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| Summary

The genetic study of Taiwan fir (Abis bawakamii (Hayata) Tio) was undertalen siming to elucidate the
#twgflhqﬂwﬁhl}umjﬂu a= well e to clarify the causes of extremely low qualiny of
o peadi

Al the level of chioroplast and genomic DNAs, the species exdibits the closest relationship with A
hamoderiz, both of which belong tnxonamically 1o the seetion Homolepides. Within the group of 15 Abies
“ﬂﬁmdwﬁ:.h“:wu;mﬁlﬁufcpﬂﬂhuﬂWﬂmﬂﬁnﬁmmﬂ'ﬂnﬂﬁﬂ
govics devime not only from the penctically onifrm group of Meditomnean species, 4. alha 4
oiphafonice, A mordmianimiang, A cticica, A pinsapo, and A, mienidicn, bt a0 from the species A
sephrolepis. A sachulinersic A velrehil and A keeeana of the section Elare, all of which are of Aslan origin
Being genctically hotcrogemeous, Asian firs resemblc the North Amencan specics A. comoolor and 4. gramdis
ol the section Grovides and A procera of the section Nobiles which have also been found w0 be genetically
differcnbisted.

The resulis of the DNA study have closely comelated the establishiod crossability relationship between A
Ameakamin nnd some other represenmabves of i studied w0 e, The cormpatible hnbridolopscal relationship is
damcerisie anly for the imerspecific combination 4 bewokomi & 4 Fomolept, 35 contrasted with &
seong reprochictive isolation of Taiwen fir from A lesiocarpo, 4 comcalar, A, alha, A, cephalomica, and A
alicica, respectively. The prezvpetic hybridobogical bamrier was found 1o be responsible for Fentilization
filores in the inlerspecific crossangs A, kowokamli = A, albe and A, kawakamii * A cophalonica. Taken
together, the remilts of DNA study and artificial hybridizanon preferentially substantiate the delmeation of
ncividual sections within the genus Abies s proposed by Liu (1971).

Al the mmspecific level, Taiwan fir scems 1o share a rather high degree of genetic diversity as evidenced
by the: mean number of 2.2 allelss per locus and the average heeroaygocity, he, of 0.383. The eoeflicien of
Eenetic dastance hased on the iscayme potymorphism of 2 4. kawakamii populations has accordingly been
Wured 10 nvernge 0087 suppesting considerable intrespecific dilferentiation,
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The provess of sexial reproduction of 4 kevalkaeni wee cytologieally investippted from the standpont
of both pollen and ovile develapment covering the period from differentiated pollen mother cells and
megaspone mother cells until the stages cormesponding W (b sheddmg of mature pollen and seeds. As for
pollen formation s concerned, the developmental pattem is comparable with those observed in other species
of firs inchading a high senshiviry of the specles” micrsporogencsis 10 sbrupt doclines of emperaturg, The
e B true of the vishility parmmicters of A kawakami pollen. By s average germinabiliy of 85.7%6 and the
kength of pollen tubes averaging 379.7 jmy (e poflen of Taivan fir was found © be o beast comparnhie o
pollen Fertility typical for other Abies species. The conclusion was therefoee demwn nillng our low fentility of 4.
Kanwakaii pollen as o primary cause of the poor quiality of its seeds, Considerable variation was observed
between individisl sty trees wath regand bo both pollen body size snd Fetility of polken grains. which wa
ok, hewwever, related 10 the chovational distribution of de trees.

The course of the fertilimtion provess is ([lusmaied with regard w0 bath the prerygotic and postryvgotic
stages of ovule development with special refiérence to the nature of involved retardam factors, The high
Frequency of polyermbryony has, in this connection, bogi shown o be the most remarkabbe Teanee af 4
okt embryogeny, shared by an overwhelming majority of the ovules pocessad. O the contrarny, the
aburtive deveboprment of embryos was found 10 represene the mont divergent aspect of the specie
embryogeny by which Tatwan fir deviates strikingly from the other species of firs in which the process of
embryogeny has previowsly been ilhsirabed. Encompassing both the early and advanced sispes of
emnbryopemests, shortion was chown o he primarily reqonaible for the b quality of A, Rowiakauni seeds.
Except for this disurhance, the deterionation of female gametophyte as well as archegonia degeneration
comred by the inhibition of pollen germination sl the 1op of nucellus were found at the presygotic sages
resiating in abortion of a small portion of pollinted ovules.

Ky words: Taiwan fir {dhise kavakasni (Hivam) Ita), karyological structure, embryology, iscennyme
pelymorphism, DNA marker, microsporogenesis, miiogametopencsis, pollination, embryngen-
i, erossabiliy,

Kramutak, A, and J, C. Yang. 1998, The genetics and embryobogy of Taivan fir ( 1Ak beowakami
(Hayata) o). Taiwan ). For. Sel., Monogr. 11 1.78.

fr v xyebalic thhar the bevams of sy itsedf'a symbod of Taoen, meer
tive Ialewnd's snerferce ol the efevations wihere Abies kawalkamii dominates
making sprecehe the bty of iix shands which in spife of being
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2 Introduction

In nhele eecent treatiae, Flora of Taiwan (L asd
Feng, 1994 have indmoduced the Taiwan fir { A
kawokamii (Haynta) o) &5 o taby  endemic

derably with regard jo height growth perfonmance
of individuale. At the lwer bouidany of the zons,
trees wsually reach 17-20 m in height and | m in
diamcter, while at their uppermios Fimis they are af

species of Taiwan which dominmes the subalpine
vegetation sone throughoid the cntare length of the
Central Mountam Range, Within a spun of in
clevational dissribiion berween 2800 and 2600 m
(Hiieh e gf, 19} the speches vares consi-

dwarl appearance reaching only a few mclers’
height
'Jmiﬂglﬁmﬂrfmlmﬂm
snce 1913 (Patschiie, 19131 but s posaton
within the gems does nol seem o be sombed



defmachy, According o the mest recen txonomic
scecuirt of the genis Abes by Fajon and
Rushforth (1989, dwe spesies belongs o ihw
wibiection  Loferales of the section  Holiosied
where it shares & common position with A, sihiriog,
A hatumnea, md A fofocarre. On e oontray,
Lim {1971} positeoned Taswan fir m ihe section
Homolepides with A4 hofopfndla, A4 hotolepis,
mnd A srariesi as co-members, thes separating A
keewenkaentd from A sibieica, A Balweres, and A,
laxipgerper whechy, soconding 1o the  mithor's
classification svstem, belong o the sectlons Piclirg
anwl Berlsiemi,

In spite of the fact that the her of Talwan fr
was repancd 1o be convenient material for the pulp
and paper industry (Chen, 1967) , the specis o
presently consadered to be of lathe practical or
commercial importance, mainky doe 0 T3 Iocarion
® high elevations and the relaged difficulty in
sovEamng i stands on siesp mountamn shopes, This

: - 'IF.'- ’ 'l.|1
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circumstonce hos contribated o great deal o the
preservation of Tamvan fir on the Iskand whene i
constitutes one of the pancipal componcnits of the
montane dendeodlom. Contrary 1o the posulaied
low  econsmic benefit of the species, the
seenificance of #8 cxtemane foests In stabahang
ihe high mountim aotsysiems can therefone handly
ke dended (Figs 1-3) As wis emphasied by
Korybo o gl {1956, e mode of fir Fovests al these
clevations remans indispidable in such coolog-
fcally Imporam proccsscs a5 waler. retennon, soil
prosection. and maimtammng shape miepnty,

Sexusd repeaduction being the only way |
which Taiwan fir regenerues naurally is of special
ke, &S hﬂ.lwh.ﬂgx of d ® essenhal for
revealing those mochanisms which govern the
maintenance of the species ol these sdsvations. As
n matier of el ouwr knowlelge obow e
reprosiuctive beodogy of the specees is rather scanty,
redncied mainky W data which refer 1w the

Fips. 1-3, Taiwan fir and iis stamds at Hobuan mé Fig. 1. General view of a tree. Fig. 2. Tabwan fir

stands at chevations of 3300 m and 306500 m (Fig. 3



approximae perind of flowening nnd quality of
inature seeds (Chen, 1967, Lai, 1994)

With special reference o sexual reproduction,
thee finding of very bow wviability of Taiwan fir
soeds s particolarly distresing ond  sugpests
some disturbances  dunng  embnvogeneis.  As
reponed orginally by Chen (1967, depending on
the dale of collecton, the poomioge of
germinating sceds of the species vanes willun the
limits of 3 7% 108% only. The comesponding
lgwe reporied recently by Lad (1994} was on
average 12.5% germunation rae i vears of nch
seed crops and 4.7% germinating rate in years of
poor harvests. Together these data demonstrte
urmquivocally a melatively low polential of the
species to reproduce sewually caused probably by
probiems which ore encountered in development
of is reproductivg structunes, This necessitales e
shidy of those aspocts of Taiwan fir reproduction
directly rekaed 1o development of its scods and
whikdy determine thear quusliy in o decisive wary. In
partacular, this is true of the proceses associod
with pollen and svule development as well as off
the rofe which the viability of these structhunes plmys
m ensunng the nomal couwrse of embrvo
develapment,

Eiill another aspect worthy' of considerntion
coneens (e genetic status of Taiwan fir within the
genus Alves, aspecially its retatiomshps. with other
specikes of the pemis which in the present study are
evidsated froim the standpomis of chiommplest amd
genomic DNAs variation, and crossability of the
gpecies with wome represenentives of Furopean,
Morth Amenican and Asian s, repectively. At
the intraspecific level, te genectic variability of the
spacies s ilusrted within and  between 2
populations swdied ps revealed by Isoryme gene
markers.

3 Karyological structure
The history of karvological investprion of

conifers is relatively long reaching as far back as
1915 when the first atternpt by Huschinson (1915)
was made be determme the chromeosome counts in
Abier Bategme. Using muicrotome séchions of
developing microsporncytes and femilized oviles
ol the species wnd subsequent reconstructions. of
the parts scparated by sectioning, the author
however came to mn crononus  conclusion,
pesstulating the haploid and diploid chromosome
numbers for 4 baliomes 1o be 16 and 32
respectively. It was onlby in 1953 that Sax and Sax
(1933) provided the s comect esimates of both
chromoseme opunts and chiromosome morphol-
ogy for 56 specics ropeosenting 16 genera of
coifers. The basic chromosome number derived
for ot Civinmesperms was shown b be 12 with
virving  propottions  of  chromosomes  which
prscsed medion und submedian cendromeres in
indivichusl genera companed.

The genus Abies was represented i the 1933
study by A, cupdadomico and A concolor. Both of
them were found to contain in thew haploid
chromisnmie complements T unbrachial chromos-
oemes. with median centromeres and € heterobrm-
chial chromesomes with submedion position of
their centromeres. a5 compared with only |
heterobrachial chromosome in the complement of
Pimux, 3 in Picea and 6 in the haploid compl-
et of Larix,

The basic karyologacal formula refermng 1o
Abies species wis confirmerd ksier in n variery of
acklilional species mcluding those of A, pimdrew, 4
spectabil, A alba, A cephalonica, A borisi-
regis, A mumiidica, A pinsapa, A. concolor, and A
korvana (Mehm and Khoshoo, 1956; Upadhay,
1975, Moulahs and llhes, 1975; Kormatak, |985).
With special reference 10 A kenevakannifl, Hsin
(1972} reported on the kanyological sacture of 8
Abies specics meluding A, balsamea, A, fraserd, A
grondis, A laviecorpa. A homolepis, A
kenwakamil, A mariesii and A sachalinensic lrl‘



the haploid scts of these species 6 wn 7
chromosomes wilth meden centroniens and 5 10 &
glromosomes with sbmiedian or even subterminal
centromenes were recognized. Alsn, acconding o
Megen and Burkey (1964), the hapled chro-
mosome sett of 6 North American species of firs
are chomcterized by 3 chromosomes that we
disimetly belerobrachial and 2 chmomicsomes in
which submedinn positioning of theér cenromens:
i controversial, Mo species-specilic differences in
this respect were observed aceording 1o the muthoes.

A kmvakamlf seerms to conform o the classic
karyological formula by Sax and Sax (1933) a
weell, rather than the karyological paterns derived
by Hsin (1972) and Melwa and Burley (1964).
Based on the cytological examination of 69 cells
which originated from 21 root tp merissems, the
haryological structure of the specics was derived
and invalves 14 large chromosomes with medinn
position of their centromenes and 10 shorfer
chromosomes with exclusively submedian location
of their primary consiricrion (Figs. 4-50 At the
haploid  chromosame  level, s siruchoe W
confimscd by cxamining  young tissue of
developing ferale garmeiophytes in cells of which
7 long isobeachial chromosomes and 5 short
heterobrachial chromosomes  were  accondingly
recopnized (Fig. 6).

In conmrast to root tip chromosomes, whose
gize and morphology were affectied by
pretreatmicnts with 0. 1% and 0.2% colchicine, the
chromaosome sel ol a fermale gametophyte may be
considered 1o be more natural. It represents the
corresponding charncteristies of these comstinsems
of the nucleus under normal circumstances as
found during the early siages of female
pametnphyie development. 1t was this type of
tissue that Sax and Sax (1933} preferned in their
ploneer srudy on root merisiems and which is
believed 1o oifer a beiter opportunity Tor
distinguishing details in chromasome mombalogy
anad structure, b the present chromesome sets of A4
kgwokamii, it is the presence of secondary
constrictions that pre consldered paculiar as
revealed i non-pretrested chromosomes of Temale
gametophytes but nod in the chromosomes af root
tip meristemns. Fig. 6 shows that this struciural
Teature is shased by the 2 long chromesomes of the
specics haplowd complement. This aspect of
karyologival struciure of Girs is a subject of
have, for example, heen oheerved in A, specrabilis
{Upadhaya, 1975} which 15 in contrast with
findings by Mehra and Khoshao (1956) who
described 2 chromosome pairs of the isobrachial
type with secondary constrictons i A, pindrow,

Figs. 4-6. Diploid and haplokl chromosome sets of Taiwan fir. Fig. 4. Diploid chromosome sel of
roud lip merisiem prefreated with 0.1% colchicine. Fig. 5. Diploid chromosome set of roaot tip
meristem pretreated with 1L2% colehicine. Fig. 6. Haplobd chromosome set of female pnmetophyte
with chromusomes coninining secondury constrictions (wrrows), The bar on Fig. 5 & for Figs. 4-6,




whike the same conchision wis drawn in relation 10
A nordmoevana by Todua (1979). Theee
chromesome pams are postulated 0 posscss
woondiry consmictions  in the  ipecikes 4
sochalinereris (Mergen and Lester, 1961) as well
s in those of 4 afha A cephalonics, and in thelr
hybrid form A harisitregis (Moulalis and [llies
1975), On e contrary, Mergen and Burley (1964)
considered both the presence and position of the
secondary constrctions 10 be vanable chromos-
ome markers, on the basis of which it is difficult 1o
reveal subsntinl differences berween firs of the
specis level. More thorough research 5 therefore
netded lo setile this problem definitively with 2=
many species mchuded as possible, and with a
wnafied methodological approach appied.

4 lsvenzyme polymorphism

Among specific advantages of isocnzymes
that contribate 10 thedr imilizton o pene markers
in population snudy of conifers, the codominant
nadure of te erunyme pene loci together with the
absence of cprtalic or environmental effects mus
be mentioned. This enables one 0 dcriminale
efficiently between the homozygous awd helero-

Zypous camiers of an allele, el has mesubked g
oblaming  the basic chanienstics  of  the
population genetic stucture of many species.
From this it is possibile w0 assess e exient of
genetic variability and its spatial distnbution m
levels  encompassing  gencs,  individuals, and
populations, respactively  (Hottemer, 19913, In
Abiez this approach has previousty heen applied 1o
demribe the populstion sructural parmmeters of &
least 15 species and 3 naburally oocummg hybrids
of the il nurmber of 39 species and 9 naturm]
bybrids characteristic of the genus (Liu, 19711
With special reference o Aslan firs, the mode of
mnenzyme inheritince in 4 sachafinenls (Nags-
stk md Koono, 199600, A, veichil and A, Aemo-
legis (Miyata and  Ubukata, 1993) as well as the
allozyme diversity of A, sechalimrss (Motanm
and Sakau, 1972), A koveamo (Clung and Low,
1985), and A, morvei (Suvama o o, 1992) have
been analyzed. The results obtained so far only
partially comoborate the data of the kind reported
fior some represenintives of Fumopean and Noeth
Americon firs, such as & relatively low degree of
penetic diversity revealed in A maricsid (0071)
and exceedingly high value of the szme pormmeter

b!w_ --

Figs. 7-9.  lsoryme banding patterns found in diploid tissue of Taiwan fir with locus designation
and allozyme numbers in shikimate dehydrogenase (Fig. 7); malate dehydrogenase (Fig. 8); and

glucose-t=phosplie debyvdrogpenase { Fig. ).



reported for A, sachalinensis (0.714),

Having undergone an isozyme stody of 2 of its
populations from ML Momison (Yushan) and
Hohuan mt, Talwan fir has provided additional
data on the Boenmyme polymorphism of firs
extending the nformation relative to genetic
diversity and dilferentiation of the Abies specics in
the region.

4.1 Allele frequencies

An overwhelmmg majority of anabyzed loci
were found to be polymorphic in the 2 populations
compared (Figs. 7:9). The only exception was the
locus 1DH which showed a complete fixation of its
IDH-1 allele in the Hohuan mt. population. Also
the loc SKDH and MDH-C share thelr most
common allekes occuming in the ML Marrisan
population af frequencies higher than 0.95. The
remaining loci did not exhibit any population-
specific polvmorphism, The compared  popul-
ations diffier only slightly with respect 10 the allele
frequencies of the IDH and MDH-C loci but
profoundly regarding the allelic frequencies in the
rest of the boci scored (Tablel).

4.2 Genetic diversity parameters

The genetic diversity of A. kawakanyi seems
to be rather high, The proportion of palymaorphic
logi reached a level as high as 71.4% in the M
Momison and 85.7% in the Hobumn mo
populations. The highest mean heterozygosity has
as a rule been observed in those loci which exhibir
the greatest variation between populations. In
particular, this is true of the loci GAPIH-B and
MDH-A, whose mean heterorygosities averaged
0,632 and 0506, respectively. Comparable in this
respect are e loci MDH-B (0.498) and G6PDH-
A (0.492), whose mean heterozygositics did not,
however, exveed 0.5, On the contrary, the loci
MDH-C and IDH showed the lowest degree of
heterozygosity with a mean value higher than (0.1
it the Tormer and lower than 0.1 in the latter. At
the population level, the Mt. Morrison population

Table 1. Allele frequencies and observed and

expected  heterozygosities Tor  polymorphic
loci in 2 popalations of A. kawakamii

Locus  Allelss bln. Muorrson  Hohuwan nd
GEPIFH-A 1 LURE 0HTS
S o412 h.125
observed h 0, (0 EEE]
gapecied h 0457 02322
et =1 i (.33 . THR
F 0176 il BF)
3 0471 0, 10y
ohserved hi 0,000 03225
expected b LT e (TR
10H | IR (WL
F. 10,1155 0 (4
obscrved R niig 0 Ok
expacted b iz (0, 00k
MDH-A 1 0.5 0275
F| 04T 0.725
vhserved I 0, 0,00
eapecied h 00,51 01404
WIDH-H i £ 254§ il Pl
2 0714 0,344
3 036 0,031
phierved b 0000 0.000
gapesied h B34 L L
MIDC i i s 0.939
2 0,0 1, (K]
3 0.034 10
obigrved ) CHHE L), LN}
rl.Fq:\‘;.D:d ] [ GaR 016
Sk | 0150 0.050
| LAES 50
obscrved h g {100
l;:I;'u:l:I.nd h 0.0ag {084
Average he 0.32% 0242

']U:g:mﬁwh:Lhuul]Eﬂﬂdm'l}' m the spring
from individual wees at M Morrison and
Hohuan mt. were analyred for their isozyme
composition using the procedure by Cheliak
and Pitel (1984); Sample size ranged beiween
28 and 34 in the Mt Morrison and between 32
and 40 in the Hohuan mt. populations, The
average heterozygosity per population is the
arithmetic mean of the he value across all boc.



Table 2. Genetic diversity parameters in the 2
popukations of A, Kewakamii '

W Mommisem Hauhesn

T‘niptﬂ'm al

poly hic boci 7l 045
Average number of 13 21
alleley pei locim -
hlean helerorypivtify
od G 0046
(k0] Ty (R OAT)
Meam heteraumpwity 0,324 0242
enpusicd
{0.063) (0.069)
U Genetic characteristics of popalations were co-
mputed from the pri data  comprise
diploid penotvpes using the BIOSYS-

uler wm foe analysing  genetic
mmu:mu mdmmﬂwﬂn data (Swaf
fiord and Selander, 19817,

T 8E is shown in parentheses.

wats characterized by a mean heterozygosity of
0.325 differing considerably from the Hohudn mi.
populatron al only 02492, As to the tolal pumber
of alkeles in surveved boci, 16 alleles were found n
Mt Momison and 15 alleles in Hohasn ma
populations vielding on average of 2.3 and 21
alleles per loas n respective populaiions (Teble
IL

In terms of average wvalugs. the penchic
diversity of A kowalowii is characterized by a
0.T8%% share of pabymorphic loci among the total
nurmber of 16 allcles of 7 loci scored so far with a
mean value of 2.2 nllekes per bocus, The avempe
heteryposity  osccordngly overaged of he of
0283 and o of 0033, respectively.

In U et of examined loci, Tavwan fy seems
to have a lower number of alleles per locus but a
higher mean expected  heteroyposity than the
overnll average for Gymnosperms (A = 238, He=
0.16%; Fdwards ond Homrick, 1995). As fir os
Ahle species are concermed, A kaseakamli is com-
parable with A bodercs and A cephalonicn,
with a reported 2.0-2.1 alleles per bocus and an
expected heterozvposity of 0261-0295 in the

former (hoth pammeters refer to 8 polymorphic
loci: Neale and  Adams, 1985), and with 162 |
alleles per locus and an expected heterozyposing
01750290 in the later (refeming w 9
polvimosphic loc; Fady and Conkle, 1995) The
other species analyeed s0 far scem 1o be
genctically bess diverse than A kowakamii as
evidenced by the comesponding paremeters in A,
Jasiocarpa (A = 1.6 He = 0,125 18 loci; Shea,
1987), A frozord (A = 14 He = 0201-40.403; 4
koci; Diebel and Feret, 1991), A, mariesii (A =
1.83; He = 01071; 23 loci; Suyama o al, 1992), 4.
bormmmdleriana (A = 1.8 He = 0,198 13 loci:
Fady and Conkle, 1993), and A. afba (A = 1.6 He
= 0162 12 loci; Fady snd Conkle, 1993)
Additional daga have been reporied for 4 albg
which deviate from those given above with regard
f&r both the mean number of alleles per logws (A =
289 He = 0,098-0.1 78; 18 loci; Longauer, 1995)
and the He valoe (A = 1.63; He = 0,107; 13 laci;
Vicario et al, 1995} Alo, n surprisingly high
degree of genetic polymorphism wis reported for
A sachalinenxis (L7149, Magwaka and Koo,
1990) which may be related to the proximity of the
mvestigated populations 1o the center of the
specics’ ongin in Holdaido as supposed sarlier by
Matsuurn and Sakal (19720 Thas, cxeep for the
shove-mentioned A sachvalinensis, only the mean
mumber of alleks per locus in A albe and the
oxpected heternrygosity of A, fraverd surposs. e
comesponding  charactenstics of A kawakami
suggesting a much higher level of genetic diversity
in the lamer. However, in arder o provide more
conchsive evidence of the kind, an increased
rumber of boi i well as additional populations of
the species should be mvolved in the compartsons.
This species shows an obvious higher genetic
diversily relative o the 2 other species of the
conifers endemic W0 Tamwan, ie, those of
Chamaecyparis formoserels and Chamaecyparis
Farfweensis. Both of them were reported 1o exhibil



much lower levels of heteroeygosity than many
plher conifers. The phenomenon is hypothesized
o be due wn the bottleneck effect which cocumed
during the pgeological history of the [sland
drastically reducing the genetic vanotion of the
mees (Lin ar ol 1994) 4 Kewokamii docs not
sy o com o B this nodion,

4.3 Genetic differentiation

lin cosmparison with some other species of firs,
Taiwan fir also scems 1o be exceprionnl regarding
the degree of penetic diffeoentiation of s
popalations.  This evidence comes from the
mutunl comparison of the encfficients of penctic
identity and penotic  distance  which  were
calculated for the 2 popualstions of the spocies
according o Nei (I197R) The respective
encificients were found 1o reach 0.913 and 0087,
respectively, idicating a falrly high genetic
difforeiation hetwesn the popularions m Mo
Mormson and Hohuan mi. In 4 esarfecd génebc
distances between its 3 stanch have, for example,
orcillned within the limis of 000740012 only
(Suyama of af, 1992), whereas in A alba within
the limits of 00270043 a3 hased on &R
populmions of the species located in the eastem
part of its natural distibution (Longaver, 1995)
More profoand differentiation in A alfha has,
however, been reponted for 14 stands in Bavara
with genetic  dutuxe coefficients  oscillating
betwoen 0,020 and 0,159 (Konnen, 1943)

The peomorphological heterogeneity of
Taiwan offers & plausible explanation for such a
profoimad differeriadon of A4 kneskomil smds
e pumerous mountans fanction as efficient
barmiers which prevent pene flow in the species,
this  fvoring  genetic  differentiation.  The
resiriction of gene (kw probably  occurs
mrespectnve of the occumence of A bawakamil on
the 1o of the Ceneml Mounmin Range. It is highly
probable that, in sddison w this malural obstacle,

the overiap of the rainy scason with the period af
flowering of the species I spring may be
important & well

£ (enetic status of Abies kiaw-
akamii as revealed by DNA
markers

Molecular genetic markers derved from direct
anadyiis of genetic  polymwephism  in DNA
sequences  reprctent o novel  approach  in
evaluating genetic variabiliny of fores mees. They
share severn] advantnges over isncryme markers of
which the obsmce of Usae specificly and
ontogenic  variability  together  with - stability
towards environmental vanation and potentially
wnlimited number are the most  frequenthy
pvctioned (Neabe of af, 1992) With forest trees,
rroee attention has been focused on the variation in
their chloroplest DMA  (cpDNA) mather than
polymaorphism i genomic DNA, mamly because
of the ocomrence of cpDNA in multiple copies
which makes its detection easier. Also, the cpDNA
mobscule i smaller and strocturally simpler than
miclear DNA  which allows  smaightforward
moleculor interpremions of s polymorphism
(Paler of l, 1988}, With special neference to the
chioroplast peniine of conilers, cpDi<A vanants
were found to be distributed non-randomby, with
the vast majority being localized in one or o fow
"hat spots” only. These regions are likely 1 he
composed of DNA that does not encode functional
products owing 10 the fict that @ may mutate with
little deleterious ellect (Straus of of, 1992) In A
albo such a region has recently been detected
between the genes tmS and psbC, as evidenced by
the restriction sie  polymorphisms  in  the
comesponding PCR produces in 10 populbmions of
the species (Fiepenhapen & o, 1095) As fir as
Abies species ore concemed. il i e Ind



iMustration of within-species variation of tis kind,
following the previous suecessful atterpd by
Tswmurn o al (1994) in describing the clinal
variation of cpDNA in 7 populstions of 4. marie
Each ol these populatons bhas exhibaied 2
frequeency’ vanahons. No vamation, on the oty
hand, was found in the 3 spacer regions between
the 1-RNA penes of epDNA in 4 afba and A
metwodertvis populations investigated by Vieario of
el (19935, Also, Taumura of af (199%) were not
ahle 10 detect any substontial differences between
the 4 Abies species native to Japan using RFLP
mnatysis of & PCR-amplified geres of cpldNA.
However, in their recent paper, the suthors
reporied on the highly palymomphic nare of 2
mitechondrial genes revealed in 5 Japanese Ahier
specics and fheir respective 46 populations
(Tsumurn of of, 1996), Preliminary informeton

has also been released postulating the existence ol

hoth within, and among-populstion vaniations in
RAPD markers of 4. karegne (Kim e al, 19961
Our approach, hated on wsiliation of the

univensal primer by Demesure o al. (199%) in
amplification of ¢plINA topether with e we of
RAPD markers, proved efficient in detenmining
the genetic relationships among 15 dhier species
of divene peogmiphic origing inchaling 4
Kokl The mxonomic sane and geogrphic
drstributeon of these 15 ypecies are given in Table 3.

51 PUR/RFLP patierns of chloro-
plast DNAx in some A biey species

By using the primer pair of sequences 5 GGT
TOG AAT OOC TCT CTC TC 3 and 5 GGT
CGT GAC CAA GAA ACC AC 5 (Demesurne of
al, 1995), the cpDNA fragrot was anplified
representing the flanking region between the gews
S [IRNA-SenUGA)] and pobC (psll 44 kD)
with an cstimaed size of abour 1600 bp. No
differences in size of the fgment were abserved
among wdividhal species (Fig 100 Following is
digesthon with & restricton  endonucleases, 8
varying number of restnction fragments were
obtaincd

Table 3. List of species subjected to analysis of mulecalar phylogeny "

; ﬁ'.’“'“h Species Lkd, 1971) Sextum Dhsribusion
H A. homolep 5. a1 £ Homobepdes Tajiah
C A Earwakamii (Hay ) [0 Humsplepeisles Tomwam
(1] 4. nephrolepis (Tmuy, ) Maxim. Efme Famiem Apm
E A sochmlimemeir (Fr. Schm ) Mast Elre Sakhakin, Jupam
2 A vl Lindt Ekave Tagun
1] A, hoveaer Wils. Ekrfy Korean Peminiala
H ERE TSR Abies Lenl, Sodth Car
[ A, cephalomeca Loud. Abiy tircece
I A morclemanima [Fey, ] Spack Ak Coucssain, Turkey
K A crlicies (AnL e Kol Carr Pl bl Anan Mimor
L. A pinaapo o Pacemrirr Sputherr Spain
M A, mumidarry Ded anm Figeanier Morikern Alrica
W A procera Fehd Aadiles Wiesiern LISA
il A eancador (Giond, of Glend ) Lindd Clrmadien WLISA M, Mex
P A. ey (Doughy Lindd Carawaciis Uanadi, W LA

" Individual species were represented in the experiment by only | tree growing in the arborctums of
Miynuny and Kysihybel in Slovakia except for the A. alba and A, kawakaniii trees representing natural
sands of these species in Shovakia aid i Tavwan. nespectively.
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Fies., 10-11. Size of PCR-amplified fragment
ol ¢cpDNAs (Fig. 10) and its Ay [ restriction
fragment length profiles in individunl species
i Fig. 113 Designation of species as in Table 3,

We hove not succeeded in cleaving the
amplifisd fragment using Kva [ restrictase, The
menbers of restriction fragments penerated by the
remainmg  restctases. differed  considerably
rangming, from 2 in Flpa Fand Al [ digess o o
Ty ax b fragn!‘l'l‘l:ﬂhﬂ:ll:il m H.Lrp".fdig:ﬂ-{hru
restriction site recogmizad by Hpe 7 and A I were
idenmical in all 15 species compared as judped
from the sive of mesulting fragments which wene
detected in agaroes gels (Fig. 11}, Species-specific
restriction  fragment pattents were generated by
Hinf 1, Tag 1, and Mva | only, Of these, the Miny/
restriction fragment length profiles were found o
be the most consistem with Ahles xonomy,
reflecting, relatively precisely the systermatic stals
of individual species or their groups. As shown n
Fig. 12, among Asian firs tested so far, the paor of

A. homolepis () and A kawakamié (C) of the
sechion J'_fqurju'u"q'lr#.:ﬂ"l L4 ViEry clrstimec h'_'-' s 3
restriction sites and 4 rearicion frgments of
felermienl sie.  This contrneds with the relatreely
heterogeneous group of species representing the
section Elate, within which only the pair of species
A, nephrofepis (D and A sachalimensis (E) shores
identical profiles with §  restriction fragmends
invohved, while A wettchid (F) and A, Aordwe (L)
posses very  diverse profikes with 3 and 4
restriction fragments detected, only one of which
in each species differs conspicuously by its sine
Accordingly, the number of restriction site varianes
ranges between 2 and 4 within a proup. The
European species as o whole are chamcterized by
2 restriction sies and 3 restriction fragments of
identical size irespective of the Gct tat A alba
(H), A. cephatonica (1), and A. nordmanniono (1)
are tevonomically treated as members of the Abdes
spction, whike A cilicaes (K), A pirnsapo (L) and 4
remiizdion (M) as membeers of the section Piceasior
Ihe Morth Aaerican species A procera (N) of the
cection Nobwer and A, concelor (O and A
gromdis () from the section Cirandes share
differentincd resmriction fmgment kength patlems
with 3 mestricison siles and 4 fragments i the
formier and with 2 restrichion sites and 3 nestriction
frigments of uniform sce n the latter,

In comparison with the Hinf I digest, the
banding patterns generted by Tag Fand Mva [ do
nol correlaie 5o closely with the taxonomic
position of investigated species. Figs. 13 and 14
ilhrstrate that it is especially true of the species 4
homalepiz (R) and A. knwakamii (C) of (e section
Haomolepides. whose Tag ! profiles differ by |
fragment with an approximate size of 227 bp
which was found in A kawakannf (C) bt not m A
homofepts (B), The later is indistinguishabde by it
4 Tirg I restriction fragments and 3 fragments of
the kind generated by Mva [ from A, nephrolepis
(DY) and A sachalinensis (E) which belong
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Figs. 12-14, Restriction fragment length pro-
files of PCR-amplified fragment of epDNAx in
imdividual species obtained after digestions
with Higf I (Fig. 120 Tag T (Fig. 13), and My
I (Fig. 14),

taxanomically 1o different sections, Also, the
uniform restriction fragment length pattems of A,
procera (M), A. cormeofor (0, ond A granadls (P)
derived by Tag I digestion make it difficult to
digcrimmatle nol only belween these Morth
Amencan represemtabives of firs mutually but to
some degree also between them and the European
species A, alba (H)Y, A, cephalanica (10 A

Table 4, Mumber and approximate swe ol
restriction fragments generated for a PUK-
amphficd scgment of cpD™NA in individusl
species of firs by Hing I, Tag Fand M 1"

b B CDE FGHIT I KLM~NGPEP
SIT &+ & - FHE B A T
L | i oa
A 4 & o & A o BB o b

Minf 30 ' o

I 40 b4
i

JAT % & & & & & & & & & & & & @ &

I & 4 % i

A5 & 4 & & @ ¥ & I B o+ & &
LI *
qu 23] & 4 & & & o & o A o A A A
I Wl i
Jdel = & = & & & & & # & # & & ® &
1Ml & & = # OB
110

53) = + & & & =
Wrr 4B = + # + & ¢
I Al s b &

By = = = 4 R

R
¥
L
+
=5

"Total DA was extracted from 5 g ol youmng
leaves by a CTAB procedure (Murmy and
Thomp=on, 1980% Pobmeree chain reactinn
was perbormed m a heat-sealed glass capillary
sing an ldaho Afr Thermal Cyeler. Each PCR
resction mixture consested of 50 mM TEIS-
HCT buffer, pH 8.5, 20 mM KCL 2.5 mM
MeCI2, 0.5 mg/ml BSA, 20 pg eoch of 4
dNTP, 60 ng of template DNA, 1.7 units of
Taq DNA polymerase (Gibeo BRL, Life
Tedwwlogies GmbH Egpenstein), and (L34 g4
M of primer (Demesure of af, 1995, respect-
ively, in o ol voluome of 20 pl; Ampl-
ification conditions mcluded a tofal of 45
eyveles with templote denniration of 94 C for
60 s , primer annealing al 37 T for T s, and
primer extension al 72 T for 70 &, during the
firg 2 eyeles. Time for iemplane denaturmdion
was reduced 10 1 & for the remainogg 43 cvcles.
The reactions were further meubated at 72 T
fior 4 min and the capillaries were stored at 4
1 before amplification products were digested;
The PCR products were digested by Bva [
Hpa I, Alu [, Hind I, Tag I, and Mva [ using 0.5
ng of smplificd DNA, 3 units of respective
endonucleme, and 2 ul of nelevant endon-
welease buffer in 8 total wvolume of 20 pl
Digestion was perfoemed ovemnight and rest-
rciion fragnents generated were separated m
I.5% MuSieve 3:1 mgarose (FMC Bloproducts)
el by elecrophoresie with Tris-bovate buffer,
Diesignation of specicy iwat in Takle 3



aordmarera (1), A elficica (K), A. pirsapa (L),
andl A mamricica (M), respectively. Both groups
have been shown to be differentiated only slightly
with respect to the size of their 4 regtnction
fragments. However, with regard o the M /
ofikes. these groups were found o be profoundly
difforentinned. In light of the presest Tag | and
My | restrictn [ragment paliems, U diverse
nature I indisputable of both A veitchii (F)and 4.
koreama (G) species which deviste in thewr
respective profiles from each other as well as from
i remaining 2 meermbers of e section Elate (A
mphrolopis D and A sachalinensisE). A
remarkable feature of A veichd (F) restriction
profiles is their similarity with those of Furopean
species & revealed at e levels of Hinf 1, Tag |,
and Mva | digests. The results of PCRRFLP
analysis are summarized in Table 4.

Based on the number of common fragments,
the values of the indexes referring 1o penctic
dismances  between  individual  species  were
calculated (Table 5) and subsequent chistering of
the spocies was done 1o illustrate the penetic
rekutismeships between them. As depicted in Fig. 15,
a high degree of homology exists between the

13

cluster pamem derived by Ming' f and that in which
the combined data of Migf 1, Tag I, and Mya |
digestions were tken imo account. Converscly,
the diverse nature of Tog [ clustenng s primarily
due 10 the changed positions of A. homolgps and
A. keveukamil species on the dendrogram

The results of cluster anabysis based on the
combingd data of all 3 digestions unequivocally
provie chose penetic relationships  between 4.
hemnolpls and A kmwakami of the section
Hamolepides and between A nephrolepds and A,
sachalimensis of the saction Elae respectively.
Abier koreana, an additional member of the
seciin  Elatewas shown to ocoupy  relatively
independent position. On the contrary, A, veiolui
of the mme mxonomic sams sumprisingly
exhabited a higher affinity towards the Eusopéan
species than o the Asian fis Owing 1o this
divergence, it seems reasonable W deal with the
mhove species of Asian fis s n relatively
heterogeneous group with an incomparsbly higher
degree of genetic differentiation displaved among
its specets than among those in Bwope. The
genctic umiformity of the Liner appears 10 be the
most contrasting feature of their pDNAs i

Tubde 5. Genetic distances matrix generated by palrwise comparison of shared fragments between

Abdes species !
B C ] E F 1] H | J K L L N 1]
S E |
B 0300 0350
E M2 0352 0133
F o033} 0378 0470 0375
g 031§ 0410 033 0200 0333
Mo 033 0378 0470 0378 00000 0133
| G383 0378 0470 037% QOG0 3333 (LidM
J o633 037%F Q470 037E Q000 0333 0D 0000
B DIZYy 0378 040 0470 D151 DAST I%E 0wl 0esd
L miky 0378 D470 0575 0000 033 DD 0000 0000 0153
M IA 0266 05T 0470 0055 0437 0053 0053 0053 0153 oS3
N OB4EY 04T D4ATI NSSE DESEY O411] DERE O.5BR 048R 0583 0589 O .R0O
O 0500 0529 0529 04611 0647 OGhs 0BT 04617 0647 05647 0T 0582 0330
F__0s00 0539 0579 0610 06T 0666 (64T 0647 0647 0647 0647 0562 0230 0000

" Principal coordinate analysks (PCA) and UPGMA (Sneath and Sokal 1973) were emploved 1o anakyze
the matrix of Nei's genetic distances, Genetic distance = | - genetic similarity. The later is defined as
the share of commaon fragments of the total number of fragments generated which occur in &1 least one
of the compared pair of species; Designation of species & as in Table 3.
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Fig. 15 Schemetic ilusteation of genctic distances between Ables species using the data of Hinfl |
and Tay | digestions separately as well as combined data of all 3 digestions with Hinf I, Tag I, and
Mva I,



relstinm o bolh U Asian and North American
species of firs The differentiotion ascennined
within the Morh Amencan fin was fousd W
comply even more precoely 1o e pafiem of
taxonomic pertinence of the species conderned
than in the case of Asian firs. 4 concelor and A,
grandis of the section Gramdes accordingly wene
shown 0 ogcupy the same position which,
however, differed considerably from that of the
species A procens belonging teonomically o the
section Nebiles.

5.2 RAPD amplification paiterns in
some Abies species

The  relationships  esabliched  hetween
indivichmn] species on the basis of cpDNA have
concheively been comfimed 8t the bevel of
genomic DNA, as well, Using 12 primers with an
arbitrary sequence of 10 nuclectides, the RAPD
amplificarion panemes obtained chow a high degree
of consistency with the PCREFLF patterns
depicted above, thus renforcing the delineation of
individual sections within the gemins as proposed
by Laun (1971}

The primer sequences and the number of
amplified DNA products of cach primer for all the
tested species are listed in Table 6. A woal of 344
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PCR products were scored, of which 315 (91.5%)
were found 1o be polymorphec. The suoe of the
amplified DMA products visualized i 1.5%
agarose pels mnged from 350 1o 2645 kb (Figs. 16-
17)

Similarity coeflicients calculated from the
shared fiagments against the total number of
amplified fragments in individual pairs of speeics
compared varied widely, being the lowest between
the pair of species A kiwakami and A procera
(41.8%) and the highest between A pitnsapo and A
smenticlica (81,744 Table 7). The magninde of the
differenees observed within idividual groups of
firs between the highest and lowest coeficients of
sumilanty reached 21.9%% and 299, among Asion
and Worth American species, respectively, and
only 12.%% smong Eoropean species. This muy
be isken as additional evidence supporting the
heterogensous nature of the former 2 groups of firs
and the relatively homopenesaus nature of the laner
ot the genomic level os well,

A remorkable feanme of the nelatonships
among Asian specics was the highest degree of
similarity between A4 veiichii and A koreans
(74.6%%), whose cpDMAS devinted so profoundy.
Ao, A neplhwolepis and A sachalinensis
exhibited o decper mubual differentiation al the

Table 6. Nueleotide sequences of the arhitrary sequence primers used in the study and the number
af manamorphic and polymorphic RAPD lragments scored for each primer

Fromar [F=T—— Nurmber of scoeed HATD fragments
Pl vemsiplaie Monamephic Fkal
CE-03 CCAGATGCAC 3 3 25
Ol GIGACATOCT 7 3 (1]
OFE-0r TEARRGAGET a7 s W
Ps-01 CTACTGOGET L] 3 3
QP02 COTCTUALTG 31 I 1%
PS03 CAGAGGTOCE a7 f i
TIPS CACCCTDCTIG k¥ 4 ik
CIPS .08 GATADCTOON k' | o a0
CH- 1 AGTOGGG TGO ] 3 i
(8 Ml ] GICOTTOCTG 11 | 12
OPg-14 CAGTTCACGE Ta 0 i
(s-18 CTGOOGAACT - i S
Total s 0 144
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Figs, 16-17. Polymersse chain  reaction-
amplified DNA polymorphisms in 15 species
of fir using arbitrary primers OPS-06 (Fig. 16)
and OPE-03 {Fig. 17}

genomic DNA level than at the level of cpDNA,
Similarly, the tendency wis more  distimetly
exnpressed among the Mediiermnenn species fior
diffcrentiation between the group of species A
alba, A, cephafonica, sivd A, sordmcriana on the
one hand and the group of species A cilicice. A
pingapas, mnd A mumidica on the other, accordmg
i thelr peminence o the 2 different sections.
Analogous o epDNA, the pair of MNorth American
species A concolor and A grandiv displaved a
very high degree of mubml similarty in their
genomic NAs (T8.8%), as well as a considerahie

diverpence from A, procera Tl Batler was foumd
fo be profoundly differentated from the overwh-
clming majority of species studied so fag (Fig. 18),

With o specinl reference 1o Asian specics,
Tsummrn of af {1995) repored low percentages of
mleotide ubstingions mnging betwesn 0199,
and 0949 a5 revealded in 4 Ahiey specics native o
Japan. Abo, kevels o low as 0-3 changes in the
number of restnction sites. were found o vary
among individual species. Based o POR/RFLP
anabysis of 6 chloroplast genes dunng which 58
digesis were genermed by 20 pesriction endos
nuclexses, the auhors aconndingly positionsd the
speches A migrienil, A, sechalimensts, A. hamolepix,
and A weilchn on the same branch of a
Pl'l'r|'f'lﬂl'-"|'l‘:1'l'l: tree &8 2 diestins g withir
Finoceas which deviates considerably from the
penem i and Pices. The di,i.-l.:rl;:pm:-. whasch
appears w exesl between these data and the figure
presended by 1= = primanily due o the different
mabwre of the cpDNA regions involved in the
companson,  For e specks mentioned  above,
highly stable coding regions wene sconed repres
enting & different chloroplast genes. these ane
eansidened 1o ke preferably applicable in classific-
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Fig. 18. Schematie illustration of genctic dist-
ances between Abiey species hased on simil-
arity coefficients calculated from the percent-
ape of shored amplifiecd RAPD fragments
against  the oumber of (sl amplified
fragments



Tahle 7. Percemt similarity coeMcient mamrly generated by palrwise eomparison of shared RAPD
fragments between Ahie species

B L (1] E F L] H 1 J K L M i i
C 650
D 5LY S§5a
I 55) 549 &b
Foalg &2 613 M0
0 534 567 7Y T Mé
M 574 568 MO 5HF TIE 69
I 558 519 %54 517 &40 25 T2
bo=8 s5h M3 R4 679 810 T T
K S&3 S69 o602 $Ha 679 &4T M4 TEs  TLT
L 558 363 477 34 636 618 M2 4 e 00
M M1 M 371 N3 617 6% TXI0 TIE TIT T3 EIY
.M 4RE  4LE 434 ST 400 SR K MR 451 4R0 516 309
0 31 M2 515 M1 5 5 M3 Mé B4 35S NS 03 N3
F 302 313 308 513 494 320 316 433 43 307 49] 300 408 T8E

" PCR conditions for RAPD were the same as those used in amplification of epDNA except that a single
10-base praneer (0.4 mb) was added in addition to the reaction mixtuwe. The PCR products were
separsted in 1.5% MNuSieve 3:1 agaroae gel by electrophoresis in TRE buffer and siained with erhidium
bromide. Because RAPDs were dominamt markers, the character | was assigned 10 each of the scorable

DNA fragments and 0 was given in the absence of a DNA fragment

at the relative position of the same

mashility, Similarity coefficients cstimaied from the proporions of shared amplified products by pairs of
2 species were calculated by Ners estimate of similanty (Nei and Li, 1979); The designation of specics

i% a5 in Tabbe 3,

ation of plamts o the genis or fmily bevel. Om the
conmmry, the heierogeneous genetic: relntinships
esmhlished omong & Asian species by 1s nefer
exchrvely to varmutions within the spacer segm-
recormmended for surveying relationships between
closely related species of a given genus (T sumura
el al, 1995),

In general, the degree of genetic affinky
abvservad among tesed representntives of fles an the
level of DNA correlmed positively not anly with
the systemaric divicion of the penus  Ahier
according to Liu (1971), but also with the data on
crossability  relationships  between  individual
spestes of firs or between Uwar grovps. In e first
place, the homogencous natwre of the Mediterr-
ancan species should be stressed. On the one hand,
they share very similar profiles of their genomic
D As and identical panerms of their chioroplast

DMAs, and on the other, nll species of the region
uniformly exhibit mutually compatible relation-
ships (CGregpes, 1984). Conversely, the Norh
Amercan [irs, despite a small number of species
involved m the study, proved o be penctcally
moie  héterogeneous  than  the  Mediterranean
specics, both groups of which were shown 10 be
reproductively isolated (Kormutak, 1985) A elose
relmionship csmblished hetween A, concolor mmd
A grandis at the DNA level is in acocord with a
high hybridological offinity of these species
observed under natural conditions in a sympatric
e m southwestemn Oregon and o norlwesten
Calitormia (Martinez, 1938). This affuuty has also
been confirmed experimentally by numerous aif-
wial crossing experiments (Larsen, 1934; Schi-
epitz, 1956; Ghaty, 1957; Duffield and Snyder,
1958; Rohmeder and Schonbach, 1959 Knntor
mnd Chim, 1971; Frederick, 1977; Hmwley and
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DeHayes, 1985) Bemg members of the section
Grannles, the DNA profiles of both the above
species have  sinultancously been shown o
devinle strikingly from that of A, procera of the
section Nabilex

Ax fr o5 crosahility of investigated  Asian
pecies 15 concemied, there exid several lines of
evidence postulating the compalible nature of the
meerspecific combinations: 4. sachalmersis ¥ A
horeana, A sochalimermts £ A homalepty A
howvanag x A wwichil A koreona A
homolipis, and A veitdhii ¥ A mephrolopis
respectively. The compaible hybridologicnl relari-
orshaps have, i addition, been reponed m exis
between A, verrchui and the Ewropean species A
afba, A cephalomicy, A mordmomnigng, A,
cificica and A smidica on the one hand and
berween the Morth American species 4. concolor,
A grandis, and A, balsamea on the other. The
sme is true of the combinations of species A,
copiniionneg 2 A, keveunt A, cepbunonioa = A
hamalepis, A nordmanniona ¥ A, homolepis, A,
provera % A neplratepis, 4 procgra % A,
sachalinenafy, A palkamea = A sachalinemsis,
and A bulsamica A homaolepi respectively, all
of which were found 1 intercross  mutually
{Rohmeder and Fisenhor, 1961; Klachn and
Winieski, 1062; Mergen o af, 1964 Gaodlitz,
1983, Ureguss, 1984). Owing to this diversity of
inre- and mer-sectional crosses nepresenting com-
binstions of parental species of all 3 continenls
with both identical and strkingly diverging
profiles of their DNAs, any conclusion conceming
the relationship between DINA variation in Asian
firs and the outlined crossabiline panems seems o

be prenmlure,
6 Pollen development and via-
bility

Among the extemal factors  milluccmyg
development of pollen in forest trees, femperture

and mokstune obvissly play the most important
rule (Smrley and Linskens, 1974) Cardy in the
spring, hext sms are of decksive Imponance in
treggering the provess of meiotic division of pollen
mother cells (Erdsson of al. 1970) on the other
hand, the relative constancy of temperature during
the period which follows is essential for ensuring
the normal cowrse of such proccsscs a8 micros-
porogenesis, moturation of strobili, and hedding
of pollen. With specinl reference o firs, Ebel and
Schnudt (1964) found significant relationships
between pollen shedding of both  subalpine and
grand firs, and temperature and humidity of their
surredandings.

Mot anly the entire process of pollen formation
is affected in this way, bt the available
experimental evidence  indicates thair even all
pharses ane temperature conditioned. According o
Nekrasova (1976), in Pimes sydvesrss, P sthiricn
and Abies wibirive, the stages associated with
divisson of nuchei start only af temperatunes above
10 °C and the initiation of subsequent phases is
accondingly determined by the relative total of
effective temperatures above 570, Lower tamp-
eratures. do not stop division of nucle thar has
already begun but do retard it Abies sibirioa was
shown in this connecteon ko be ks sensiive in low
termperatuncs than was Pinns sibirica

Also, meiotic imegularities, so profoundly
affecting the viability of mature polken, were
shown o be conditmoned not only penetically o
even 1o a higher degree bry temperatere. Extremely
defeterious in this respect are ahoupt changes of
lemperature commimonly coomrmg during e frosss
which may induce a varety of chrmosomal
abnormalities in dividing microsporocytes. Under
mtural conditions, this phenomenon has  been
observed in Larie decidng by Christiansen { 1960),
while experimentally it has been illustrated in
Picea abies by Johmson (1974} The same effect
has been induced under laboratory conditions by



high temperntures kending 10 disnrhances in pollen
formation of even 1o the formation of diploid and
terraploid pollen groins in Pleea abler (Enksson o
al,, 1970 Chira, 1972).

Temperature: is believed 1o be responsible for
te reduced vield of vishle seeds v Ahles
kenwakanii w5 well.  An exceptionaily profiund
effect is exerted in this respect by the absolute
sinimum emperature hindering the differentiation
of fhower ks duriag sumimer (Lai, 19949), There
are reisons 10 suppose an equally sensitive
response of reproductive structures of the species
wwards changes of temperature during their
development in early spring when fluchutions of
tempernmire in subalpine aress e exceprionally
pronounced. Undoubiedly, this aspect of sexual
reproduction of A kewakamil s of considerable
theoretical interest, mainly from the sandpoint of
its comparsaon with patterns. of pollen develo-
proent which have already been descnbed n some
other species, This liet s rather short inclhudmg
anly & North American, 4 European, and 4 Asian
represertntives of firs in which different aspects of
pollen development were analyzed

The early snpges of the process, incloding
mitition of the pollencone buds ond their
differentimion and  development  during  the
predomuncy  perod, have, for example, been
illustrated m A amahilly (Owens and  Mokder,
1977a), A lasivcarpa (Singh and Owens, 1981;
Onwens and Singh, 1982), and A, grandis (Owens,
1984). The post-dormancy development of pallen
eones has heen analyred from the standpoint of
marphological changes accompanying develop-
ment of microsmobili in 4 Aaliames (Powell,
1970 1977) ond A wedeehil (Seido, 1979) as well
a5 with regard w phenological pamemns of pollen
development in A procera A awabils, A
grandis. and A faviocarpa (Frnklm and Ritchie,
1970). Very detailed accounts relative 10 cytolo-
stical and momphological aspects of posidomeancy
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development of pollen cones with emphosis on the
mitgion ol mendse division and  strectune of
podien mother cells, tetrads, and mature pollen
grains have been provided for A, amobs (Cwens
and Molder, 19778) and A. grandis (Singh and
Orwens, 19821 Also, details of the intemal
structure of pollen grains during gametogenesis in
A balsamea were provided as carly as 1914
(Hutchinson, 1914). Both the course and durtion
of meiotic division of pollen mother cells in Abies
have been deseribed n the 2 groups of firs with A
sachalivensils, A fowmolepis, A mobils, and A
borisiiregis involved in the st group (Mergen
arwd Lester, 1901, and AL el A mowcdenammioig,
A pnsapa, A concolor, A grands. and A
koreaing in the 2nd group (Kantor and Chim,
I9635a). Such investigarions are abso important in
A kmwakamti and in combination with vishiliny
tests of manme pollen, they mny shed more light on
the role which pollen g eventually play in
reducing the seed set of the species. It was
tentatively suggested by Lowe (1974) that pollen
viahility and vigor may affect seed weight and tha
this, in um, mey affect their germination in A4
balsamea  Neither this question nor the basic
eytological and genetic aspects of pollen bialogy
hurve yet heen studied in A, kavwokanmii

6.1 Differentiation of pollen-cone
buds

Pollen cones differentiate from the apices
which initiade in the axils of leaves on e abaxial
side of proximal shoots (Fig 23). A series of
microsporophyils began to differcentiate acropetally
around the dome-shaped pollen cone apioes in the
2nd half of July 1996 At an clevation of 2955 m
the process was initisted around July 24 when the
microsporophyl] primoedia could be recognized as
aone of apices (Fig. 19). All microsporophylis had
initisted by the beginning of September.



Microsporophylls @ the very 10p of o pollen cone
share o spherical shape on kengituding] section,
whille those on the sides ol a pollen come are oval,
Within each of them the sporogenous cells have
alrcady formed (Fig. 20) giving rise 1o the pollen
modher cells which represend o promiinent feinume
in the eyiological struciure of pollen cones during
successive stages of their predomuncy develo-
prosgnt. By lude October, the migrosporophylls hasd
already considerasbly enlaged reaching the siee
and form whach are bypical for dommant pollen
comes, In A kawakamii they are flaftencd, and recs
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Figs. 1922, Differentiation and carly devebop-
ment of microsporophylls, Fig, 19, Initiation
il micrmsporephylls in mid-July with proi-
uberances of their primordia (mp) at the
surface of o pollen cone. Flg. 20, Longitudinal
section of a pollencone bud ai the end of
September with fully differentinied micr-
sporophylls (m) and surrounding bud scales
{bs). Fig. 21, Morphology and arrangenient of
microsporophylls (m) in pollen cone with buod
scales removed as revealed by scanning ele-
etron microscope at the end of January. Fig
11 Demik of microsporophylls’  surface
struciure

rarigular with obuse tips, completely covering the
oo wpes (Fres. 21-22) as compared, for example,
wilh  the spherical mcrosporophylls of A4 fav-
iocanpa (Onwens and Singh, 19520 On long-
insfinal secthon, the miomsporangis dominate the
irmermal seructure of micreeponophylls an this e
ard consist of a group of densely packed pollen
mther cells o wcresporocyies thal are saom-
oundid by a unicellular yer of tapetum which is,
in tem, enchosed by oa d=colledslayered miicrs
oeporangeal wall (Fig, 25), The pollen mother cells
which have already reached the premeiotic stape
are chameterized by finch granulated eytoplyem
andd larpe nucled with a variable member of darkly
stained nucleoh (Fre 260, The lafler were reported
0 be 3 very vanable churacienistic m Abdey varving
in mumber between 3 and B in individual pollen
moather cells, but in 8 majoriny of species
investigated, Mergen and Lester (1961) found 3-5
nucleali to be common. The same applics also for
the study rees of A avwakaeil investiganed by us

Except for the microspormngia, the resin-ducts
may be dstngushed o the tps of mcosp-
orophylle. Their size & remarkably large repres-
enting perhaps ancther peculiarity in cytalogical
structure of dormant pollen cones (Fig 24), Since
the time of thelr differentintion in July, the pallen
cones wene covered with bud seales which ane
VETY resinous i A Emwakamil

Takimg o scoow the ome ol pollen cone
it and durabion of ther eurly developnwmi,
i seems thal the entime process of pollen conc
differentiation, |asting in A4 Lowoakond shout 65
dovs, is o linke shoser than the comesponding
process in A laxioeorpa, A balvames and A
amahiliv m which the pollen-cone buds were
reported (o attain their dormancy withan a span of
al bemt 75 days (Owens and Molder, 1977a;
Pamel, 1977, Onwens and Singh, 1982).

6.2 Microsporogenesis amil microg-
ametngenesis



Figs. 2326, Dormant pollen-cone buds and
thelr  internal structure, Fig. 23, Lower
surface of pollen-cone- bearing shoot with

dormant pollen-cone buds (pe) Fip. 4.
Medinn loogitudinal seciion of a dormani

preien eone with bud scales removed showing

microsporophylls (m) with microsporangis
and resin-docts (rd). Fig. 25 Details of a

microsporophyll showing microsporangka (mi)
and a resin-doct (rd). Fig. 26, Details of a
microsporangiom with pollen mother eells
(PFMOCE) and nn enclosing layer of inpetum (1),

The period of pollen-cone demmeancy in A
kewekaemid extended  from the  beginning of
Movember Gll the middle of February as judged by
the mitiation of meiosis i pollen mother cells.
MNear the lower boundary of the zone mepresenting
the natural distribution of the species (2850 m), the
pollen mather cells had already entéred meiosis on
February 15, followed by a few dans' intermuption
of the process duc o a mnsient decline in
iemperanme.  In pollen cones, the beginning: of
meiosis 1 nerked by a spatial separation of the
polien mether cells from ech other within a moass
of previously  wery  compact cells of a
mmcrosporannam. AL the kevel of smgle pollen
mother cells the inimiation of meods is marked by
a change of their anpular shapes o rounded ones,
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s well & by a gradual disappeanng of the nuclear
membrane  and  subsoquent  spiralization  and
contraction of the chromosomes. As & result, the
microsporocyles passing carly prophase could be
distingzuishiad in the developing cones throoghout
the 2nd hall of February, Accordmgly, a sieve-like
structure of the nuchens with a rather diffuse state
of chromonemata and more distinct chromomenes
along them mav be identified with the
prokepronema sage (Fig. 270, while the tangled
and imemwining,  chromosome  theeads with &
higher degree of spimlization and  excenmic
chemping in the cell are idernified with the
leplonems stage of prophase | (Fiz. 281

e stage comespomding o zyponema, duning
which the painng of homologows dsomosomes
and crossing=over take place, is omitted in the
illustrated sequence of meiotic cvents,  However,
the persistence of chromasome pairing may still be
fillowed in the pachynemn stape topether with the
longinadinal dualiey of the chromosomes, each of
which consists of 2 chrommids (Fig. 29). The
most conspicuous feature of this stage & the
changed morphology of dividing  chromosomes
which, due o continumg contraction, beeome
more compact and visible, As a result, the member
and position of chiasmata in individual bivalents
can be assessed. As far as the adsessment can be
made from Fig 30, there are 1-3 chiasmata per
Bivalent in A, kawiakamii which are evenly spaced
along the bivalenis. It is of interess o nose ar this
paing thar the same mmber of chiasmam ks also
been obeerved in & olher species of s
mvestigsied by Kantor and Chira (1965a) The
stage illustrated in Fig. 30 involves both non-
termalized and termalized chissmata  sharing
accordingly the features of the diplonema stage
and diakinesis. Starch grains had disappeared at
these snges. Their peesence in the cvioplasm of
pollen mather cells have heen maced since the
heginning of Febnumry. At the successive stage,



the bivalents which are «ill joimed by the
chismata move to the middle pant of the cell
constiluting the metaphase plate (Fig. 31} Only
mow the chissmata seem 10 achieve e higwst
degree of terminglization in bivalents (Fig. 32)
Separation of  homokogous  chromesomes  of
bivalents and their subsequent movement towards
the oppasitc poles of the cell are  highly
synchronized throcghout both carly (Fig 33) and
advimeed anaphase | (Fig. 34) duning which a
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Figs. 27-38 Course of A kewakaimdi mic

reduction of the number of diploid chromodome
s m haploid ones i achicved In an
overwhelming  majority  of  dividing  micro-
sporesyies of A kewakamill the chomosomes
seem to be partally despiralized during anaphase ||
showingg rather long and skender shapes with knobs
a the ek of their dromatids. However, this
condition s of transient duration only a5 evidenced
by a compact appearmxe of the chromosomes
resaiming during late anaphase | (Fig. 35).
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rosporogenesis as illustrated by the Ist half of meiotic

division of microsparocytes. Fig. 27. Pollen mother cell at proleplonema stage with a sieve-like
structure of ils nocleus. Fig. 28, Pollen mother cell at leptonema stage with intertwined
chromosome threads. Figs. 29-30. Pachynema stage of prophase | showing chromosomes with
terminalized chinsmata. Fig. 31. Metaphase 1 with chromosome bivalents arranged at the
equatorial plate. Figs, 32-33, Early anaphase L Fig. 3. Anaphase | with partially despiralized
chromosomes containing knohs at their ends. Fig. 35, Late anaphase | with chromosomes having
resumed their compact structure. The har on Fig. 28 is for Figs. 27-35



the bivalents which are still jomed by the
chinsmam move 1 the middle pant of the cell
constinging the metphase plae (Fig. 31) Only
now the chiasmata seem fo achieve the highest
degree of bmminalization in bivalents (Fig 32)
Sepanation of  homologous  chromosomes  of
bavalenils and terr subségquent movement towards
the opposite poles of the cell are  highly
synchronized throughout both early (Fig 33) and
advanced anaphase | (Fig 34) during which a

reduction of the number of diploid chromesome
sets W0 haplowd ones s acheved In an
gverwhelming  majority  of  dividing  micno-
sporocyics of 4 kewakamil, the chromosomes
seem 1o be panially despirmlized during anaphase |,
showing mther long and slender shapes with knobs
at the ends of their chromunids. However, this
condition is of transient durnzion only 15 evidenced
by o compact sppesmnce of the chromosomes
resuming during ke araphase | (Fig. 35).

Figs. 27-35. Course of A kawokumii microsporogencsis as illustrated by the st half of meiotic
division of microsporocyles. Fig. 27. Pollen mother cell al proleplonema stage with a sieve-like
structure of its nucleus. Fig. 28 Pollen mother coll at leptonema stage with intertwined
chromosome (hreads. Figs. 29-30, Pachynema stage of prophase 1 showing chromosomes with
terminaliced chiasmata, Fig. 31. Metaphase | with chromosome hivalents arranged at the
equatorial plate. Figs. 32-33. Early anaphase 1. Fig. 3. Anaphase | with partially despirnlized
chromosomes containing knobs at their ends. Fig. 35, Late anaphase | with chromosomes having
resumed their compaet structure. The bar on Fig. 28 is for Figs. 27-35



rmicrspe bevomes more apparen i ihe released
pberorepares pily (Figs, 43440 The bladders had,
B oo ruke, attaoed ther ypwal swe belone
misrspenes entered gametogenesis o the end of
March (Fig 45).

Az far a8 the tming of mewsis in A
herwerkaereli' B concemed, the longesd dunsiion wis
npical for prophase |, lasting 2 wecks @t an
chevatson of 2850 nk, Le, from mad-Februasy all the
imel of the month, Two additional weeks wens
necessary for dividing micrasporocyies 1o pass the
remmninitg meolic stages mchading the release of
michospones. from  the  emads B mid-Maosch.
Ihroughout this peniod all messtic stages could be
revesbid within a given inee, some of them inoan
overlopping sequence. A predominant occurronce
of stages comesponding o metaphase l-clophase |
wis il the Isl week and the e of the deve
loprmcntal stges & the 2nd week of the period.

The development of microspores. following
their relense fom the emads procceded  very
rapidly. Only a fow dms later, comphetely
differentuted pollen grams could be found i a
single micresporangium, ench of them consisting
of fislly developed air sacs and large pollen body
with comspcuously sculptured exine mnd haploid
micheus (Fig 45) The latter woon entered mitotic
division s initistmg the proces of micro-
gametapenesis, Om e hackpround of 15 diffuse
sirueture, the 2-3 nuckeol could be distingushed
oft March 13, suggesting an interphase mabure of
the nucless. Curing early and lare prophise which
followed the extended and contracted chroms
weammies could accordingly be visulizd (Figs 46-
47y This smge of microgametopenesis was
considered by Mergen and Lester (1961) to be
very convenient for the sudy of chromosome
momphalogy, Afler metaphase (Fig. 4%) and
anaphase (Figs. 49-50), both of which are of shoet
duration. the 15t mitatie division of the mcleus s
completed yielding 2 nuclel or cells. At an
elevation ol 2850 m of Hohumn me., the process
ook place on March 26, The cell sinmted near the
polien wall represents the 158 prothalal cell winch
is rypified by its smaller size and  flamened,

lentielhidar shape mxd which does m divide
fisrther (Fig. $1). A few days laer, on Apeil 2, the
lager well on the oppesste side of a2 pollen grain
wnckerwent a Ind misotic division giving rise 1o the
nd prothalial cell which i larger and of different
form than the 15t one (Fig. 52).

In gymnospenms, the prothalial cells represent
the wvegetative tissue of the male gametophiyie
trees, and species (Couher and Chamberiain, 1910
Mergen and Lesier, 1901, Mancth, 1988), In 4.
badegmreat as many as 4 prothalial cells wene, for
cxample, observed by Hutchinson (1914), bat 3
cells of ths Kind were repovied 10 be more
commen. Mergen ond Lesier (19613, on the
contrary, illusteated only 2 prothalial cells in 4
species. of firs investipated by them as did Kantor
and Chim (1963a) for A4 nordmamiane Two
prothalial cells alio seem o be typecal for o
Emwrakamii

Being overgrown by the inting, the prothalial
cells are separated from the ntemal content of the
pollen gram and degeneraie in the funher course of
pametopenesis (Figs. 52-33). The central cell
continues 10 divide mitolically. As a nsuh, the
generative nuclews and the mbe nucleus are
produced afler the Ird mitole division (Figs. 53-
¥) The former absequemly divides jno o
smaller stk nucleus and a lasger body nucheus
iving risé to the 5-celled strocture of pollen grame;
ihis conedition m A kenvokarmd! was anained 10
days hefore shedding of its polien, i.c. oo April 13
(Fig. 55). The prothalial cells had by this time
resched thelr macimum stee, the tube nucleus had
abso moved 1 e opposiie side of the pollen gran,
while the salk micleus was found compressed inmo
a cavity of the body eell, the condition which was
previously recopnized by Hutchinson (1914). Ome
of the most remarkable feanres charcteriring the
final stages of pollen maturation in A kewokesnif
concens e progresive disinegrion of  both
prothalial eclls which occurred in the period April
I 323: the remasing of ese cells weze mourponsted
o the thickening pollen wall (Fig. $6). The mibe

micles had meanwhile enlarged conuderably,
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Figs. 45-39. Microgametogenesis and its disturbance in 4. Rewakamil Fig. 45. Morphologically
differentiated pollen grain containing interphase nuclevs. Figs 46-47. Early and advanced
prophase of the 1si mitntic division of the pollen nacleus. Fig. 48, Metaphase. Figs. 49-50. Anaphase
of the 1st mitotic division of the nuclens Fig. 51. Prothatial ecll (pc) and pollen nucleus after 1st
mmmﬂmphuﬂhﬂﬂmﬂuﬁ:dMMihpﬂﬂmnmm#mﬁe
2nd prothalial ecl Fig. 33 Metaphase of the Ind mitotic division of the pollen nucleus. Fig. 5.
A of the 3rd mitotic division giving rise 1o the gencrative nucleus and the inbe nuclens. Fig.
25, The &-celled structure of u pollen groin after the 4th mitotic division of its nucleus containing 2
mmmm;mmnmmwmmuduhmm1ﬁm Remnins

of degencrating prothalinl cells (pe). Fig. 57. Pollen prain at the time of pollen wilh tube
nucleus (tn) and dividing body cell (be) Figs. 5859 Disturbed microgametogencsis the
chromosames which have not been incorporated into metaphase plites the Tst (Fig. 58) and
2nd mitotic divisions of the polien nucleus {arrowheads - Fig. 59). The bar on Flg. 48 Is for 4859,




whereas the bady coll was found 10 be in a sane of
minotic division ar the time of pallen shedding
giving rise 1o the 2 sperm nuclel (Fre. 5T)

Lacking prothalial cells, the polien grains of A
kenvvcaleermid diffier m this stape from pallen grming of
sich species a8 A bl A amebils A
forocarpe, A grandls, A sochalimenss, A
hamalgpts, A nohifis A boritiieregis, and A
pirdrowy, mespectively, in intermal  structure of
which all 5 nuclear dervalives of the haplod
microspore mclens were repanod 10 be preservied
(Hulchinson, 1914; Mergen and Lesoer, 1961
Mehra and Dogra, 1965 Owens and Molder,
197 7a; Singh and Crvens, 1981; Owens and Singh,
1982). As mevealed @t the level of sectioned
microsporangit, in A, koo such a value is
en exception rather than the nude with the
prevailing majority of pollen grainc  lacking
prothalal cells (Figs, 63-64), Both body cells wsl
fube cclls ane distinct in mature pollen by ther
dockly smined mucleoli, the member of which
segrns 0 vary between | and 4 in the former and
between | and 3 in the laher, By the middle of
April the microsrobili were very compact. Onlly
shonly before shedding of pollen, they elongane
considerably attuning  their masimum  length
during pollination. They arc elther purple or
yellow with typically elongated microspormngis on
the bongitudinal section {Figs, 60-01). The tapelal
layer of microsporangia was maintained i A
kemwitkandi us lnte as enrly April (Fig 62) with s
remmmis only detecied w1 the time of pollen
shedding (Fig. 64), The phenologecal pattern of
pollen-cone bud development covering the period
singe  their  differentiation il manEity s
schematically illugtrated in Fig. 65,

The overall durarion of melatic division in 4
kenwiicnrdi, saning frome the sorly prophnse of
pollen mother clls until the rebsase of microsgaone
from the terrads, was found 1o be restricted 1 a
period of 26 dmys m an elevation of 2850 m
However, when refemning to the time of pollen
shedding, the penod extends an additsonal 39 days

; y b .%-'.:' . p'?. ;
iiﬁ.-‘i a .r'{.:._ Iﬂi-
Figs. 6064, Microstrobili of A Kesakomdi
shortly hefore pollen shedding. Fig. 6050l
intact purpke strobil. Figs, 61-62. Longis-
eetion of microstrobili showing microspor-
angin (mi) with pallen grains (p) and the
remnant of the topetum (1) Fige 63-54,
Detuil of microsporangia at the time of pallen
shedding showing pollen grains (p) lacking
prothalisl cells (pe) as well as these wiih
preserved prothalial cells.

resulting in a total duration of the process of pollen



March 3 1996

March 15 1996

April 18 1996

Fig. 65. Schematic illustration of microstrobill development in A. Aowaekamil covering the stages
sinee pollen-cone bud differentiation until maturity of strobili (Drawing by Alrheta Kormutak).
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development of 65 day= It follows. from Tablke
that there were apparenily 2 opposite tendencics
obwerved  with increasing  clevalion, e, the
delaved initiation of mewsis and  shortened
duration of polken development.

Al an clevation of 3130 m, the shift o the
beginning of meiosis was represented by a delay of
19 days, whereas at 3230 m thes delay was |
month relative o an elevation level of 2330 m.
Conversely, the extention of the process of pollen
development at 3130 m was found to be 57 days
&5 compared with only 50 days as ascertained ab
3230 m. All these deviations may be accounted for
by a later spring as well as by a larger sum of
effective temperalure at higher elevations dus 1o
the e intense surshing representing a kind of
species’ adaptation o is high-clevation enviro-
nment.

Based on these observabions, we may
conchude that within the elevation range of 2850-
¥230 m, the process of pollen development in A,
kawakearmii including pollen shedding s completed
williii a penicd of 50-67 dayvs, The species s
comparable m this respect with A, borii-regs and
A, graedis with 57- and 60-day penods of pollen

Table & Timing of meiosis and pollen shed-
ding in A Eowakemll  trees growing af 3
different elevations”

Algitude Merping F:HInl_
InEstban A ian Shediding
JESOm Fehruary |58 Warch 15 April 13
AN MAnreh March 7R Bday 2
1230 Mareh 15 April 2 Bay 14

"' Samples of developing pollen and seed cones
were collected ar $-8 days regular intervals
from @ trees of 4 kewakami growing n a
natural stand a1 Holan mt. Specimens wene
fixed in FAA solution, dehvdrated in ethyl
aleohal seres, embeded in paraffin, sectioned
M 6 pm, and stuned in ron-heematoxylin.
The squash preparates of developing pollen
mother cells were prepared in a 1% solution of
acetoCAmine

develupment reporied (Mergen and Lester, 1961,
Owens, 1982), On the contrwry, ot differs

strikingly from the species A sachalinensis, A
nordeianniana and A, homolépis in which the
comesponding process takes only 21, 24 and 31
days, respectively (Merpen and Lestér, [961;
Kantor and Chura, 1505a), The species A pirsape
and A, laviocarpa deviate less in this  aspect of
reproductive biology. shanng a 45=-day penod for
completion of pollen development (Kantor and
Chira, 1965; Singh and Owens, 1981).

However. it is not only the duration of pollen
developmeni by which A kawakamti deviates
from other species compared so fiir, but also the
date of nitiaton of melotie divishon which
indicates a diverse timing of phenological events
associated  with  development of the speoiey’
reproductive structures. As shown in Table 8, the
species enlers melosis as carly a5 mid-February,
being comparable in this regard with A grandis
only, but diffenng profoundly from the remaining
species mentioned above with comesponding dates
sinunied in early April

Like in other species of the gemus, the
microstrobili of A bewakany e chstered on the
lower side of shoots exhibiting a relatively even
distribustion within o crown. Al the highest whorls
of branches, they occur on the same shoots with
macrosrobili a5 is the case for the middle and
bottom parts of o crown whene macrostrobili are
abko very common in A kenvakamil  Pollen
shedding is confined to a period of 12-14 days. In
addition 1o the prdinary monosporangiale micro-
srobili of ypical size and mombology, make
sirohili with modified shape were also found m A
kerwerkaminll representing a rare example of anome-
alows reproductive structuns:.

Al lower slevamions frees wene found, for
example, with twinned microstrobili which had
developed from o common bud (Fig 66)
Conversely, & an elevation of 3200 m, toes



hearing hisporangiate strobih were found with as many as 2«6 whorls of ovulae sporophylls s their
tips and with more memenows whorls of stamanate
gporophylls benesth (Fige. 67-68), Longindinal
sectione. of such  strobili mevealed  that e
macrosporophylls possess morphologically  fully
differentiated ovules exactly as microsporophylls
are chamcterized by ther comEpicuous  micros-
porangia with fully developed pollen grains (Fig
69). Pollen extracted trom bisporangiate strobil
was shown 1o he comparable in is virhiliny with
the quality of pollen produced by typical
monospomnginte mitle strobili

J.....- :.'..

S

8 700,m [+

Fips. 66-69. Anomulous microstrobili of A kewekamdi, Fig. 66, Twinned {arrow) and normal
mibcrostrobili (below) of the species. Figs, 67-68. Bisporangiate stirobili with prevailingly staminate
sporophylls (m) and with ovular sporophylls (0s) at their apex. Fig. 69. Median longitudinal section
ol a bisporungiate strobillus showing fully differentiated ovules (o) on the ovuliferous scales (08)
and Tully developed pollen (p) within microsporange {mi).
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6.3 Meiotic irregularities

The developmental pattern presented in the
previous section represents a nyplcal sequence of
evenits that accompanics pollen development in 4.
kmikamitl and which is supposed 10 be under
strong penctic control. However, its highly coor-
dinated numire may accassionally be disturbed by
climatic Bciors which hive abko been shown 10
exert profound effects on the process of pallen
development in conifers.  Especinlly, the devel-
opmental stages ssociled with distribarion of
chromosomes o the poles of dividing micrn.
ooy were  reported (o respond  very
seritively to climate variations (Mergen amnd Les-
ter, 1961; Kantor and Chira, 1965a). Our data
obtained from the comparative analysis of the
process in 9 study trees of 4 Kawakoni dstn-
buted along the clevation gradient of 28503230 m

al Hohuan mt. mdicate that, except for the stages
mentioned  above, the miciotic phases which
precede visualimtion of the chromosomes in
pollen mother cells are equally affected by
environmental influences, In panticular, it is tree of
m small portion of pallen mather cells which faiked
o proceed in meiosis which they had already
entered.  The mmin reason of this fallure was
plasmiolysis of their cytoplasmic content and a
highly pycnotic condition of their nuclel (Fig. 700
The deviations are supposedly caused by
occigonal sub-zero nighi lempermimes i the
regionn early in Febnury, Their frequency is
relatively Jow varymg between %62.2% in
individual trees (Table 9). The affected pollen
mother cells seem to degenerate during the Lates
stapes of meiosis exerting only a small effect on

rruature polkin quality,

Table 9. Frequency of meiotic disturbances revealed during different stages of meiosis in individual
trees of Taiwan fir growing at different elevations at the Hohuan mi

Tree no, 1 - i 1 -] [ 7 B ¥ ANVCEARE

Ekcvaion FHA0 M0 3130 330 36D 360 G0 3RS0 330
Plasmotyred a0 WO MO S0 S MW 300 500 00 00
PRICs b & B 7 1 8 7 4 3 d b1

£ [ X% Jd% Jd4% 1% 12% 14 0% O8O 1 2%
Pyonyais of a 00 W0 M0 W0 00 S0 SO0 son oo T3]
PRAC nucles [ B 5 & | F 4 1} X F | i 44

& 6% 1M 12% 0% O0d4% 0 1% 04% 236 08%
Mistaphase | a 4 L] 136 P30 1E3 18%
with hoss ] 17 I8 ) 7 Jb 26
PGS £ Ma% BTH 3% A s 173%
Anaphasc | 8 I 162 ] ia 51 Q12
chromosome ] 13 1 4 2 I8 123
bridpcs. g 038 4.3% 4T B 150 149
Anaphne 1l " 19 ¥ 75
chiamnaoms v I a0 1]
bridges £ % el 5% MR
Abortive (] 531 531
fetrmds b I Ll

c i fr 11%
Pollen germination GI1% 92.5% S0.5% BN TTON ALI% E2O0N B1Eh TSEN BN
Podlen tubec length (jni) 493 417 4Te 87 293 L1 I8 3w 1354 TR

Va-total number of cells analyzed; b-number of cells with comssponding deviation: c-percentage of cells

with cormespanding deviation,



Meiotic mregularities with a more profousd
mpact only occumed ol advanced stapes of
s ad concerned the belaviour of individual
chromosomes. or whole sets of chromosomes
during ther metaphase orentation or anaphose
distribution.  Accordingly, chromesomes loosely
sluasted m the cytoplasm ol metaphase | nol being
the most extensive type of deviation oocurring in 5
stusdy trees, with frequencies ranging from X 7% o
36.4%. The non-incorporated chromosomes wene
predominandly  ring-shaped nesembling  either a
bivalent with termamaliesd chissmata or a nee nng
chromosmme (Fig. 713 The 1= akemsinve seems
however more probable a5 evidenced by o
precocious and relanvely independent movement
of 1 dwomosome o each of the poles of the
spindle apparams during suhsequent anaphase |
{Fig. T2). This type of meiotic imegulanty has also
heen observed in A4 nobifis (Mergen and Laster,
1961}, The same trees affecied in metaphose |
were alsn found m be aifected during annphnss 1
sugpesting a8 common onigin of persisting defects.
At snaphase |, chromosome bridges had dissoned
the norma] distnbution of Bivalents n study trees
nos. 1,2 A & and 9, with pradominantly | or 2
chromosome pairs invalved (Fig. 731 Their
frequencies were mosthy lower than, but 1o some
degree correlnted with, those observed during
metnphase | (Toble ).

By the end of March, meiotie division had
reachee s eompletion in almost all sudy mees
except for ree no. 9 in which the process was
delayed for a few days. The wee had passed the
2nd meiotic division during frosty weather lasting
for 4 davs. As a resubl, anaphase 11 was severchy
affected by the low emperature with numierous
chromosome bridges formed (Fig 74) and widély
scattered chromosomes exhibiting all the signs of
spatial disorientation (Fig. 75). The frequency of
these defects was remarkably high, reaching

il

£4.5% and resulting in the formation of 2 iypes of
aborive tetrads, e, those confaining supemi-
merary nuclei (Figs. 77-7T8) ond tetrads with
reduced numbers of nuclei (Fig. T9) a5 compared
with ordinary 4-mucle ietmds of the species. (Fig
Th) Their eccurmence was nol restricted only o
meilic stages of pollen development but persisted
alwo durmg microgametngenesss, as ilhesmed by
the chromiosomes loosely sinmted or scattered in
the cytoplem of microspores during the 152 and
I mitotic: divisions of their mucle (Figs. $8-97)
Thi micronuclei of shormive etrds probably gave
rise to pollen gruins of reduced size (Fiz. 80)
which wene never obeerved o germinae on
artificial wemr media (Fig. 103) In A sibirica
pollen grains of the same ovpe were reponed 1o be
fully perminable (Plaksine, 1969). Ssill another
rype of pollen grain with distoned shape refers o a
small portion of pallen grains with reduced air s
and light color (Fig. 81) whose perminabiliny was
compammble with that of pollen with normal shape
il colorion.

As 1o the quality of matere pollen in individual
study trees, its vinhility was only partinlly
comelated with frequencies of meiotic deviations
given shove (Table 9). In order t illusrme this,
compare the 94.3% germination of pollen grains
and the avernge length of poallen mbes of 493 um
ascertained in tree no. 1 which had a relatively high
frequency of meiotic distrbanees with the reduced
quality af pollen in tree no, 5 which had
corresponding viahility paramerers averaging
77. 3% and 292 pm, respectively, and a very low
frequency of melotic defects. Conversely, the
reduced vinhility of pollen in trecs no. 6 and 9 was
chosely cormelated with the frequent occurmence of
meiotic irregularitics which, in addition, encom-
passed anaphase 11, It seems therefore as if
disturbances during the 2nd meiotic division have
a more profound impact on the quality of mature
pollen than those ocourring during the 1st half of
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Figs. T0-R1. Meiotic irregularitics accompanying pallen development in A, kowakamil. Fig. 70,
Pollen mother cell with highly pyenotic nucleus which does not enter meiosis. Fig. 71, Chromosome
detached from metaphase plate (arrowhead). Fig. 72 Precocious movement of chromosomes
during anaphase | (arrowheads), Fig. 73, Chromosomé bridge (arrow) at anaphase 1. Figs. 74-75,
Severely affected anaphase 11 and suceessive meiotie stages by an abropt deeline of temperature.
Figs. 76-79. Normal tetrad with 4 haploid nuclel (Fig. 76) and anomalous ones with | (Fig. 77) and
A (Fig. 78) supernumerury micronuchei (arrowheads) as well as an abortive tetrad with 3 haploid
nuclel only (Fig. 79, Figs. 8081 Anomulous pollen grains with redoced siee  (Fig. 80) and
rudimentary air sacs (Frg. 81 The bar on Fig, 70 & for Frgs, 779,

the process. The differential sensitivity of mesotic sterility of pollen A, pinsgpo when in prophuse |
stages to low temperstures was also observed by bt o complete bess of pollen viability in A
Kantor and Chira (196%5a). A shori-term drop of  kareana when in either heterensypic or homentypic
temperature 1o (-2 ' accordingly caused a 74% anaphase. Fluchuations in tempernture, especially



those of an abrpt namre, ane ohvioish one of the
major sources of varianon in qualiy of A
kenwakami pollen as well. However, to illustrate it

more  convincingly, further  ecologico-genctic
studics are needed.

6.4 Size of mature pollen grains

Evahation of pollen size in A. Aawakamni was
performed with regard 1o the main body or the
corpus of @ pollen grain, completely neglecting the
size of air sacs. The size measurements involved
hath the lengh and heipht charaoiers of a comus in
sampled pollen grains as viewed from the
equatorial and polar axes, respectively. The
characiers measured are illustrated n Fig. 82
together with samples of acetolyzed pollen of 5
Abivs species,

Although @ was reported previowsly by L
(1971 ) that the corpus m Abies & mosthy over 90 pm
long, our data indwate that this estmste does nol
apply i A kaweakamil. I pollen was found 10 he

1

much smaller with a corpus length ranging
berween 65.76 and 81,00 pm with a mean value of
only 72.8 pm . Accordingly, the height of pollen
grain body was shown 10 vary in 11 study rees
within the range of 50.44-65.72 um, averaging
55.71 pm (Table 10}, The reduced nature of these
vamables becomes even more apparent when
compared with the comresponding charcters of
some other species. In A pinsapo the equistoriol
axis averapes 973 pm, wheress the polar axis
averages 909 pm (Ansin and Talavern, (9945
The corresponding chamcters of the corpus of A4
alba range from 98,07 10 116.72 pm in length and
from BO.E3 to 9005 um in height depending on
the provenance (Popnikola, 1971), whereas in A.
sihirica they are within the limits of 90.90-99,.30
m and 77.4-80.0 pm, respectively, depending on
elevation (Plaksing, 1969), Also, among 9 species
of firs studied by Kantor and Chira (1965) the
pollen corpus of A numidica, A cephalonica and
A. mordmanniana was charcterized by such large

Figs. 82-87. Pollen size variation in 5 Abies species as revealed by acetolysis of their pollen. Figs, 82-
B3 Acetolyzed pollen of A Aewakamii with length {A) and height (B) parameters of its corpus
designated. Figs, 83-86. Size of acetolyzed pollen in A Aawakamil (Fig. 33}, A, firmu (Fig. 84), A
albur (Fig. 85} A nordmnaremiona (Fig. 86), and A fovocagpa (Fig, 87). The bar on Fig. 86 is for Figs.

H3-HT.
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Tahle 10, Size of corpus in pallen prains of A Aowekamdi as revenbed in 1] individoabs of the specics

grawing at different elevations’

Trex Flevatum Lengihi A} Height{H AH [hancan feu™"
(1) il {jam) (i) A i
i TR 71 44 4 4 48 54 Thad i1 1362 0.0 d d e
3 L L #1004 430 A4 TIa1ED .38 =004 & M

| RS o6 = 507 ML 127+ 0,11] & I &
i IS THOT = 160 LI LR L | 42 =00 b b B
5 BEHE TULN & 4 B oA 622 1324001 e d =&
i iF .6l . 4 £7 363 543 342002 b b e
7 i Thiga4.79 B4 = 166 138 w08 c d e
B YIS 127124515 55,03 & 5,55 EIEL RN € d ¢
] 1225 BT M a )28 24430 342000 T} K
[H] ix2% tETH e 3,09 922 39) La7 = 008 L I &
1] fn k] T-I.:ﬂtﬁ.:rg M72a673 [ 3T=017 [ i =

Average TIX0 e 630 55701 = 628 =001

" Fifty pollen grains of each tree were sampled after their acetolysis in a mixture of glacial acetic acid and
hvdrochloric acid (4:1) followed by meatment with a mixmine of acetic acid snhydride and sulpharic seid
(%:1), both at 75 T (5 min). Afler each treatment, samples were centrifuged and rinsed with distilled

Hz0, The acetolysed pollen was mounted in

glyeeral and examined microscopically the same day,

I Means in o given column with the same lener do not differ significantly.

diamcters as 1124 pm, 107.7 pm, and 1069 um
a5 well a3 by mean values of helght of 993 pm,
Q4.8 pm, and 4.3 pm, respectively.

The flanened shape of the pollen body, so
nplcal of conifers, & more or kess distinedy
expresacd alsn in A kowakanedf 85 evidenced by
the length-height ratio varying between 123 and
1.37 (Table 10

Of no less mmportance than @ description of
pollen body size in quantitative terms = also the
Iindang of s considerable vanation in individual
study trees. As confimed by the Duncan test, us
many & 5 mdividuals or groups of individuals can
be distinguished among | | shudy trees which differ
significantly in the length of their pollen bodics.
The same is also true of the height characteristics
which seem, however, 10 ke less variable (Table
1), This may be taken ns evidence indicating the
existence of individual variability in Ahder specics.

It is reasnmnble t mention in this connection
that Popnikala (1571} also ohserved o variation in
size of pollen gmins in 4 alhe originating from
purple and yellow male sobili. The pollen from

pumple strobili was found 10 be larger than thar
from yellow oncs or from those exhibiting o
cambination of both color tvpes. On the comimary,
Cudeski (1974) was not able o confirm the
virlidliey of this relationship in either A, o or 4
cephalonica denying not only the comelative
armocistion betwoen ihe codor of male strodsh msd
pdben sizg. buil akso e wility of the Rilfer
distinguishing the above specics,  Also, Hanover
(1973) studying morphological variation in polken
of some coniferous species including that of A.
homodepss, conchuded that there is little variation
of the kind within specics. and that polien
marpholomy is not particularky useful for the study
of genctic variation in Fime, Picea and Abies
EPeCIcs.

In light of these conchuslons, it seoms that A
kemverkamil i an exeeption exhibiting very distiner
varintbon between individual trees in both pollen
body characters studied as evidenced also by the
varimion analysis (Table 11). This varanon did
not, however, display oy relstionship with the
elevarionnl disriburion of individual smdy mees.
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Table 11, Yarimnce anelysis of pollen body size within a group of A, Kawakamif study trees

| enggth off codpiss
Vareence Dicprecs off Suim ol Nfan Favalioe Pt
PELITE Treedosn feflaires LYusiE
T L] 10921 i 1S3 16 £1.14 L]
(RIS & 14 WETLIE )] i ).
Lowmected betal L4% 32432 00
H»:m.hl of corpas
WVanonge Dreprees off Sum of Mcan Fevalue Prok
resoures freedom vguare guare
lees I g216.61 g2l.66 A2.84 0, 0e[H0]
iiisf 510 13486.00 2% {2
_Corrected total s 21702 6]

As shawn in Table 10, trees nos. 2 and 3 growing
only @ few melers apad ol elevabion of 2995 m
differ most markedly in the siwe of their pollen
bodies; simikr exmmples miy be found at each of
the elevasions tmced. This is n sccordance with
duta published by Plaksina (1969) and Kingieov
(197K) wha also observed considerable variation
in pollen body size but litle effect of elevation on
the sie of 4 sibrice pollen. Rather than
acologically conditioned variation, the vanability
in pollen hody length betwoen individual stucy
trees of the species was emphasized by the authors.
Such an imporant chamcter of pollen
undoubtedly conditioned genetically and the
revenlbed varishility between individunl trees of A.
kencpkanli  probably reflects the different mature
of their penotypes

The genmic hackgroomd of pollen s
vanabion s musch more apparent 8 the species
kevel in which conspicuous differences in pollen
body size may be observad berween specles of
different  gooprophicnl hubitats or of diffena
Axonomic simhs. The dain hsted m Tables 12-13
refer to only | tree of each specws and canmot
therefore be considered 1o sdequately reflect the
extent of existing intraspecific variation. Mevern-
heless the value in featuring species-specific
variations in pollen body size is obvious. It follows
from the tables that pollen kngth vanes m such a
broad extent as 69.12 1o 10284 pm, being the
shortest in A homolepis and the longest in A

cificica. Within this range, a group of Asian
specics, 4. homolepis, A. kewakamii, and A firma
of the sections Hamalepides and Momi, may be
distingeiched by sharing the smallest corpus. On
the contrary, the larpest pollen bodies wene found
in the Euwropean species A coificica A
norgdrransiana, A alby, and A ceplfialonica of the
sections Plceaster and Abies, as well os in the
Morth American species 4. conoolor of e soction
Cirandis. A, grands &8 an additional repees-
entative of the section Grondes on the North
American continent  occuples an  intermediane
position in this respect, while A, lasiocarpa of the
section Balsames vwath a niaduma] distobubon on e
sume continent possestes. pollen comparable in
size with that of Asian fire mentioned above,
Height vanables of pollen bodies have, as a mle,
corelated with the described pamem of length
warkaghon nlso.

The relative differences i pollen sime and
maephology between individual species of firs as
observed by sconning  elecimon microsoopy  are
hestrated in Figs. 88-97. It is evident that, owing
o a high degree of momhological mniformity of
pollen grains in Abies, differences in pollen size
alone canned serve ns o8 orelishle onferen for
discrimination herween individual species. This i
the conclusion which had olremdy been drown
carlier by Kantor and Chim (1965h) and Hanover
{1973) but it scems reasonable to us o modify it in
the sense that the estmblished magninde of these
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Tahle 12. Size of eorpus in pollen grains of some Abies species”

Species Lenguhi A} Hetgh B [hancan tesr!
fam) {jum) A ;]
A. homalepis 6LI2 & 763 23 4 792 f i
A, boweakami 7168 + &01 5548 = 453 "I | B
A, femg T2k & )40 BTI e LTE { B
A alkg 0516 & 1271 Bh Ik & X} b oe 4
A, cephalomice 9157 £1079 Tl & RY c c
A, nordmanmigng 0524 = 1288 Thad = 116K b b
A, calicica 10284 =117 #0012 = 10.61 [ n
A, sancalar UE0E £ 1049 TATE & BTS b b ¢
A, grond BisE = B34 G5 = 10,47 d d
A laviecarpa 1616 « 739 BLEd & KS5§ # n

" Diata refer w0 | tree of each species only with 50 pollen grains per species used.
 Means in & given column with the same letter do not differ significantly,

Table 13, Variance analviis of pollen body size in 10 Abies species

Lemgh ol wwpus

Warianee Degrees of Sum of Mean F-valoe P
reinusce freedom sguares Lquare

Spedies ? TH T TS Bl 30 BR 57 LELELE]
Error A 4534400 9253

Cormecied ol A 119110.75

Height of corpus

Wariance (egrees o Suaim of Mean Fevaloe Frob.
Fehbiifoes Iregdam sguarcs g

Specuc & 1513975 4028.63 5053 QuD0]
Error 50 IRl 6 TR6R

Carnécted 108al 4 TEIR9 A3

differences at keast provides & cerlain ground for
delincation between the Ewropean and Asian
specics of firs The conmibution of data on polien
size variation in the field of palynology b
indisputable, particulaly  in  extending  the
information already available (Aviug. 1967, Elicin,
1967 relative 10 the details in pollen morphology
mnd surfice texure in some additional specles of
ffirs.

6.5 In vitro cultivation of pollen

Among the standard tests used in evahmting
pollen viability, i viro germanation 15 supposed (o
be the most reliable test method, This holds true
irreapective af the fact that compasitions of
nrtificial medin do nor usually satisty the
requirements for optimum growth conditions as
found in the conducting trsswes of female flowers.

It & primanly the protruston of a pollen tube from
a pollen grain and its subsequent elongation as &
vivid manifestation of the functional activity of the
pallen which favars this method over non-
germination msays. These assoys are hased on
detection of functional engymes by specific stains,
and may give false positive results due to
occasional non-specific binding of dyves with
chemical elements on nonliving systems (Stanley
and Linskens, 1974} A fow atempts are known
with rapid prediction of pallen quality in Ahies
species based on tnphenylietrazolium chloride
staning (Chira, 1963 ) as well as on measuring the
membrane integrity of pollen, carbolvdrate, and
amino acid content of the leachate (Ching and
Ching, 1976) and adenosine-triphosphane content
ol air-dried pollen (Ching er af. 1975). However,
the results of these studies have wumlly been relat -



Fige. 88-97. Scanning clectron microscope
micrographs illustrating variations in skee of
pollen body (ph) and air snes (as) in 10 Ahiex

species. Fig. 88 A homaleply. Fig. 9. A
kmwakamil, Fig, 00, A, flema. Fig. 91. A. alba.
Fig. 92, A cephalonica. Fig. 93, A. mordernn-
wlana. Fig. 9. A. efficica. Fig, 95, A concolor,
Fig. 9. A grandis. Fig. 97. A lasiocarpa. The
har on fig. ¥ b for Fips. 38-97,

ad 1n the actual germination of pollen as found on
agnr medium. The katter is considered by Smimey
(1977 o be o stanckard which represents the most
objective assessment of pollen ferulity, Also, the
resulis of @ virrn aseays, i which the share of
filled seeds is used as the main cnterion ol polkn
vishility, ore oflen gquestioned becwse  of
occurmence of incompatibility reactions  dunng
which the germinabon of viable pollen grams s
inhibited partially or completely, depending on the

intensity of the reaction. Therefore, keeping in
mind the outlined limitatlons of both the above
mwthods, we confined our studics on pollen
viahility in A. kenivakaardd completely tothe & vitro
germination Test using OEAr 05 A SUppoMing
medium and sucrose a8 the sole source of
carbohydrates,

Ihe concentration of agar was sef arhitrarily st
1.5% to comply with the 1%-2% contert of agar in
culnme medium thar was found o represent the
optimum for culturing of both A veitohii and A
heenalepls pollen (o o al. 1983 Swio o @,
1983, mnd which is mutinely wsed in asgyang e
perminability of coniferous pollen. Ahermutely, the
opaimEm concentrtion of sucrose wirs established
experimentally using o 4-groade scale within a (R
28% sucros: pradient.

As follows from Tahle 14, a relatively broad
exient of sucrose concentrialions exilst, ranging
from 4% m 20%%, at which a high percentage ol
germmating pollen of A, kowakandi is attained.
Within this range, as high as 87.0%-94,3% of

Tahle 14, Effect of sucrose conceniration in
culture medinum on fn vitre germination of A.
kawakamif pollen I

Smerpde Pollen permination  Pollen isbe lengih

eonc. (%) hlcan (up Mdean (um|
1] 675 & 50 13093 & 3338
4 BT = 06 493,06 + |71.54
B 843w )3 48773 = 111E6
11 938 £ 11 35475 = 10316
[ 9T =13 23320 = 6877
0 B0 = 33 196,13 = &0.74
a4 H2 ® 63 12328 + 44,01
% B3 = 83 100,44 & 42723

"' Each sample or variant used in the germination
test wis in triplicate. The percentage ol
perminoiing  pollen of each replicale was
estimated from samples of 200 pollen grains,
while the length of pollen tubes used samples
of 30 pollen grains. Samples were incubated
st25C ford8h
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ulhmed pollen grams permimated differing signif-
wantly m this respect from the control variam
without sucrose. as well as from the variants with
2%, and 28% concentrations of sucrose in culiure
medinm, respectively. The 2 last mentioned vari-
amts were chameteringd by 51.2% and 28.8%
proportions of germinating pollen which represe-
mis a considembly reduced figune also in relation 1o
the control varunt without sucrose with the 67, 5%
share of germinating pollen. This finding many be
faken, Heerefore, as evidence mdicating an inhi-
bitory effect of higher sucrose concentmtions on
germination of 4. kenvakamil polken,

Surprisingly enough, the tendency of pollen
germinahility is only partially paralicled by pollen
tube growth potential of & tested sample, As scen
from Fig. 98, the relationship between pollen tube
growth nnd coment of sucrose in medium s much
mione clear cut than the ease of pollen permination.
e maximum length of pollen nibes has as a rule
been - attained only on media with 4% nnd 8%
sucTose, respeciively, both ol which are mutslly
comparable in this respect. On the other haxl, the
reduction of pollen tube growth regetered in all
the remaming vanants s stalistically  highly
significant, as confimwed by the Duncan et
However, in spite of a small shit m the
requirements of both pollen viability parameters
for optimal serose concentration, the medium
with 8% sucrose wos found i represemt the
optimamn variant & which the highest percentage
ol gorminting pollen gmins (94.3%) and the
longest pollen tubes (487,73 pm) were achieved
This medum was Berelong wsed a5 g base in all
subsequent tests of in vibro germination of A
kawiakanmii pollen.

It i interestmg 1o point out m this connecton
that the optimum values of sucrose concentration
found experimentally in some other species of firs
mre: similar ko not identical with that revealed in
A kenwstlenii In A sachalinermir (Muto, 1962, A,
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Fig. 98. Graphical illustration of the efMect of
sucrose conccntration on i vifre germination
of A, kmwakawrii pollen,

balsamea (Romologov, 19%64), A veirchii (Saito
o af, 1983), and in & additional species of firs
involving 4. albea A nordmariang, A prandis, A
prooagss, A conclor, and A, koreana (Kantor and
Chira, 1965), it was found (hat the best germ
nabihity of pollen was achieved with 1074 sucrose
in agar medium, On the contrary, in A homolgpds
(Mo et al, 1983) a broad mange of 5%6-20%% sucrose
eoncentrations was reported o be suiable for in
vitro permination of its pollen, However, closer
imspection of the figune graphically illustrating this
relmionship reveals that i was 10% sucrose in



culture medium at which the highest percentge of
pollen pomminaten was achieved, In spiie of the
deviabon observed in A, Kowakamil, the species
also seers b0 conform the requirement for sucrose
concentralion n the culture medium as i the
species menbioned above,

B Pollen viability in individual -
s

The mam conclusions drown from o
compamtive study on pollen vishiling in 21 mees of
A kawakaneli growing, within an elevarion mnpe
of 28803230 m mt Hohuan mi concem o
relatively high germinability of pollen as well as its
considerable variation in individual study trees. I
follows from the data given in Table 15 that the
proporteon of germinating pollen m fesied froes
rnged 2= widely s 610008 2% and svernped
85.5%. Alhough 4 study trees (nos. 7, 13, 15, 21
exhibited 6196-T7% germinability of their pollen,
in the prevailing majority of sampbed trees the
germination of pollen did not drop below §2%
indicating a farly  high quality of A, kewakamii
potlen. It s motewortly thal the group of 4 rees
mentioned above predominantly  mvolved  rees
with the highest frequency of melotie imegulanities
observed (nos. 3,6 - Table & nos. 13, 15 - Table
15) including trees whose microsporogenesis was
affected so profoundly by the lasie frost (o, 9 -
Table 9: no. 21 « Table 15), Statistically these trees
represent e most conspicuos deviation from the
average value, bul dilferences in permimating
capacity of pollen registered in the remaining mees
absn oscilleed between bess apparent and very
profound differences illustrating the exisence of
distinct individual variability in fertility of A
kawakamii pollen. Mo relationship was observed
between the germinability of pollen in ndividual
stdy trees and their elevational distribution as
shown schematically in Fig. % and confirmed sit-
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Table 15, Pollen viability parameters revealed
in individual study trees of A kawakamld

growing ar different elevations'!

Tree Elevabon Pollen perminsbon  Pallen fube kengih
L] {mj Mean (T Edean fami
1 2E30 I 26 40342 E11504
F 2870 95 L 1R YET00 L1483
3 2953 R7.7 = O& 40040 100
4 Pk Wit i3 #73EI0473
% 2965 I+ a4 36105 & 30D
] Jasa 2R+ 1A A2 10904
) o 6l = 5.3 048 10389
] TE Urs & 09 J5TO8 & B8V
) oG B2+ 10 R T T el |
T By £ 34 33 £ BT
i E KV BET £ 47 19795 4+ Bod
I 330 GL7 £ 12 ATE9T = 10708
X e i & 33 Mieé £ 9840
4 3160 B2D = 54 12844 4+ 224
15 36 Gl * X8 IRI7S 4+ A044
Iy 1235 BT £ 18 SN & 9f30
17 ¥ LY o £ 20 HOAT & 08oR

[} ] kLl G 8 + 104
19 15 9T+ o

1502 + E707
42791 10992

20 1230 e+ 03 MR + 9355
1 3130 MR+ &1 IEENT = T15%
Average RSR *+ 30 1771+ %%

" The number of estimated pollen grains and
culture conditions were the same as ihose
referred in Table 14 except only $% sucrose
wats wsed throughout the experiment.
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Fig. 99. Variatlon of pollen viability para-
meters in 21 study trees of A bawakami
growing at different clevations; AYG - aver-
nge values.
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ietically by the Duncan grouping,

Pollen mwhe pgrowth exhibited 2 similar
tendency with germinohbility, with the shomest
pollen tzbes heing mostly typical for semples with
the kwest share of germinating pollen, whilke the
kongest ones were from samples with the highest
propomions of germinating pollen. In particular it
& true of study trees nos. 13 and 21 whose low
pollen perminability was paralicled by the showest
pollen tube growth reaching on sverage only
29266 um and 256.93 pm, respectively. ltisina
sharp contrast with the longest pollen mbes of
siuchy ees nos. 1, 9, and 12 mvermging 493 42 um,
499.91 pm, und 47697 pm, respectively (Table
15). In 2 addirional snmples of the bonom caegory
regarding germinability (nos. 7, 15), this coemdl-
atin was nol, hewever, preserved, 85 was also
seen in & few other trees in which the pollen
vahility chamcteristics were mot so  closely
comelnied . In geneml, the chamctenistic feamre of
pollen mibe growth potential s s variable natee
throughout the whole clevation range  maced. A
rmariuml comparison of the dom Mustted in Fig 99
reveals that the vanability of this ppmmeter was
much more pronounced than was tha of
germinithility, both of which, however, were
shown o vary subsmntially in individual study
trees (Table 16).

This nvpe of individual variabiliy was also
observed in 56 ees of 4 alhe in Juposlavia

gether with differences in pollen germinaghon
percentage between 4 localities compared by
Popnikola (1971). Conversely, no variation of this
kind was reeently reponed for 4, pinsapo pollen,
but the experiment involved only 2 trees [Ansta
and Talwvern, 1994), As evidence supporting our
finding relative 10 the lack of a relationship
berween fermiliy of A kowakamii pollen and
clevation of individunl study mees, data published
by Kirgizov (1978) may be taken. They indicate
the absence of differences between morphological
characters and fentility of A sibirico pollen ot the
clevations of 800, 1200, and 1500 m in the Altai
Mouneains, Our stidy only encompassed an
clevation  difference of 380 m, but it seems
reasonable 1o suppose that, except for the genetic
constintion of a tree and climatic conditions, it is
the position of » ree within a stand which exers
some effect on the course of microsporogenesis
and the quality of the resulting pollen. The
availability of sufficient amount of sun, together
with sheher provided by neighboring trees or by
lerrain, &5 well a3 some other circumstances which
contribute 1o the optimatization of external factors
ensuring the nommal course of microsporogenssis,
may be booked upon as impomant sources of
varintion,

Cyvologically, the process of pollen germin-
ation is remarkable by the presence of a very
distinct ube nucleus of either a round shape

Table 16. Variance analysis of viability parameters of A. Aawakamii pollen within a tested group of

study trees
Palien germination
Varrance Degrees of Sem of Mean F-ratia Prohahiity
_Fesare liecdoim sguanes e -
Trees 20 539 57 I 9 1924 LLELE] ]
Error ar R0 3% I4.03
_gmcﬂnd o4l il SEHE W
Poller tube lenglh
Varamog [Diegrees of Sum of Slean F=ridits Feohabibity
Tesarcs freedam Siguares Agudee
Treth 20 AREE6 A1 MaTe6.E3 M2 0,000
Error 1265 1E951262.04 13138.7%

—Cormected tota 1889

2391110872




al the very tip of the growing pollen tube (Figs.
00-101}) or by a diffuse form strelched along the
miiddle part of the pollen tube (Fig. 102). However,
ot only the tube nicheus bat also the pollen tubes
themselves were found to vary i ther morphe
oloigy, As seen in Figs. 104-105 in samphes
collected from kower clevations, the rod-shaped
ubes were tvpical, while in those derived from
higher ehevatons the club=like form of pollen tubes
prevaibed. The latter also occumed frequently in
sampdes of stored pollen imrespective af their onigin

In peneral, the viability of A kawakami
polken is relatively high as evidenced by the data
presented above.  Every pollen sample of A
kawakamii has exhibited an absalute germinabiliny
as reponed for A piasapo pollen (Arian and
Talovern, 1994) but with s avernge perminabiliny
of 85 8% and average length of pollen whes of
3T pm the species B compamble with A
sitirica A veftchi, and A afba in which pollen
germination rates mnged from 86.5% 1o 994 9%,

—p

dl

TT% o 93% and EE% 0 93% (Kingizov and
Muosin, 1980, Kormutak, 1995) respectively. The
kength of pollen tubes under comparable culture
conditions as in case of A Aawakamii averaged m
A, veitchii i low as 248 pum, while in 4. albe at
326 pm (Saito o af, 1983; Kommutak, 1995),
Accordmg to the maximum kength of pallen tubes,
A kanwaken samples nos. 1,9, and 12 with their
49342 pm, 49991 pm, and 47691 pm long
fubes ¢ven supassed the  abovesmientioned
samphes of A4 piasgpo pollen with its come-
sponding polien tube length averaging oaly 450 j
m. Abo, the average viability characteristics of A
kenwakanii pollen represent higher values relative
1o bath poallen germinability and pollen tube kength
than those nscermiimed in A altha A
nordmanniana, A, pimtapa, and A concolor in
which these varmbles oscillsied within the extent
of 258308 and $3.222 pm, respectively. The
only exception in this respect was the fertility of 4
grandis pollen  characterized by 46% gormi-

Figs. 100-105. In vitro pollen germination showing the raund tube nuclews at the tip of the pallen
tube (Figs. 100=-101) or the diffuse one in the middle part of a mbe (Fig. 102) Fig. 104. Rod-shaped
pollen tubes. Fig, 105, Club-like pollen tubes. Fig. 103, Germinable pollen grain of normal siee and
non-germinable pollen grain of reduced size (arrowhead); p-pollen grain, pt-pollen tube, t-tube
nuclens. The har on Fig. 101 ks for Figs. 100-103; the har on Fig. 104 is for Figs. 104-104.



ruhility and by average kength of pollen ubes =
long as 318 pm (Kanior and Chira, 19%65) A
lower  peroentage of genminalality than  thal
established by us m 4 Agwakamii has been
reported for A, homolepis (66%) also (o e al,
|983).

In light of these comparisons, it is obvious that
Fertility of 4. kewakamii pollen is high enough 10
ersure effective fertilization of ovules. Acco-
rdingly, the fertilimtion failures in A, kaowakamii as
indicated by an enormously high share of empty
seeds regularty produced by the species can hardly
be necribed to how fentility or even 10 inviability of
its pollen. It is clear that the causes of this
phenomenon must be searched for in the sphere of
elther earty ovule development or embryopenesis.

6.7 Longevity of pollen during stor-
age

OFf the external fictors which ane of decisive
impoartance in maintaiming pollen viahility during
storape, only the effect of lemperaune was tested.
The relative humiidity as well as the type of
atmosphere sumounding the pallen were not taken
into. consideration becase of the difficultics with
thelr regulation inside the bomkes with silica gel
intn which the vinls with sssoved pollen were
inseried. The stucky imvolved the pollen sample of
oy | sdhy mree {no. 1) whiose capabiliny o retain
its fentility wais tesied throughoast the period of 6
months under 4 emperatune regimes, i.e., room
temperature, +4'C =20 T, and -T0°C, respectively.

As expected, the most progressive loss of
pollen viability was registered in samples stored at
oo temperature. The continuous natere of this
process 15 well illustrated by the data presented in
Tuble 17. However, it follows simultsneousiy
frm thee tabsle thar this continuin was mnsitonally
interrupted by an abrupt decrease of pollen
viability at the very beginning of storage when
pollen germination and pollen tube growth

Table 17 Changes in pollen viability param-

eters during storsge of pollen 3 roem lemp-
erature’

Weehs  Pollén genminstmgn Polilen tube keagid
Mean (%) Mean gpum)
4] LI K 4934 =115.14
i TILE L dh 15724 £ 91.5)
2 o O s I | 46942 = 137.08
A 4 41324 211342
4 fa2 * 34 T84 £ B3R
1 TBI= 1k MEE |8+ 94729
i G0 £ 6.3 510 £ 7363
7 a4l 12 + 5212
H 23 L 48 2111 £ 4R03
4 i E2D 7573 % 4226

" The number of estimated pollen grains and
cubiure conditions were the same as those
referred in Table 14 except only §% sucrose

was nsed throughoan the experiment

droppéed dunng the 15t wiek of storage 10 a level
which cormesponds o viability parameters rege-
stered 4-5 weeks later. This decling represents one
of the most conspicuous features observed in the
behavior of pollen under room lemperature storage.
According to Stankey and Linskens (1974), it may
be relaied 10 the machvabion of enmvimes and
metabolic substrates essential for germination, or i
may samphy be an adaptive reaction of pollen o a
sudden change of relative humidity m te boltle
with silica gel. In the week which followed, polien
vaabihity was nestored reachang a level which was
statistically comparable with the control but only
with regard 1o pollen tubs length (49342 pm vs,
46942 pmi  Pollken gemmination ol this stage
averaged 89.3% only deviating sigmificantly from
the average permination of the control vanant
(94.3%). Onby in the 3rd week of storage did
pollen tube growth potential also drop below the
level of statistical significancy, This tendency of
decreasing pollen viability was clearly expressed
throughout the period of the next 7 weeks when
pollen perminability and polien wbe bength
declined 1o as low &5 219 and 15%, respectively,
relative 1o the control.  Staristical significance of



these differences a8 well as the differences
exhibated by the viability charactenstics duning all
9 weeks of storage were convincingly confinmmed
by the Fest (Table 18). The complete loss of
pollen fertility, as a mbe, ocowmed ot the anpe
cormesponding o the 10t week of storage which
B a much lomeer longevity span than that reported
for the B exotic species of firs inroduced Ento
Relnesia and which retnined pollen viahility
under similar stormpe conditions for 5-12 days only
(Kravchenko e af, 1973).

The same reaction of pollen during room
temperatune stomge was also typical for the initial
phasc of pollen storage at low temperaturcs.
Irrespective of stomge lemperture of +4 1, -20
C.or <70 C, samples uniformly responded to
lowered temperature by a decrease m germin-
ability and pollen tube lengih below the level of
the contrl. The decline in germination percentage
was remarkably uniform overaging of 90096
0.3% in all 3 rypes of samples as compared with
the 94.3% average perminabiliy of the control
variat (Table 190 The extent of reduction of
pollen mbe growth, on the other hand, differed
slightly among the tested samples, being the most
mitensive ol 4T (436,35 pm), miermedide af -0
C(A52.08 prm), and beewest ar =70 T (47982 pm)
relative 1o the control (49342 um). In the sample
stored ar -20 C, the declining tendency in both

pollen viability parameters persisted  throughout
the msf of e fest penod as condrasted with
considerably variable values in samples stored a
+4 C and -T0 T,

Following the initinl decline in percemage of
germinating pollen grains, the pollen sample at 20
‘T progressively fost its viability during the
subsequent § months of stomge exhibiting permi-
nahiliny as low as 24.5% @ the end of the 6=manth
period. The process was paralleled by a conti-
neous reduction in the pollen tube length
paramcter as evidenced by the 452,08 pm length
of pollen tubes found after | month of storge wnd
by the 238,22 pum length of pollen tubes at the end
of the test period. In relative s, this decline
reached 74.1% of pollen germination and 47.7%
of pollen tube length relative o the conmrol, with
both vinhility pamameters deviating statistically
from the conrol afier the 3rd and 2nd month of
stomge, respectively.

Contrary to the pollen sample kept at <200 T,
the viability of pollen siored at +4 C and -0 T
was comparable with the viability of the control
throughout the entire period of storsge. The pollen
maintined o -0 T even omnined o higher
germinability after 5 months of storage (9%4.8%)
than the control (%4.3%) and the same was true of
the polien tube parameter which averaged 528.17
jm al the end of the lest penod as compsired with

Table 18, Variunee analysis of viability paramecters of A. kawakamdi pollen during storage at room

Iemperatine
Modlem B;zmrl'l.u.lp.‘m
Variance Degrees of Sum of Mean F-vali Prob,
PESCHITCE e By LAEITY MjuAre
Hephcates 1 199 85 w991 11.83 0,0003
Weeks 4 2070534 2300.49 27247 0.0001
Corrested total 1 2090418
Follen rube lengih
Yariance Degree of Sum ol Mdcan Fevaline Proh
FESCTUILE [eedom Y LRI spuarg
Replicates ) 24979 | 2489 |48 0.2277
Weeks W 19 3h RS ZISI53% 2553 0,0 |
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Table 19. Changes in pollen viahility par-
amelers during storage of pollen at 3 different

low temperature regimes'
Temp :1‘; Pollen germination  Pallen b length
Mican (%) Miean (pim)
Control 9.3+ 36 9342 & 11504
I ERSE 43635 4 11341
1 ez J555] X 105.64
+4°C 3 LS JHE OO0 £ Q447
4 930 £ 09 4701 = 10f.32
L] CT R L TS = BLS6
b 512 & 03 440 52 = 10008
| a3t le 45208 £ 11224
1 SRRk £33 1446 % 12805
0T 3 ™I 43 47417 £ 102.9]
4 407 53 MRS £ 4311
5 BE L a3 21138 TR
i ML TR IERII E R4
I 200 £ 25 4TOEY = 12345
r 12 % 13 12064 = 10771
0 G ] T e Y | AF03) £ 10047
4 Gi0#+ 09 SERTD = 11408
1 WE+ 03 46571 = D028
b S X33 ST 12003

" The number of estimated pollen prains and
culture conditions were the same as those
referred in Table 14 except only 8% sucrose
was wed throughoan the experiment.

49342 pm in the commrol In peneral, the
germinability of both varunts at +4C and -T0'C
was subject 10 small variations during storage
oscillating between %1.3% and 93.8% at +4'C and
between 39.57% amd 94.8% al -T0 C. On the
contrary, pollen ube length varied more widely
ranging within such broad limis as 33591 and
4RE.00 pum in the former and 32564 and 528.17 um
i the laner. Also, In comparison with the pollen
germination exhibiting a certain decline only
during the 1t month of storage, the declining
tendency was more profound regarding polien
tube growth and persisted for 2 months in both
variams (Table 19). The average values of pollen
tuhes ascermained In these samples after 2 months
of storage al +47 (335.91 pm) and -70°C (32364
pm) represent seatistically significant deviations
from the control (492.42 jum),

In light of these results, o s obvious that
sorage of A Kowokomu pollen sl lowered
temperatures i prefemed 10 storage of room
tested <o fiwr, somge ot both +4C and -70°C gave
the best results with the viability of sored pollen
comparable to that of freshly collected pollen of
the control. This finding s consistent with data
published by Popnikols (1971) and Dobrinov and
Cingow (1975) postulating a temperasure around +4
" to be the most convenient for stomge of 4. afba
pallen, but is in contradiction with the reported
complete loss of pollen viability i A, pirsape
following 6-month storage at +4°C (Arista and
Talavera, [994),

Within the context of the observed responses
of stoved pollen, the prognessive decline of pollen
viability at -20°C storage represents a rather
strange result as illesmated by the 24.5% propont-
ton of germinating pollen ascertained in the sample
al the end of the test period n sharp contrast with
the 93. 1% and ¥9_5% permination parameters of
pollen kept at +4°C and -T0C, respectively (Figs.
106-108). The anly explanation for such a
deviation is increased relative humidity within a
vial with pollen which suppesedly vocurred during
munipulation of the pollen following s storage,
adversely affecting its germination during the
subsequent period. Accordingly, the profound
effect of temperature on germinability of half-year
stored pollen revealed by the variance analysis
refers exclusively to the reduced viability
parameter of pollen at -20 T (Table 200 However,
as far as the pollen tube length is concerned, all 4
temperature regimes dilfered significantly from
ench other with the -20°C sample deviating the
moxt widely. In spite of the fact that sverall
duration of storage was restricted 10 a period of 6
months, length of storage has also been found to
exert considerable effect on pollen viabality chars-
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Figs, 106-108. In vitro germination of A kmwakamil pollen afier 6-months’ storage at +4 C (Fig.
106), -20 T (Fig. 107) and -70 T (Fig, 108). The bar on Fig. 107 is for Figs. 106-108.

Table 20. Yariance analysis of pollen viability parameters during storage at 3 diferent temp-

erulure regines

Pollen germing an

Wananoe Deegrees aff Sum of Wean Fvale Proh
rEHInee inpgdiom QRIS sipuar;

Hrpllulhh 2 1123 .50 (X 09419
Bomikie % 200097 403,19 41% LLLLREY)
Temp L] H297.90 P L 1341 0,000
Prodlen whe lengih N -

W ariange [egrees of Sum af Mean Fowalus ol
ERETE freedam EQUIrgs. jusic

Replecates 2 AL Ak 0,53 0.3E45
hdonths b K447 TEI&ES T 0, 6000
Temgp 3 EILRER 134788 133,02 0, (0
Mo xTe ] 2415540 J4385% 4040 00001

cleristics. As in the case of temperature, polken
permmation wirs shivwm o be affected to a lesser
degree by prolonged storge than was pollen ube
provwih,

7 Ovule development and em-
bryogenesis

As in the ease of pollen grams, ovales of e
firs have also been subjects of cyological
mvestigations since the beginning of the century
when Miyake (1903) gave a gencral account of
fertilizntion in A Aolomen together with some
details describing, fertiliztion of s egp nuclous.
Mumerows snsdies have since been undertaken
aiming 10 clucidame different aspects of the proces
in the species mentioned above as well as in some
oller firs. Hutchinson (1914, 1924) described the

behaviour of such ovular structures as the ventral
caral cell, egg mcheus, and chromwsomes dunng
ferilization of A hafsamea and cytological sin-
ture of the embryo during its corly developmental
stage. Studies that appeared since that rime have
covered some additional aspects of ferrilization in
firs incloding pollination mechanisms in A
nordmorwiong, A homoleps. A koveana. A
wehiana, and A badsaereca (Dovle and Kane, 19435
Poweldl, 19700, mepasporogenesis and archegonil
development in A pindrow (Dogra, 1966), and
embryo development in A pinsgpo (Buchholz,
1942), A, firma (Sugihara, 1947}, and A. pindrow
(Mehra and Dogra, 1975, 1977, Konar and
Magmani, 1980) Clrifying the nabwe and
seruience of events encompassing i small part or a
larger span of owvule development and embryo-
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genesis, these sudies have contributed enomously
1o the cluckdation of general pattems of fertilie-
ation in Abies. It was shown that, in spite of a
commeon occusrence of such events @ pollination,
fertilization, and matursion of seeds, different
species or represensntives of the same specics may
differ with regard 1o the inkiation and the overall
durmtion of these events depending on climatic
conditions under which they grow (Singh and
Owens, 1981). In order to ilustrate climatic
mfluences on reproductive varation, an approach
based on a complete study of sexual reproduction
in firs & preferred 10 an analysis of onty partial
dspects. The aim 5 to describe a specics-specific
course of fentilization as well as deviations which
are supposed 10 be responsible for the relatively
low and highly variable reproductive potential
among Abies specics.

In A amabilis such an approach was applied
e detect the primary reasons of fis Imegular cone-
bearing capachty (Owens and Molder, 1977b),
whereas it was wsed In A fasiocarpa and A,
grandis to search for the causes of their low seed
sets (Singh and Owens, 1981, 1982). Low sced
sels nepresent the most seriois problem in the
reproductive biology of A kmwakamii ns well
Against a background of a relutively high viablliny
of pollen, il s reasonable 1o suppose there are 2
mechanisms underbying the phenomenon, ic,
insufficient pollisation o abortive ovular develop-
iment.

1.1. Prepollination and postpollin-
ation development of ovules and
embryogenesis
11 Seed-cone bud initiation and postd-
armancy development of seed cones

Like other species of true firs, A Aawakamii

shows 8 |-year type of reproductive cvele with
pollen-cone buds and seed-cone buds initiating in

June and seeds achieving malwity during the
period October-MNovermber of the following year,
depending on the elevation (Chen, 1967; Liu,
1971). Sced-cone buds are axillary and occur on
the: upper side of the primary or secondary lateral
shoots (Fig. 1000, They are distributed more or
less evenly in the crown with a predominant
concentmtion on it upper whorls. During the time
of bud-scale nitiation, potentinl sead-cone buds
are difficult to distinguish from vegetative Ineml
buds (Fig. 112). Seed-cone buds’ bract scales and
prmoedia of ovuliferos wales only became
apparent in the beginning of September (Fig 113),
sctoeving full differentistion by the end of the
month,

Giross changes accompanying postdormancy
development of seed-cone buds involved their
swelling through  mid-January 10 mid-March
fiollowed by bud bursting at the beginning of April
(Fig. 118). A rapld clongation of the protruded
megrsrobili follows during the next 10-15 days,
The female srobili reached their maximal
recepiivity on April 23 ot an elevation of 2850 m
and on May | at 2955 m. They wene purple at this
me and  connined  ovules  with  pantially
micropyles (Figs. 111 and 114). Schematically
these changes are depicted in Fig 115 mgether
with the dunges which accompany the
momphogenetic transformation of pollinated female
strobili imto mature seed cones,

As mentioned already, abragt declines in
temperature occasionally occumed in the study
aren o Hohuan mt during spring 1996 adversely
affecting development of the reproductive ongans
in A kawakamii One such event occumed as late
as April 22 coinciding with the period of flowering
of the species in the region. Having completed its
development by this time, pollen of A kawakamii
dicl not suffer from this climaric change as judged
by its viability paramesers, but a fiew days of frosty
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Figs. 109-114. Prepollination development of femule strobili. Fig. 109, Differentinted seed-cone
buds on upper side of o shoot as found in July. Fig. 110. Megastrobili protruding from bod seales
gl the beginning of April of the next year. Fig. 111, Receptive mepastrobillus in the 2nd half of
April Fig= 112-113. Longsections of developing megastrobili as found in the middle of June (Fig.
112) and at the beginning of September (Fig. 113) showing bract scales (bs). Flg. 114, Median
longitudinagl sectlon of a small part of receptive mepastrobillus showing bract seales (be) and
ovilliferons seales (ns) with receprive ovules (o) at their hases,

weather combined with a snowfall and intense
sunshine almost completely  destroved  female
strobili including those that were imvolved in
artificial hybrdization ‘and which had thercfione
boen profected by isolation paper bags, Only a
gmall pomion of these survivid and subsequenthy
developed indo mature cones (Figs, 116-120), The
excessive  waration of climate in  Taiwans
nEain regions encompassing a climatic range
from sublropical 1o subarctic (Hsieh and Shen,
195937 may be therefone looked upon &5 o major
factor responsible for the reduction of cone
bearing capacity in Akawakamii  This  may
evennmily affect the frequency of rich cone orops,

avernging 4.6 vears in the specics (Lai, 1994).

T.1.2 Cwvtological structure of 4. kawaka-
i ovules

Development of ovales during the posidorme-
ancy period of seed cones was traced evtologically
after the sape of megaspore mother cell. The laner
differentiated from the sporogencous cells of the
cones and could be recognized at the end of March
as an cnlarged clongated cell which is centrally
placed within a mass of sporogencous cells and
encircled by the 6-7-celled laver of parietal tissue
(Fig. 121} The megaspore mother cell had entered
meiosis on April 12 (Fig. 122) giving rise o 4
miegaspornes of winch only the megaspore atl the
chalazal end of the nucellus develops Turther,
while in the upper three mewhc products degen-
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25 August 20 1996

Fig. 115, Schematic illustration of seed-cone bud differentiation and its subseqquent development
into megasirohillus and matore cone (Drawing by Alzbeta Kormoiak)



Figs. 116-120. Climatically conditioned damage to A kowakomidl megastrobili. Fig. 116, Maternal
tree of the species with isalated megastrobili ot its top. Fig. 117, Snowiall at the time of flowering of
the species on April 23 resuliing in exiensive damage of iis recepiive femuole strobili (Fig. 119 Only
some of them were kel unoffected (Fig. 1205 Fig, 118 Anomalows female sirobillus of A
Kawakarroi consisiing of ovuliferous scabes (os) al its botiom pard and needles on s Gp

- N
.ﬁl!] . il
- T _ g -
Figs, 121-123, Differentiated megaspore mother cell at the ¢nd of March (Fig. 121) and its meiotic
division in mid-April (Fig. 122) giving risc 10 the 4 megaspores (ms) of which only one developed
further {Fig. 123); pt-parictal Tissue, st-spongy (ssue, ne-nucellar cap,
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erate. The cells of the nucellor epidermis divide
periclinally at this stage forming a thick nuceliar
cap (Fig. 123),

The receptive ovule i structurally differenti-
ped into o relatively small megaspomngium or
nucellus with an enlarged and highly vacuolized
megaspore within and sumounding the massive
miggument which s jomed with the macrospor-
angium o its lower, chaloal end, and sepamied
from it mt its upper side forming a fimnel-like
micropyle with its free end (Fig 127) The
micropyle 8 widely opened durmg shedding of
pollen and with its lobe-shaped margin well
adapted for rapping air-bome pollen grains (Figs.
124-125). Both receptivity of female strobili and
pollen  shedding were synchronized m A
kcowerkormil persisting over the perind of April 22-
30 at an clevation of 2850 m. The pollen grains
which sifled down between the bract and
oviliferoas scales of a cone seltled on the mner
sice of the micropylar lmnel (Fig. 125) or entered
the fimnel and landed on the 1op of a nucellus
(Figs. 126-127). Singh and Owens (1982) obse-
rved numerows microdroplets on the micropylar
flange in freshly collected owules of A gramdis
which are supposed w make the micropylar
surface sticky. The authors consequently ascnibed
secretory function o the epidernal and hypod-
el cells of the micropyle. Koeubov ef al (1983
are also of the opinion that the nucellar cells are
endowed with secretory ability which plays a
significant role in adhesion of pollen o the top of
the nucellus. The inner surface of the micropylar
flange in A. kawakamii also seems to be moistened
(Fig. 125),

Crwing to the (act that the perind of flowering
in 4. kawakamii overlaps the miny scason during
the spring in Taiwan, an antempt was made to
werify the efficiency of wind pollination of the
species by mspecting still-receplive ovales under
stereomicroscope.  Though there were only a few

nan-rainy days during pollen shedding at Hohuan
., an overwhelming majority ol inspected ovides
was found to contain pollen grains within their
micropylar openings (Fig. 126). This was true
imespective of the location of fermale strobili a the

Figs. 124-126. Scanning clectron and stereo
micnscope micrographs of receptive ovales,
Fig. 124. Ornliferons scale (05) containing 2
ovules (o) with a lobe-shaped margin of micr-
opylar canalim). Figs. 125-126. Pollinated
ovules with pollen grains {pg) trapped on the
inner side of micropylar funnel (Fig. 125) or
wilhin a funmel (Fig. 126),



top, middle, or bottom pont of n crown sugEesting
that Inck of pollination cannot be accepted o8 an
explmation for low sced set in the species as was
the case in 4. sibirica (Okishev and Pugachev,
1983),

T.1.3 Female gametophyte and archeponia
At the time of pollination, the megaspore has
already entered the stage of free nuckear division,
thus mitiating the process of female gametophyvie
development. Synchromos free nuckear division
extends over a penod of 2 months and 15 paralleled
by a considerable enlargement in megaspore size.
This is o much longer period than tha reported for
A amabilis, A lasiocarpa, ond A gramdis in
which the comesponding process was found 1o last
4-6 weeks only {Owens and Molder, 1977; Singh
and Owens, 1981, 1982). The inmal siage of
female gametophyie formation s charctenzed by
a lew mucher which are loosely scattered m the
eytoplasm of the megaspore (Fig. 127) or ordered
linearly in the form of a folded ribbon (Fig. 128)
The smge is npified by is long durtion,
extending in 4 kawakamii from the beginning of
May till the middle of June. The coenocyteslike
stage represented by the muktitude of mustually
interconnected haploid nuclel was only reached
during the second hall of June (Fig. 130), The
more or less compact mas of o young
megagametophyie is enclosed by the mpetal lyyer
and consists of nuclei which ane still free and very
distinct from their nucleoli (Figs. 130-131).
Cellularization of the free-nuclel gametophyte
occurmed in A, Lawakamii at the end of June and
marked the begimning of the next stage in female
gametophyte developmenl charscterized by ils
conversion from the coenocyte siate (o the cellular
stale. The process 5 osccompanied by o
simultaneous indtiation  of archegoniom  initialks
from the superficial cells of the female
gametophyie at the micropylar end of the ovule,
which takes place imespective of the fact that the
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gamctophyte has only partially filled the megasp-
ore by this time (Fig 132). The conversion of
archegonial initials into archegonia is preceded by
a division of the former info neck nitials and
central celis followed by a tremendous enlarg-
ement of the central cells into archegonia. In A
kanwakamii the archegonia are elongate, except-
jonaly vacuolate, and Frothy in appearance (Figs
133-135). The layer of cells adjacent to the archeg-
onium divides mnsversely and differentiates o
the archegoninl jacket. Each archegonium is
surrounded by its own jacket which is a wnicellular
fype containing large and darkly stamed nucle
(Fig. 133). Occasionally, 2 or 3 archegonia may be
encompassed by a common jacket forming an
archeponial complex (Coulier and Chambertain,
1910, Chamberkun, 1935 In A kenvvekamdd this
phenomenon, however, was nol observed, and
hence, its anchegonin mne of the separate vpe, The
young femnle pametophyte with  differentined
archegonia at s micropylar pan s sumounded by
a prominent megaspore wall (Figs. 133-135),
During the final stages of maturation of
archegonin, the nucleus of the central cell divides
giving rise 1o a small ventral canal cell (Fig. 135)
and & buge egg cell which i ovoid with finely
pranulated perinuclenr cytophsm (Fig, 136) Al-
hough the ventral canal cell was reported to
disintegrate promptly i Pinecese (Bold e al,
1982}, m A kowaksmd o persists until the
penetration of the nucellus by germinating pollen
grains (Fig. 138). The neck of the archegonium, a
site where pollen tubes enter the archegonium, is
clongated consisting of 24 cells which are
aranged into 2 tiers and overld by the
megspore wall (Fig. 135). A frothy consisiency of
the egg cell cytoplasm so apparent during carly
developmental stages becomes dense and darkly
inchsions involved and a centrally placed cug
nucleus (Fig. 136). The cytoplasm of the ventral
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1 Figs. 127-13%8. Longiindinal sections of pallinated ovules in different siages of development. Fig.
127. Ovule shortly alter pollination consisting of nuwcellus (n), vacuolized megaspore (vim) and
integument (i) with resin-duct (rd). Still-opened micropyle (m) contains pollen grain (pgl In the
megaspore, the division of its nueleus has initiated the process of female gametophyte formation.
Fig. 128, Later siage showing the ovale with enclosed micrapyle and more advanced vacuolation
of megaspore and femalke pgametophyte (fg) formation. Fig. 129, Pollen chamber with pallen grain
(pg) above the nucellus (n). Fig. 130. Highly vacuolized mepaspore (vim) of the ovoles in mid-June
containing coenocyte-like female gametophyte (Tg) enclosed by a tapetum (i), Resin-ducis (rd)
around the megaspore are abio distinct at this time. Fig. 131, Detail of a coenocyte-like
megagametophyte (fg) © - tapetum. Fig. 132, Differentiation of archegonium (a) from superficial
cells of femabke gametophyte (fi) at the end of June; n-nueellus, pg-pollen grain, rd-resin-duet. Fig.
133. Detail of archegonium with numerous vacuoles (v) within and surrounding the kyer of
archegonial jacket (aj); fg-female gametophyte, mew-megaspore wall. Fig, 134, Four archegonia
(a) separared by archegonial jackets (aj): v-vacuoles, msw-megaspore wall Fig. 135 Ventral canal
eell (vee) and neck cells (ne) of archegonia; v-vacuoles, aj-archegonial jacket, fg-female

paumetophyle, msw-megaspore wall.

canal cell has meanwhile protruded into the base
of the neck cells, which is another condition which
5 recognized i Abdes only shortly  before
fertilization of eggs (Singh and Owens, 1981). In 4.
Kuwakaamii i was attained al the beginning of July
(Fig 138)

Archegonm cocupy a special position among
the reproductive structures descrihed w0 far
because their epg cells are fentilized giving rise to
embryos whose presence or absence in developing
seeds of a given tree depends on the extent of
lertilized archegonm.  The number of functional
archegonia appeirs thus fo act as a limiling oo
which determines the vield of fully developed
seeds in conifers. The bow number of archegonia
along with some additional reproductive failures
have, for example, been shown to be the reasons
for the low percentage of viable seeds in A
amubily (Uwens and Molder, 1977), As a matter
of fact, this aspect of ovule binlogy is a subject of a
cerfam vanabion in Ables. Bxcept for the 2-3
mrchegonin commaonly found in Abdes species,
Mivake (1903) occasionally observed | or 4
archegonia in A balsanen The same situation
applies also for A kowakamii where | or 4
archegonia were quite common (Figs. 133-134), In
rare cases even as many as 5 archegonia were
fiemard.

7.1.4 Pollination mechanism

In 1996, the ovules were pollinnted during 23.-
30 Agril, when the female gametophyts were in
the early free nuclear stape (Fig. 127). The ovular
micropyle remained open until the middle of May,
then began namowing due 1o the enlargémemt of
cells forming the neck of the furmel (Fig. 128), By
the end of May the micropyle was conpletely
closed encomypuessing the polken griins within the
micropylor canal. The nucellus had meanwhile
grown up filling the micropylar canal in its cap
(Figs. 129 and 132). The space above the nucellis
with the enclosed pollen grains is called the polken
chamber. It 5 a prominent feature of ovales nol
only during ther pospollmation  developmental
sages but alo during early  embryogenesis
(Chamberlain, 1935; Bold er af, 1982 Museth,
1988). Sill another rype of pollen chamber is
represented cytologically by a shallow depression
ot the top of the nucellus formed by the
disintegration of the apical cells toward the end of
postpollmation enlargement of the nucells. As far
i fims are concemed, @ was ilhesimied n 4
balsamea, A laviocarpa, and A, gradis (Powell,
1970; Singh and Crwens, 1981, 1982) Abies
kawakamii ts chamcterized by possessing the |
nype of pollen chamber mentioned above with
polken grains located on the nucellar protubcrance
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rather than in its depression (Figs, 138-139),

Afier being trapped in the micropyle, pollen
grains remain quiescent ahove the mcelhs for o
period of | month after which they begin o
germinate. According 0 Dovle and Kane (1943)
sch & long period of pollen dormancy may
adversely  affect its visbility as the  humid
emvironment within the seed cone may not be ideal
for pollen storage over 4-6 weeks in A, amabilis or
78 weeks in A mordiareiong. Together with a
refatively  unspecialized  pollination  mechanism
resulting m 2 low  percentage of  efficient
pollmation of the ovubes ths dormoncy  may
partially explan the low seed set penemlly
observed i Abies (Dovle and (fleary 1935,
Dogra, 19%64; Franklin, 1968; Allen and Owens,
1972). In A kawakamii, pollen grains wene found
o have started germinating on the tip of the
mucellus at the beginning of July. Several pollen
tubes may eventually penetrate its elongated apex
(Figs. 138-139) releasing their contents into
archegonia. This in tum resulted in the fertilization
of the egg cell by one of the sperm cells during the
It weck of luly (Fig. 137). The demils of these
stages of the ferilization process as found in A
balsamea and A lastocarpa were (lhstrated by
Hutchinson (1924) and Singh and Owens (1981),
respectively.

T.1.5 Embryogenesis

The initial stage of embrvogencsis in Abnes is
represented by a zypote and its first 4 nucle, all of
which occur within the bounds of the archegonin.
In A kowakamii, these stages were not scored,
mamly because of the relatively long infervals at
which the developing ovules were sampled. As
st mbready by Owens and Molder (1977),
studies of this kind should imvolve both daily
collectzons and karger sumples of collected cones.

The first mailahle sage of embryogenesis
involves formation of a cormosion cavity hencath

the archegona and its subsequent extension within
the female gametophyte, which is paralicled by
disintegruion  of the archegonia soon  afier
fertilizntion. At the chalaral end of the cormsion
cavity, the 4 1erminal cclls of the proembryo,
which have been pushed down by the elongating
cells of primary and secondary sugpensors, may be
distinguithed (Figs.140-141). The terminal embr-
yonal cells divide transversely or longitudinally
giving rise 1o the embryonal mass. The elongated
cells of the adjoining secondary suspensor show a
simong tendency at this siage towands splitting apan
longitudinally, this sepamting the clls of the
embryonal mass they carry on their tips (Fig, 142),
This splinting ubtimately results in development of
2 or more young ¢mbrvos within & common
comosion cavity. In conifers, this process is
generally recognized as cleavage polyembryony.
Its high freguency represents one of the most
remarkable features of A Aawakanmi embryogeny
i well, with almaost all ovabes analysed shanmg o
The phenomenon may be observed also ol the
stage of the globular embryonal mass (Fig. 143).
Imensive bytical activity of the growing voung
embrvos resulled in the solubllization of the
neighbouring cells of the female ganwtophyte and
subsequent enlargement of a comosion cavity
during the 2nd half of July, OF the 2 or 3 embryos
commaonly occuming in a cavity during this period
only one sequired @ club-like shape and it
prevailed in its further development over the
rermaining embryos which woon degenerate (Figs.
144-146). At the level of the female gametophne,
this developmental stage is chamcterized by a
considerable accumulation of starch grais in ils
cells. The process of embryo elongation which
took place duning the next 2-3 weeks was very
rapsd and resulted in tee formation of @ muesive
embryo with differentisted  cotyledons and »
hypocotyl i the middle of Augnest (Fig. 147), and
with n oot cap distinguished | week later (Fig
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Figs. 136-141, Longitudinal sections of developing ovules showing fertilization and early
embryopenesis, Fig. 136, Mature archegonium containing egg nucleus (en) and perinuchear
cyloplasm (pec); Tg-female gametophyte, Fig. 137, Fertilized archegoninm at the heginning of July
confaining epg nucleus (en) and make gamete (mg). Figs. 138-13%, Longisections of the nucellus
shorily before fertilization showing penctration of pollen tubes (pt) throughout the nucellar tissue
{n); s-archegonium. Fig. 140. Proembryo (pe) at the bottom of corrosion eavity (ecv); fp-femnle

gumelophyte, a-archegonium. Fig. 141, The same as in Fig. 140 showing disintegration of
archegonia {a); fp-female gametophyte, rd-resin-ducts.
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Figs. 142-147. Longitudinal sections of female gametophyte {fg) showing carly and advanced stages
of embryo development. Fig. 142, Embryonal mass (em) in corrosion cavity (cov) showing
longitudinal separation of its cellk. Fig 143, Cleavage polyembryony at the stage of globular
embryonal muss illusirated by the 2 globular embryos (emb) in 2 common corrosion cavity (cov).
Figs. 144-146. Polyembryony illmstrated by the club-like shape of one of the presenl embryos
(arrows) and degeneration of the supernumerary embryos. Fig. 147. Advanced stage of embryo
development in mid-August with dilferentinted cotybedons (col) and by pocotyl (hyph.
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Figs. 148-149. Final stages of embryo development showing root cap (ric) differentiation at the end
of August (Fig. 148) and completely differentiated embryo in mid-Seplember (Fig. 149) col-
cotyledons, hyp-hypocotyl, rie-root cap, fg-female gametophyie.

|48} The morphological differentiation of on
embryo was compheted by the middle of Sept-
ember followed by a period of its physislogical
marursion which, ai an clevation of 2850 my
extended vnil the end of October (Fig. 149 The
presence of densely packed lipoprotein mnd protein
bodies within the cells of megnpametophyte was
observed, after the middle of August

At the level of intact strohill, the development
of ovules ts accompanied by a pradual transfo-
mpion of receptive female srobill into young
cones. The process involves ihe thickeming of
female strobili mther than ther noticeable ehong-
athon, s depicted schematically in Fig. 115, The
fully developed mature cones of A. Aawakani ane
resinemes (Figs. 150-153). This feature of their
moiphology is very pronounced and s characs-

eridtic nol only of mature cones but could be
traced visually since the conversion of megastr-
ohili into young cones in June, Structurally it i
expressed m the formation of resineducts in the
receptive ovules and in their enlargement during
further development of the ovules and seads (Figs
127, 130, 141, 146).

7.2 Disturbances accompanying ov-
ule and embryo development

The strucneral and momphogemetic changes of
ovules presenicd sbove represent the  nommal
sequence of events lending 1o the development of
fully differentiated and viable seeds of A kaw-
akanni The pattem should be considered nommal
but far from typical in Taiwan fir. Only 2% of
openly pollinatéd ovules of the species, lor
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Figa. 150-15% Maorphalogy of fully developed and underdeveloped cones of A kowakamit. Fig. 150,

Young cones af the end of July. Fig. 151,

Developing cones an August,  Figs, 152-15%  Fully

developed mature cones in mid-September together with those which stopped their development ai
the stage of pollinated female strobili (arrow, Fig. 152) or in the middle of July {arrow, Fig. 153}

example, followed thas pattern i 1996, which 15 a
mich-reduced value than the pemerally ackno-
whidged degree of seed viabslity in oL kawoskarni
dunng veart of poor harvests {La, 195949} Exgept
for the rechced developemental potential ol a
eerfam Iraction of receplive ovubes, deviations
from the noemal cowrse of the ovalyr development
were due 1o alierations a1 both prervpotic and
POty Eone stames of the fortilization progess,

The Tst structural symploms of developmental
disorder wene revealed in the ovules of the upper

portion of  lemale  strotali soon affer e
pollmsation, The nucellr apex of these ovuled
bepan o degenerate on Apnl 30 imespective of the
presence of absence of pollen grains m their pollen
churmbers (Figs. 154-155). A few doys Iter, these
symploms were recognizable visually a5 browning
spats in the central part of the ovular integuments
resulting i partial o complete aborhon of the
respective Iraction of ovules. Conversely, the alicr-
ations which occurmed during further development
al the ovibes concemed Weerr mdemal sruciunes,
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Figs. 154-155. Early degeneration of ovules at the upper part of female strobili due to deterioration
of their nucellar apexes (areows); ms-megaspore, pe-pollen grain,

beaving unaffected the marginal parts of the ovules.
It is reasonable 1 suppose that this is primarily
responsible for the high share of empty sceds
produced by Taiwan [,

Al the siage of sdvanced female gametophytc
femation, degeneration of the respective tissue
pccumredd in o small fraction of ovales examined.
The process began ot the chalwal end of a
megaspore and  lster encompassed  the  entire
megammetophyte, thus climinating the smucnml
basis for subsequent archegomia differentiation
(Figs. 157-158). At the beginming of July, a
shrivelied mass of tissue could be foumd i the
megaspore of affected owules instead of a fully
developed  megagametoplvte typical of ovules
with & normal developmental pattem (Fig. 156).

Deterioration of mature archegonia represents
mnather type of prezygotic deviation that had also
been described i A foviocorpa but which
predominantty concemned non-pollinated ovales of
the species (Singh and Owens, 19E1). In A
kowakamii it was a truly post-pollinution
phenomenon showing a close association with
ovukes which contained dormant pollen in their

pollen chambers The available cytological
evidenee indicates that the mhibition of pollen
germination ot the top of a nocellus. and the
resulting ahsence of  comesponding stimuh which
are necessary af this stage for further develoganent
of archegonia, are the primary causes of thew
abortion. The dormant pollen groin nevealed at the
nixcellar apex on July 5 (Fig 159) eould also be
found during the next 15 days, this time enclosad
within the darkly stained remnant of the already
degenerated nucellus (Figs. 160-161). However,
the most serious implication of such a long
persistence of dormant pollen over the nucelius is
a paraliel degenerstion of archegonia starting n
the archegonial jacket and quickly spreading ther
imemal strucnre. Bath the sequence of evenls and
pamire of sruciumal chimges share Teatures typecal
of gametophytic incompatibility.

The most extensive developmental disturk-
ances ooourred in A kawakamii during postryg-
olic stages of ovule development encompassing
practically the entire process of embryogencsis,
Even early structures such as the embryonal mass
manifested symptoms of structural disintegrity,



Fige. 156-161. Ovule depeneration at the stages of female gametophyte formation and mature
archegonia. Fig. 156, Ovule with normal developmental pattern containing megaspore filled with
female gameiophyic (fg). Figs. 157-158, Interruption of the process of female gametophyte
formation at the chalazal end of the megaspore (ms) (Fig. 157) and subsequent shrivelling of the
tissue already formed (arrow, Fig. 158} Figs, 159-161. Inhibition of pollen germination at the top
of the nucellus and the result of this degeneration of mature archegonia as found on July 5 (Fig.
159) and July 20 (Figs. 160-161); pg-pollen pruin, n-nucellus, a-archegonium, fg-femake

gametophyte

consisting of lerminal Ger cells which were not as {Fig. 162). The same wias true of young embryos
compact i these in normally developing ovules whose cells seemad 10 be structurally empty and



viery trnspanent af the begimning of August (Fig.
163% The darkly stuined muclel sull disting of dus
fime  disappesred by mid-Anmes when  only
remnants  of the club-shoped embryvos  and
suspensor cells could be found in the comosion
cavity (Figs. 164-165). As far as distinctions could
bee miade, abortion ook place at the B-celled stage
of embryn development and comcerned all 2 or 3
embryos preseni in a0 common embryo  cavity
(Figs. 164-166), The process devimes by this
feature from typical polyembeyony during, which |
embryo wually outstrips the others and funther
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contimees its development. The early embeyos
were completely aborted by the end of August
when, in developing seeds, only emply comusion
cvities could be recopnized within & narmow
envelope of degenerating megagametophytes (Fig
16T,

Except for the degenerating embryos, the
vvules showing abortive development, also differ-
ed from those with nomal developmental pattem
by their female pametophyte Throughout the
entire perind imvestigaied, the megagameoplyle
of such ovules was mther thin exhibiting a ko

Figs. 162-167. Embryo ahortion during early embryogenesis. Fig. 162. Degeneralive symptoms at
the level of embryonal mass (em) and female gametophyte (fgh. Figs. 163-166. Early symptoms of
abortive development of 2 (Figs. 163, 165) or all 3 embryos (emb) present in a common corrosion
cavity (Figs. 164, 166). Fig. 167. Remnanis of ahorted embryo {arrow) in a corrosion cavily as

found in August.
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capacity for accumulation of reserve substances as
compared with the female gametophyite of
normally developing ovules which was inifoenly
porped with lipopeotein bodies ar the comesp-
onding developmental stages (Fige. 144-145),

The phemomenon of embryo degeneralion also
perasied lo some degree dunng the penod of
advinced embryo  development, which In A4
kenwakamni extended  throughout  September. In
gontrast with early embnyo abomion, the process
proceeded this time under conditions of & flly
developed femole gametophyte and wis coupled
with the phenomenon of deloved embrye devel-
opment. In the middie of Sepiember the aborting
supemumerary embryos could still be recognized
in 3 comsion cavity ingether with embryos tha
had passed the clib-shaped siage bt which had
failed to develop (Fig 168). Such segmentary
embrvos are  histologically  characterized by
differentiated root initiaks only and may persist
eveniumlly until mnmriny of seads, representing the
lowest carcgory of underdeveloped seeds in A
kawakanui (Fig. 169). Conversely, the mudim-
entary embryos of the species found at the exd of
September were more clongated and, in addition,
showed cotyledonary primordia  differentiation
(Fig. 170). Together with the embryos thal had
attameed  their full stz bul which Fled io
differentiate their cotyledons (Fig. 171), they
represent another class of nderdeveloped sceds of
Very common ccurmence in A, Aanwakanni

I light of the present cytological evidence, it
s restsonahle to consider disturbed embryogeny os
o major conre of reduced vinbiling of A4 kavwekorii
sceds. The abortion of developing embryos
ofcupies & prommnent place, contnbuting n a
decisive way 10 the extensive reduction in the
amount of fully developed seeds In the species.
However, of no less importance in this regard =

the infestation of receptive megastobili by
pathogenic insects. Receptivity of female strobili
lxsting more than o week makes insect pencimation
im0 evules not only possible but under prevailing
strong infection pressure also very probable. From
epps laid ® this time, lanvae soon develop whiose
presence in o cormosion cavity could be traced
from the end of June (Fig. 172 By a gradual
consumption of the intermal content of developing
seeds, larvae altuned ther mature st momod-
Augnet filling up the entire space of hollow seeds
(Figs. 173-175) In A grandls inscer infestation
was reponted 10 be the most important factor in
loss of seeds (Singh and Owens, 1982). The
enchred illustrmbion of an x-rey eabysis of seeds
from open pollination suggests that this aspect of
seod biology must be taken into account i
explaining the poor quality of A kawakcmii seeds
as well (Fig. 176).

8 Interspecific hybridization

8.1 Crossability relationships
betw-cen Abfes species with special
em-phasis on Asian firs

Based on n high degree of Lanyological
similarity of conifers which was  originally
established between therr 53 species by Sax and
Sax (1933), the conchsion has been drawn
pustulating thit “species differences seem w be
hased primarily on genic changes, which, in mamy
cases, do not prevent compatible species hybrids”™,
AS A CONSEqUEnce, May species ane supposed o
be mantamed as distino omitc solely by
geogmuphic or physiological  isolation,.  With
special references 1o Abier, Klachn and Winieski
(1962) and Wright (1953) ako attributed the
specgition of firs to geogrphic mther than genetic
Eolation. This aspect of Ables phwylogeny has



Fige. 168-171. Delaved embryo development during advanced embryogenesis. Fig. 168, Delayed
emhryo development as evidenced by the presence of aborting supernumerary embryo (armow)
alongside underdeveloped, club-shaped embryo (emb) in mid-September. Fig. 169, Detail of an
underdeveloped, scgmentary embryo  with  differentiated rool initials (i) only, Fig. 170
Rudimentary embryo with differeniinded colyledonary primordia {cot) at the end of September,
Fig. 171. Underdeveloped embryo without colyledons al the end of Seplember; fg-Temale
pametaphyte, rie-rool tp eap.
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Figs. 172-175, Development of ovules infested by pathogenic inseets (arrows) covering the period
from the end of June (Fig. 172) until September (Fig. 175).



Fig. 176, X-ray analysis of A kewakamii
seeds from open pollination  showing  fully
developed seeds (dark) and hollow seeds with
aborted imternal comtent (light) amd  with
infested lorvae of Dipterne.

sheequently been reinforoed by the finding dhar
there are o reliable diagnosiic differences in
chromosnme size or strucre of iis 7 species
(Mergen and Burdey, 1964) These circumstances,
ingether with the prevailingly compatible relatio-
nships esdnblished between Abies species during
artificial hyhridization experiments, contributed to
“litthe difficulty in hybridizing fir species although
the peroentage of success was higher for erosses
from the same geopmphic reglon than from inter-
regional omsses” (Mergen e al, 1964),

In their compilation of crossability relation-
chipe within the genus Ahies, Kischn and Winieski
(1962} stabed thet o wide seale of ransitons exist
ranging hetween complete  compatibiliy and
complete incompagibility of individual pairs of
species. The Meditermanean species were shown 1o
be especially prone o hybridize, n fact thai has
been amply illistrated by amificial hybridization
experiments (Rohmeder and  Eisenhut, 1961
Gireguss, 1984). On the contrary, there was only an
“indication that many species crosses can be
accomplished between the Nomth  American
species” (Klachn and Winkeski, 1962), Hawley

[

and DeHayves (1985) have in this comectson
proved a high degree of mubml crossability
between the species 4. balsamea, A, fraverd and 4.
baframen  var,  phoneroleps of e soction
Balranrea, as well as their low crossability with the
species A concolor of the section Grandes, thus
ilhestrating the crossable nature of intrasectional
hybrids and only partially compatible or inoo-
mpatible status of iersectional  crosss. The
authors conchuded that Abiex species ane perhaps
genetically more recently differentiated than other
Fingcene genera, postulating lhe existence of
barriers to crossability within Abies, Bamiers of
crossability of Abes lybrdological belavior have
comvineingly been ilhstrated by Crinchfield { 1988)
in his study on Abes ausability mvolving 12
species of firs of Morth American, Medilermnesn,
and Asian origin It was shown that, although
crosses between North Amercan seclions ane
sometines. possible, the firs of the easern and
weslem hemisphenes miay be solated from each
other by genctic bamiers that are almost or
completely insunmowstable.  Thas the cluim th
firs as a group vartually back any crossing harrier is
no longer tenable,

Ax firr 2 Axian firs are concemned, the lack of
hybrids in Klachn and Winicski's (1962) survey
was sseribed 1o cither an incomplete study or the
lack of respective species in those pans of the
underaken The lamer reason seems 1o be more
justified as evidenced by anly | paper refarmg to
erogsing copenments with A movigng and A
homlepis which were performed at the Sappare
Foresi Broeding Expenment Suution (Husao and
Kenichl, 1981). Nonetheless, the list of artificial
hvbrids with Asian fis mvolved & parental
specics is swprisingly long. All of these have,
however, bheen obmined in the numerows
arborenaims in the USA and Europe to which Asian
firs were introduced in the past ( Table 211



Table 21. List of artificial hybrids of Asian
species of firs compiled according (o Husao
and Kenichi (1951), Rohmeder and Fisenhut
(1961), Rohmeder (1961a), Kkachn and Winl-
eski (1962), Mergen o ol (1964), Gandlitz
(1983), Greguss (1984), and Greguss and Pa-
ule (1988)

A alba ¥ A, verchn {19463, [984)

A, copdarforcer X A, firma | 1984)

A cepderlonreg X A, veirchii (1984)

A cephalonica var, apolims ¥ A homolepis (1964)
A ceplalomica var, apoflimy 2 A koreans (1964)
.-iuﬂ-padmu var apoilinie X A, recwrvara (1964,
] ]

A, moramanniang X A homalepds (19841

A. mordwanriong X A4 firee {1954)

A, mordmanmiong X A vechi (1961, 1962, 1983,
15984}

A cilicicn B4 firme | 1984)
A cificica X A, wearcliir {1984)

A nimindica X A firmo [ 1984)
A mmiliea X A weitchii {1984)

A. concolar # A stbirca | 1962)
A concolar 2 A weitsini {1961, 1952, 1983, 1584)

A, granulis 2 A, venchu (1963)

A procern ¥ A moeieris | 1964)

A proceva X A, wephrolepin (1983
A pracera X A recurvari (1962)

A procera ¥ A, sochalinemnir {1964

A H A homolepin (1962)

A ® A recurvang {19631

A, X A sachalimeniin (1962
A. batzzmea = A vereldi {1962)

i

A laviocarpa ¥ A, piburica | 19%5)

A mariesit % A cephalomca war apolfing {1964,
1RE)

A muriesti ¥ A, laviocarpa | 1988)

A marenesn X A firear (1964, 1958)

A marieail X A, hamaoberin | 1964, 1G85

A moariesli XA sochalineneis (1964, 1958)

A, myriang ¥ A, homolepin (1951)

A firma 7 A waaviestt | 19654)
A firma B A sochalioenmi (1964)

A homolepis X A, alba (1961, 19618, 1963)
A Bemilep X A cilicico {1984}

A homolepis K A corcodor [ 1912, 1920
A. hamalepis % 4 gramdis {1961, 1963

A. hamsdepis X X keviscarpa [1988)

A koreana X A, fire {1964 1958)

A, koreana X A, hamadepis (1954)

A, horeana * A, lasiocarpa (1964, 1985)
A. horeama 2 A, venehi (1962)

A sucherlimenyiy % A, alba {1962)

A sackalinemts ¥ A, cepholomics (1962)

A sachalinensis X A oepllomicn vas, gpollin {1964
10E4)

A. sackalinensin X A firm {1964, 155%)

A sachalimensis % A homolepis (1962)

A sachalinensis % A kareana {1964)

A racholinensis X A Lesacarps (1964, 1958)

A paclhalinensis X A, mariesi (1964, 1985)

A sachalinensis W A recurvala (1962)

A mibirieg XA, veneki {1962, 1983)

A weidchil X A afbo (196], 1962, 1953)
A veichii X A congolor | 1942)

A veileleii 2 4 gramdis (1962

A velichii B A wepheadepis (1983)

A welrehdl ¥ A mordlssinrimg L]

A weibshin % F sibieco {1983}

Such a long list of mterspecific hybrids
together with the nature of species combinations
imvolved give a strong impression of a high
crossability amwng the Asian species of firs as well
as of a considerable degree of their hybridological
allinity with the North American representatives of
the genus. This impression is also reinforced by
the occurrence of 2 spontancous hybods in the
region. The hybrid Ahiex % sibirico-nephrolepis
Taken. ¢ Chien originated from a natural crossing
berween A sibirica and 4. nephwolepis and was
only discovered in Northeastern China in 1954
( Takenouchi and Chien, 1957), whereas the hybrid
Abfes % wmbellata Mayr, had arisen in a contnct
ame of the species A firma and A, homolepis m
Jopan.

Om the contrary, the lower number of hybrids
between Asian and Mediterranean species reflects
the: phylogenetic divergency of both these groups
of firs, the mutual intercrossing of which was
shown 10 vield only a negligible percentnge of
viable secds (Merpen er al, 1964). The only exce-
ptions i this respect are A veirshii and perhaps
akio A firma and A homolepis which show
comgutible relationships with Mediterranean fis



.2 Crossability relationships betw-
cen Taiwan fir and some other
species of genus Abies

As follows from Table 21, Talwan fir has not
heen involved in any crossings attempted so far,
Comseguently, data refeming 1o its crossability with
£ other species of firs which are presented in Table
22 represent the 15t information of this kind,

O the tested combinations, only the interspecific
croesini A Aowakanil = A, homolepis proved 1o
be compatible, while the remaining interspecific
combimutions yickled only empty sceds suggesting
strong reproductive bariers between the parental
species. The proponion of fully developed seeds in
A hawaokamii ¥ A homoleps combiniation
averaged at only 5.2% as compared with 8.7
filled seeds in conrolled intraspecific crossing of A.
kewakamii and with 208 seeds of the same
calegory obtained from open pollination. N1 is
reasonable o suppose that yields of sound seeds in
all the 3 variants were considerably reduced by
unfavorable climatic conditions during Nowering
of the species. A negligible content of filled seeds
in the offspnng from open pollmation which did
not even reach the leved typical of the species’ poor
crops (3.7 - Chen, 1967, 4.7% - Lai, 1994)
seenes (0 comuoborate this ssumption. Also, the
weather-cosed  reduction in number of matune
conés was drastic as comypiered with the amount of
pollinated female strobili and obviowsly posed a
seriots obstacke in providing more conchisive
evidence relative 10 the crossability relationships
between tested species. Even those macrostrobili
which survived the frosty weather in April 1996
underwent abortion when reaching the stage of
young concs (Fig, 152). Sall another portion of
concs stopped ther development mn July giving
s i underdeveloped cones with only empty
seeds (Fig. 153). Nevertheless, though preliminary,
the established crossabiliny panemn corelates very
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chosely wilh the PCR/RFLP profiles of chloroplast
DhlAs and RAPD  amplification spectra of
genomic DNAs of compared species, substa-
nuiating thus the tnxonomic division of the pems
Abies as proposed by Liu (1971), Of significance
in this respect is the crossahle hybridological siims
of A. kawakamii and A homolepis species, bath of
which share a common position within the section
Homaolepides, as well as an  incompatible
relationship of the former with 4. fasivcarpa of the
section Balsamea, This is in sharp contradiction
with the taxonomic account of the genus by Farjon
and Bushforth (1989 in which A, kewakamii and
A fasiocowpa were included in the section
Babsamea, while A fomoflepis occupied a scpamic
position within the section Monr,

Except for A fastacarpa, Taiwan fir was
found 1o be solated reproductively alse from
anather repeesentative of the North Amencan firs,
ie, from A4 econcolor a5 well ps from the
Mediterranean species 4. alba, A cephalomica
and 4 cilicica (Table 22). The available cvio-
logical evidence indicates that it is a prezypotic
mbndological block which prevents the normal
conmse of ferilloatim n A, dawakami = A alha
and A Kewakamii = A, cephulorica comb-
inations keading to abortion of their ovules at the
mature archegonium stage (Figs. 177-182). The
same stnge was reported to be of  eritical
mportance also for wnpollineted ovules of A
lasiocarpa which degenerated because of lack of
femilization (Singh and Crwens, 19813 In the
interspecific crossings mentioned above, all the
prerequisitics necessary for development of the
ovules including the presence of pollen grains in
the polien chambers exrst, but abortion still mkes
place due 10 the inability of pollen to germinate on
top of the nucelhes. Throughout the 1t half of July
when  wind-pollimuied  ovule  fertilization  and
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Table 22, Results of artificial hybridization of Taiwan fir with some other species of firs”

Sumber of ummber of Number of Perceni
Combenations lesicd puollmated cullscied Tl sceds filled
female matureg per 400 seech
o ) strabill coinis

A kermgiamin open golliatun 7 5 10
A, kerrakamil X A, kawakami 2% 3 a5 BT
A brwalomil X A, bomoleprs 45 [ | 2
o, kerwakasnii % 4. losiocarpa E 4 ] L
A, bowolwwyd X A4 comcoloe 1% [ | ] 1]
A brwerkaumis X A atha 25 3 i (1]
A. Ervakamit X A ceplualoica I8 i 1] i
A brwakamyy X A sificies i 5 1 L]

"The experiment was carricd out using freshly collected pollen of A kewakamii and pollen of other
species stored for 1 year whose germinability had not fallen below 50%. Three matemnal trees of A
kenwerkarmil were wsed within which the seven varionts of controlled pollinations had been done
inchuding that of A. kewakamil = A. kewakamii, The latter ; the intraspecific crossang of two
different individuals of the species. To avoid uncontrolled pollination, the paper bags were placed on
twigs with macrostrobili a few days before the receptivity of the laner was achieved. The microsmobil|
were still very compact stractures an this period lacking any symptoms of pollen shedding. The marure
microstrobili have subsequently been collected and allowed to dry at room temperature, The pollen
oshtained by sieving of the dried microstrobiln was used n arificial pollination of receplive macrostrobili.
The maternal tree situated atl an elevation of 2850 m was pollinated on April 23, while the two
additional mother trees bocated at an elevation of 3130 m on May 2. The paper hags were removed
from the twigs two weeks later when the ovuliferous and bract seales of the macrostrobili were closed
completely. The mature cones were collected in middle of October. The quality of hand-extracted

seeds was estimaned separmtely for each variant of crossings using x-ray analysis.

carly embryogenesis occurmed, in the ovules of
both these combinaions onlv dormant pollen

prains could be found above the nucellus
suggesting a strong incompatible reaction between
them and the nucellar mssue of the ovules (Figs.
177-178). The absence of pollen tubes within the
micellar tisse and comesponding physialogical
stimnuli led to the appearance of the 15t symploms
of ovule degeneration involving the abortion of the
nucellar apex and disintegration of the archegonia
(Figs, 178179}, Ten days later, degencration had
alrendy encompassed the entine mucellvs, alsn
aftecting the internal content of a megaspone (Figs.
180-182) and resulting in development of empty
seeds, The latter may therefore be looked upon as
a consequence of the gnmetophytic incomparibiliny
between 4. koweskamii on the one hand and A
afba and A.cephaloniva on the other.

9 Conclusions

Alhough the history of mxonomic classif-
ication of firs goes as far back as 1842 when the
| st aftempt a1 generic systematization of these trees
was made by Spach (1842), Tamwan fir only first
appeared 0 a taxonomic account by Patschke in
1913. The outhor included it in the subsection
Larerafes of the section Cenralfs ingether with A
Jirma, A fargesil, A squamata, A veiclit, A
mariest, and A homolgpis,  The position of the
species within valid tavonomic accounts which
have been proposed since then varies considerably,
depending on criteria used by individual suthors
Frunco (1930}, for example, positioned Tawan fir
into the section Pichr among the species A
sachalinensis, A. velichii, A nephrolepis. and A
koreana, while Liu (1971) placed it o the
section Homolepides together with A holopdnidla,
A homolepris. and A mariesid. Sull another
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Figs. 177-182. Incompatible symptoms in A kowakamdd X A afbe and A Kewokamil x

A.cephalonica crossings. Figs. 177-178. Inhibition of pollen grain (pg) germination on the nucellus
n) found in mid-luly in interspecific combinntions A. Rewekamd = A afba (Fig. 177) and 4

kowukamii = A, cephaforica (Fig. 178). Fig. 179-182. Abortive ovular changes resulting from lack
of fertilization and involving archegonia disintegravion () (Fig. 17%) and degencration of o

aucellus (n) and female gametophyie (gl

classification proposed by Landry (1984) treats
Tawan fir i 8 co-member of such momh-
ologrcally and ecologically diverse species as A,
giatemalis, A holophalla, A homolepis, A
lasiocarpa A mariesil, A, pindeme, A pinsas, A
sibirica. and A magnifice ol of which were
mchuded i the section Procaster, Contrary 1o this
clhassification system, Krylov of al{1986) cons-

idered Tamwan fir to be taxonomically the most
closely relaled fo the species A mrariesit both of
which repretent in their account the independent
series Marfestanae. As mentioned abready in the
Introchuction, w0 e mosl  recenl  LUNOMOTIC
classification of firs published by Farjon and
Rushforth (1989), Taiwan fir occupies the
common  positon  within the section  Rafvamea



with A sibirica. A. balumnes, and A. laviocarpa

The presented results of comparadive study on
chioroplest and genomic DMNAs in 15 species of
firs preferentially substantiste the  taxonomic
account of the genus by Liu (1971) within which
Tawan fir was shown fo exhibit the highest
sumilarity with A homolepis of the section
Himolepides Of panticulr importance in this
connection s also the established compatible
hybridological relationship between these species
which may serve as additional evidence ilhstrating
a high genetic affindy bebween them. On the
contrary, the specics A fasiocarpa, though
postulated by Farjon and Rushforth (1989) to be
chosely related with A kewakamd proved o be
reproductively isnlated and hence genetically more
divergent from the lntter than A homaolepis. The
same s true of the crossability relationships
between 4 kowakamni on the one hand and the
Mediermanean firs A4 alba A. cophalnice, and A
ellicica on the other, indicating such degree of
genetic differentiation between firs of different
continénts which exceeds the level of mutual
compatibility. However, owing m the fact that this
assumption is only bascd on a few mamre cones
obtained within the respective croasings of A
kowakaenl, additional expenments on mtificial
hybndization of firs are necessary to prove if mone
concheively, The =ame i mue of sudies on
cytology of the fenilization process in some
eroases of 4 kawakamii with Evropean and MNorth
Amuerican firs, which may provide more deiled
miormation relative o the nanere of existing
hybridological barriers.

Taking into consideration the existence of a
fairly close comelation between the cowability
refationships of Meditermnean and MNorth Amer-
ican species of firs and their PCR/RFLP profiles of
chloroplast DNAs, the heterogeneous hybnid-
ological refatiorehips may a prion be expected o
preval among Asian firs as well. The latter group

was found to exhibit considerable differentiation at
the DNA level between the compared sections
Homolepides and Elate a5 well a5 between species
of the Elare section, resembling thus the North
American firs mther than the genetically uniform
group of the Mediterrancan species,

Reproductively Taiwan fir behaves like other
species of firs, but being typically a high-elevarion
speches. it simulaneously shares some feannes in
its reproduction cyele which are more pronounced
than in other representatives of firs studied so far,
especially in species occumming al lower elevalions.
The exiremely reduced seed st is obviously one
of these. The phenomenon is related exclusively o
the development of macrostrobili and may be
conditioned climatically or penetically, both vpes
of retardation having been ilhestnited in the present
study. Accordingly, the amount of mature cones or
even the periodicity in cone production may be
affected adversely in A Aawakamii by the
occsional occurrence of late fross parially or
completely damaging its receptive macrostrobili.
The prexypotic hybridological bamier, cytolog-
ically represented by the ishibition of pollen
germination on the nucellar tissue of an ovule,
supposed 1o ocour exclusively in selfed owales,
accounting partially for the drastically reduced
vields of filled seeds in the species. However, the
evidence relative ko #s occurmence in 4. kaneakaonnl
though very expressive, remains o be verified as it
contradicts the generally held view which
postulates the abwence of any kind of mechanisms
preventing, self-pollination in conifers  (Kaoski,
1673; Forshell, 1974).

Al the level of developing seeds, the must
serious losses result from a high freguency of
abortive embryos which represent not only a very
conspicvous but also a considerably deviating
aspect of A. kawakamni embryogeny, and encom-
passes the entire process of embryopenssis. In
conifers, this phenomenon &5 uaslly ascribed



the large extent of namml self-pollination resulting
in homozygotization of sublethal or lethal genes in
svgotes and their subsequent degeneration af
different stages of development (Tiilila, 1967,
Kooski, 1973; Forshell, 1974; Sorensen, 1982). In
light of this conclusion, it s reasomsble o relane all
the problems mwsociated with low yields of visble
seeds in A kenvakeenlf primasily 1o the high degres
of sclfing a5 a prewailing type of pollination
supposedly occurring within its stands under
natural conditlons. The only means which may
provide experimental ¢vidence to validate this
assumplion are  comparative studies on the
elficiency of both selfing and outcrossing in the
species, inpether with sozyme analysis of seed
progrenics from wind pollination.

Extensive depeneration of developing embe
yos of A, kevwakamef takes place immespective of the
frequent occurmence of palvembryony, which is
penerally  looked upon as  an alemative
miechanism o selfing which favors outbreeding in
gymnosperms (Hagman, 1975). In A, Kanvwakanmii
i represents an additional feature which is very
characieristic  of the  species’  reproductive
behaviowr as evidenced by the exceptionally
frequent cocurmence of 2 or mone embiyos within a
COMMON CoMmosion cavity. It i interesting 1o note
in this connection thal some authors have
atinbuted this phenomenon m conifers o harsh
chimatic conditions prevailing ot high elevations
and in the Arctic region (Dovle, 1957: Dogm,
1967; Simak, 1973). The available evtological
evidence indicates that in A kewakamil these
embryos are of monorygotic origin  probably
representing  genetically identical twins, which
have ansen by longitudinal splitting of the same
proembryn m the process of clenage polyem-
brvany. However, by sharing identical genoiypes,
they are ot endowed with o selective advamnge,
which is typical for genetically heterogenic
embryes of polyzygotic originn and respond

T

uniformly 10 the existing genctic load. The
numenos examples of simultancous abortion of 2
or more embnvos of a given seed at early or
advanced stages of their development seem o
in A knwakamil cleavage polyembryony docs not
present a special advantage for the species in
preventing its embryos from degenerating.  The
only solution 10 s low-viabiliy seed problems
seems 1o be a supplemental mass pollination using
pollen of distant and supposedly more differen-
tiated populations of the speckes 0 avoid the
existing profound inbreeding depression at the
embryonal level. Though very preliminory, the
diata obeained on the isozyme polvmorphism in 2 4
kmwakamil  populations  substantiate  such  an
approach in increasing the viekds of viable seeds in
the specics.
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