Pgd 2 by female, crowq~strata and year of collectlon

H

Gamete Cournts

CROWN STRATA L

Low ' Medium High Total

Female Year i 2 1 2 1 2 1 2
1 1975 7 3 6 4 4 6 17 13
1976 5 5 6 4 6 4 17 13

1977 7 3 6 4 6 4 19 11

1978 2 4 6 4 33 1" 11

Total 21 15 24 " 16 19 17 64, 48

(3 1975 2 8 5 4 1 9 8 21
1976 4 4 5 3 7 3, L1610

1977 2 4 4 3 3 7 g 14

1978 7 3 4 4 7 3 18 10

Total 15 19 18 14 18 22 51 55

Q 1975 4 6 6 S 5 5 15 20
1976 6 3 5 5 5 3 16 11

1977 6 4 5 2 6 4 17 10

1978 6 4 g 2 5 4 19 10

Total 22 17 24 18 21 16 67 51

ra 1975 3 7 missing 5 2 8 9
1976 6 4 miseing 6 4 12 8

1977 5 5 3 6 8 r 16 13

1978 8 2 2 8 4 6 14 16

Total 22 18 5 14 23 14 50 46

1A 1975 2 8 5 4 5 3 12 15
1976 6 4 12 8 6 4 24 16

1977 5 5 3 7 4 6 12 18

1978 4 5 3 4 2 8 9 17

Total 17 ?2 23 23 17 2 57 66

ne 1975 5 5 4 4 6 4 15 13
1976 2 7 5 5 6 4 13 16

1977 5 5 4 6 7 ] 16 12

1978 3 7 5 4 3 6 1 17

Tota) 15 24 18 19 22 15 55 58

Srmma g 1975 23 37 26 25 26 29 75 91
18976 29 27 33 25 36 22 98 74

1977 30 26 25 28 34 24 89 78

1978 30 25 2B 26 24 30 82 81

Total 112 '18 Y12 104 12n ane M4 3174
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e Trees numben.“ 9 and 29 ,showed gamete dlstrabutzons¥
' that f1t the expected dlStrlbUthnS (Table 2 11) There wasﬂ

‘no - 51gn1f1cant ,heterdgenelty among the 'obséEVed 2

P

distributions fer the crown strata or years sampled for
these trees, a

Tree 6 exhibited two distorted segregation ratios in
the low and high crown strata in 1975. Both of these were
dve to a deficiency of the number 1 allele. The peoled
year -distributions for this female had significant
heterogeneity (G3=10.70). The observed 1975 distrjbution
deviated from expected ,(Gf;é.04) when boeleﬁ over ~ crown

strata. This lack of fit was attributable to a deficiency of

the 1 allele.

v

Tree number 14 had fhree deviant seqreoerion ratios.
There wae no consistent trend in the Airection of deviation
within years. However, I.-1978 and H-1977 both had
deficien~ies of the 2 allele. When proled onver years, the
chserved gamete Aistribution in the middle crown etratunm dfd
not fir the expected 1:1 distribhuti n (G?-4.43) . This was
arrributable to a deficiency ~f the 1 allele. As well, there

wns significant hererngeneity ameng rrown strata (G3-6.88).

Tree numb s r 18 had t+twe <=ignificant eeevegation
digtarrian in 7.0 1077 apnd H 1978, The 'ack nf fi' for both of
thece wae Au~ t - g Aef] ian«‘y ~f th~ 1 a3llela Thera was nn
heternmereity or lack f Fir § « vl ye oy M T e eyt a

e Vel Tiara i v
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1
@

When aii‘ trees' wete considered, there wa54a'téndehcy
for aberrant_segxeéatibn fatios to‘occunAin 1977 ‘and 1978. .
This trend was eésentially indebéndent. of crown strata,
although the iow and high crown strata HéViated moré ofteﬁ

than did the middle crown srratuym.

?.6.2 6Pgd-2, allele 4

Only one femaie (number 7) among tHe 30 tested was
heterozygous for alleles number 1 and- 4. There were no
signifiéanr]y deviant segregation ratios from the expented
distribution under the null hypothesis (Table 2.12). as

well, there was no detectible heterogeneity among crawn

“trata o yenre eampled for Fhis female (Table 2 13)

! C]uc“se 6 phogsphate dehydrn~gen~se (G6p) E.C. 1.1 1_49

e main zaone of activity wac obsarved on gels stained

for Gép a2 rivity. There was, hourvar, nsn  putngenetic
modification  f thig zrne ~f artivity. After day faur of
germinatrien Apprrent activity iv thig 7eone proqfeqsively

decreased »nd 'he apparept activity cf apather zane (anndal)

intreace”’ at  arproximately the aam rat - Py Aaprroaximataly
Aay tan, ma-+ Ae' ~~tzhla Attivity in Fhe =c rad zcne ''ad
r'lw's'wr"":\ a A an™ Fhe me S 0 vyt e f a3 T o hin el fpe T
.\ me oy nadag]l 0 ne

T trneg apparen ' 1y hetar =2y e for “hr, the

1 ' fe im0t y Vo e L NI | "9{]"9’]"' t ' ( ,.;”,‘|” Vimiy e
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Table 2.12. Observed segregation of allele 1 and 4 of ehzyme =

6Pgd~2 by female; crown strata and year of collection.

Gamete Counts

;)

CROWN STRATA

Low *MaAd{ygm High Tetal

Female  Year 14 Y 14 14
1975 3 6 Q S 3 4 1R 16

1976 i 3 7 R 7 3 19 14

1977 | ] =] S e N 23 70

1070 N I IS n - ~n -

Toata)l 0 e LELT LI X1 Ny A
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“Table 2.13. Summafy of the segregation analysis for 6Pgd-2,

allele 4 by female, position, and year of collectioh{

T

Distribut.iion of Positions

X* C(Class female 7

1 L77 M76 H77

2 M78 H75,78

3 L75,76 M75,77
"y 76 |

- T.7R

S

7

Tlass intervals:
-0 0. 1015, 9-0,1016-0.455, 3=0.456-1.323, 4¢-1.324-2.706,
§-2.707 3.84' 6~3.842-6.635;, 7=6.6135

Adap el from Sne?scor and Coehran (10713)



”bAriéhts. Embryos ‘were elther’ single-banded inythe same
pos;tlon as the-megagametophyte or exhibited. one of y;wo,
phenotypes " (Figure 2.5).M)The ‘embryos }heterozygousf‘for'.
alleles 1 and:2 (=‘h"12“' embryos) commonly occurred ‘with
”Aunresolved bands withl the} top‘ and bottom of the zone of
_act1v1ty c01nc1dent wlth the relat1ve mlgratlon dlstances'
.obseryed fo the two alleles in the megagametophytes. When °
ciear p bandlng patterns " occurred they vrevealed a
trlple banded phenotype in heterozygous embryos.suggesting
that ﬂ%e enzyme G6p is fnnctionally dimeric. The other
embryo phenotype, ocdasionally observed, appeared “as an
‘%longated unresolved zone of weak act1v1ty extendlng to the
orlg1n There was: no evidence that the bands had—mlgrated in
3a cathodal d1rect1on. No instances of clear bandlng patterns"\
were. observed for th1s embryo phenotype Also, none of these
phenotypes was observed 1n heterozygous females. Therefore;
i thlsAphenotype was:deslgnated as "13"f
Thexpooled distributions for both females heteroaygous
at Gsp‘ didd.not fit the_expeCted;1:1 segregation ratio (G?
=2%.93; Eab}e 2.14);'As well, each female/ (numbers 15 and
27) .exhibited segregatlon patterns s1gn1f1cant1y d1fferent~
from those expected under the null hypothe51s‘(G’=14 17 and
13.83 respectlvely) There was rio heterogenelty between
these.t%o females for their observed segregatlon 'ratlo
(G3=0.07). In both cases, the lack of fit was attrlbutable

to a deficiency  of the hallele This deficiency was

~ primarily attributable, to samples M—1977‘,and 2—1975'for

’
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~Table 2.14. Observed segregation of allele 1 and 2 of enzyme

G6p by female, crown strata and year of collection.

/
Gamete Counts
CROWN STRATA

. Low Medium ' " High Total
Femdle  Year R 12 12
15 1875 10 0 6 2 7 2 23 4
1976 6 4 6 3 6 4 18 11

1977 4 3 8 2 4 3 16

1978 33 6 3 2 0 11
Total 23 10 26 10 19 11 68 31,
27 1975 5 5 703 9 21 9
1976 5 5 6 3 8 2 19 10
1977 5 5 5 5 7 3 1713
1978 7 4 5 3 10 0 122 7
Total 22 19 23 14 34 6 . 719 39
Summary 1975 15 5 13 5 16 3 44 13
1976 11 g 12 6 14 6 37 21
1977 8 13 7 118 33 23
1878 10 7 1 6 120 33 13

Total 45 2?2

o]

49 24 53 17 147 70

v S e v s = rm— - s~ —
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female 15, and H-1975, H-1976 and H-1978 for female 27
(Table 2.15) Thére was only one insténce in ‘the 23
obse?vations where the number of the 2 a;ieles exceeded the
nﬁﬁber of 1 alleleSAObserved (tree 15 H-1977). Thgpefore, we
must conclude that “these femaleg caﬁnot be considered as

‘segregating in a 1:1 fashion for ‘this locus.

} ,

2.8 Additional'Vatiable Loci

Variation',at} a number of other loci élso was detected
only in embryos. The wvariants detectea- at each 1locus are
briefly aegcribéc below. At each of these other loci, no
illegitimate progenv (i.e., grogeny'homgzygous for an allele
not in the mother t-ee) were obtained. Also, no progeny were
detected that were ~eterozygous for alleles not contained in
the" maternal ge ome. " In - most of these cases, the
megagametophyte was coincident in relative‘migration to the
hypothesized allele derived from the materhal component -
contained in the embryo. As well as the loci reported below;
Isocitrate dehydrogenase (E.C. 1.,1.1.42 1dh) was scored.

However, no variation was detected at this locus.

2.8.1 Aspartate aminotransferase (Aat-1) E.C. 2.6.1.1

A total of four . alleles were detected in the progeny_at
Aat-1, In all cases, progeny were triple banded, suggesting
that the enzyme Aat is functionally dimeric (Figure ZQF), as

has been reported in loblolly pine (Adams and Joly 1980a).
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 TabIe 2.15. Summary of the'segrégatign anélysis for. G6p by -
female, crown strata and year of collection. .

+

Distribution of Positions

" "

X Class female 15 female 27

K

1 L78 L75,76,77 M77
2 - ' L76,77 H76,77

3 M76,78 \L78 M76,78

4 ’ M75 M75,H77

5 H75

6 M77 o H76

7 L75 | H75,78

Class intervals: )
1=0-0.1015, 2=0.1016-0.455, 3=0.456-1.223/ 4<=1.324-2.706,
5=2.707-3.841 6=3.842-6.635, 7=>6.635

Adapted'from Sﬁedecor and Cochran (1973)

- ——— i © b s = s— TS e ey — e e = e e
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Figure 2.6. Diagram of aspartate aminotransferase gel.
1nd1cat1ng haplo1d megagametophytes in lanes 1 to 4 and

diploid embryo phenotypes in lanes 5 to 8. Lane: 5 = 11, ¢ =
12, 7 = 13, 8 = 14,
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2.8.2 Alcohol dehydrogenase (Adh) E.C. 1.1.1.1
Two alleles were detected in the progeny at Adh. All

progeny ﬁere~ triple-banded in the heterozygous condition,

suggesting that the enzyme Adh is functionally Idimeric

(Figure 2.7).

2.8.3 Glutamate dehydrogenase (Gdh) E.C. 1.4.1.2

Only one additional allozyme variant was detected in

~Gdh. In embryos héterongous at Gdh, the top of the bands

did not extend to the same relative position as did the
haploid megagametophyte (Figure 2.7). 'This condition has
been obsérved and feported in loblolly pine (Adams and Joly_
1980a). Since the enzyme Gdh appears to be a multimer, it is
hot‘expected that the bands should be coincident in their

migration (Pryor 1974).

2.8.4 Malic enzyme (Me) E.C. 1.1.1.40
A total of three alleles were detected in the progeny
of Me. In heterozygous éondition, embryos were

double-banded, suggesting that the enzyme Me 1is a monomer

(Figure 2.8).

2.9.Linkage Analaysis
Two trees (numbers 7 and 27) were multiply heterozygous

for Mdh-4 and 6Pgd-2 (allele 4), and Mdhf3‘ and. Gép,

respectively. The G* analysis of 1:1:1:1 distribution of
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Pigure 2.7, Diagram of alcohol dehydrogenase and glutamate

dehydrogenase gel indicating haploid megagametophytes in

lanes 1 to 4 and diploid embryo phenotypes in lanes 5 to 8.

Adh Lane: 5 = 11, g = 12, 7 = 11, 8 = 11, Gdh Lane: 5 = 11,

6 - 11, 7 =12, 8 = 11.
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i o
gametes revealed no evidence of linkage between the loci of

either pair. ’ o

T

2,10 Discussiop
R - v e T

Sampling thedries developed to detect a heterozygous

female by aésaying gamétes are based on the seemingly

Zro t

reasonable assumptlon of a 1:1 segregatlon ratio of gametes
"s i

in heterozygous fema&esﬂiﬁﬁorrls and Spe1th 1978Af

assumption likely is valid®ohly at meiosis. Howeuer
. 4 4

b
of conifer megagametophytes do not assess the segredat¥d

ratio at meiosis, hut at a time considerably later. Theﬁe

are a number of events which must océﬁg before a filled

seed, suitable for genotyping, matures. Theséi include both
7

pre- and pos*"zyquir ~vents. Pre“zygntin events include the

absence of meintic irregularities, rollination, and

fertilizaticn of the oparticular ~wvule. At this 1at1tudé;

meiosis and rhe mature seed in MNinus arse separated by an

, »

interval of approxim~tely 7 months (Nwens ef al. 1981).
Meioti~ irragularities are known ta ar~ur in all species of
. . * . . o
Pinus erudied (Sayler and Smith '766). Th-ge irrequliaritios

mry take the f~rm of:

' precerione Aiginn- v ion, w?\;"'b Vande +teo +vhe predustinn of
tnivalents nnd
failure of rhiaemy  terminralization wh' h  raeculte in

]nqq;”g (-\,> NIy P e M ey s ",911 N ey Yaor cvvmr ev v Yoy = =m0, y o an ?

Convmant e
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In addition, paracentric inversions were observed in
virtually all species studied.

Post-zygotic factnrs necessary to ensure development of
the embryo include a host of environmental parameters,
general nutritional status of the female and a number of
gg&étic factors n~t completely unBerstcod. A breakdown in
thé past -zygotic phase normally results in abortian nf the
embryo and desiccation of the female gametophytic tissgue
(Prv-Fwing 1957). The net result 15 a normal appearing, hut
empry seed. Additlional ~anstraints, such ae germinatien of
the geoﬂ with a2 22 mm radicle, impose further ébc'nv]e;
hetween meicsisc and  the ass~yed megagametaprbyte, The
samrling strateny vf Merris and Qpaith (|Q7R‘ onl: indjrateg

the r‘~10hahi1it’y nf o orecina o )\crérazyqnf-; it A D R

'the cagreq-ticrn rat in ~f het~ nzyqgove famnle

What f bty e ~ eyl he éS" rae’t Jao f-r beey vrad
"

F:Qgrr:qar;hv- Aigtnartieonr UThile yr V. \ preert 1e L |
~nane! 1Isively » given hiperthogin w;r}'\ thece ad crm o Yy -
mer @ obvi~ preeible ‘sctere recpengi e ! he = 1t ieoned
Farncrantrice ‘nvergic - rr e e RAlirent i, and noes by o
S r meaerme - NMoveoya: (AR chould sin: 'Yy O3 s eneme bhbe o yate
o rellen abeort P en apnd r ~"rorvi n of o f e b e gy Y
meqga ametep ytena . Thina rart fryoag a vedAr v, Fmrvt ' by,
f-}\ay hegl ! - ee: 1y in o TfOon egnty o0 At e oy AR EEE S I PN t b
"vey RNLIRY at and om0k “ther twe 0 oG, B R T S R

ty v b o Y . ebeviyl Y 0 oy e ~ o~ l"(‘q"ﬂq’-‘.‘"‘;" T Y Vit LI I
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able to adequately account for segregation distortion.
Meiotic Adisturbances such as searegration preference or
meintic drive .mechanisms are known to occur in plants, bu;
not in gymnosperms (Rhoades 1952). Furthermore, they would
mot,~accou;g fof the observed het;rogeneity among females Br
am~ng sampling positions withid a female.

One nf the more obhvious underlying explanations for the
nbeerved segregation distottion would be the genetic
composition nf Ehé pollen pool. The pollen pool must be
ronsidered in most of these discussions since ;mternal
s?qreqat‘on‘.wés indirectly assayed after fertilizatjion.
“enifers rypic~'ly have a high embryonic-lethal geneiic lnad
(Frler 1965, Rarmki 19°1, Sorensen 196°). In Nouglas fir,
the wogn nankher Af leths) ~quivalents= 1= nine t e 10 per
sya~'a QA engen 1070 7) Fr'imatcas for other species range
Froam one Fna  Fuw rer ryaote  in Droecphila  psevdockscura

2}
(M krhan-ky ! al 1963) and 'rip~linm (Levene et al. 194RK)

ey bhay e - ks Fy - pe zygete in man (Martan ot 3] . 1965). ™
forbe v eea rbe mAajority of this leaAd isg expressed iq
mav ly erkyyAanye riavo‘lmpm-nt-, . .}"‘:\rri'ﬂ)]arly after
gelf fert i ' "—ayi-n, Al Anqgh a'ma 17 rAantipnaal)y ~xpreeased
frem ceel arrviagkyen thr ~angh al) etag-e tn matority
(M Puy oy AR B H o ~ever 3k e a'~n ~oncajrahle that
embr y i~ letba'a “ulAd e expressed  up-s - mating  with
relnterd 1Y v S lae e q pArent ~'f_crr1'ng‘ “Traet rAangine,
etc.). as wel) 'h rand metinge, Furthermar -

“elf fertilizat:i - " R O L o T
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higher proportion of emp'ty' seeds than cross_*fergtzil_iz'étion
A
(Hadders and Koski 1975, Rudolph 1976)ijhélthouqh a large
proportion of empty égeds alen is rbeerved under nnrﬁa1
field conditions (Anderson 1mrey After contr 1)ad
se1f~p011inatioﬁ; the progress of fertilizati n  apd
Subsequent embryoqenesis generally pro--ed normally  until
shortly after the suspensor stage (i.e., the begining of _the
embrye proper) in Mjcea abies and I'ime ¢ylvpsfﬁis L. (Keski
ﬁ971). Orr-EBwing (1a857) chowed that development ~f the
embrvo frllowing gelf ferrilivétion continved normally unti)
two or rhrree weoakg afirer fertilizatien in Pscu”ffsugﬁ

)

menTiesij (Mirh ) Frane Civen *he ragultaeg rregent-Ad  hera,

e erplonatian fey the ak: yran: cegraga' inan rat’ e ~h “rver

weanld ke - ithay ‘];Hl'.-"qc ~f the iecazime marker with ~ewoe
ambr y o tetha1l Ay "iyacs '”fhﬁ‘iry ~f +the iscryre i'-alf .
However “inee  hat! Firas - f hom 7yqcyn rrea ny weay s
ohger “oA lethrn)irg o f tl e A A B I T S PN coenp lare
Snraeangen ! '0&T) hae ferve 1l oA ~ome o !¢ ' A B P
Aabherrant “agr ~nt X - ey e ! Cor
} b «

T Sitnaticpna whaey « *hey e vag . Febormme e 4 EETREE
foemnloa (.. annr‘?nq rnv§’§ ne withiinp A e ale) e v

hyr'-"haﬂize th=* ait'or tha r- 1l n pool wne herrqene e (1.,
A N A R I ',"]) e thory 4 e qenet i, backgrOUnﬂ Sl " Neem fan
TPAL A ey far Yot g Ay semi-lethals yren re'fing

s

'-)\1511 ' ~t 1 cw: & .'\"‘l'.cv\q fpma]@c ;\ - om \"’J quvvr\]:‘nr]

f\r\g'nf e St \ [ NE PN ) Shero ! L coe b LRI
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reasonable to infer that the pollen pool is heterogeneous in

\

space and(;;me. lternatively for inter-female differences,

différent. égﬁ tic  backgrounds could be responsible for the
observed departjr from 1:1 segregation ratios: Homogeneity
and heterngeneity of tﬁe pollen poerl' also refer to the
proportion of embryos derived as a direct result of
Aautn fertiliza'ion, an well asuétridfly genetic chahges in
the external gpnllen pool. From these experiments and

analyers, it = not paseihle to unambiquously identify an

erbryn resylting from crnss Ffertilization with a pollen
I

allele identical ‘' the 3llele ~f the rother {(identiral in

@
*ype nr hQthygcng) ~e from an ot frorvy i1 Jmng 3oy Aavent

Tlentical in gt ke oy aut~zygrue
T"ic i net the Aanly reprst  ~f  Al-pnaraed segregation
P - ~gerred Fn elaryt rhey tir :“VPStiQﬂtiOHS of
mifero s ropolations.  Adame  and  Icly  (1Q80a) reported
scorcattion Tistoption  in ¢ &eed o chard of Pioys t aeda.

™,

Tolerv et o1 (190 1) ohger e aherrant s"ar-~gation ratios in

E} 1r~nal eed o hgard of /i« <t olyye T T ovdkuiet (1974)

indirated 'iist.grfn& feqreny o ratiog fFr natural

prrulstyrng ,ﬁ%, Pirra abiecc. Tn ‘reir  mrnly  Af ratural
B

Formlari ons Qf Pimv s rondercea T.oows | " Mallay ef al. (1079)

2

“Vaey e qegr,-.qu: N ORI Anr & it gever al gene ' i Rudin
Lt 197 Yy &nA Pudih A "‘rerg (1~709) reperted
segregation dist~rtion from th  swpae 'ad 1. fatios in
Jiffornnt potural repul-tion - e ey eatrie, Thus,

iC" Aiates v 10w fyeom LR 2 2 Y I e meeom b b the
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rnle;.'rather than the exception~in coniferous‘pcpulations;
' These . segregatlon dlstortlons are most lzkely the result of
llnkage between the electrophoretlc marker and an embryonlcf
lethal or- sem1 lethal gene.r\‘ o |

. ‘These types "dof segregatlon d15tort1on should be
con51dered when estlmates of populatlon allele frequency are
made from bulked samples of megagametophytes, part1cularly'
' 'when a small number of- 1nd1v1duals are represented ;inv the
sample.‘ Furthermore,althese aberragt segregatlon ratios
affect the blnomlnal probab111ty statement about detéctlcn;
of heterozy9051ty of an ‘indivitiual plant .Thus, it'may:be

necessary ‘to 1nclude one or two addltlonal megagametophytes

'to compensate for these sources of bias.
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3. ESTIMATION OF MATING SYSTEM AND EFFECTIVE POPULATION

- SIZES

3.1 Introduction
" In an infinit@ly large population, .Qf all of gﬁe
assumptions of the hardy—Weinberg law are satisf@ed; gene
frequencies and amounts of variation remain cénstant from °
generatiqn to generation. Howevef, in most populations,.
,migration, mutation, selection, non-random matihg_gnd finite
size operate to <cause either directional cor stochastic
changes in the population from gepératfon to ‘geweration.
Non-random mating in the form of selfing or consaﬁguineOUS-
Amating does not result in changes of allele frequencies from
one generation to the next (Crow. and Kimura'1970). However,
the genotypic distributions and hbmozygosity are mdified as
a function of thgg?Level of consanguineous matlngs Other
forms of_non-random mating, such as pesitive assortative
mating,- cause an increase in the frequency and homozy9051ty
of the target gene and others linked td it, but do not
affect the rest of the genome (Crow and Felsensteln 1968) .
The finite size of a population can have two effects on
the struéture of the population. The first is to increase
the average degree of relationship aﬁong individuals' from
one "generation to the next. Thi; has been extens1vely

studied from two approaches: correlation of unltlng gametes

(Wright 1965) and probability of identity by descent

60
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khalgspt 1969) . In addition, this finite size induces a
fluctuation or variance associatedAwith allele frequgncies
between sucéessive éenerations. These situations, namely an
increase in the average degfée of relationship and Qariance
in allele frequency, both act to reduce the actual 'number of
individuals participating fn mating from the total number of
individuals in fhg populéfion. From the finbreeding aspect,
this occurs as a result of a reduced number of independent
or unique genomes participating in the mating. The véfiance
in allele freguency concept is derived from sampling theory,
whereby a smaller number of samples from the population
results. in a larger variance associated with the mean. These AN
th‘con¢epfs of reduction in the genetic sample size of the“
bopuiqtion are termed the inbreeding effective number and
tﬁe variance effective numhaer, respectiiny (Crow 1954,
Kimura and Crow 1963).

In this chapter, estimatés are made o% time and space
variation 1in the mating system and variance effective
population number in a stand of jack pine. As well, initial

estimates are made of the variance effecti = prouvlation

numbers for the male gametophytin populat'i-n.

3.2 Materials and Methods
Collection of the open-pollinated seeds, tissue
preparation, electrophoretic conditions and enzymes assayed

were as previously indicated. REetimation of mating system



62
4 N

parameéers and IVariance effective population number Qere
made for temporal and spatial dimensioas,in thejrpopulation.
The time dimension was represented.by the four pollination
events of 1975, 1976, 1977 and 1978. The spatial dimensions
were represented by three strata (Low, Middle and High)
within the sexually active crown of a tree.

The maternal gamete contributed to .each embryo was
deterpined for each "of the nine variable loci studied.
Therefore, the observed pollen allele contributed to each
embryo can also be determined. These data will be called the

observed pollen pool' as opposed to the Youtcrossed pollen
pool'. The latter component will be’ estimated from the
mating’ system. Expected heterozyoosity (h?) wvas calculated

for each variable lotus in each population by the formdla:

h? =~ 1 4Z p2.. ’ -1-

D
- %

~

where P;; represents the estimate of the frequency of the
7 th allele ¥n the j th population. The observed genotypic
distri%ution' was compared to the expected genotypic
distribution under Hardy-Weinberg equilibrium.by means of a
maximumuﬁlikelihood- G* (asymptotic X?) analy51s after an
adjusﬁmeht for small. population size - (Levene 1949). . The
proportional'deCrease in heterozygosity (F) relative to that
expected under panmixia (i.e., Hardywweinberg equilibrium)

was calculated for both the 30 mature trees and the

temporally and spatially subdivided filial populations
' \
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according to the formula:

where H is the observed proportion of heterozygotes and h?
is as previously defined in 1. This quantity is known as
Wright's fixation index.

The methods presented by Yasuda (1969) were used to
estimate the variance effective population. }umber (see
Appiydix 1 for details of the method). These estimates are
based on the allele  frequency ' estimates in the mature
population and the observeA pollgn pool ahd compared to the
estimates in the filia) genefation. If the sémple of the
mature  population arcurately repreéehts. the population
allele FreQuéncies no migratioh 6;;Urs, mating is at random,
and-\a]l individuals are contributing equally tn the pnllen
peol,  then rhe‘ mature populatiﬂn.and obsefvo4 pollen pacl
shoulA qi:e comparable estimates. Ag ﬁrpvi"”<1y Aiacyased, a
constant amount of selfing Aaee ot r~hange the allele
frequencies between generations. |

Fetimation of single-locus mating system parameters
(p(i), and s where pli) is the ﬁfﬁquency of the i th 3allele
in  the outcroésgd pellen paol, iv1,;,.k, s is the selfing
rate and t=1-s is the out-r-ssing rate) were made using the
methods of Brown et al. (‘Q%S) and Che)igkfet Aal. (19R2)

(see Appendix 2 for details ~f the BM methed) . Fetimakion »f

mating system parameters neing multi Jocre data warm made
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using the methods of Shaw et al;‘(1981).

To assess'tﬁe homogeneity of the pollen pqol = reaching
each female, the number of homozygous and heterozygous
émbryos borne by a female was entered into a 2xf contihgenoy
table (Brown et al. 1975), where f is the anbe; of
homozygous females, and tested by means of a maximum
likelihood G5 anaiysis. A sum of squares simultaneous tesg .
procedufé (STP; Sokal ando Rohlf, 1969) was applied to
delineate homogeneous subsets if the G? test of homogeneit"

was rejected.

?.? Results

r

Five of tha ten 1orilcurveye§ were found to be wvariable
in the mature pooulation, However,  because of systematic
Aeviations frrm evpected Mendelian segregation, Gép has been
excluded frmm all further calculations. Two alleles were :

i

obServed in each of Aph-2, Mdh-3, and Mdh -4, and three
alleles were observed in 6Fgd 2 (Table 3.1), TLevels of
heterozygrsity ranged from a low of 0.0328 (Aph-2) to a high
of 0 2094 (6Pad-2), with a miép of 0.1052 (considering only
the variable laci) or 0 0526 (considering all loci included
ir the study) The average number of alleles per locus was
.67 for all Joci and 2.2 for only the variable logi in the
mature population. While this is a biased sample of loci,

thie esrtimate is Jow in comparison to most gymnosperms

(Hamrick et al. 1979) and should not he construed as

S
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Table 3.1. Allele frequencies, heterozygosities and test
results for Hardy-Weinberg equilibrium distributions in the

‘mature and filial populations.

<.L6cus
' Population Allele Aph-2 Mdh-3 LMdh—4 6Pgd-2
Mature 1 .983 .950 1933 .883
2 017 .0s0 0&7 . 100
a - . - 017
h' .033 | nos .124 .210
16000 (1) 108 (1) 214 (1) 795 (3)
F 016+ 087 = 053+ 076  0794.034 ~_ 114+ 0n-
N 30 .30 20 30
USRI 1 978 . 953 . 948 .9n7
2 LN92 047 082 .NR?
A - - .010
h* .043 . .0nap .noo .170
G’ 232(1) e B8R( 1) ! 7=}|) 17,75(;)
F 0124 01 N7a+ nn 01s nnn L0443+ 01
N 1307 2498 EX KT 3454

- . - . . f' .

fTegt feor Hardy Weinbaraq 'v"j'ﬁlivbrium, Aevrean o {y an.30m

shown in the hrackets.
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representatiyé 'of this stand.  or the igpecigs. , Thi;
distribution. of genotypes in th; Eature;populétion fit;‘thé7
expectatibns of Hardy-Weinberg equilibridﬁ fér .all of the’
loci surveyed. However, as 1indicated by thé'negativg F
values, thefe was a consistent excess of hetero;ygotes in.
the mature population., The excess of heterozygotes over
panmictig expectations was negatively related to sthe level

of hr'erozygosity at the particular locus.

p

3.4 Filial bopulation _
3.4.1 Leci in Hardy:wéinbefg equilibrium

No distortijons from Hardy-Weinberg equilibriﬁm wefe
obsergved for any pooled filial distribution at.Aat1, Adh,
Apb 2, Gdh, Mdh-4 and Me. For those loci fixed in the mature
populatinn, ;here was a smald, Dbut consistent excess of
observaed heterozygntes in the filial population (Téble;f.z).
For Aph 2, there were two }hstances of non-significant
excesses of homozygotes observed in the individual sampling
positione. While the mean fdvalue indicated an excess of
observed heterozygotes at Aph-2, there was a large rqnge in
the individnal sampling positions contributing to.fhis ﬁéan
(-0.0333 v~ 0 .1323). A deficiency of . heterozygotes was
observed in the poclad éisfributions for 1976 and tH; high

~yown strarum for this locus. The mean F value for Mdh-4

indicated a =small excess of observed homozygotes (0.0152),
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””]Table 3 2 Summary of 1nbreed1ng coeff1c1ents (F) calc lated

j,'from eQUat1on 2 for year and crown stratum subd1v151ons i

‘lﬁthe f1l1al populat1pns

Locus * Stratum = 1975 1976, ° 1977 - /1978  .Mean’

v

vAph-2'  ow ™ Z.0112 -.0297  -.0270 o 0;?%<l,024s.'
l Middle -,0287°, -.0288  -.0338 -.0239  -.0290.
‘High - -.0202 .1333 .0691 -.0198  .0222
Mean -.0222 .0158  -.0275 -.0207  -.0124

Mdh*3._‘Lowyi_ ,167§ B .1053 10746 .0419 .68255-'
Middle =~ .0872 . .1323 _.0334 .3333 1292
High .0255 - -.,0528 .1753' | .od37" %6341'
Mean ‘;0724,i .0549° ’;6954 | v,oéie . L0796

Mah-e - Ldw ' L0870 .0236 -.0756 -.070% -.0183

Middle -.0407  -.0702  .0536 = .2308 ° .0305
High ' -,0647  .3566 -.0478 -.0425 .. .0393
Mean .  .0076 - .0764 ~-.0255 0211+ .0152

\ GPgd—évaQw R —,0364_"—.0909'“ -.0589  ~.0945 ° -.0670
o ;jMid&1e  .0888' ~f;087; .0858. ,;,6522 " 0052"
High  -.0956  -.0907 -.0853. 0013 - .0649
Mean . ”--0152v_'-;0896 -.0238' -.0457 -.04311
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,,;ewen- though more than 50% f¢£; ;the-i observed progeny
'~,dastr1butions ‘1nd1cated an excess of . heterozygotes relat1ve
T to - that expected iunder _ panm1xfa :'Twoa %nstances T,bf;}p

"51gn1f1cant excess/ of homozygotes' were observed 1n the

1nd1v1dual sampl1ng p051t1ons (Mlddle 1978 H1gh 1976)

3 4.2 boci not in Hardy-Wexnberg equxlabr;um e 'luf"”'\.
The pooled distributions for two ;gsi)/—ndﬁ’3
6Pgd-2; were not in Hardy-We1nberg equ111br1um.‘ There were
two instancesf of, 51gn1f1cant departures from the. expected
Hardf Welnberg equ111br1um distrlbutlon for .the 1nd1v1dual
samplxng p051t10ns Aat Mdh 3 (Mlddle 1978 High 19775 The
‘pooled year and crown strata summarles showed' exdesses o]
homozygotes, although only -J977 and 1978. and the low ‘and
'middle strata had- s1gnificant' excesses., None Qof' the

3
flnd1v1dual pos1tlons showed 51gn1f1cant departures from the

T

- expected dlstrlbutlons for 6Pgd 2. In the pooled . year _and
crown strata summarles .there was 7usuallyf an excess of
‘heteroZYQotes observed, “although this excess ‘was .only

s}gnifibant‘for 1976,

3. 4 3 Summary cf levels of var1at1on
Aph 2 typlcally showed an excess of varf%tlon- in the
filial populatlons as compared to the mature populat:on{ The

increase in’ mean heterozy9051ty was dpprox1mately 33% when

4
-,

pooled, over the twelve sampllng posxtlons. For Aph-z there
Y

“was an exoess of . heterozygotes, § measured . by the .. F

™
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\»/populatlons at

\j, 3 69
Stdtlstlcs,.ln both . the mature populatlon (=. 016) and the
filial population (-.012). The remaining three varlable loc1
in, the mature populatlon showed an 1ncrease in frequency of
the - common allele and a d@crease in the expected level of
variability’ from observations in the mature and filial
populations. Although the observed progeny dlstrlbutlon for'
'Mdh 3 did not fit panmictic expectatlons in terms ‘of mqan
allele. frequency of the variable loc1 studied, it was the

most - similar to the mature population Overall' 'there was

¥
1

about a 6% deorease -in the level of var1ab111ty in the
filial population at Mdh-3. However, there was a 51gn1f1cant.
'change- in genotyplc d1str1but10ns f ron the mature to flllal.
.populat1ons at Mdh 3, as measured frOm the F d15tr1but1ons.
Both Mdh+4- and 6Pgd*2 showed approxlmately a 20% reductlonf:

in varlablllty from the mature crop - to the - filial~

.generatlon, However,“the 'observed progeny dlstrlbutlon at

Mdh-4 was con51stent with panmlctlc expectatlons whlle ~at

6Pgd-2 . there was a significant excésg of heterozygotes'
observed. In’ addltlon, the mature populatlon at Mdh- 4 showed‘~
an excess of heterozygotes, while there was a net def1c1ency_

of heterozyotes in .the f111al populat1on Excesses ,of

'heterozyotes werbserved in- both thé »mature and filial

HoweVer, the ‘extess was about 2.7

. times greater In the matixe than in thé filial populatlon

The 'change in the"lnbreed1ng value. from the ' mature'

populatlon to the flllal populatlons was not” 51gn1f1cant

9
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3;5aEstimation7o£ the mating sYstem_'v
', -t ' :
B‘S:i'Comparison of metheds> .
. A . ,
Slmultaneous maximum-likelihood -estimates of the

outcrossed pollen N allele frequencies (p(i)) and the

~outii
c Al

ma

551ng,1ate (t) for Aph-2,; Mdh-3, Mdh-4'and GPgdez vere

sihg‘the methods of Brown et éll (iS?SI'and>Che1iak et
al. 7.(1982) (Table 3.3). In general there‘ is" good
eOrrespondenee among - the’ two 'methods in the‘
.aaximum—lifelihood estimates of ethe‘ pollen ‘pddl allele
‘frequenc1es, the exception belng the middle crown stratum 1n
1977 for Aph 2, where the two estlmates dlffered by 7% The
-most striking dlfference}between the two methods is in “the
estimates of outcross1ng rates. Whlle there is a strong rankt
correlatlon between outcrosslng estimates derlved from thex.
two methods (r=0.713, 45 df P<0;05),'aore than half of the .
"estimates- from‘ the estimation procedure ‘of #rown,et a[,.
(19?5)‘are.§reater than one aad, thﬁs outside ef'the.haturai“e;
biological parameter range;'This excess of outcr0551ng is,
related to the under1y1ng observed genotyplc dlStrlbUthﬂ 1nrr
the - filial pqpulat1oqs.‘Compar1son of the»observeg_f1xat1on
ipdex (Table_3,2).in;these 6£'cases where t > 41.0e_5hows a .
complete' correspondehce -between negatlve F values (i.e.,
cess of observed heterozygotes)' and outcrossyng rates_ve
eayer than one. Whlle the method of Brown et al. (1975) is
insepsitive to the “genotyplc structure of the | maturer;

popd;ation, " excesses of 7“heterozygotes iﬁ the. fllial
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generat1on result 1n outcr0551ng estlmates greater than one.g
'However, whlle not blologlcally mean1ngful the conventlonaIL
likelihood estlmatlon (ML) procedure of Brown et al’ (1975)1,"
w1ll.be less biased than the;EM‘ﬁlgorLthm est;mates when,the.
.true’ ?alue"of the outcrossing ratevls appigtf;;tely'one.-
This arises because lthe EM - algorithm, < ag presentIY'
formulated;. is strlctly bounded between Zero.and one in the .
'eSt;mate of ' the outcrossing‘ rate. Howeuer, because the
outcrossing, rate (t) 15 calculated from classes of progeny

_sampled from a multinomial dlstrlbutlon,.sampllng variation
can lbe expected to lead to estimates of t greater than one.ll
',Therefore, the restricted range of est1mates obtalned by the
EM algorlthm could lead to an underestlmate of the effectlve,
'outcr0551ng rate when the true value is near one,Vin?.small
samples. This b1as will affect avetag1ng of 1ndependent,
'estlmates to obtaln average values.,In an attempt to ' reduce
th1s b1as, the data from each of the sampllng pos1t1ons were
pooled and the parameters re- estlmated to obtaln any of :the
pooled estlma!%s. for the .crOWn strata, year ‘or total'
summarles. Estlmates were then averaged over loc1;

A priori it is' not expected that such potential for

bias will-vdestroy any dlfferences. among the ] varlous;°

trat1f1catlons ' sampled -ih-]ﬁtﬁ?l pOpulatlon. Anotherf,fj

dlscrepancy between the two procedures is in the data basesﬂ
used to estlmate the mating system;‘parameters, If the
maternal gamete ~contributed, to each embryo is  known,

heterozygous embryos of the same genotype as the maternal -
_ . ] - :
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Lplant: contributeA:information'“about the matlng system for
diallelic ioci-l Without pthe~ genetlc 1nformatlon‘ of the
-female gametophyte these embryos have to be omitted from the
ca}tulatlons. ‘The Estlmatlon—Maxlmlzatlon (EM) algorathm
'.(Cheliak- et al. | 1982) - which has been formulated
spetlflcally for gymnosperms, uses a sllghtly dlfferent data
-qese'l. - calculate mating system parameters than the method
of Brown et al. (1975) With these quallfhcatlons and
differences' considered, the est1mates of the matlng system
‘parameters from 'the EM algorlthm WIll be - used }n 51;‘
subsequent analyses | ‘ ‘ ‘
 The de ‘fant comparlsons (e g., ﬂiddle'A1§77yI4ang‘fH%gh
'1978 ffon'vAphf2)-;can be \attr;buted-_to the:heteroz§§ous
:embryos.from heterozygous maternal 'plants. For 'example,\
suopose there ‘are two alleles i and j in the populatlon and
- allele i1 is of cons1derably hlgher frequency than j. When a
lheterozygous' maternal plant seﬁregates ;gr the jrallele, an
i allele w1ll most llkely be received upon outcr0551ngr
o Slmllarlly, when }the, maternal plant segregates for‘the j°
allele, an-i aliele will most likely be received uoon
outcrossing‘ Thus, >1f the observed number of ij embryos is
'large when the maternal plant segreqated for the i. allele,
the most llkely event is that they have been derived fromh
self- fert1lﬂgatlon The same ar%ument applies té\]j _embryos
when the maternal plant segregated for the j allele These\
arguments necessarlly assume a homogeneous distribution ofs\

! allele frequencies in the pollen.poolﬁ“Otherwise,'estfmates

/I
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~of outcrossing will be biased downward- In this way, all of . .
the data collected can contrlbute information to estimation_

~

of the mat1ng system.

L D
3.5.2 Mating system of jack pine
" If the mating system is ‘the only factor influencing the

-

transm1551on of gametes from one generatlon to the next all

loc1 should glve statlst1cally comparable estlmates for the
~ L .
apparent outcrossing ,rate in. any. part1cular ~sampllpg

. . r ' .
positioh.vIn'general; there 1is con51derable heterogeneity
~among the- matlng system parametens obtalned from 1nd1v1dual

loc1 for any sampl1ng p051t10n (Table 3. 3)

3.5.3 Log-linear analyses :
_ _ . ' 7 _
The heterogeneity of} apparent outcrossing estimates

-

. (pooled over females) with respect to the distribu ion’ of
the, predlcteé numbers of selfed and outcrossed embryos was"

fltted by a hlerarchy of log—llnear 'logistic models. The
) l . R ,’ . " ) ) ’l
simplest loglstlc 'model includes"main'effects"df locus,

;:SLyear and crown strata, but assumes all hlgheg order

interactions are nil. Even when all of the 1nteract10n terms*'

among the 1ndependent varlables .were‘ypncluded,isthere was

stlll significant .’ heterogeheltyvlpamohg » theA estimated
A‘outcrossing ‘rates (Table. 3. 4). "ngeverf 50%;'~of' the w .
heterogeneity remalnlng after the f1t of the basel1ne model

¢ -

¢ould .be accounted for by the penultlmate log1t model Slﬁde

~

the log l1ke11hood ratio statlstrc for goodness-of~fit can
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Table 3.4. Anova of logit of expected numbers of outcrossed

versus selfed progeny by log-linear models,

Percent proportional ;

decrease of total

Source of Variation af G?
Total 45 2228.7 -
Main Effects 8 486.1 22
 Locus’ - 3 345.7 16
Year ‘ 3 126.6 6
St:atqm 2 13.8 1

’
All Pair-wise Effects 2i 635.7 29
Locu§ X Stratum - 6 232.6 “‘ 10
S;ratum X Year 6 212.9 10
Loéﬁs X Yeér 9 190.2 7 9
: ' ‘l

Remainder 13 1106.9 50
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be decomposea additive;y; inferences can be maqe-about\thev
reletive contribution‘of the various interactions ‘to the
‘Feductioh in~.total ’heterdgeneity.‘ Therefore, intértlocus
heterogenelty appears te-contribute the largest amount (f6%)‘
to the var1ab111ty "in outcrossing eetimetes, with years. 
cqgtqibutlng about 6% and crown- strata about 1% as main
effects. All first-orderf interactions had nearly) equal
contrlbutlons of . approx1mately 10%. Thus, these interactions

make substant1al contrlbutlons to the total heterogenlty of

outcross1ng rates. .

‘

1

Ignorlng - the - significant inter-locus heterogenity‘
'(G§=55€.9, where the subscript refers to the degrees of
freedom), a maximum-likelihood G* analysis testing the. 

-~

hypothesis of homogeneity of the frequency of outerOSSed aﬂd

A

(9

selfed embryos from each of the 12 sampllng p051t10ns was
rejected for each of the fgur loci (Table 3.5)ﬁ Therefore,
there is significant 1ntra—locus heterogeneity among the 12
sampling positiéns pooled over the 30 females. To test the
homogeneity of the stratifications made 'in the populatieﬂ,
this same test was applied to the crown strata summeriee
.pooled evét'years and to the year summaries poeled over the
crown strata for each of the loci, ignoripg the significant
interactions of year by crowh'statum.‘In addition, ,an STP
%gprocedure was uSeﬁ to delineate homogeneous subsets within
the * data whén'e}Ynificant Heterogeneity existed (Sokal(and

i

Rohlf 1969). S ‘ .



Table 3.5. G? summary of homogenelty of outcrosszng rates

for 51ngle loci and pooled summarles

a

D
Locus,
Source ° Aph-2 Mdh-3 - Mdh-4 6Pgd-2
Total i
G? 653.3 - 452.0 368.5 413.3
Years - N . .
G? 164 .1 . 23.7 162.9 150.1
Yo STP 5>6,7>8 5,7,>6>8 5>7>6,8 6>5,8>7
( . ' . .
- Stratum ‘ :
G? 40.2 123.2 1.1 104.8
STP L,M>H H>M>L, H,M,L\\ L>M,H
Pooled %ummafies
G? 556.9 ., .
STP 6Pgd-:2>Mdh-4,Mdh-3>Aph-2
Years . |
. G? 104
- STP 5>6,7>8
Stratum _ . ‘
~G? . .494 '
R STP L,M,H
L 'r
> = Greater than': , = Not dlfferent than
L = Low, M = Mfﬁdle and H = High
5 L 1975,

= 1576, T = 1977 ana‘B = 1978

v
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For the -crown strata analyses there were no obvious
general tterns of variation among the loc1. Mdh-4 was the
only locus where no differences' were detected among the

-

three levels within the reproaugtive canopy of the stand.
: y |
Mdh-3 was the only locus which showed significant clinal

patterns: the selfing’ rate increased 51gn1f1cantly from 6%

in’ the high stratum to 14% in the mlddle stratum and 21% in
the lower crown stratum. At Aph-2, 1low and ‘middle erownv
strata were not significantly differeat 'butt had hdghet‘
outcrossing rates than the hiéh ctdwn_ stratufi. At GPéa-gT\\
the low crown stratum again produced‘fewervaelfed embryos
than the middle and high lérown strata, ~which were not
different ftom each other. | 4
Three loci (Aph-2, Mdh-3 and Mdh-4) indicated that
significantly fewer apparently selfed embryos were produced
in 1975 than in (1976, 1977 and 1978. As well, fewer
apparently ‘selfed. embryos were ptoauced in 1976 and 1977
than in 1978 for Aph—Z and Mdh-3. The effective selfing
rates ‘Yor these two years (1976 -and 1577) were not
ei nificantly different. The effective outcross;ﬁé rate was
51gn1f1cantly hpgher for 6Pgd- 2 in 1976 At this locua, the
effectlve outcrossing rate was not 51gn1ficaﬁtiy d&fferent
in 1975 and ﬂ978 but there was a- 51gn1f1cantly lower selfing
rate in both of tHkse Years than 1n 1977. : >
Assuming these. loc1'.are independent, the .pooled
distributions (over females and loei) for the thfeefﬁcrown
's;vata. and four years were tested using”the same G? and. STP

r

a\ ,
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E procedures. While there is'heterogeneity in tﬁe single-locus
‘estimates, the pooied disfributions’indicated no significanr
differences among the'three erown etrata'(Tab' (3.5). Thus,
'-wﬁthin any of thesefStrata;'an averaée of 12% _ the iygotes
measured at the viable embryo stage appear te\haéé/beeev
derived from self—fertilizatiqn. in— gontrast, the pooled
distributions ‘for the years showed gdgnificant differences.
Signifiogntiy feyer]embryos appear to have been derived frbm‘
self—fertilizatiOﬁ in 1975 than in 1976, 1977 or 1978. The
‘highest proportions o{ apparently‘ seifed embryos . were
obtained from the most recent crop (1978). The effective
selfing rates ‘ihr 1976 and 1977 were 'nof- significantly
different from eech other. Thus, at thlS stage of .the life
cy&@e, about 9% of the zygotes from 1975 matlngs appear to,‘
have been ‘derived from™~ self- fertlllzatlon The effective
“proportlon of selfed embryos increased to about 12% 1nK1976_
14% in, 1977 and, 18% Zn 1978. Therefore, rhere appears to be
a 51gn1f1cant change in, the mating system among"rhe years
sampled : Furthermore there were no pelatlonehlps among the.
outcross1ng rates for the various years and heterozygoszty
of elther the observed or outcrossed pollen pﬂh‘
» ;
3.5:4 Multilocus analysis
As discussed by Shaw et al (i981) and Ritland and Jain
(1981), multilocus estimatnre of ‘mating system parameters
are expected to be less sensitive than sinéle loeus

estimators to effects which cause heterogeneity under mixed
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’ tdlfferencé'can be . aq;r1buted to  the small sample size: and

80

“mating systems. . For example, consangu1neous matzngs, as. a;
uresult of 11m1ted poLlen flow or family. clusterlng, are=A
"expected _to cause . a dOwnward’ bias in -single' locus

T estimators whereas multllocus estimators are generally less

sensitive to these_ types,.of- non-random matlngs. and to

'heterogenelty in the pollen pool. The multllocus est1mate of‘4'

the effective outcr0551ng rate'(Shaw et al. 1981) for the
filial populatlon pooled over females, years and strata is .

0 gt/' Thus, it 'appears that there 'fs .a posSibiiity of

.restrlcted pollen flow coupled with some family structurlng

o

that- glves rlg‘ to consangu1neous matlngs. However, it does

not appear that this is the major contr1but10n to the

apparent propprtion of self- fert1llzatlon. v
fr

3.6 Pollen pool

3.6.1 .Comparisen of the mature and moutcrossed?_allele}z’

frequencies

il .
—he—

Using t-statistics to test‘:for the eqdalitﬁ)of'two
percentages’ (Sokal fand: Rohlf' 1969lv . few significant
differences ’could~ be demonstrated 1n the frequency-of the.'
commgon allele between the mature populatlon (ie e., maternal)

and the outcrossed pollen pool. (Table 3. 6). The lack-or

t

;'large standard errors in the- mature populatlon. In general

there was less. expected varlablllty (1.e,,flh’) in the
/ ' -

-
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' Table 3 6 \t-test for the homogenezty of common allele ,
f\\frequenc1es observed 1n the mature populatlon (female

component) and the observed pollgn pool . (male c0mponent)

- ) ’ ;’ ‘- “-.“ L
e ' Locus- -
o ‘Stra'_b;um‘ o Year . 'Aph-'2” - M3h=3 . Mdh-4 - '6Pvg;‘d-»2'f:‘ -
_“Tow . ‘1975  0.224  0.096 ~'1.2727**'1 569
- 75_ ‘1.479  0.065. 0.668. . 1.360
1977 1.116 - . 0.032°  0.337  -0.868
« 1978 < 0.266 - 2.106% 1.223 ¢
" Middle 1975  1.475 0,064 2.421%  1.418
| 1976 1.189 - 0{032°  0.938 _ 1.367
. 1977 2.582% ° 0,099 1.456  2.233%
. 1978 °0.861  0.096" .1.311 - 1.163
High ~ 1975  ©.070 ' 0.065  0.923. 1.353
1976 " 0.940-  0.064 * 1.404  0.742
1977 © 0.668  0.032 - 0.671 . 0.820:
‘1978 0.823 | 0.456 - .0915 0.330 -
o R o Sﬁmmaries
N . ‘ v‘ o T ‘\' ~ ’ . ' '
Strata  Low i 1.075  0.001 ~ 1.020  1.338
| ‘Middle 1.585  0.214  1.187  1.559
High  0.672 °~ 0.136 0.573  0.878
. Years 1975  0.752  0.001  0.973 1.543
1976  1.368 0,034  0.535  1-210
1977 1.368 ° 0.001  0.936  .1.299
1978  0.902 -'0.140  1.437 . 0.951
“Total . 1.140  0.035  0.920  1.272

* indicates significant at a = .05
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N ,
outcrossed pollen poql than in- the mature populatlon Tha;
v‘exqeptién na; Aph—z. whe@% the rare allele had -a higher
. frequency -in the outcrossed pollen pool than in the- mature
gopulatiqn, Over all the loc1; ,tnere was ‘an average of
approximately a 2% difference ﬁn the common- ‘allele

frequency. o " 5,
3.6.2 ﬁomogeneity of ‘the pollen pool - .

. Two locﬁ | (Aph-2  and Mdh-4{ ahowed _signiffﬁgnt
inter-femaie heterogeneity fot‘the number of heterozygous
and‘ homoz}gous embryos observed (G2,=139.37 and'G§,=51.86,
nespectively)- There were no significant dlfferences among
trees for this parameter at Mdh-3 and 6Pgd 2 (G «=24.59 and'
’G,,-26 54 respectively). These results suggest that: (1)
‘there are héterogenaous distributions of éollen allele
fréquencies among offsprlng of femalea} (2) females
incorpatate non- 1dent1cal alleles at dlfferent rates or (3)
the probability  of outcrossing (or conversely,
self-fertilization) vanie5*>among the trees for Aph-2 and
\\ggn-4. The net effect of pollen pool hetarogeneity is an
expected .upward bias of‘finbreeding “coefficients and a
dpwnward bias in outcrossing estimates (Brown et al. 1975).
From these results it is likely that the two.low outcr0551ng
estimates observ;d for"Aph 2 ark further confounded by

heterogeneous pollen pool distributions.



3 7 Var1ance effectlve populatxon numbers
The male 'varlance effectlve populatlon number , was'

-

calculated from the follow1ng formula (Ewens 1979):

—
- -4(N Nf) ” | -3-
‘ e Nm o+ Nf.
where Ne.is the effective. population;.number; Nm .is‘,the
" number of males, and Nf is the number of females‘(Table
3;7).-The number of females was assumed to be 300 for Al
calculations. - o S

It has been further assumed that the varlance effective
number calculated by the methods of Yasuda (1969) is
equ1valent to the 1nbreed1ng effectlve number. However, thls‘
assumptlon bs true only when the population size is nearly_“
static, whlch 1mp11es that there 'are an average of two -
successful‘gametes per individual, and-when the distribution
of family sizes follows a Poisson distribution (Kimura. and
Crow 1963). The results presentgd ~ in 'Table 3.7 are not
intended to be absolute Galues. In fact: these resultsa are
dependent upon the absolute sample sizes in the mature and
'wflllal populat1ons. They are intended simply as a measure of
the extent of random drift in the particular sample being
studied. For example, the extent of random drift in 1575"in‘
the 1low crown stratumh(based on the mature pcpulation) was
the same as a population with a variance effective size of

42,. with 30 females and 16 males, all with an equal chance

to reproduce.
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Table 3.7. Variance efféCtiVe population numbers and
variance effective male numbers calculated from the mature

[} .

population and observed pollen pool.

1. Mature population allgle frequencies.

. _Papulation ' " Males
75 76 77 78 Hm  75. 76 77 78 Hm.
L 42 29 65 51 a3 16 10 '35 22.'17
M 32 49 . 31 28 34 121 10 9 12
H 53 25 55 59 43 24 8 25 29 17
Hm 41 32 46 ~ 42 40 16 11 18 ‘16 15
)

2. Observed pollen pool allele frequencies

75 76 77 78 Hm 75 76 77 78 Hm

L 53 94 92 76 75 24 108 99 52 50
M 46 61 55 67 57 19 31 25 38 27.

H 81 82 71 94 84 91 s 44 108 69

Hm 58 .76 70 78 70 29 53 42 55« 42

L,M,H refer to Low Middle and High Strata respectively,
75,76,77,78 refer to 1975 1976 1977 1978 respectively

Hm =-Harmonic mean.
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Based ;;the‘ mature population, the harmonic mean

. ' ¢
'1nd1cated that ﬁhe mean population sampled was equ1valent to

l)

a population w1th a variance effective size of 40, with 30

}
;§males and 15 males,' all equally part1c1pating in the

ating for the filial- generatlon. No obv1ous trends ex1sted

in either the year or crown strata summaries. However, the

middle ‘stratum and 1976 were qu1te different from all other

o

summaries. o

When we compare the results ‘based .on the‘ mature'
populatlon to those based on the observed pollen pool,  the
latter invariably gave larger variance eﬁfectﬁve numbers As
expecd\g the observed pdllen pool takes into acoount
migration as vell as.self-fertilization;'Again, thé middle
stratum indicated a smaller variance effective number.
However, there was considerably greater variation among the
strata based on the observed pollen;pool.~{n this case, 1975

was quite different frem any of the other Jyears.

.Overall, this represents a 43% increase -in the harmonic—

mean variance effective population number and a 64% increase

in the variance effective number of Imales_ contributing to
the flllal .generation. Based on the observed pollen pool the
harmonic mean filial population is equ1valent " to  a
population with a variance effective number of 70,.with 30
females and 42 males all randomly mating.

. If these results. are indicative of migration rates in
natural populations_of this species, they suggest that jack

pine populations may exchange a° considerable . amount af

3



‘.enet1c 1nformat10n by way of m1grat10n. However, it may’be
‘mlsleadlng to attrlbute aill of th1s increase str1ct1y to -
'mlgratlon. Slnce a- larger var}ance effect:ve number 1s the
result of a smaller varlancd assocuated w1th two eans, part'
of thls 1nqrease could be due to self fertlllza i or some
level of consangu1neous matlngs.l Fo: example, lf only"
_several‘imales were 1nvolved§1n most of the. fertlllzatlons,
there would be a smaller .variance in the' m;an .allelel
frequency 'in the fxllal populat1on and the dbserved pollen.
pool than between the friial population ‘and mature
population. This results from Aa large proportlon of full
siblings4in the filial generation, which woufd ‘not affect
’the. observed pollen pool allele frequenc1ds. However\~since
mature populatlon allele frequenc1es are &alculated on the
basis of observed genotypic dlstrlbutlons, they necessarily
assume egual contribution and,_;herefore,lwould be expected
to -show a greater variancesin“means éhus, if the dynamics
f~ef~the~mat1ng system-are— suchﬁ\that“_not**all Tindividuals’
participate equally, the variance effective number will be

inflated relative to the inbreeding effective number.

d

3.8 Discussion

"The most likely' factor responsible for excesses of
homozygotes in- the filial populations (as measured by

-~

Hardy-Weinberg equilibrium) is the mixed mating system..

However, when the individual sampling positions which



e
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1nd1cated an excess of homozygotes (F>0) are compared to the.
expected proportlon under 1nbreed1ng equ1l1br1um (i.e.,.
Fe= (l-t)/(1+t) (Fyfe and Balley 1951) or Fets/(2-s) . (Hayman
1953)) 53% indicated an excess of- observed homozygotes and ,
42% a def1c1ency after correct1on for Ttpe» matzng szsteg;
(i.e.,s equilibrium 1nbreeding 'vaIUe) Sltuatlons Where

exce%ses are observed over pred1ct1ons by the matlng system_
. ~ \

can- be the result of a variety of causes (Brown 1979).@The_

most common explanat1on isf the Wahlund effeot‘ (Wahlund

\

1928). Th;s effect is the  result of subdiv151on in the
populat{on witn variahde in allele frequenty among ;ﬂé o
subdivrsions.’:An.»eXEese' of homozygotes results when ‘the
subd1v1ded populatlons are con51dered as a{ylngle panmlctlc
unit. Wahlund effects,n however, are not the.onlyefactors
which can result in_,excesses of homozyéo;es. Positive
genetic assortariye mating whereby' individualss ofi like
‘genotype tend to mate also will result in an excees df
" homoezygotes (Crow and Felsenstein 1968). Similarly, this 
excese of" homozygotes‘gcould be due }oq a restricted
neighbourhood size withi family vstruo;uring 'within Ehe
neighbourhoods (Levin and Kerster 1971, 1974). This model
implies\ * that while matinglv is random within the
neighbourhood) meting'individuals within .the neighbourhood
.?re on average more related genetically than ‘randomr‘
individuals from the poodiét;on, Since  the - expected

dispersal distance of seeds from these serotinous cones is

lfmited, there is scope for'family Structures to develop in_
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natural populations. Given a genetic basis for phenological
,itiming of flowering and no' barriers to consanguineous
matings,fthis mbdel as - well: as the~_positive assortative
‘fmating- medel, cduld.satisfacte;ily ae?eﬁnt'for7the observed‘
vehcesses‘of'homozyéctes after correction for the ‘mating .
system;. In-additjon the parental generation from which the
'-embryos have been sampled could be 1nbred -Thus, even if
:‘mating is;,strictly random in the parental generation, the
flllal generation will be’ more rélated than if it had ‘beén
derived from unre{ated non- inbred parents (Squ1llace 1974)
.At this level of ana1y51s then, all 4of these effects are
confounded Wlth the present set of data, it is not clear 1f
.any or all of these qedels are operating, and to what degree
each contributes to the results. The observed F distribution
in. the mature population suggests that the parental
generation~'is not likely inbred.;However, mempers of the
parental genefaeion Acould ‘still be Trelated. Apart from.
historical preference, the other factors cannot be
separated. |

Cases where a deficiency of homozygotes are observed
can be due to a number of causes ~(Brown 1979), When. the
mating system_'is one of predominant outcrossing, such as
that in jack pine, explanations requiring sttong linkage
disequilibriﬁgx'are unlikely. Thus, heterozygous advantages
for chromosomal segments including the marker loci 'and

associative overdominance are commonly cited as

explanations. The first model implies a general heterozygote
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advantage (heter051s) e1ther for the marker locus 1tse1f ?6r ‘
"for“: a block of genes w1th Whlch it is .in llnkage

dlsequlllbrlum The second model assoc1at1ve overdom1nanceﬂl

-

is really a spec1allzed case of the more general hltchhlklng‘
eff@bt (Sﬂrobeck 1979) Stpobeck‘(1979)‘has :shownv that {f

there,- is s_only a le locus *at’ which" there 1is. a

T

lheteroiygdtievadvantage?fi
Y, " . : ' ) ; - _ -

Only at closely linked loci, but at any locus in_ the genome.
As the number of advantageous heterozygotic loci increasesh

ere. is aﬁbarent selection. not

"the 'apparent selection 'effect is expected to‘inCrease;.

vFunthermore, thES’model applies to situations in thch»there‘
is -partial selfing, or a%ﬁlxed mat1ng system such as. Jack
pine. Negative assortative mat1ng also can lead to an excess .
of heter}zygotes 'after correctlon for the matlng system.
' This could be brought about in a number of ways. If" the
'phenelogy ;f femaie receptivity on a tree is temborally
ditferent than the males on the same tree, and if males on
genotypically different trees tend to éoincide in anthesis
with the:reeeptivity of these females, qeéative assortative
mating will result. That male and female flowers on the same
tree mature at slightay different times has long been known
as a general phenomenon in forest trees (Sarvas 1962).
However, the validity of the second part of this argument is
“unknown. If there is competititon aﬁong male gametes
mediated by maternal .effects (for example through the
pollination drop (Owens et al. 1981) such that gametes of:

e

dissimilar genotypes tended to be favored, heterozygote



. &
- excesses would résult;"Thig ’ typé' of incompatibility
mechanism is unknow; in‘thebPinaceae. Thglprimitive lethal-.
" semi-lethal alle;é system fhat'causes ei}ly embryo aborﬁion
-in  the homozygous state also will: lead to\hetérozygété
exceés. Indirect ob§erva£ions of "this system have been
discussed .in the previous chépter. . ‘
Differepces in allele frequency between the male and
female - gamgfe' pools also will resul£ in e;cessgs of
' hetergzygotes éfter a correCtién for the matfing system
(Rgberfson 1965, 'Workmah' 1969). This potentij} cause for
hetgrézygéte extesses is generally ignoréd in monoecious
plant popu%ations, -because each individga;4is'eﬁpected to
coﬁtgibuté equally to both the male and fgmale gam;te,pools.
As discussed earlier differential contribution and
incorporation of gametes in the t&o‘pools is confounded with
cla;sical migration. Differences 1in allele frequency were
“evident in the male and female gamete pools in this study.
However, because of largé standard errors in the female
pool, few of these differences were significant. Indirect
evidence supporting both of these forms of migration can be
obtained from detailed observations made in a seed orchard
of Pinus sylvestris L. (Bbumibhamon 1978) and natural
populations of Pjcea abies L. and P, sylvestris  (Roski
1970). Results from the variance effective population size .

calculations also suggested that migration could be

Aaffecting the genetic composition of the filial populations.
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.. In 1941, Fisher demonstrated that once a gene ‘arises:
.

whlch permlts self- fert111ty in an otherw1se outcr0551ng K
spec1es, thls gene has an 1mmed1ate evolutlonary advantage.

This advantage arlses because more coples of thls gene are

“u R [}

passed - on to the offspr1ng by selfing than by outcr0551ng
Thus, over t1me, this gene |is expected ‘to 1ncrease‘cin=
.ffequency and finally become fixed inlthe'popuiation.dAt.
- 'this point, the”épecies‘woold be a predominant inbreeder.

However; if this advantage were opposed by natural selection

favoringlo‘ sed individuals (by some type of heterotic

selection'fh”='e ‘species'-qould' maintain its predominant
outbreeding nating system.AP;evious work with -jack pine ‘has
shown that,a three- to four-fold reduction in the nomber of
fiiled.seed.followed by approximateiy a tere—fold reduction
in germindﬁion (medsured over a 30 day period) occuPs after
controlled self-fertilization (Rudolph  1976). This
observatidni*alone suggests-'that tne:e may be some type of
heterotic effect associated with outcrossed. individuals
relatixe’to selfed individuals, |

At this level of experimentalQ control, all of tne-
factors listed above could be. responsible for the obserVed'
heterozygote excesses 1n the filial generation. If we are to
isolate any of the factors, specific experlments w1ll have
to designed to separate these confounded effects. These
experiments should involve conttolied crosses as well as
observations  on- flowering, phenology and effective

transmission distances of male gametes.
\
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.In this study,\\estlmates of matlng system»parameters
for each of the four loci were. made from ai‘common set of
‘embryos. Therefore,‘ varlatlon ‘in the actual proporttons of.

’

selfed and outcrossed embryos does not - contrlbute to the-;
large, : 51ngle locus N heterogeneltles ‘observed,_ This
'.ivarlablllty must be due to either . random variation (i‘e.}
statistical noise) and/or violations in- the assumptlons‘A
: 1mp11c1tly made in the estlmatlon procedure. Because of the;
'compensatlon possible with. many of the v1olatlons, ‘only the
‘pooled estlmates will be dlscussed ' ’
.Contrary to 1n1t1al expectatlons of dlfferences among
strata in apparent‘bptCr0551ng,rates vand ~p;evious results
(Fowler‘1965) the crown strata d4id not show any differences
in selflng rate. Thls could be due to the low density of the
stand as well as the range in absolute'height_(5‘22 m) and
the active reproductive crown (5-18 m) among the 1individual.
trees. Vatiability in height implies that ﬁhe low stfa%um_
for one tree could be equivalent to the high stratum for
another. The 1low deﬁsjty of the trees in the stand would
tena-to keep the pollen pool welllﬁ;xed, not allewing any
stratification. as migﬁt be expected in high density,
uniform~heigﬁt stands. While differences in selfing rafes
may exist amdng crown levels as a general feature in fqrest
stands, they were not demonstrable with these data. .
« The signifi-ant temporal variation in~the'mating system
‘can be acrounted for by two related hypotheses. First, there

could bhe real ~hanges in the mating system among the years

£ I . -
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-and observatxons from thlS study are merely due to chance.
However “. these‘i changes . were - 1ndependent of - thed “
heterozy9051ty jof the pdllen pool so that the 11nearf

temporal trend observed ‘is notia trivial problem of spurlous.

| detectablllty of the EM estlmator. The second related L

hypothe51s of d1fferent1a1 v1ab111ty over . time suggests thatr
the probablllty of germ1nat10n of a selfed or 1nbreed zygote jf
.‘decreases over tlme. Th1s same trend was - reported by Moran
and Brown (1980) They calculated the probab1l1ty that a.
selfed embryo of alpine ash v1able at time t would be JZable
at time t+2 years to be 0.56, if surv1vorsh1p was due only
to differential viability, Using this same strategy, these
data suggest  that _the_'ptobability_ that a viable selfed
embryo produced in l975(islstill viable i% 1978 is 0.56t
Apparently dormant ‘seed_ can .deteriorateJHOVer;tihe;»
particularly under sub-optimal conditions:.for, long*teru
storage (Abdul-Baii”:and Andersoq 1972) These data suggest
that a greater selectlve reduptlon of selfed relative to
outcrossed embryos, coupled with }changes in‘ the mating
system, could occur over time. However, studies on mating
system' .dynamics " and  'dormant' embryo 'bhysiology ‘are
necessaryv to ‘gain a better understanding of temporal
variation in the mating system ofoserotinous-coned speciesr
In addition, independent samples' of the «crop, assessing

different . ranges in years, should be made to determine if

the same trends are demonstrable. ' I .
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The observatlons of Moran and Brown (1980) and thls

pstudy suggest that to maxlmlze the number of unlque genomes

f

for domestacatlon programs or gene conservatlon, sampling'

strategdes should 1nvolve collectlon prefer%ptlally from
KRR TIE & '

older‘seed crops. However, ‘as. there 1s a general declzne in.

| y;ablllty of Jack plne seeds over . tlme (Baker 1980) as well

RIS

as an . 1gcreased probab111tz of 1nsect attack deflnltlon of

' the optimal - strategy needs to account, for other biotic

-factors. - . ‘f“

v

051ng morphologldal markers Fowler (1965) deolph

(1979) and Sittman ‘and Taylor (197]) estlmated selflng rates

e . :
in \ jack pPine populatlons " to ‘be’” 19%, 7% and 10%1

respectively. These estimates compare “favorably with those
‘ 2dv. ' : : -

&ty

‘derived from enzyme "markers in this study. In fact, tBe

K S . T
means are essentially the same‘(88%~ outcross1ng) &f thIS
«

stand were to be burned and left to regenerate naturgfiy, we'
would expect an average of 12% of the zygotes . to :be the
dlrect resuﬁ&wﬁof apparentrself fertlllzatlomﬂ if only the
1975 to 1978 crops were ‘included. However because ot severe
1nbreedlng depre531on. associdted w1th se;fs'ln Jack'plne
V(Rudonh"19§j),*“most"of- the'.selfed seedlings are 'not:
aexpectedj'to‘;SdrviGeb'td ‘the ;next matyre populatlon. This
'~contention is‘fﬂrther: supported by heterozygote excesses;
,Tobseryed not only in jack_ plne, but/ln most mature con1fers
(Linhart etlaf. 198Lﬁ20 Mal}ey:gf‘al.o1979, Yeh and’ Layton
’1979).v ;f-there is seiéet{Qe removal of-selfed individuals,_

it would: be .interesting to consider the. potential
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contr1but1ons to the subsequent mature populatlon from eaeh
‘:of the years of matlng in terms of the life - cycle and matlng
Lsystem components (Allard et -al. 1977 'and Clegg et al.
1978). o | -

a:,/' . . . v o7 R {.. .
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4. PRACTICAL IMALICATIONS
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4.1 Introduction _ %ﬁs'

In most sﬁudies dealing witnA forest trees, it is
assumed that open-pollinated progenyyégge the result of
random meting-with an effectively infinite&Qale gamete pool.
This is equivalent to assuming tnat open;poliinated progeny

are half-siblings from random,mating (ergkt 1976). These

assumptions allow simplifications to be made{;when draw1ng

\l
%%

"inferences from the performance of open- pollinated progeny
‘and in estimation procedures for genetic parameters such as
additive genetic variance. However, results from this study.
‘ ® o
have demonstrated that the mixed mating system modeiras”well'
as a finite effective male gamete pool are more régiisric_ub

e

‘assumptions. Even after correction for the mating system 1t
is clear that mating was not completely random for any o{
the four 1loci studied. There are several practical

implications of these results.

4.1.1 Inference

If we accept the results from this study -- finite
effective malev populations, temporally and spatially
variable partial-selfing rates and evidence for non-random
mating -- the performance of open—pollinated progeny can be
interpreted in two ways. Typ1cally, genetic dlfferences) are
1nferred when a provenance or family mean is significantly

?
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different fren the test mean. The inferred genetic
differences instead may be a reflection of the‘ﬁating
systen.. Severe inbreeding depression associated. with
consanguineeus matings in;eonifers (Hadders and Koski 1975)
suggests that the inferred genetic differences could be
confounded by the specific. -mating event represénted in a

'partlcular ~ open- poll1nated provenance or family sampie.'

~Thus, differences in performance-could be in part the resultl
of different selflng rates, dlfferent male effective sizes
Qr dlfferent patterns ‘of‘ non-random mating amoné the
provenances or ‘openrnollinateé families sampled. With
knowledge of the mating system it is possible to identify,
at least at the population or;brovenance level, differences
in mating systems inv.the particular samplei/representing
thoae populationé. Specific field‘performance or ranking of
family or provenance, means ‘can be interpreted in light of

~

expected inbreeding depression if estimates of the mating

system are available.

4.1.2 Estimation
When estimates of additive genetic variance are made
from open-pollinated progeny it is usually assumed that

these individuals are half-siblings. Strictly speaking,

’Ahoweveg, half siblings are individuals that have one parent

\&n -common’ and the other parent different (Falconer 1961). A
grOUp or family of half-siblings, therefore, represents the

progeny of qne maternal plant mated at random and producing
1 . 'To ne
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oﬁly‘ one offspring\ bx, each unrelated pollen séurde.‘
Therefore, for 3half—siblings to .thpin, thére must be: an
efféctively-infinite pollen pool relative to the number of
. seeds colléctéd fromvé'singlg maternglsélant. Two biases cﬁﬁ
affect the estimates of geneéic parameters if t@eée' iqitiél.
_assumbtiOns are incprrect.‘ The first bias, a mixed méting
syétem, can be corfecfed as shown in Eigure_4.1..This~figuke

. ?
has been constructed from the following formula:

) N

vhere F is the correlation between uniting,gametes. Fér true
half-siblings the qorrelation between uniting\gametés is 0
and the expected coefficient of additive geneticvvariance is
4.0. However, when the’mlevgl of family structure (i.e.,
inbreeding relativg' to assuming half sibs) increases to
‘complete full siblings, the value of F becomes 1 and the
 expet%ed- coefficien; of additive genetic variance {s 2.0

Thus, this correction measures the effect of inbreediﬁg' on
the expected cerficient ;Qf additive Qenetic variance for
haif—sibling families. The value of F in Figure 4.1 is
assumed to be the equilibrium' inbreeding . value (i:e.,
Fe¥(1-t)/(1+t) (Fyfe and Bailey 1951) or Fe=s/(2-s) (Hayman
1953)). With the outcrossing. results presented in this
study, the expected coefficient of additive genetic variance

‘varies from 3.82 for 1975 to 3.67 for 1978 accountinéwfor

inbreeding alone (Table 4.1). These biases from inbreeding
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~Table 4.1. Exypected coefficients of additive genetic

variance under inbreeding and various family structures for

the estimated mating system of a starid of jack pine.

>

K-° _: Qverestimate

Year 't . Fe hs " fs ~hs fs

1975 0.92  0.047 3.82 2.88 4.5 28.0

1976 0.88  0.062 3,77 2.84 5.8 29.0
1977 0.86 °0.074 3.72 2.80 7.0 30.0
1978 0.82 0.094 3.67 2.75 8.9 31.3

Mean 0.88 0.067 3.75 2.82 6.3 29.5

i)

t=outcrbssing rate, Fe;équilibfium inbreeding value
. 3 . !
hs=half-sibling family, fs=half+full-sibling. families

K™ '=expected coefficient of additive genetic variance
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represent an average overestimaf? of the totélZTAéditive'
genetic vatisnce of 6 percent.'Hdwever, it is still assumed
that the proportionl of progeny derived from outcrossing
represents half-sibling families.. If ‘the progeny sampled
actually represent collections of7_half— and full-sjbling
families, which is expected sith a- finite male pool, a
formula presented by Yeh (1982) can;Be‘used to estimate the
ekpected coefficent of additiye genetic variance for varying‘
degrees of inbreeding st;Uctupe and number of\seedlings 'pef
parent tree. Clearly,'jﬁhe 'degree of  bias due to the
assumption that all-.fsmiiies represent half-siblings is
dependent on  not. only the effective male population size,
put also the sample‘size from asparticula; female and F (ﬁhe
inbreeding coefficient). If\we accept ‘42 as the egtimste of
the male effective size and that .]20 -zygotes are sampled
. frém esqh of 30 femsles, we would expect a mekimsm.of 41
fullisipling families each with a group size of
approximately three. W1th the levels of 1nbreed1ng observed
and fhis degree of family sStructure in the filial
populatioh, ~the expected coefficient of additive genetic
variance ranges from 2.88 for 1975 tp 2,75 fer 1978 (Table
4.1). If we had assumed the sample represented“half-sibling

families with?} inbreeding, the total additive genetic
variance would have been overestimated‘by 29.5 percent. )
> Thus, even though the level of 1nbreed1ng appears to be

small and the effective male population appears to be 1arge,

the assumptions of random mating and half-sibling families



can résult'in 4considerable bias when estimating genetic
.paramefers%; Furthermore, these adjustments do not accouhp
for all the bias. Within each of the full-sibling families,
no account ’has’ been made of non-additive effects of
dominance eplstas1s and higher- order interactions. However

WIthOUt knowledge of the pedigree it is impossible for.us to

adgust for "these additional sources of bias.

4.2 Seed Orcherdsi

Since there should be no family structure'among the
trees in a seed orchard, it is expected that . the seeds
producea will be free of any inbreeding apert from selfing.
There are ‘two sources of selfing in seed orcherds. The first
type 'is vﬁhe same as that expected in natural populatlons,
i.e., self- -matings within the tree However, selfed seeds
also can be derived from "outcrossed" fertilizations amnng
.ramets of the same clone within- the seed orchar ', Since no
data ere?available, it is difficult to estimate the %elative
proportions oﬁ these twn types of selfed seeds rroduced in
'seea orchards. It 1is likely that the prop~rtinne of this
:;atter type of selfing-wili be funcrionally related to  the
-ab_solute' distance among ramets of the game clones, as well
as a number of environmental parameters (Shen et al. 1981).
Furthermore, it ,ié usually assumed that the seeds der;ved
from seed orchards are the result of panm‘iiia. With the

>

results  obtained from this study, thie assumption7is‘likely

-



107 .

invalid 'b‘f pollen disper51on 15 limited both spatially as
‘'well as temporally, as can be expected with .collections 'cf'
diverse material flowering at different times, some‘type of
management may be necessary to ensure that. the _ef£ective
51pés ~of the population remain as large as p0351b1e.,These
management techniques may 1nvolve booster " pollination,
design. of seed orchards “to maximize mixing of the pollen-
pool, and overhead_'itrigation to delay and: synchronize
flowering. 'Howevef, Quantitative estimates of the mating
system and its dynamics in the seed orchard should. be made
before embarking on‘aniexpenaive management prbgram. If sgme
type of management program is implemented itshfeffectiveneSSgéw
should be constantly monitoredﬂby re- evaluating estimates of‘
the mating system and its dynamics.‘ |
4.2.1 éurrent’nu:aery,greenbouse and plantation practices-fy
ﬁIn nursery practicel ano particularly in container..

production of seedlings, attempts .are made to provide.

optimal env1ronments for. germination and growth Competition

among plants is carefully controlled by - optimal;yb

density/spacing regimes in nursery beds. In'containerized
productinn systems, competition effectively haa - _been
eliminated. In intensive forest management, optimal -
spacing/density regimes, nutrition, and protection against
losses from competition, insect andt‘disease attacks,are
provided through artificial regeneration  and ° cnltoralﬂ

management ‘programs, :Minimization of regeneration costs is
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l ,qﬁﬁéa 1ncent1ve.;for these programé W1tﬁ reduced levels of;

*{7‘compet1t1oh 1t i llkely that the Pr°P°rt1°“ 'Qf selfed

'  1nd1deuals' malntalned the populatlon 'w1ll 1ncrease.

.Under. n&tural condltions, these 1nd1v1duals would- have beenwf

:tremoved by compet1t10n and/or natural selectlon' under these

oontrolled condltlons, they w1ll not . Therefore;. it is: a
crltlcar‘ respon51b111ty .fo forest genet1c1%ts to- ensure
that the maxxmum proport1on of' seeds derlved ‘from seed
orchards - or seed productlon, areas .are‘ the result of

-outcf0551ng Erom quantltatlve studles ofomaflng systems and

the dynamics of matlng systems 1in natural populatlons,_seed

L ‘productlon areas and seed orchards,- strategies can be

formulated to. ensure“'that 'expected ‘gains; from  tree
wlmprovement are not compromased

» V"V
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5. APPENDIX 1..:

Variance effective population estimation method
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_fhe method used to estimate the variance effective population

number in the filial population from Yasuda (1969) is as follows. /

Leihthe frequency‘of an:a?]ele <Ai) at a Tocus in the mature:
hpopqiation:be pi(m).énd-the"cdrreSponding frequency of that allele in

the filial popd]étion beApi(f), where pi(f) = oi/ZN, 0, is the number of*
Ai alleles observed in the filial population and 2N is the number of
gametes which have been cqnfributed to the filial generation. These 2N
gametes are considered as a rando;\sampleﬁg;bm an infinite pool of. ‘
gametes producéd by the parents. Since 0; is a random variable which is

sampled from a binomial distribution the mean [ pi(f),J and variance

[ V ] of o, are given by:

Pice) T Pim) A Voge) T Py(my (TP (my /2N

The change in allele frequency between the two generations, §p = pi(f) -

pi(m) is expected to be 0, but this quéhtity has a variance of vsp'=

pi(m)(]'pi(m))/ZN' To norma11z§ thg yarjanceugnd make it in dependent
of the allele frequencies, the data are trarsformed by
sinzef-

-]/E

p

13

or ]

Lett1ng § = Q

- Q., the variance of 60 is:
m f

: wh1ch can be computed by ‘
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o 1 . T2 2. 9 2 2 2
an_e = é‘ L (6@1 + 6@1)."' 3 Z (601 + 6@2 + 6@3) + ...

kp - ks -

' T2 | 2
oot (m-1) £ (80, + e + sem),
.oom Sk . .
m
where n = ké + 2k3f4 ..... + (m - l)km is the number of independent

a11e1es observed and ki is the number of loci with i alleles. The

variance effective number is then given by
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EM algorithm to estimate matin’g systems in gymnosperms
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‘To use the EM algorithm to estimate mating system
: ! : : ' , :
parameters in gymnosperms the following data are'necessary°

1. A known oé inferred maternal genotype: These data can be
obtalned fﬁBm elther a pedigree or by 1nference from
analys1s of the haploid megagametophytlc tlssue. - |

2. Genotypes of open—polllnated progeny arrays asv wéll~‘as
known maternal contribution to heterozygous . egbryos fromg
known or inferred heterozygous maternal plants of the
same genotype.‘ \ | |

3. At least twé'differedt classes of maternal genotypes

The notation for this formulation is consistent with that

adopted in'Chgliak-et al. 1982.

6.1 The expectation step (E)
| Table A2.1 outlines the phenotypic classes observed
after vérious ﬁ;ting events, conditional on the maternal
gendtype: Given that we have observed a total ofb'X embryos
from Y maternal plants, the expected numbefiof selfed (.x..)
and outcrossed (..x.) embrjos in this genotYpic‘ class are
given by equations la and 1b, for homozygéus and
heterozygous maternal plants, respectively.
In the casé of héteroiygous maternal plants a
distinction can be made between embryos which received'an i

or j maternal allele when the paternal gamete is the same as

one of the two alleles of the maternal plant.

-
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,xand £th a]]e]es in the outcrossed po]]en poo], i, j, £ =1,

: 57 1s- the se]f1ng rate
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6.1.1 ?helmaximizatiqn step (M)
Maximum-likelihood estimators bf P 'and s now carn be

derived s1multaneously from the complete sample -space (x);

u51ng conventional | max1mum-11ke11hood theory (Dempster et:;;l

al. [Q77). The llk611h00d ‘equation for the complete seﬁvqu

observatlons is glven by:..

o X LTS Y K
L=N.I"(s) (B, (1= sN™ % 1 (p (1 -t
T < S AT
. . ll . PR
R § (s/4) 1] oy (1 - s)/2) 1574 (s /4)lj = (i1 - gyt
=1 j=i+l. e ' 3 .
N : SR o RS S A e S
(s/4)*d 3% (p, (1 - )73 (s/a)™7 33 (p; (1~ )% 3 | .
II (1 - s)y2)*d % (p; (1 -8y 30 B o ;::::
' L]

where N is a normalizing consﬁént p(i),- i=1,.;,k"h§ ‘the

frequency of the i th allele in,the outcrossed pollen pool

4
R

s is the selflng rate and x 15 an expected observatlon ’Eet

-~ - -

the log llkellhood equatlon be..

L* = 1n (L) o .
Using the method of Lagrangian'multipliers to constrain the
nllele frequencies to sum to l.O, the 1likelihood equation
is: |

L=L*+>\(l—2pil,
‘ i=1



where the~La§?3néfan;éonsfréiht (A ) is: J

SRR CEIppecl
i=11

~Tak1ng partlal dlfferentlalsq ofi - LT w1th respect to p(l)

Sy it

"i=T;§l;k, s andk , equatlng them to 0 and solv1ng fcr A Vwe

E]

obtain the follow1ng maxlmum llkellhood est;@gtors for p,
“and s | |
%" s
.rlé XL . -7 -
- |
‘and s = : — - T
x o+ X,
- where,
k Tk
X = I iix;- L XC X
. i= jmisp 1371 1371
k r
x = I x '
4 T Fl s - _ -
o= r M e a5 T %y 5 it 1353
‘ i=1 o =i+l S ‘
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