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Introduction

The study of conifer embryogeny has followed two lines: one for seed
testing in forestry, the other for academic interests in botany. Stmax and
GusrarssoN (1953 a, b, 1954) showed that conifer embryo and endosperm
studies by X-ray technique could be successfully employed in tree breeding.
In prineiple the X-ray technique is based on morphological methods of seed
testing used by HeikiNngrEmmo (1915, 1921), Hacem (1917), WiBeck (1928 b,
1929 b), Orpertz (1921) and Kusara (1927, 1928) and was developed by
Simak and Gustarssox and co-workers in numerous publications (Simak
and GusrarssoN, 1953 a, b, 1954, 1957, 1959; Prym ForsHeLL, 1953;
MOULLER-OLSEN and Simvax, 1954; EHReENBERG ef al., 1955; Simak, 1957,
1966; Sivaxk et al., 1957, 1961; Simak and Kamra, 1963; GusTtarssoN and
SiMAK, 1958 a, b; MULLER-OLSEN ef al., 1956; Kauvra, 1963, 1964 a, b;
KaMra and Simaxk, 1965; ANpERssoN, 1965) and others (e.g. BARTELS, 1956;
RoumEeEDER, 1957; Kraeux and WHEELER, 1961; NEKRASOV and SMIRNOVA,
1961; Hansex and MueLper, 1963; and KriepeL, 1966). In morphology
conifer embryology has been studied exhaustively (see DovLe, 1916—1963
et seq.; Bucunorz, 1918—1950; Scunarr, 1933, 1937; Jomansexn, 1950;
Warpraw, 1955) and critically reviewed on the basis of later work by
Dovre (1957, 1963), Dogra (1961, 1966 b) and CHOwWDHURY (1962). The
present discussion combines both practical and academic trends in embryo-
logical studies in order to obtain a better understanding of embryo and
endosperm development which is shown to be important in evaluating seed
quality and germination in conifers. \

In conifers, classical techniques are as indispensible as X-ray methods,
and are being profitably used in forest genetics in investigations on self and
interspecific incompatibility, pollination mechanisms, seed setting and
development, and seed sterility arising in experiments on self-pollination
and in interspecific hybridization (Dovre, 1916, 1918, 1945 b; Dovre and
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O’'LeEARY, 1935 a, b, ¢; DovLe and Kang, 1943; HiAkaxsson, 1956, 1959,
1960, Orr-Ewing, 1957 b; McWiLrLiam, 1958, 1959, 1960; BarnNeEr and
CHRISTIANSEN, 1960, 1962; ALLeEN, 1963; Sarvas, 1962; HaeMmaN and
MikxkoLra, 1963; Docra, 1964, 1966 a; MerGEN et al., 1965). MEura (1960)
included embryology as one of the branches of study required for a joint
approach to a systematic improvement of forest trees and Gusrarsson and
MerGEN (1964) mentioned X-ray analysis of embryo and endosperm devel-
opment as one of the many devices available for developing tree breeding
programmes. A background of embryogeny may perhaps also be useful in
such attempts; thus the normal pattern of embryo-endosperm development
in Pinaceae, based on the present investigation, and on the analyses attempted
by DovLEe (1954, 1957, 1963), Docra (1961, 1966 b) and MExra and Docra
(unpublished), is presented here for use in tree breeding research.

Sarvas (1962) showed that determining embryo mortality in breeding
experiments is difficult because embryo collapse in conifers is governed by
complex factors. MERGEN ef al. (1965) emphasized the need for correct
understanding of embryology for accurate interpretation of stages of embryo
failure. Embryology was successfully used by Orr-Ewing (1954, 1957 b),
HacmaN and Mikkora (1963) and MERGEN ef al. (1965) in studies of self-
sterility in self-pollination and interspecific crosses in species of Pseudofsuga,
Pinus and Picea. An understanding of the embryological disturbances
responsible for embryo degeneration will no doubt be useful in such in-
vestigations on tree breeding, especially in analysis concerning the forma-
tion of empty seed.

A standard terminology based on clear morphological concepts is necessary
for describing conifer embryo development. This was demonstrated by
DovrE (1954, 1957, 1963) who discussed the proembryo terms in detail and
was also clearly recognized by Sarvas (1962). The modifications of terms
(for proembryo and late embryogeny) used here were proposed by Menra
and DoGra (see Dogra, 1961, 1966 b). Incorporated in these are new terms
based on the work on Swedish conifers as well as terms given by DovyrLE
(1954, 1957, 1963) and others and three suggestions proposed by DovyLE
(1963, p. 212) namely: “(a) the terms “‘rosette”, “‘primary suspensor’” and
“prosuspensor” are dropped; (b) the basal nature of the normal proembryo
type is clearly indicated; and (c) the derived advanced nature of the Pinus
type and its relations to the normal type are suitably recognized”. An effort
is made here to keep the embryo terms simple, precise and easy to use.

This investigation deals with disturbances in embryogeny as a cause of
inferior seed formation and seed sterility in some Pinus species, Abies pindrow,
Picea smithiana and Cedrus deodara from the Northwestern Himalayas,
India, and in Pinus silvestris and Picea abies from northern Sweden. The
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work on Indian and Swedish conifers was undertaken on the suggestion of
Professor P. N. Mexra (Chandigarh) and Professor Ake Gustarsson (Stock-
holm) respectively. The seeds of conifers from northern and southern Sweden
were made available to me by Dr MiLan Simak whose generous help made
this study possible. An attempt has been made to correlate embryo studies
in seed testing by the use of X-ray techniques with principles of embryogeny.
Aspects of embryo mortality and seed sterility are also discussed in relation
to tree hreeding.

Material and Methods

The ovules of Pinus gerardiana, P. montezumae, P. nigra, P. patula, P.
rozburghii, P. wallichiana, Cedrus deodara, Picea smithiana and Abies pindrow
from Himachal Pradesh in the North-western Himalayas in India were
fixed in acetic acid and alcohol in ratio of 1:3 and preserved in 75 per cent
alcohol during the years 1954—1964. Seeds of Pinus silvestris and Picea
abies from mnorthern Sweden were studied by X-ray radiographs (for
technigue see Simak and Gustarsson, 1953 a, b, 1954 ef. seq.) and by dissec-
tions of whole embryos by Buchholz’s technique (Bucrnorz, 1918, 1929,
1938) from seeds presoaked in water. Safranin and fast green were used for
staining microtome sections and acetocarmine for whole mounts of embryos.



Embryo Development and Terminology in Pinaceae

According to Dovre (1957) the term embryology includes both- pre-
fertilization and post-fertilization stages while the term embryogeny is used
only for post-fertilization stages. This account deals with embryogeny.

In gymnosperms embryogeny is studied in two separate phases. Proembryo
(Fig. 3—12) includes all post-fertilization stages from gametic fusion to
suspensor (for conifers in general) or substitute suspensor E, elongation (for
Pinaceae). Further development is called lafe embryogeny (Figs. 14—23),
which includes differentiation of tissues and organs in the embryo.

Proembryo

First proembryonal or zygote division: The male and female nuclei fuse
(Fig. 1) and separate chromatin networks embedded in a common ground
plasm are formed (Fig. 2). The egg after the fusion of male and female nuclei
is called the zygole. In the first division a multipolar, later a bipolar spindle
is formed (Fig. 3). The male and female chromatins form separate chromo-
some complements on a common spindle and a normal mitosis takes place
(Fig. 3). The diploid chromosome number can be counted at metaphase. The
zygote phase ends here (Figs. 1—3).

Free nuclear proembryo and wall formation: After two divisions in situ
(Figs. 4, 5) four free nuclei move to the hase by a morphogenetic process
partly seen in the traction fibres (see Jonanson, 1950, pp. 24—26) recorded
in Pinus (SEtHI, 1929; Dogra, 1961, and see Figs. 35, 50). This is the last
free nuclear stage (Fig. 6). Nuclei extruded from some free nuclear proembryos
as seen in Podocarpus andinus are called relict nuclei by Loosy and DovyLE
(1944). During the third simultaneous mitoses of the proembryo, the vertically
arranged spindles participate in wall formation, laying down horizontal walls
(Fig. 7) which extend to the newly developed outer proembryonal wall
formed by internal depositions in the lower part of the egg (Figs. 6, 50).
Thus simultaneously occurring vertical spindles distribute four nuelei to the
upper and four to the lower tier in a symmetrical arrangement which forms
a characteristic feature of the proembryo in Pinaceae (Fig. 7). The vertical
walls appear to arise on secondary horizontal fibres. Thus a multiple spindle
system lays down, in two independent steps horizontal and vertical walls
(Fig. 8) which extend to the outer proembryonal wall to form the primary
proembryo (Fig. 9). Primary type of wall formation in the proembryo occurs
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Figs. 1—12. Proembryo, development from fertilization to secondary proembryo. pU pri-
mary upper tier, pE, primary embryonal tier: U, secondary upper tier; S,
suspensor tier; E,, first embryonal segment; E, embryonal cells. Tiers are
of 4 cells ecach. For further explanation see text.

on equatorial thickenings on the spindles of the previous division (Fig. 7),
while in the secondary type the spindles do not appear to participate and walls
. originate on thickenings on secondary fibres (a term used by Kirpanr, 1907,
see DoYLE, 1963, pp. 204—206; Docra, 1966 b). In gymnosperms a secondary
type of wall formation is common but in Pinaceae wall formation in the
proembryo occurs by both primary and secondary mechanisms.
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Primary proembryo: Primary proembryo is the first cellular structure and
consists of two primary tiers of four cells each which form two morphological
parts (Fig. 9). Tier in an embryo is a term applied to cells lying in the
horizontal plane, pU for primary upper tier (Open tier of BoyLE and DovYLE,
1954) and pE for lower primary embryonal cells (Fig. 9). pU cells are normally
open from above; occasionally some, or in rare abnormalities all, may be
partially and sometimes completely closed.

Internal division: Infernal division (a term first used by BovLE and
Dovire, 1954) occurs in the cells of the primary proembryo giving rise to
the secondary proembryo (Figs. 10—12) described as U:S:E type by DovLe
(1957, 1963). It is the last proembryonal division taking place in the two
primary parts. pU gives rise to the secondary upper tier U and the suspensor
tier S; pE divides to produce two tiers of embryonal cells E, and E (Fig. 11).
In Pinaceae, except for Pseudofsuga (ALLEN, 1946), internal division Ire-
quently takes place first in the cells of the pU, although pE are also known
to divide first (Kirpaur, 1907; Menra and Docra, unpublished). The
spindles of the internal division are arranged vertically and divisions in
cells of a tier are synchronous, forming a secondary proembryo with four
symmetrical tiers of four cells each (Fig. 12). In Pinaceae the egg is large
but only a small portion is utilized in proembryo formation: this is a charac-
teristic feature of conifer embryogeny.

Secondary proembryo: According to DovLe (1963, pp. 181, 211) the secondary
proembryo U:S:E has the construction U4:054:eS4:E4 (“vS” designating
vestigeal suspensor and replacing the term ‘‘rosette tier’”; and “eS” the de
facto elongating cells, replacing the term ‘‘primary suspensor” and the
embryo tier “E”). The general conifer plan however, shows the construction
Ux: Sx: Ey arising from a variable number of cells in pU and pE (x, ¥
designate the number of cells in each tier). For details the reader is referred
to the original papers of DovLe (1954, 1957, 1963). In conifers the proembryo
structure at this stage has a bearing on late embryogeny and to avoid confusion
I prefer to use a modification of an earlier suggestion by DovyrLe (“U4: S4:
E44-4” see Dovre, 1957, p. 125), viz. U4:S4:E 4:E4, where no distinction
is made between vestigeal suspensor S4 and the first embryonal segment
E4, (called substitute suspensor) of Pinaceae (Fig. 12) from functional sus-
pensor Sx and Ey respectively of the general conifer plan. In Pinaceae U
and S tiers have no function and they degenerate; the S tier may, however,
show irregular divisions of the cells, here termed proliferations (p) in late
embryogeny. Such proliferations of S cells have been called rosette embryos
but there is not a single report on record where an embryo has been observed
to develop from them and as proposed by DovLE (1957, 1963), this term is
discarded.
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¥ig. 13. Picea smithiana prothallus showing corrosion region (cr), storage region (sr), arche-
gonia {ar) and embryo (eb). X 90.

Corrosion Region, Prothallus and Endosperm

During maturity a conical region of the prothallial tissue is differentiated
below the archegonia (Bucuuorz, 1918; DovLe and Loosy, 1939; Schorr,
1943; Orr-Ewing, 1957 b; Doara, 1961). The cells of this region are dense,
physiologically active and arranged in a linear pattern (Fig. 13). The embryos
grow into this corrosion region, secrete enzymes into it and absorb the
material. Disintegrated and liquified cells of the corrosion region are thus
digested and ahsorbed by the embryos, while the outer tissue forms a storage
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region utilized during germination of the seed (HAkanxsson, 1956). The
gametophyte in conifers is thus partly used for nutrition and formation of
the embryo, but mainly it matures to form storage tissue (endosperm) which
is emptied during germination of the seed. The female gametophyte in the
maturing ovule and seed is termed endosperm, which is mainly the outer
storage tissue; the corrosion region after being utilized by the young embryos
(see DanrareN, 1931, Fig. 34) forms the endosperm cavity which fills with
cotyledonous embryo in the seed. In gymnosperms the endosperm is haploid
and forms a continuation of the female gametophyte, in contrast to angio-
sperms, where it is normally triploid in constitution if the two-polar nuclei
and male cells which fuse to form it are haploid. The changes that take
place in the ovule after fertilization result in the transformation of the ovule
into a seed. The term ovule includes the ripening ovule containing post-
fertilization stages to distinguish it from the seed collected from the ripened
cones at the advent of winter.

In species of Pinaceae which I studied in India the ovule contained a
developed embryo in autumn (mid-October). A period of *“‘seed maturation”
as shown by BucunoLrz (1946, Fig. 7, p. 241) in Pinus ponderosa was seen in
Indian species during autumn before the seeds were shed from the tree
(see Konar and RavcuHanpaxi, 1958; Konar, 1960, 1962).

In Pinus silvestris and Picea abies trees growing in northern Sweden, the
embryos are seldom mature in most seeds at the time of seed collection
before winter and variation in embryo stages is then a characteristic feature
(Figs. 61—113).

Late Embryogeny

The proembryonal phase ends with the elongation of the substitute
suspensor E, in Pinaceae (Fig. 14) or suspensor S in conifers in general (see
Dovre, 1957, 1963), and the embryo development which follows is called
late embryogeny (Figs. 14—23).

Suspensor-system consists of suspensor S and all elongated suspensor-like
E segments of the embryo. E;, E,, E; etc. denote tiers of simultaneously
elongating cells attached to the suspensor (Figs. 17, 22, 59). In the formulae
elongation is indicated by a sereis of dots thus, **..." (see p. 17). E; is used
for numerous proximal cells of an embryonal mass which elongate irregularly
and do not form tiers (Figs. 17, 22). These may be formed directly after
suspensor S elongation, as in Taxodiaceae (Docra, 1966 b) or after E,, E,,
E, etc. as in Pinaceae. The production of E;, E, etc. in the suspensor-system
is evidently due to physiological processes similar to those which give rise
to S with which they are continuous (WarprLaw, 1954),
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LATE EMBRYOGENY
3 g 5

Figs. 14—23. Late embryogeny in species showing cleavage (Pinus, Figs. 15—19) and
non-cleavage (Picea, Figs. 20—23). U, secondary upper tier; S, suspensor
tier; E;, E, ete. embryonal segments; e, embryonal mass ofcells. For further
explanation see text.

Polyembryony: Polyembryony means the occurrence of more than one
embryo in an ovule. This feature of gymnosperms was first reported by
Brown (1844). When this condition arises from fertilization of more than
one archegonium it is termed as archegonial polyembryony (simple poly-
embryony of Bucunorz, 1920; and polyzygotic polyembryony of SCHNARF,
1933) when due to cleavage of terminal embryo units (Figs. 16—18) as
cleavage polyembryony (Bucunorz, 1918).

Embryo unit is used for a group of cells derived from one pE cell.

Non-cleavage is absence of cleavage (Fig. 22) and is denoted by “( )",
(see p. 16—17).

An unstable non-cleavage condition may occur which is intermediate
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between non-cleavage and cleavage condition. Unifary lobing (Fig. 49, re)
results from different rates of growth of embryo units (4 in Pinaceae) in an
embryonal mass (e¢). When it occurs temporarily it is fransifory; when
retained it is persistent (Fig. 77). Genera normally showing cleavage and
non-cleavage sometimes show partial cleavage where pE units separate
incompletely (some separate, other embryo units remain joined, Figs. 93 B,
98 B, 103) by differential elongation of E,, E; and E, etc. of each lobe. If a
persistent condition of unitary lobing or partial cleavage survives in the
seed during germination it gives rise to joined isogenic twins. Seeds
containing such embryos have been germinated under laboratory conditions
in Pinus gerardianaby me and in Pinus silvestris by Simaxk. In Pinus silvestris
such seedlings have survived,.

Cleavage polyembryony is an organized and not accidental phenomenon
occurring only between pE units and is termed unitary cleavage (Figs. 16—
18). It is due to the growing independence of potential units of the primary
proembryo and is expressed as‘)(”’. Unitary cleavage found in the conifer
embryo is thus not comparable to the accidentally occurring cleavage seen
in animals (¢f. DovyLE and Loomy, 1939; THomsoN, 1945; Dovre, 1954).
Abundant nutrition from the corrosion region no doubt makes polyembryony
possible but it is mainly a gene-controlled phenomenon (WarprLaw, 1955).
Total cleavage occurs when all pE units separate completely by differential
elongation of E; or E,, E, etc. of each unit. It occurs early at E, (Fig. 16)
in some species and late at E; or E, in others (Fig. 59) and is sometimes
variable in the same species. A separate unit or part of a unit is designated
by an accent, for example, E’;, E’, and ¢’ (Figs. 17, 18). Sometimes the
elongating E segment cells divide vertically to give rise to a more than
one-celled E’ (see figures in Bucunorz, 1918, 1931; Jouanson, 1950; Warp-
raw, 1955; CHowpHURY, 1962) which is indicated in the formulae by crossing
E’: thus “E’”. Inhibilory cleavage occurs from the failure of E, E,, E, etc.,
elongations or by the inhibited growth of one or more units of an embryonal
mass (Figs. 44, 46). This separation is sometimes expressed incompletely as
partial cleavage and two to three units, rarely even four, may remain joined
(Figs. 93 B, 98 B, 103).

In an ovule where polyembryony, both cleavage and archegonial, is
present, the embryo with the best physiological constitution situated in
the most suitable environment dominates over the others and survives
(terminal embryo seen in late embryogeny, Fig. 18). Others degenerate:
they encounter mechanical, nutritional and growth-inhibiting influences of
the dominating embryo and of the environment. In the early stages the
developing embryo grows into the stimulated gametophytic tissue along
with the isogenic and heterogenic embryos from one or several archegonia
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respectively. The ovule may be influenced variously at different stages of
embryo-endosperm growth by changes in external environment such as
those of sub-arctic climate in Sweden. A complex physiological relationship
between embryo development and the nourishing gametophyte was shown
by Konar (1958 a, b) in Pinus roxburghii and the importance of such rela-
tionships was emphasized by Warpraw (1955) and HAxansson (1960).
Bucanorz (1918—1950) believed that selection in embryo competition was
one of the major factors in evolution of the conifer embryo. The arguments
and evidence presented in support of this belief (Bucnnovrz, 1918, 1920 a,
b, 1922, 1926, 1929, 1931, 1946, 1950) were criticized and corrected by
Dovre and Loosy (1939), THomson (1945), DovLE (1954, 1957, 1963) and
HiranssoN (1956). StockweLL in 1939 pointed out the importance of
preembryonic selection to tree breeding research. Future cytological and
laboratory culture studies of embryos from archegonial polyembryony
will probably show that Bucuuorz though not wholly correct in his main
arguments, was not totally wrong either in some general observations (see
Discussion, pp. 83—84) though as shown by Dovyrg, his concept of “‘simple
polyembryony” (non-cleavage) versus cleavage polyembryony, his emphasis
on the derived nature of non-cleavage and his application of embryological
data to the solution of phylogenetic and taxonomical problems was
wrongly based. WarprLaw (1955) states: “Until we have more knowledge
of the factors involved in the inception and development of the various
embryonic features, and some clue as to how these features change under
the impact of genetical change, it will be difficult to determine finally the
taxonomic relationships”. DovrLe (1957) showed that embryological data
in conifers can only be applied with great discretion, if at all, in such problems.

Polyembryony whether archegonial, cleavage, or both when it persists in
the seed is called persistent polyembryony (Figs. 81—104, 106 —113). Embryo
mortality may occur at the proembryo stage or during late embryogeny ina
maturing ovule or seed and the expression refers to the dominant, mostly
terminal embryo. In the persistently polyembryonic condition the expression
may refer to two to three dominant embryos if they are of nearly equal size. An
embryo from a seed is considered to be dead only when it shows a clear-cut
degenerated condition and is incapable of further development. Young embryos
in the seed may be dead or living; the living embryos may show inhibited
development and thus remain immature but growth and differentiation may
be resumed as soon as conditions are favourable. Degeneration of the embryo
is characterized by excessive vacuolation (Figs. 31, 40, 41), empty or shrunken
cells (Figs. 64 B, 65 B, 74 B, 75 B), erratic staining behaviour (see ORR-
EwixNg, 1947 b), loss of staining affinity (Fig. 75 b) or unusually deep staining
of a part or the whole of the embryo (Figs. 44, 52, 58).
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Another phenomenon proliferation, though less common in Pinaceae, is
widespread in some conifer families, as in Taxodiaceae and Cupressaceae
(Docra, 1961, 1966 b). Proliferation is unorganized prolific secondary lobing
in an embryo unit or in the embryonal mass. Irregular cellular divisions of
E,, E, etc. E; or of the so-called “‘rosette” or morphological S cells (Fig. 18)
may also be termed proliferation, as suggested by DovrLe (1954) and within
this category may be mentioned secondary lobing, which is of an embryonal
unit and occurs either in an uncleaved or a cleaved unit. It may be fransitory
or persistent. Secondary cleavage, when it occurs, is false cleavage and the
term is applied to separation of secondary lobes (Doara, 1961, 1966 b).

Pinaceae has ten genera of which the embryogeny of nine is well-known.
No work on Cathaya is so far available, All members of the family, in general,
show a stable pattern of proembryo development and there are no differences
even at generic level (DovLE, 1918, 1957, 1963; Docra, 1961; CHowDHURY,
1962) except for Pseudofsuga, which according to Arien (1946) deviates
from the standard pattern in non-division of the pU tier. An earlier account
(ALLEN, 1943) of unusual proembryo development in Pseudotsuga reproduced
by Caowpnury (1963) was contradicted by ALLex (1946) and shown to be
incorrect.

The general features of late embryogeny of nine genera are summarized
by the formulae given below (for diagrams see Bucmnorz, 1918, 1920 a,
1931; Scunarr, 1933; Jonanson, 1950; Warpraw, 1955; CHOWDHURY,
1962). The structure of the suspensor-system can sometimes vary in a
species, as shown in Pinus ponderosa (Bucumorz, 1918, p. 199, Fig. 2).
The symbols used have already been explained in the above account (pp.
12—-14). Intercalated linearly arranged cells (proliferations) of E;, E,, Egetc.
seen in Pseudolariz (Bucuuorz, 1931), Keteleeria (SuciHAara, 1943) and
Pinus roxburghii (Meura and Docra, unpublished) and in some cases of
Cedrus deodara (Fig. 45) are shown in the formulae by placing “p” on the

P
segment concerned, for instance “E,”’. Such proliferations were mistaken for
embryos by Bucunorz (1931) in Pseudolarix.

Genera showing non-cleavage:

Abies

USE ................ Epovoiii oo (e) (Bucunorz, 1920 a, 1926,
1931, 1942; Suciuara,1947;
Meura and DoGra, un-
published).
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Pseudotsuga

pUE;........ | D F Eio..... (e) (BucrnoLrz, 1920 a, 1926,
1931; AriExN, 1943, 1946).

Pseudolarix

P P

USE,...... | D | PR ... | PSR (e) (BrcuuoLrz, 1931).

Picea

USE;...... Eyooiit | DPORR | PP Ei..o.. (e) (BucunoLrz, 1920 a, 1942;
MenrA and Docra, un-
published).

Larix

USE,....Fy....Eg....E; . Eg2... Eq....(e) (ScHoOPF, 1943).

Genera showing cleavage:
Keteleeria

D P
USE,;. .E,. .E;. .E,. . E;. .Eg. .2, )EL (....¢". (SuciHARA, 1943)
Cedrus

p

USE,. .)E/y(sometimes. )E's(. . E/,. . E/y. .. .. e’. (Bucurorz, 1920 a, 1926,
1931; Cuowpuury, 1961;
MeHRA and Dogra,

unpublished).

Tsuga

UIéE1 ...... VE (2. ... ) ARG Evoo... e’. (Bucunorz, 1920 a, 1926,
1931).

Pinus

USE,..... )E’2(501netimes)E’2_4(. ... B ... ¢, (BuchHorz, 1918, 1920 a,
1926, 1931; Konar and
RaMmcpaNDAaNI, 1958;
MenrA and Doara,
unpublished).

2—712175
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Observations on Some Indian Conifers

Proembryo

Free nueclear proembryo: Approximately 1.5 to five per cent of free
nuclear proembryos (Figs. 4—7) studied in the species Pinus nigra, Pinus
monfezumae, Pinus gerardiana, Picea smithiana and Abies pindrow showed
disturbances which lead to seed sterility. The frequency varied according to
the year, locality, trees and species.

In Pinus after two divisions in situ the four proembryonal nuclei shift to
the archegonial base by a mechanism indicated by fibre-like formations
running from nuclei to the egg wall (Figs. 35, 50). This mechanism some-
times remains half effective or fails and the proembryo in such cases is
formed near the middle or on a side-wall of the egg and degenerates (Figs
24, 25).

The four proembryonal nuclei sometimes do not divide simultaneously;
some miss this division or a relict nucleus is extruded from the proembryo. k
In Abies pindrow and Pinus nigra, six and seven free nucleated proembryos
were recorded (Figs. 33, 34). Some of these showed incomplete wall forma-
tion,

In Abies pindrow some of the free proembryonal nuclei were unequal, as
shown in Fig. 37, which shows five unequal nuclei of which two are con-
nected by a narrow isthmus. Such configurations may arise either because
of abnormal proembryonal divisions as shown for Cupressus arizonica (Fig. 42)
or because of fragmentation of embryo nuclei. Thus proembryos consisting
of irregular cells and micronuclei are formed (Fig. 36).

Sixteen nuclei in the proembryos were observed in Pinus gerardiana and
Pinus nigra (Fig. 43). Wall formation in primary proembryos with 14
nuclei with two extruded nuclei was observed in Pinus gerardiana (Fig. 38).

Primary proembryo: In Pinus gerardiana and Pinus nigra proembryos
with six or seven nuclei in pE tier or one or two nuclei in pE tier were re-
corded (Fig. 39).

In Pinus nigra sometimes only one of the four pL cells of the primary
proembryo divided; the three others degenerated (Fig. 54). In Pinus species
and in Cedrus deodara it was sometimes observed that the four units of the
primary proembryo did not develop together and that they separated at the
proembryo stage. Degeneration of one to three embryo units took place,
the remaining ones developed abnormally before degenerating.
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In Picea smithiana in two cases eight-nucleated large proembryos formed
on the side-wall of the egg. They had larger cells and nuclei about double
those of the normal proembryo. More than half of the egg was used up in
the proembryos, where normally only a small part is utilized (Figs. 27, 53).

About one to two per cent of the primary proembryos formed at the base
or on the side-wall studied for Pinus gerardiana, Pinus wallichiana, Pinus
nigra had smaller nuclei and cells, about half the size of those of the normal
proembryo (Fig. 26). These small proembryos occupied a conspicuously small
part of the egg. It is possible, although there is no direct evidence, that these
proembryos result from a parthenogenetic division of the egg recorded in
some cases in Pinus wallichiana, Pinus nigra (n=12, see Docra, 1966 a) and
in Pinus pinaster (Saxton, 1909). '

In Pinus gerardiana and Pinus nigra several proembryos with irregular
arrangement of cells without formation of pU and pE tiers were observed.
They had large nuclei and micronuclei in variable numbers (Fig. 36).

Secondary proembryo: Abnormalities of the secondary proembryo were
not as common as those of the primary proembryo. In Cedrus deodara in a
few cases the E,; tier degenerated and the secondary proembryo did not
develop further (Fig. 52).

In Pinus nigra the pE units of the secondary proembryo were distorted
into each other within the archegonium (Fig. 28).

In Pinus wallichiana five instead of the normal four tiers were observed
in two proembryos.

Proembryo abnormalities varied from two to fifteen per cent of all proem-
bryos studied in a species from different localities. This frequency varied in
both trees and species in different years and localities, Numerical counts
for particular trees were not made.

Late Embryogeny

Late embryogeny often shows more disturbances but the embryos survive
more easily than those from the proembryonal disturbances. Cases leading to
embryo degeneration are:

Failure of embryos to grow into the corresion regiom: In 25 per cent of
ovules of Pinus nigra fixed in 1958 at least one embryo in each failed to
grow out of the archegonial wall. The secondary proembryos showed curved
and distorted E, elongation. The four units mainly nourished by the egg were
distorted and pushed to one side of the venter (Fig. 29). With E, elongation,
the embryo coiled within the archegonium (Figs. 30, 51) and finally degen-
erated (Fig. 31). Such embryos were found developing together with normal
ones from different archegonia in an ovule (Fig. 30).
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Failure of elongation of segments of the suspensor-system: Failure of
elongation or degeneration of any segment from E; to E; occurred in five
to ten per cent of the embryos studied in several species of Pinus, Picea
smithiana, Cedrus deodara and Abies pindrow. This may be caused by failure
of some hormonal, or enzymatic stimulus or of some other physiological
process necessary for elongation of a segment (Fig. 60). This as well as embryo
degeneration may possibly also be due to the inhibitory influence of a
physiologically more active embryo from a separate archegonium (Figs. 32,
47, 56). Failure of elongation of E segments is sometimes accompanied by
failure of cleavage; thus the following abnormal embryos, where E, did not
develop or elongate, were recorded in species of pines introduced in India.

Pinus montezumae

USEq........ Egooonnth. | (e)
Pinus nigra

USE;........ | D (e)

Pinus patula

USE,........... ... ... (e)

Such abnormalities are, however, rare in native pines. The abnormal embryos
may or may not recover.

Young embryos dissected from ovules of Picea smithiana kept in fresh
running water degenerated. The cells of the dead embryos were highly vacuo-
lated and the four uncleaved units showed a loss of linear growth of cells and
of E,, E,, E; etc. elongation. Irregular unit-lobes were formed directly after
E, (Figs. 40, 41).

During E,, E, etc. or E, elongation the embryo sometimes turns and grows
in the opposite direction towards the micropyle (Fig. 48) but a normal
embryo from a different archegonium of the same prothallus can replace it
to form the mature embryo (Fig. 49). An embryo reversed in this manner
often degenerates (Docra, 1961) as shown in figures 74 B, 78 B, but it may
form a cotyledonous embryo in the seed as reported in Picea abies and in
Pinus silvestris (MULLER-OLSEN et al., 1956; HAraxssox, 1959).

Abnormal embryos with a variable number (less than four) of cells in
early segments of the suspensor-system, or some with conspicuously dislocated,
swollen or bulbous segments were also observed (Figs. 55, 57, 58).

Inhibitory influences due to archegonial polyembryony: Embryos from
different archegonia growing together in the same prothallus seem to inhibit
each other (Fig. 56). Usually the terminal one is dominant and shows more
organized growth, while embryos growing in close proximity but from
different archegonia may show inhibited E,, E, or E, elongation. In such
cases, cells of unsuccessful embryos degenerate or show a diffuse organiza-
tion (Fig. 32).



Disturbances in proembryo development. 24—26 Pinus gerardiana. 24.
Four free-nucleated proembryo formed near center of egg. 25. Same
formed on side-wall of egg. 26. Primary proembryo smaller than half the
normal proembryo. 27. Picea smithiana. Primary proembryo more than
half the normal proembryo. 24—26, X 90, 27 x 105.
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28

31

32

Figs. 28—32.

29

30

28—31. Pinus nigra. Different stages showing failure of embryo to grow
out of archegonium. 28. Distorted secondary proembryo within archegonium.
29. Embryo pushed towards side-wall of archegonium by E, elongation. 30.
Upper region of prothallus showing archegonial polyembryony. Archegoni-
um on right side contains coiled embryo (ce) and the archegonium on left
side bears normal embryo (ne) growing into corrosion region (cr). 31. Whole
mount, degenerated coiled embryo from archegonium. 32. Abies pindrow.
‘Whole mount, mid-region of prothallus showing archegonial polyembryony.
Embryo (ne) on right side is normal, embryo (De) on left shows diffuse
growth. U,secondary upper tier; S,suspensor tier; E;, first embryonal segment
tier; aw, archegonial wall; cr, corrosion region; sr, storage region; ne, normal
embryo; ce, coiled embryo; de, degenerated embryo; De, diffused embryo.
28, 29, x 112; 30, x 90; 31, x 52; 32, x 40.
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48 47

48 49

Figs. 46—49. 46. Pinus montezumae. Whole embryo mount showing inhibitory cleavage
in which three inhibited units (in) have degenerated. 47. Cedrus deodara.
Whole embryo mount showing inhibited E; elongation in the embryo on
right. The embryo on left (only E; shown) shows normal development.
48. Abies pindrow. Whole mount of part of corrosion region (er) dissected
to show the reversed embryo (re). 49. Abies pindrow. Whole mount of
two archegonial embryos: (re) sharply bent at Et, shows unitary lobing,
the other (e) on left replaces it and is normal. in, inhibited embryo units;
ar, archegonium; S, suspensor; cr, corrosion region; re, reversed embryo;
e, normal embryo. 46, 47, X 90; 48, 49, X 535.
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Fig. 50. Pinus gerardiana. Photomicrograph of base of egg showing four-nucleated
proembryo, only two nuclei are shown with fibre-like ““traction” mechanisms
associated with downward migration of nuecleix 450.



Fig. 51. Pinus nigra. Photomicrograph of micropylar region of prothallus. Archegonium
on right shows embryo coiled within venter and archegonium on left shows
normal embryo of which only upper part of E; is shown. x 160.
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Fig. 52.

Cedrus deodara. Photomicrograph of four-tiered secondary proembryo in
which E; tier has degenerated. X 640.



Fig. 53. Picea smithiana. Photomicrograph of abnormally large eight-nucleated
proembryo (see Fig. 27) only four nuclei are shown. x210.

29
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54

55

Figs. 54—>55. 54. Pinus nigra. Primary proembryo showing undivided pU, three un-
divided pE cells and one two-celled pE unit. 55. Pinus montezumae.
‘Whole mount of abnormal embryo showing two-celled E,. 54, x 400; 55, x 70.
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Fig. 59. Pinus roxburghii. Photomicrograph of whole embryo-mount showing
typical segmented suspensor system of S, E;, E, and E; with cleavage at
E7,. % 60.



Fig. 60. Pinus wallichiana. Whole embryc-mount showing failure
<160,

of E, elongation.



Irr I1v SEED CLASSES
j

RADIOGRAPHS

A ENDOSPERM TYPE

B ENDOSPERM TYPE

Fig. 61. Pinus silvesiris. Radiographs (first row); corresponding drawings of 0—
IV seed classes in endosperm tyvpes A and B (sccond and third row). 1,
seed coat; 2, empty space; 3, endosperm; 4, endosperm cavity; 5, embryo.
(Reproduced from Simak and Gustatsson, 1954, and Miiller-Olsen and
Simak, 1954.)



68 69 70

Figs. 62—70. Radiographs (A) of sced and photomicrographs (B) of whole mounts of embryos
and cndosperms, dissected from the corresponding seeds. 62, 63. Pinus silvesiris.
62 A, Class 0. 62 B. Water-absorbent papery endosperm. 63 A. Class 1. 63 B.
Degenerated endosperm. 64 A—70 A. Class 0 seeds. 64 B—70 B. Water-soaked
endosperms and embryos dissected from them. 64—66, Picea abies. 67. Pinus
silvestris. Double endosperm in single seed, 68—70. Picea abies. ss, suspensor-system;
ed, endosperm; eb, embryo. 62 A, x 4; 63 A—70 A, x 2;62B,63B, x 35 64 B,
66 B x 50; 65 B, 67 B—70B, x 45.
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Radiographs (A) of seeds and photomicrographs (B) of whole mounts of embryos
and endosperms dissected from the corresponding sceds. 71, 72. Pinus silvestris.
71 A. Class 0. 71 B. Degenerated endosperm containing a well formed deep-staining
voung embryo. 72 A. Class IV seed from southern Sweden. 72 B. Cotyledonous
embryo dissected from same, 73—75. Picea abies. 73 A. Class I'V seed from southern
Sweden. 73 B. Cotyledonous embryo dissected from same. 74 A, 75 A. Class 0. 74 B,
75 B. Dead embryos and endosperms. 76, 77. Pinus silvestris. 76 A. Class 0. 76 B.
Embryo, endosperm at advanced stage of development dissected from same. 77.
Whole mount of embryo tip after partial cleavage showing unitary lobing
because of failure of cleavage in two embryo units. ed, endosperm; eb, embryo;
ss, suspensor-system. 71 A—73 A, x 3; 74 A—76 A, X 2; 71 B—73 B, X 45; 74 B—
76 B, x 45; 77, X 205.



Observations on Some Swedish Conifers

Forests in Sweden, in the main, consist of two species, Pinus silvesiris
and Picea abies. Seed studies of conifers carried out with X-ray radiography
follow the classification given by Simak and Gustarsson (1953 a, b, 1954)
and its later modifications. This investigation shows the embryological
background of the five classes of seeds (Fig. 61) which are found in different
frequencies in Pinus silvestris and Picea abies growing in northern Sweden.
The pictures of seeds obtained by X-rays are called radiographs. Classification
of seeds was confirmed by Simak from radiographs. The definitions of seed
classifications are given with the descriptions of embryo and endosperm
dissected from different seed samples. The seeds were soaked in water from
six to ten hours and dissected under the microscope. About 200 seeds of a
class from each sample of different localities and trees of a species were
studied. The 0 class was particularly studied from numerous samples.
Diseased seeds were excluded. Except where otherwise stated the description
applies to both species studied, viz. Pinus silvestris and Picea abies.

Embryology of Seed Class 0

Definition: Neither embryo nor endosperm (= empty seeds), (Fig. 61,
class 0). ‘

The remains of endosperms of 0 class of seeds studied (50 to 90 per cent
in Pinus silvestris and 80 to 95 per cent in Picea abies, varying in different
samples) showed no embryos but a good percentage of 0 seeds in both species
contained remains of different developmental stages of dead embryos.

Endosperms of 0 elass without embryos: Dead endosperms without embryos
had two types of tissue: 1) gelatinous or papery; translucent; and water-
absorbent (Fig. 62 B); and 2) leathery, opaque; not water-absorbent. Double
endosperms of these types in the same seed were also found (Fig. 67).

Endosperms of 0 class with embryos: The condition of endosperm with
embryos, in general, depended mainly on the stage of embryo development.
Embryos and endosperm were studied from youngest to oldest stages (Iigs.
64—71, 74—76). The endosperms with young embryos were made either of
dead empty cells (Fig. 64 B) or of leathery tissue (Fig. 65 B), but endosperms
containing developed embryos were seen in different stages of food storage
which were related to embryo stages in them. Such endosperms of 0 class of
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seeds gave shrivelled shadows of different intensities on X-ray radiographs
(Figs. 64 A—-71 A, 74 A—76 A). It was, however, not possible to classify
them in any clear sub-classes on the basis of morphology. Sometimes, badly
developed endosperms showed well-formed young embryos with arrested
development (Fig. 71 B).

Embryogeny: In the embryos dissected from 0 seeds, K, was well-developed
and some embryos had a well-formed suspensor-system (Figs. 64—66, 68—
70, 74, 75, 78, 80). Dominant embryonal tips in different seeds were of
various sizes and differed in number of cells at the time of degeneration.
The terminal embryonal tip varied from few empty cells (Fig. 80 B) to a
multicellular mass (Figs. 64 B, 66 B, 68 B—70 B, 75 B) and in a few cases,
even cotyledon primordia were differentiated (Fig. 76 B). The X-ray radio-
graphy showed all these as 0 class seeds.

Embryology of Seed Class I

Definition: Endosperm, embryo cavity developed but no embryo observed
(Fig. 61, class I).

Endosperm: Dissected endosperms were of two types, with or without
embryos (Figs. 63, 79, 81—83). Endosperm condition in the latter was
related to the degree of embryo development. The embryos were mostly
young with empty or dead cells and hence they did not absorb the X-radia-
tion. X-ray radiographs record a well-formed endosperm and embryo cavity
but not the embryos (Figs. 81, 82, 83).

Embryogeny: As noted for 0 class, the dissected embryos in class I were in
different stages (Figs. 81, 88). Many embryos showed E, elongation, but
further segments of the suspensor-system were not formed or they failed to
elongate (Figs. 81, 82). In most cases there was no E; elongation. Organized
cleavage (as seen in Figs. 16, 17) due to different E,, E; elongations in units
was absent. Instead the four units of equal size (Figs. 81—83 ¢f. 17, 18) showed
different degrees of irregular separation at E, level in many embryos (Figs.
81, 82). In class I seeds well-developed embryos were seen only rarely (Fig.
88). Some of these had E;, E, and E, in a developed suspensor-system but
embryonal cells were empty and shrivelled. These embryos are not detected
on X-ray radiographs as they are so shrivelled as to make differentiation by
X-rays absorption difficult. In Pinus silvestris cleavage and archegonial
polyembryony in one class I seed showed twelve embryos, but most embryos
were in the same stage of development and size (Fig. 83). Some seeds showed
reversed embryos sharply bent at different points on the suspensor-system
(Fig. 78 B ¢f. Figs. 48, 49).
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Embryology of Seed Class II

Definition: Simax and Gustarsson (1959), Stmax and Kamra (1963) and
Simak (1966) divide class II into two sub-classes IIP and II.

IP: Endosperm containing one or more small embryos the length of
which does not exceed their breadth (Figs. 84 A—87 A, 89 A—94 A, 98 A—
100 A).

II: Endosperm, and one or several embryos, none of which longer than
half the embryo cavity (Figs. 61, class 11, 95 A—97 A, 104 A, 109 A, 111 A).

Sub-class IIP: Most endosperms containing IIP embryos were well-
developed, milky-opaque and more rich in storage content than those of
0 and L.

Embryogeny: The suspensor-systems of embryos varied in length and
development sometimes showing only E, or E, without E; development.
Dominant embryos in polyembryonic seeds were mostly undifferentiated
embryos. Cleavage and archegonial polyembryony was common in Pinus
silvestris (Fig. 99), but Picea abies showed only archegonial polyembryony
(Fig. 96). Embryos from separate archegonia of the same seed differed in
their ability to survive. Fig. 89 B shows eight embryos from two archegonia.
Approximately all are at the same stage of development but four belonging
to one archegonium have degenerated while the other four are normal.

Many embryos of Pinus silvesiris showed loose separation of units at E,.
In Pinaceae cleavage at E, is absent. It normally occurs at E, (Fig. 16) or
later e.g. at E; (Fig. 59). Unitary lobing and partial cleavage were frequent in
Pinus silvestris due to failure of cleavage and sometimes in Picea abies due
to failure of non-cleavage. Embryonal clumps of two or more overlapping
embryo units were sometimes seen only as a single point on the X-ray radio-
graphs (Fig. 101).

Normally the terminal embryo in unitary cleavage or in archegonial
polyembryony is the largest and shows more differentiation than the others,
which are progressively less differentiated according to their position in
the endosperm cavity (IFigs. 92, 99). Seeds from northern Sweden frequently
do not show normal differences in development and differentiation between
embryos from the same zygote or from different archegonia (Figs. 91 B,
104 B). Such a situation arises in ovules where the dominance factor of
the terminal embryo and its effect over other embryos (a normal feature,
see Fig. 18) does not function. There is thus no eliminafion or supression
of supernumerary embryos. This is often accompanied by arrested seed
maturity and persistent polyembryony results. In such seeds two, three or
more embryos develop simultaneously to advanced stages (Figs. 101 B,
104 B) and some of these develop to more than one mature cotyledonous
embryo in the seed (Fig. 102). Presence of intermediate stages show that
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the effect of terminal embryo dominance may vary in degree (Fig. 111 B).
Persistent polyembryony may also arise from arrested development of
normal embryos in an ovule which forms an immature seed without the
elimination of supernumerary embryos (Figs. 92, 99). The climatic factors
which destroy the terminal embryo dominance in the northern conifer
ovules are not known but seeds with normal dominance of the terminal
embryo (Figs. 92, 99, 103), and sometimes randomly situated embryos (Fig.
95), found mixed with the affected seeds, perhaps result from seed immaturity
caused by cold temperatures.

The point embryos show several pathological conditions not observable
on X-ray radiographs, such as 1) failure or abnormal differentiation of
internal tissues or embryo parts; (Figs. 90, 94, 101); 2) abnormal differentia-
tion leading to distortions in shape (Iig. 87); suppression of cotyledons which
thus vary in number from one to several; 3) increase in width but not in
length (Fig. 83); and 4) dead embryo-tissue of opaque non-staining cells
containing shrivelled contents (Fig. 94). Thus young embryos show defor-
mation due to disturbed development (Figs. 85, 87, 90, 94). These, if they
survive to maturity, are malformed and may have irregular cotyledon-
number in embryos of I, III or IV classes (Figs. 95, 102, 104—113).

Sub-elass II: Class II is embryologically not different from IIP except
that the embryos are longer than they are broad and are not seen as point
embryos on X-ray radiographs. However, it is necessary to point out that
what may appear to be a class II embryo on the radiograph can actually be
two or three not separated or closely appressed embryos often found in
IIP seeds (Fig. 98). Sometimes well separated embryos overlap and give only
one embryo configuration on an X-ray radiograph (Fig. 101, 102, 104, 108),
but dissection and squashing reveal the correct situation. It must be re-
membered that X-ray radiographs give only a shadow of the contents of
embryo cavity and not a picture of the embryos.

Endosperm: It is generally better developed than that of IIP as the embryo
is more advanced.

Embryogeny: The embryos in this class show different shapes from elon-
gated undifferentiated cell masses to small cotyledon-forming embryos at
various stages of arrested differentiation and development. Some of the
cotyledonous embryos show differentiation of parts but in size they remain
small. Sometimes they form mis-shapen cotyledons or embryos. Persistent
polyembryony is common but the X-ray radiographs do not always record
the correct number of embryos present because of their overlapping and
small size (Figs. 95, 97, 101, 104, 111),
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Figs. 84—87.

e

Radiographs (A) of class IIP seeds and photomicrographs (B) of whole mounts
of embryos dissected from the corresponding seeds. 84. Pinus silvestris. Undiffer-
entiated terminal embryos after cleavage. 85. Picea abies. Abnormally differentiated
point embryo. 86 B. Pinus silvesiris. Same. 87 B. Picea abies. Irregularly differ-
entiated point embryo showing no increase in length. 84 A, 85 A, x 3; 86 A,
% b; 87 A, x 4; 84 B, x100; 85 B, x 140; 86 B, x 100; 87 B, % 75.
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Figs. 88—91. Pinus silvesiris. Radiographs (A) of seeds and photomicrographs (B) of whole

mounts of embryos dissected from the corresponding seeds. 88 A. Class I. 88 B.
Whole mount of embryos showing transparent tissue dissected from same.
89 A—91 A. Class IIP. 89 B. Embryos from two archegonia after cleavage, four
embryo units from one archegonium have degenerated, the other four stain well and
are not shrivelled. 90 B. Terminal embryo, rounded, irregularly differentiated,
showing increase in width but not in length. 91 B. Embryo units separated irregu-
larly after elongation of E; (see whole mount onright), E, absent, Et poorly developed
or absent. 88 A, 89 A,x6; 90 A, 91 A, x5; 88 B,x75; 89 B,x100; 90 B,x 125;
91 B, x 100.
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Embryology of Seed Class III

Definition: Endosperm and one or more embryos, the longest of which
measures between half and three quarters of the embryo cavity (Fig. 61,
class III).

Endosperm: The endosperm is rich in food material and though not so
spaque and well-formed as that of class IV is nevertheless similar to it.
The embryo cavity is clearly seen.

Embryogeny: The embryos are sufficiently long to give the proportion
required for class III, but vary in width. The terminal one is generally
largest and dominant (Fig. 112) but sometimes the dominant embryo occupies
different positions (Fig. 95) due to disturbancesin terminal embryo dominance,
shrinkage of the suspensor-system or due to obstructions encountered in the
endosperm cavity. Persistent polyembryony is common but the number of
embryos present is difficult to interpret on X-ray radiographs.

The embryos filling from half to three quarters of the endosperm cavity
show the following deformities: 1) They may be fully differentiated and
sufficiently elongated to be classed in III but are often narrow. Embryo
width varies in different seeds, is independent of length and does not {ill the
cavity breadthwise. 2) The normal terminal embryos of class III sometimes
show little or no differentiation of cotyledons (Fig. 113). 3) The dominant
embryo can have a distorted form with tumour-like lateral swellings (Fig.
107), and a variable number of suppressed or flattened cotyledons (Fig. 106,
108, 110). 4) Embryos consist of opaque non-staining partly or wholly
dead tissue. 5) Two or more embryo units are sometimes loosely attached
(Fig. 108) or joined because of initial failure of cleavage and presence
of persistant unitary lobing which gives rise to embryo units joined along
their whole length in the embryo. Sometimes embryo units are only partly
and not completely joined. In these cases generally one embryo of the two
is the better developed. Equal development in these is also common in
seeds of northern conifers.

Embryology of Seed Class IV

Definition: Endosperm with one fully developed embryo completely or
almost completely occupying the embryo cavity. Diminutive embryos
rarely occur (Fig. 61, class IV).

Nearly all seeds of Pinus silvestris and Picea abies from southern Sweden
were of class IV type (Figs. 72, 73). Class IV seeds occurred in a variable
percentage in different samples from northern Sweden.

Endosperm: The endosperm was milky-white, rich in storage products and
well-formed.

4—712175
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Embryogeny: Most class IV seeds from northern Sweden contained one
well-formed cotyledonous embryo filling the endosperm cavity completely.
The seeds recorded as normal class IV on X-ray radiographs sometimes show
suppressed and deformed parts (Fig. 105), variable number of cotyledons,
tumourlike swellings, and partly or wholly dead tissue in embryos. In
addition, two to three mature embryos closely pressed and not discernible
by X-ray radiographs because of overlapping were sometimes dissécted from
class IV (Fig. 102). Abnormal embryos were not common in class IV seed
studied from southern Sweden.

Endosperm A and B

Definition:

A. The endosperm almost fills the seed coat to capacity and absorbs the
X-rays well (Fig. 61, A).

B. The endosperm only fills the seed coat incompletely and is often
shrunken or otherwise deformed. The X-ray absorption is inferior to that
of class A (Fig. 61, B).

These two endosperm types although observable on X-ray radiographs
were not clearly distinguishable from each other when dissected from seeds
soaked in water, but differed only in visible food contents. It may, how-
ever, be added that endosperm A showed more vigorous embryos than those
of B in classes IIP, II, III, IV.

Seed Abnormalities affecting Germination

Simak has recorded several seed abnormalities of endosperm, endosperm
cavity, and embryo, from individual trees and provenances of Pinus silvesiris
with the help of X-ray radiographs which occur regularly and show inferior
seed germination. These deserve a detailed embryological study. A close
scrutiny of X-ray radiographs reveals the following: 1) endosperms showing
bifurcated or trifurcated endosperm cavities of various shapes and sizes;
2) seeds with two endosperms, one degenerated and the other showing a
normal endosperm cavity; 3) endosperm showing two separate endosperm
cavities with embryos; 4) rimmed endosperm cavities of various shapes;
5) lateral endosperm cavities; 6) point embryos located near the micropyle;
7) embryos joined terminally; 8) embryos laterally joined or showing unitary
lobing; and 9) inverted, luminous or diffused embryos.

Embryological Analysis of Seed Classes

Seed classification, on the basis of embryogeny, was first started by
Scandinavian foresters who discovered that conifers growing in northern
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latitudes bear unripened seeds with incompletely developed embryos (VEs-
TERLUND, 1896; HorLmerex, 1912; HEikINHEIMO, 1915, 1921; HaceM, 1914,
1917; VikaAaMER, 1919; OrperTtz, 1921; Kusara, 1927, 1928; and WIBECK,
1928 b, 1929 a, b). Incomplete ripening of ovules (due to latitude, altitude
and climate) into seeds which contain different stages of not fully developed
embryos governs seed quality in Scandinavia (Hacewm, 1917; KuJsara, 1927;
Wiseck, 1928 b; Sivmak and Gustarsson, 1953 a, b, 1954). HeIkKINHEIMO
(1915, 1921) and Kusara (1927, 1928) classified seeds from Finland on an
embryo-endosperm relationship in Pinus silvestris. KusavLa described six
classes 0—V, two subclasses IA and IB and found polyembryony to be
common in seeds collected from northern Finland. Orpertz (1921) and
Wieeck (1928 b) confirmed the presence of a similar situation in seeds from
northern Sweden. WiBeck (1928 b, 1929 b) showed a correlation between
seed germinability and embryo length: seed length ratio. The ratio according
to WiBeck was influenced by the distaice of the embryo from the micropylar
end of the seed. This was called the embryo ratio method in normal seed
testing procedure (BaLpwin, 1942). This method required cutting of the
seed, which was thus damaged.

Sivax and Gustarsson (1953 a, b) developed an X-ray technique which
permitted a shadow study of embryo and endosperm to be made with radio-
graphs without damage to the seeds. Luxpstrom, in 1903, was the first
to use X-ray studies to distinguish between full and empty seeds of forest
trees (see Simax and Gustarsson, 1953 b). The X-ray technique is suffi-
ciently described in several papers and a detailed account is excluded to
avoid repetition (see PLym Forsuerr, 1953; Simak and GusTarsson, 1953
a, b; Frorich, 1954; MULLER-OLSEN and Simax, 1954; Simax, 1957, 1966;
EHBRENBERG ef al., 1955; Barrers, 1956; GusrtarssoN and Simak, 1958 a;
Evrarp, 1957; RouMEDER, 1957; Simax ef al., 1957; MULLER-OLSEN ef al.,
1956; KaMra, 1963, 1964 a, b; Simak and Kamra, 1963). In this discussion
embryological results, in the light of observations made in this study, are
reviewed but studies on mechanical and insect damage are excluded.

Stmak and GusTarssox (1953 a, b) described with X-ray radiographs, the
following types of Pinus silvestris seeds: 1) empty; 2) containing an endo-
sperm without the embryo; 3) endosperm with embryos showing different
stages of development; 4) abnormal turned, twisted or split embryos, poly-
embryony; and 5) embryos with different lengths. Kusara (1927) classed
empty seeds in 0; seeds containing endosperm without embryo in IA; and
endosperm showing different stages of development of embryo in IB-V
depending on stages at which embryo development stopped.

Prvm ForsHeLL (1953, Fig. 11) studied seed formation in self and cross-
pollination experiments in Pinus silvestris and used X-ray radiographs and
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a classification in which 0, I, were similar to those described by Kusara
and Simak and GustarssoN, but her II and III classes were based on
polyembryony (1—4 embryos) and embryo size. Embryo size was designated
as small in II, average in III and class IV was described as a normal seed
with a full embryo. She concluded that self-pollination gives a smaller
percentage of full seeds than cross-pollination.

Simak and GustarssoN (1954) for the first time made seed classification
more practical and precise. Class II was defined as seeds containing endo-
sperm and one or several embryos none of which is larger than half the
embryonic cavity; and IIT as endosperm and one not wholly developed
embryo which fills between half to three quarter of the cavity., MULLER-
Orsex and Simax (1954) added two endosperm types: A, fills seed cavity
and absorbs X-radiation well; B, fills seed cavity incompletely, is shrunken
or deformed and its X-ray absorption is inferior to A. Classes 0, I and IV
remained identical to the definitions given by Prym ForsueLL (1953). Thus
five seed classes 0—IV and two endosperm types A, B, which were shown
to be correlated with germination in Pinus silvesiris and Picea abies (S1-
Mak and GusrtarssoN, 1954; MULLER-OLsEn and Simak, 1954) were stan-
dardized and successfully used with statistical methods for seed studies.
Simak and GustarssoN (1954) demonstrated that low germination was due
to poor ripening conditions seen in a predominance of class II, sparse
amounts of III and absence of IV classes in seeds of pine trees from north-
ern Sweden during the year 1952. Vegetative material of six trees from north-
ern Sweden when grown on grafts (grafted in 1947) at Bogesund (Stock-
holm) bore mostly class IV seeds (Simax and Gusrarsson, 1954, Fig. 18).
This was the first experimental demonstration proving seed immaturity to
be a modification arising from climatic conditions in northern Sweden.

That seed development can also be affected by genotypical differences in
trees was shown by the presence of one tree (D:6) in a Pinus silvestris
population from middle Sweden which showed a high amount of empty
seeds both on trees (30—35 per cent) in the North and on grafts (26—30
per cent) at Bogesund. Tree number 4 in another population of Pinus silvesiris
lying near the northern pine limit above the Arctic circle (Kiruna—Kaupinen)
was discovered to be relatively superior and another tree (No. 5) to be poorest
when compared in embryo quality with other trees of the same locality
(EHRENBERG ef al., 1955; GustarssoN and Simak, 1958 a). These two trees
(Nos. 4, 5) growing under seemingly identical conditions and apparently of
same age and 30 other trees from this population were grafted and laid out
at Bogesund and Kiruna by Simak for future observation. Thus investigation
of individual trees or provenances and their selection for superior seed with
X-ray radiography was made possible (Stmak and Gustarsson, 1954;



Fig. 104. Pinus silvestris.

i

Radiograph (A) of a persistant pelyembryonic
seed shows only two embryos. Photomicrograph of whole mount
of embryos dissected from the seed showing undifferentiated em-

bryos arising from loss of terminal embryo dominance. 104 A, x 5;
104 B, x 125.
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EHRENBERG et al., 1955; GusTarssoN and Simax, 1958 a; ANDERSSON, 1963).
Simax and Gustarsson included in their investigation other studies such
as seed morphology, cone weight and seed number, and seed germination
in relation to seed classes. This paved the way for more investigations. A
series of publications appeared dealingmainly, (1) withimprovement of X-ray
techniques in relation to seed quality and germination (MULLER-OLSEN and
Simak, 1954; EBrENBERG ef al., 1955; Sivmax et al., 1957; Simak, 1957, 1966;
MULLER-OLSEN ef al.,, 1956; HagNeEr and Sivaxk, 1958; NeExkrasov and
Smirnova, 1961; Haxsex and MueLbpeRr, 1963; Kamra, 1963, 1964 a, b;
Simax and Kamra, 1963; KrieseL, 1966), (2) with effects of radiation on coni-
fer seeds (Simak and Gusrtarsson, 1953 b; GusrarssoN and Sivaxk, 1958
b; Stmax et al., 1961; Kamra and Simak, 1965), and (3) with studies of tree
breeding (Prym Forsuerr, 1953; EurenBERG ef al., 1955; ERRENBERG and
Simaxk, 1957; KLaeuN and WHEELER, 1961; Krieser, 1966). For details the
reader is referred to the original publications and further reference to
these is made only with regard to data pertinent to the present theme.

Embryo development, a dynamic process, may sometimes stop at dif-
ferent stages in the ovules giving rise to what can be called embryologically-
static seed classes (0—IV), containing different embryo stages in seeds. The
amount of each class varies in trees depending on the climate, latitude and
altitude in northern Sweden (MtUiLER-OrseEn and Simax, 1954; ANDERS-
soN, 1965). My observations show that this involves temporary inhibition
of development in some or permanent embryo degeneration in other seeds
in 0—1IV classes. In general, temporary inhibition of embryogeny seen in
IT to IV classes may be said to indicate embryo-endosperm immaturity
and seeds, mostly 0—I and sometimes II—IV, with dead embryos show
seed sterility., Thus 0—IV seed-variation from the embryological point of
view, is mostly the end result of a disturbed development.

HAigansson (1959) analysed the seed classes given by Simak and Gus-
TAFsSON (1954). Class 0 according to Hiransson arises due to failure of
fertilization or ovule abnormality. Class I arises due to embryo degenera-
tion during seed development and II—IV represent stages of normal de-
velopment. This is broadly correct and as already hinted above, class 0—I1V
may show both inhibited living or dead embryos. A seed class is not related
to any particular stage as different embryo stages are observable in each
of 0—III classes. Class IV, though representing a mature cotyledonous em-
bryo stage, is not always so. Observations on empty seed formation in re-
lation to embryo mortality on Indian and northern Swedish conifers (Doc-
RA, 1961, present investigation) and breeding experiments in Pinus
(Sarvas, 1962; Hacman and Mikkoras, 1963), Pseudotsuga (OrRr-EwINg,
1957 b) and Picea (MERGEN ef al., 1965) show that embryo mortality is one



58

of the major causes of empty seed formation. It thus appears that the concept
of empty seed (0 class) as pointed out by Sarvas (1962) or of the other
classes I—IV is not as simple as it may at first seem.

0 class though defined asseeds containing ‘‘neither embryo nor endosperm”
nevertheless contains shrivelled remains of endosperms. These endosperms
which comprised 50 to 90 per cent in Pinus silvestris and 80 to 95 per cent
in Picea abies contained no embryos at the seed stage. In the remaining en-
dosperms embryos from late embryogeny were present. The condition
of endosperm in these seeds was found to be related to stage of embryo
development. The endosperms without embryos also showed differences
which indicated that some of them were, perhaps, not initially embryo-less
and that degeneration had taken place at the proembryo level. Data on
proembryo degeneration in Swedish conifers are as yet not available, but
those for Indian conifers (pp. 18, 19) demonstrate that proembryo mor-
tality contributes to the formation of O class of seed. Empty seed can
arise from other causes, such as lack of pollen as in Picea abies (ANDERSSON,
1965), Abies pindrow (Docra, 1966 a), Pseudotsuga menziesii (ALLEN, 1942;
Orr-Ewing, 1957 b), Lariz and Tsuga (see OrRrR-Ewing, 1957 a) and from
endosperm and embryo degeneration between pollination and fertilization
stages (Sarvas, 1962). Thus O class of seeds can result from several embryo-
logical conditions in the ovule.

The dry endosperm in 0 class of seeds gives shrivelled shadows of variable
length, shape, and intensity on X-ray radiographs. On this basis 0 has been
further sub-classified in Picea. KLaEax and WHEELER (1961) divided 0 in
three sub-classes 0y, 0;, and 0, 0, is completely empty seed; 0, gives an
endosperm shadow, which is less than, and 0, more than, one third of the
total length. AnDERssox (1965) divided O class of Picea abies seeds from
Kiruna (northern Sweden) into four sub-classes viz. O,, 0y, 0., and 04. Seeds
showing no visible contents were placed in 0,; with small flake like remnants
of collapsed prothalli in 0y; with diffuse and often spongy endosperm masses
without embryo cavities in 0.; and with compact endosperm masses without
embryo cavities in 04. 0, and part of 0;, seed arise from unpollinated ovules
and 0, and 04, probably, after pollination (ANDERssON, 1965, p. 29).

In an embryological study I could find no 0 type of seed in Pinus silvesiris
or Picea abies which was completely empty. KLasuN and WHEELER (1961)
pointed out that the highest proportion with 0, sub-class (completely empty
seed) belongs to the unpollinated ovules. Unpollinated ovules are known
to form empty seeds in several genera of Pinaceae. Such seeds are, however,
not completely empty in the strict sense. In a study of unpollinated ovules
of Abies pindrow (Docra, 1966 a) I found that membranous remains were
always present in seeds formed from unpollinated ovules, which were
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distinguishable from endosperms of pollinated ovules that degenerated
after embryo collapse. Membranous remains of prothalli and their cavities
in seeds formed from unpollinated ovules are not easy to detect on X-ray
radiographs of dry seeds. That the fresh prothalli always showed the forma-
tion of an endosperm cavity in unpollinated ovules has been observed by
Orr-Ewing (1957 b) in Pseudotsuga menziesii and by me in Abies pindrow.

Endosperm condition in 0 class of undiseased seeds varies because of
different degrees of stimulation provided to its tissue by pollen and by
proembryo and embryo development, before degeneration takes place. That
the embryo and endosperm development are closely related with regard to
changes in chemical constitution and storage contents has been shown in
Pinus roxburghii (Konar, 1958 a, b). The present investigation indicates
that the climatic effect, damage or injury to the endosperm influences the
embryo which in return affects endosperm development. The endosperm
contents of empty or immature seeds also show variable degrees of shrinkage,
collapse or degeneration expressed differently in seeds, depending on the
condition of their contents at the time of drying. It is, thus, difficult to state
the real embryological origin of each sub-class of 0, even in a broad sense,
on the basis of X-ray radiographs. In the undiseased 0 class of seeds X-ray
configurations, condition and staining behaviour are a morphological
expression of the degree of stimulation given to the endosperm by pollen
and embryo development and of effects of degeneration, dehydration and
shrinkage. It is concluded that the embryological background of the above
sub-classes of 0 based on X-ray radiographs is difficult to establish and this
type of classification will therefore be of little practical use.

Class I seeds contain a developed endosperm with clearly differentiated
endosperm cavity but no embryo is observed on the X-ray radiographs.
Fifty to seventy per cent of class I seeds had endosperm with no traces of
embryo. They showed various stages of maturity and of storage of food
products. The storage products develop because of stimulation provided to
the endosperms by proembryos which, due to early degeneration, are not
traceable in the seed. Embryo stages of late embryogeny were found in 30
to 50 per cent of class I seeds. The endosperms of these develop due to the
presence of embryos, but degeneration of these embryos takes place in
late embryogeny. Thus class I seeds which contain well-developed endo-
sperms with clear cavities result, in general, from the presence of proembryos
and late embryos, but the embryos do not survive and their remains are
not recorded in the endosperm cavity seen on the X-ray radiographs.

In Pinus silvestris class II is common in northern Sweden (GUSTAFSSON
and SimAx, 1954) and in self-pollinated trees (EBRENBERG ef al., 1955).
It shows poor germination when compared to III and IV (MULLER-OLSEN
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and Stmag, 1954). Simak and Gustarsson (1959), Simak and Kamra (1963)
and SimMak (1966) divided II into IIP and II. IIP seeds do notgerminate
and have small point embryos the length of which does not exceed the
breadth. Embryogeny of class IIP shows a wide range of stages of late
embryogeny (Figs. 84—87, 89—94, 98—100). The endosperm of 1IP class
is poorer in stored food than that of 11, but persistent polyembryony is more
common in the former. Increase of class II seeds results from the effect
of cold climate on ovules and seed ripening during critical phases of em-
bryogeny, for example, during, a) addition of the segments of suspensor-
system and the subsequent elongation; b) establishment of the terminal embryo
dominance in the polyembryonic ovule; ¢) elimination and degeneration of
all supernumerary embryos except the dominant embryo, mostly in order
of their positions from micropyle downwards, in the polyembryonic ovule or
seed; d) growth and increase in size; and e) initial differentiation of tissues
and parts of dominant embryo. Normal ovule and seed maturation is em-
bryologically upset by shocks of cold climate which in some way disturb
enzymatic, hormonal and other physiological processes of normal embryog-
eny. The physiological imbalance so created in the ovule causes, infer alia,
loss of dominance of terminal embryo which leads to persistent polyembryony
with several embryos of almost identical size and differentiation in the seed;
to partial or complete failure or irregular mode of cleavage in the embryos;
to no addition or no elongation of segments in suspensor-system; and to un-
developed size and no differentiation in the dominant embryo. These condi-
tions manifested at IIP or earlier, when not fatal to the embryo find full
expressions in II, I11, and IV classes of seeds. Thus in II or III the domi-
nant embryo sometimes shows: lack of differentiation of organs or tissues;
failure of increase in size in length, breadth, or both; distorted embryos,
suppression of cotyledon formation; death of any part or tissue of the
embryo; and persistent polyembryony. Details of disturbances in late
embryogeny due to climate, seen in the five classes, are given below.
Suspensor-system: Embryos with developed suspensor-systems (E;, E, . ..
E,) were present in 0—1IV classes but embryos with only E, formation were
common in 0, I and IIP. In the latter E,, E£; ete. segments were not formed
or they failed to elongate. Failure of E elongation in embryos was common
in all five classes. The suspensor-system did not elongate remaining very
short in some cases and the embryos remained undeveloped near the micro-
pyle and subsequently degenerated. Thus the suspensor-systems of dominant
embryos vary in length and in degree of segmentation but E, elongation is
common in affected seeds of Pinus silvestris and Picea abies from northern
Sweden. The structure of the suspensor-system cannot be clearly under-
stood from a study of embryos from seeds only. For more accurate observa-
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tions, investigations from fresh ovules, not carried out here, arerecommended.

Failure of cleavage: In seeds of Pinus silvesiris from northern Sweden
failure of organized cleavage was common. The four embryo units sometimes
separated irregularly and loosely at E,. This is not a normal feature of genera
showing cleavage in Pinaceae (Menra and Docra, unpublished); such
separation occurs normally at E, or later (Fig. 16). In Pinus silvesiris, which
has cleavage, the embryos from seeds from northern Sweden sometimes
showed no cleavage. In these, unitary lobing in uncleaved but clumped
embryo units and different degree of partial cleavage were common and
these conditions frequently persisted in the seed (Figs. 93, 98, 103). Joined
seedlings which survived from partial cleavage were germinated in Pinus
silvestris by Simak and in Pinus gerardiana by me (unpublished data).
Non-cleavage condition of embryos in seeds of Picea abies from northern
Sweden generally remained unaffected, with the exception of a few cases of
unitary lobing and partial cleavage. Unitary cleavage of Pinus silvestris,
though remaining predominant, frequently failed and seeds with embryos
showing unitary lobing and partial cleavage were common. Primary unitary
structure of four units in these embryos of Picea abies and Pinus silvestris
was not affected.

Presence of cleavage or non-cleavage is a generic character in conifers
(Bucunorz, 1918—1950; Scunarr, 1933; Jonanson, 1950; DovrLe, 1954,
1957, 1963; Warbpraw, 1955; Docra, 1961, 1966 b; CHowprHURY, 1962).
In Pinaceae, Abies, Pseudotsuga, Picea, Pseudolariz and Larixz show non-
cleavage, while Kefeleeria, Cedrus, T'suga, and Pinus show cleavage (see pp.
16, 17). In northern Sweden the occurrence of cleavage and non-cleavage, in
general, remains stable in embryos of Pinus silvestris and Picea abies. It is
influenced by climate and is related to changes in the suspensor-system
structure which may also be caused by climate. Instability of cleavage in
Pinus and Cedrus and non-cleavage character of Picea and Abies (MEHRA
and Docra, unpublished) and in other Indian conifer species (DoGra, 1961)
is observed in not uncommon cases.

Persistent polyembryony: Persistent polyembryony has been reported to
be common in seeds of Pinus silvesiris and Picea abies (KuiarLa, 1927,
Simak and GusTarsson, 1953 a, b, 1954; Prym ForsHieLL, 1953; present
investigation) from northern Scandinavia and in Pinus aristata trees growing
near the timberline and at extreme northern limits of the species range
(KrieBeL, 1966). In Pinus sirobus FowLeR (1959) noted that seeds from the
fresh frozen cones collected from Quebec in 1956 were immature and had
persistent polyembryony. As many as seven embryos were reported to be
present in a single seed. Seed from fresh almost mature cones of the same
species collected from southern Ontario in 1958 also had twin embryos but

O—i12175



62

in numbers not comparable to the 1956 Quebec seed. In northern Sweden
embryo number is more conspicuous in Pinus silvesiris seeds because poly-
embryony, both cleavage and archegonial, in this species gives rise to many
embryos per ovule. Picea abies on the other hand has only archegonial
polyembryony and thus shows fewer embryos in the persistently polyembryonic
seeds. In both species persistent polyembryony is seen in all five classes but
in IIP and IT it is most common. It appears to arise in two ways. 1) In the
ovule terminal embryo dominance is somehow destroyed or weakened at
I1P stage by the sub-arctic climate. Size and differentiation of the embryos,
normally regulated by the terminal embryo dominance, is thus weakened or
is lost and growth, shape and size become identical for several embryos in a
seed. 2) Embryonal development of these type of embryos or of normal
embryos is sometimes arrested because of unusual low temperature effect
on the cones and ovules. In both cases seeds form without the normal
elimination of supernumerary embryos. Many embryos, thus, persist in the
seed stage in IIP—IV classes, some of which survive at germination to give
rise to seedlings. Cases of multiple seedlings from a germinating seed have
been recorded as polyembryony by several workers in Pinus and Picea (e.g.
TouMmey, 1923; CLARE and JounstoNE, 1931; GravarttT ef al., 1904; Joux-
SsTONE, 1940; NeELson, 1941; Irries, 1952, 1953, 1959, 1964; Bracxk, 1960).

Undifferentiated dominant embryos are more common in IIP and less
common in IT—IV seeds but in severely affected ovules embryo differentia-
tion fails to occur in II-—1IV seeds. There are differences, in different seeds
and samples, in dominance effect of the terminal embryo. Thus persistent
polyembryony results either from the partial or complete failure of dominance
of the terminal embryo, or from arrested embryonal development or from both.

In a sampling analysis of seeds from free and controlled pollination of
Picea abies (ILries, 1953) 135 out of 322 trees produced multiple seedlings.
According to Irries the variation in frequency of production of multiple
seedlings was due to differing inherent characteristics of the parent trees.
In another investigation (ILLiEs, 1959) on polyembryony of these trees she
stated that the influence of the mother tree on the development of the
polyembryony was strong but that of the fathes tree or of the environment
could not be demonstrated. Picea abies is a non-cleavage species and the
maternal influence on the frequency of production of persistent polyem-
bryonic seeds depends on the number of archegonia fertilized and the
environmental conditions in the ovule. Number of archegonia in a prothallus
is variable in a species within a specific range (e.g. 1—6 in Pinus). The
hereditary trend as to the number of archegonia in conifer species is as yet
not fully investigated but an evolutionary trend from a primitive few to an
advanced condition of many archegonia is shown at generic and sub-family
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level in Podocarpaceae by DovyLe (1954). PLym ForsHeLL (1953), EHREN-
BERG ef al. (1955), EHRENBERG and Simax (1957) and EHRENBERG (1963)
state polyembryony to be one of the effects of self-pollination in Pinus
silvestris and polyembryony occurs after . .. self-pollination even in trees
where it never is found after open pollination” (ExrReENBERG and SimaAk,
1957, p. 21). A clear distinction, however, should be made between normal
polyembryony (archegonial or cleavage) in an ovule and persistent poly-
embryony in the seed. Cleavage polyembryony is always present in ovules of
pines but normally only one embryo survives in a seed. The elimination of
supernumerary embryos is brought about by dominance of the terminal
embryo during maturation from ovule to the seed. This elimination may
not occur because of several factors. Occurrence of persistent polyembryony
in seeds is thus variable within a species and it is not hereditary in the
strict sense as cleavage polyembryony is in a species. Some trees, however,
show conspicuous embryological disturbances which may occur regularly in
annual seed crops as recorded in Pinus silvesiris by Simax (see p. 50), and
Sarvas (1962) and in Picea abies by ILLies (1953, 1959). Persistent poly-
embryony, an end result of disturbed or arrested embryo development seen
in the seed, results from the effect of environment on morphogenetic factors
within the ovule where inherent qualities of the trees, provenances or species
may or may not participate.

The multiarchegonial system in the prothallus plays a role in embryo
survival in the seed. In Picea abies from northern Sweden, embryos from
separate archegonia of a seed showed different behaviour in degeneration
in which condition some embryos survived the effects of sub-arctic climate
on the ovule and others did not. In Pinus silvestris after cleavage all four
embryo units from one archegonium degenerated while four from the other
in the same seed survived (Fig. 89). Similar observations on embryos of
archegonial polyembryony have been made also in other species of Pinus
and in Picea smithiana, Cedrus desdara, and Abies pindrow (DoGra; 1961)
and one such example from a naturally selfed Pinus nigra tree is given here
(Fig. 30). In the ovules of these species the origin of embryos was traced to
the archegonia from their suspensor-systems as shown by Bucurorz (1918,
1920 a, 1926, 1929). Embryos of archegonial polyembryony can arise from
fertilization of separate archegonia of an ovule by genetically different pollen
and they can be inherently different.

The seed abnormalities recorded by MULLER-OLsEN ef al. (1956) and
Sivax ef al. (1961) may occur regularly in the annual seed crop of particular
trees or provenances and affect seed germination. Some of these, as discussed,
result from disturbed embryology. A scrutiny of X-ray radiographs placed
at my disposal by Simaxk reveals the following:



64

X-ray radiographs showing two endosperm cavities with and without
embryos in a seed can be explained by presence of two endosperms which
on radiographs look like one. In normal development only one prothallus
develops from a tetrad cell and after pollination the prothallus forms a
single cavity for all embryos. Occasional development of more than one
prothallus in an ovule or seed is observed commonly in Pinus silvestris
(Sarvas, 1962), and in several other Pinus species, Picea smithiana, Cedrus
deodara and Abies pindrow (personal observation). Such abnormalities occur
more abundantly in some trees in a species as in Pinus silvestris (SARvAs,
1962). In an ovule only one or both of these gametophytes may survive to
bear embryos if fertilized. Two asymmetrically arranged prothalli, each with
a proembryo, are recorded in one ovule in Podocarpus nivalis (BoyLE and
Dovyirg, 1954).

Two endosperm cavities in an endosperm are seen in abnormal seeds of
Pinus silvestris (EHRENBERG ef al., 1955).

Horizontally orientated endosperm cavities in some seeds are explained
by the presence of lateral archegonia as shown in some prothalli of Abies
pindrow (Docra, 1966 a) or by growth of embryos in a horizontal direction
as shown in Pinus silvesiris (HAkaxsso~, 1959).

Point embryos near the micropyle can arise due to inhibited elongation,
undeveloped suspensor-system (Fig. 47) and due to shrinkage or mechanical
causes resulting from the drying of sced contents.

Terminally joined embryos were observed in Pinus silvestris (Fig. 109)
but real terminal fusion, if it occurs (see Brack, 1960), can be shown only by
an anatomical study.

Laterally joined embryos with joined tissues are sometimes found in non-
cleavage genera, for example, in Abies pindrow, Picea smithiana and in
cleavage forms like Pinus and Cedrus (McuRA and Docra, unpublished).
This condition arises from persistent unitary lobing or partial cleavage.

Inverted embryos are common and they develop due to their inability to
grow by enzymatic dissolution of prothallial tissue of the corrosion region
at some developmental stages. The suspensor-system in such cases becomes
sharply bent and the embryo then grows in different directions, as in Pinus
silvestris (HAxansson, 1959) or in the opposite direction as shown in Abies
pindrow (Figs. 48, 49) and Pinus silvesiris (Fig. 78). This condition can also
arise due to mechanical obstruction. Bifurcated and trifurcated endosperm
cavities can arise by growth of from two to three young embryos in different
directions in a prothallus. In several Pinus species, Cedrus deodara, Picea
smithiana, and Abies pindrow inverted embryos were frequently observed
to degenerate during development (Docra, 1961). In Pinus silvesiris, Picea
abies and in some other species they have been shown to survive and affect
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seed quality (Bucrrorz, 1918; Kujara, 1927; Irries, 1953, 1964; MULLER-
OLSEN ef al., 1956; Hikaxsson, 1959; Brack, 1960).

Dead embryos of two types 1) with compact deeply staining shrivelled
cell contents and 2) with diffuse tissues of almost non-staining empty cells
are commonly observed. The luminous or diffused embryos recorded by
MULLER-OLSEN ef al. (1958) and Simax (unpublished) are perhaps related to
a similar phenomenon of degeneration.

Seeds with rimmed or “‘distended” endosperm cavities reported in Pinus
silvestris (Simaxk et al., 1961) can only be explained by means of an embryo-
logical study which is necessary for understanding these abnormalities.

Embryology, Seed Classes, Storage and Germination

According to WiBeck (1928 b, 1929 b) germination of immature seeds is
related to the distance of the embryo from the micropyle. Embryological
observations on seeds containing young embryos show that this distance
can also vary because of shrinkage of a developed suspensor-system or of
the embryo, perhaps due to loss of water content. In IT and III classes this
value (of distance of embryo from micropyle) is useful in seeds with fairly
well-proportioned embryos where mechanical displacement is negligible.
The differences in the distance of the embryo from the micropyle in different
seeds is actually due to variation in embryo length. This variation is better
understood for practical purposes as: embryo length : endosperm cavity
length ratio which forms the basis of the seed classification (for II—IV)
adopted by Srvax and Gustarsson (1954). In Pinus silvesiris and Picea
abies from northern Sweden I observed that such embryos vary not only in
length but also in width. Embryo length in relation to endosperm cavity is
important for assessing seed quality and germination but differences in
embryo width should also be included in such studies.

Pinus silvesiris seeds from northern Sweden showed a germination of 0
per cent in 0, 4 per cent in I, 13 per cent in II, 63 per cent in III and 94 per
cent in IV classes (Simax and Gustarsson, 1954). Germination of class I
seeds, also recorded by M{LLER-OLsEN and Simax (1954) was reported to
be due to misclassification. Relationship between germinability and seed
classes was also observed in Picea abies (MULLER-OLSEN ef al., 1956).

Mt LLEr-OLsEN and Stvax (1954) included two endosperm types within
seed classes showing superior and inferior germination. In Pinus silvestris
and Picea abies 1I—IV class of seeds with endosperm A germinated better
than those with B (MULLER-OLsEN and Simax, 1954; MOLLER-OLSEN et al.,
1956). In dissections, these types were indistinguishable due to water
absorption, but in all endosperms of IT— IV seeds the A type was observed
to be more vigorous and richer in stored food than B. Developmental studies
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and chemical analysis of such seeds in relation to climate are necessary for a
proper understanding of the two endosperm types in undiseased seeds. One
explanation is that the B type of endosperm can result from a late climatic
injury to an incompletely mature endosperm containing a developed embryo.

Simak and Gustarsson (1954) demonstrated that the speed of germination .
is also related to seed classes. In Pinus silvesiris a conspicuous delay in
germination in Il was noted, it was less in III and in class IV seeds the
germination was fast. Grafted material of trees from northern Sweden at
Bogesund (Stockholm) showed simultaneous germination of predominantly
class IV seeds. In class II and III seeds with A and B endosperms of Picea
abies (MULLER-OLSEN ef al., 1956) a stagnation period was noted between
‘13th to 25th day of germination, during which immature embryos completed
a part of their development. This was shown by a comparison of X-ray radio-
graphs before and during germination. During germination there was an
increase in the number of 0 and IV seeds formed from II and III because
of embryo degeneration or development. Simax and Gustarssox (1959)
demonstrated in another study an increase in seeds of 0, I and IV and
decrease in 11 and 111 seeds of Pinus silvestris stored at 24° C while no such
changes occurred in seeds stored at 4° C after storage for one month. The
immature seeds showed improved germination after stratification. The
stratification technique (Simax and Gustarsson, 1957, 1959) is called
“equilibration of immature seeds”. It is clear that under storage conditions
IIP embryos do not survive, as they are known not to germinate (Simax
and Kamra, 1963; Simar, 1966). In contrast, more developed and differ-
entiated embryos which differ greatly in length (and which can be
classed irrespective of degree of differentiation, not discernible on radio-
graphs) can develop and survive under favourable storage and germination
conditions. In germination the seed classes which survive are reported to
show less vigour than IV (MULLER-OLSEN and Simak, 1954). This may be
caused by inherent or physiological factors or by delayed effects of abnormal
morphogenetic development of embryo and seedlings, e.g. in tissue differ-
entiation seen in II-—IV class of embryos. Studies of embryo development
under different conditions of storage and germination with the use of X-ray
radiography and conventional techniques can be useful for a better under-
standing of requirements for storage, stratification, and germination of
immature and abnormal seeds.

Conclusion

Embryological investigations of seeds by X-ray radiographs are important
for detecting and studying, without damage, general features like full or
empty seeds with shrunken contents; polvembryony; variation in embryo
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length or size in relation to endosperm cavity; embryo differentiation;
embryo and endosperm abnormalities; for evaluating the frequency of their
occurrence in a tree, or a species; and in tree breeding (Simak and GUSTAFS-
soN, 1953 a, b, 1954; PLyMm ForsHEeLL, 1953; EHRENBERG ef al., 1955; EHREN-
BERG and SiMaK, 1957; KLaEuN and WHEELER, 1961; HanseEN and MUELDER,
1963; ANDERsSON, 1965; KrieBeL, 1966; present investigation). The general
embryology of the five seed classes is as follows: 0 and I result from degenera-
tion of endosperm or embryo or both during pre-pollination and from pollina-
tion to early stages of late embryogeny (Figs. 1—16); II from early stages
of late embryogeny to initiation in differentiation and cotyledon formation
in the embryo (Figs. 17—19); I1I consists of older stages of late embryogeny
(Figs. 18 and 19); and IV shows fully differentiated and developed embryo.
Embryo length in relation to endosperm cavity varies in seeds of northern
Sweden and it forms the main criterion of classification. Embryologically
speaking, the classification is arbitrary, as embryo stages often overlap in
0—1IV and same stages may be present in any seed class. Embryo width
and differentiation (of tissues and cotyledons etc.) is independent of embryo
Iength and these proportions should be incorporated in X-ray studies when
‘a more critical germination analysis is needed. The general embryological
background of 0—IV, in a broad sense, is sufficiently specific for a seed
class to make X-ray radiographs valuable in bulk seed testing.

Analysis of seeds from inbreeding and experimental crosses of conifer
trees, however, requires accurate interpretation in terms of embryology.
Empty seed formation, effects of sub-arctic climate on fertilization and
proembryogeny, mortality rate in proembryos and young emb'ryonal stages,
number of embryos and nature of polyembryony, archegonial or cleavage,
failure of cleavage, initial embryo dominance, differentiation and other such
characters can be roughly indicated by X-ray radiographs in the seed but
not correctly interpreted. This is due to handicaps of shadow studies such
as overlapping of parts or where living or dead cells in the seed give no
impressions on radiographs. Simax (1957) points out that physiological
changes in embryo and endosperm are seldom revealed on the radiograph.

Embryology is a dynamic process where X-ray study of seeds, an end
result, is not sufficient to make clear the various embryological phenomena.
For example from a study of Pinus silvesiris seeds showing two endosperm
cavities it is concluded that “The participation of two (or possibly more)
archegons can often be decided; in such a case two different embryo cavities
are formed” (EHRENBERG ef al., 1955, p. 292). It appears to be assumed here
that separate cavities are formed by embryos from different archegonia,
which is not the case in normal embryology of Pinus silvestris (HAxaNssoN,
1956, 1959) or of any other conifer (Bucuuorz, 1918—1950; DoyrLE and
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Loogy, 1939; DoGra, 1961). The only method to ascertain whether embryos
belong to separate archegonia or not is to trace them from the origin of
their suspensor-systems (Bucnmnorz, 1918, 1920 a, 1926, 1929; Scrorr,
1943). Pinus silvesiris from northern Sweden shows frequent embryological
abnormalities of various kinds (Simaxk and Gusrarsson, 1953 a, b; HAkans-
soN, 1956, 1959; Simax et al., 1961, present investigation) and separate
endosperm cavities in a seed is one of them. For the same reason my observa-
tions on embryogeny studied from seeds of Swedish conifers are also open
to revision and confirmation with studies from developing ovules. Techniques
of studying developing ovules with X-ray radiographs, if developed, can
become useful for obtaining correct numerical data on embryology.

It is concluded thai X-ray technique can become more useful and precise
with parallel embryological studies which should precede bulk X-ray seed
and germination analyses, wherever possible.
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Embryology in Tree Breeding
Embryology of Self-pollinated Ovules in Trees of Some Species of Pinaceae

Self-pollination and inbreeding cau be used to detect deleterious recessive
genes, and to achieve the homozygosis required for improvement of trees by
hybridization and heterosis. However, it is especially in the production of
better seed from natural stands and seed orchards that the occurrence of
natural selfing is recognized as a potential problem by forest geneticists
(e.g. JensEN, 1945; Gusrarssox, 1949; Kraenx, 1953; LanaxEr, 1933;
LanaNER and SterN, 1955; Sguirrace and Bruaaam, 1958; StERN, 1959;
Barxes ef al.,, 1962; Krauss and SquiLrace 1963; Axpersson, 1963;
FowLer, 1965 a). Early experiments in self-pollination were made in Picea
abies by SYLvEN (1910), in Pinus silvestris by DENGLER (1932). KOLESNIKOFF
in 1929 stressed the importance of inbreeding in trees. These were
followed by many observations and experiments in species of Pinus, Picea,
Pseudotsuga and Lariz (PraT~itsky, 1934; Ausrin, 1927, 1937; LANGLET,
1940; WeTTsTEIN, 1940; ALLeNn, 1942; Jensen, 1945; Jouanson, 1945;
ANDERSsON, 1947, 1965; DurricLp and StockweLL, 1949; DurrieLD, 1950;
Tovama, 1950; Lanener 1951, 1957, 1959; MEvER, 1951; PryM FORSHELL,
1953; WricHT, 1953, 1955; WricHT and GaBritL, 1958; MERGEN, 1954; OrRR-
Ewixag, 1954, 1957 a, b, ¢, 1965; BingiaM and SQUILLACE, 1955; EHRENBERG
et al., 1955; SyracH LARSEN, 1956; Macini, 1956; EHRENBERG and SiMAK,
1957; RIGHTER, 1958; SquiLiack and BingHAaM, 1958; PERRY, 1960; PETERS
and Gopparp, 1961; DoGra, 1961, 1964; BarNES ef al., 1962; SQuILLACE and
Kravs, 1962, 1963; DieckeRT, 1964 a, b; FowLgr, 1962, 1964 a, b, 1965 a,
b, ¢, d; KLaEeN and WHEELER, 1961; Sarvas, 1962; Hacmax and MIKKOLA,
1963; MercEeN ef al., 1965; and Krizser, 1966). Some of these investigations
show that embryo mortality is one of the major causes of empty seed forma-
tion. - The embryology of empty seed formation is worked out only in a
few species and some pertinent embryological conclusions have been drawn
from studies of seeds with X-ray radiography. DENGLER (1932) considered
empty seed formation in self-pollination to arise from a failure, either of
fusion of gametes or of embryo development.

Specific mechanisms which prevent pollen germination on selfed ovules
or strobuli have been shown to be absent in Pinus monficola (BingHAM and
SouiLLAcE, 1955; BARNEs ef al., 1962; FowLrr, 1962, 1965 a), Pseudotsuga
menziesii (Orr-Ewixa, 1954, 1957 b), Picea omorika (LANGNER, 1957,
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1959), Pinus peuce (HacmaN and MikkoLa, 1963) and Picea glauca (MERGEN
et al., 1965).

Pollen tubes were reported to fail to reach the archegonium in some cases
in open pollinated ovules of species of Pinus (FErcuson, 1904; Saxrox,
1909; HAxaxsson, 1956). I observed the failure of pollen tube growth in
rare cases in open pollinated ovules of Pinus wallichiana, Cedrus deodara,
and Picea smithiana. In Pinus peuce (Hacman and Mikkora, 1963) the
archegonia in both self and cross-pollinated ovules sometimes remained
unfertilized because the pollen tube failed to grow with sufficient speed
through the nucellus. In these and in the study of barriers in interspecific
hybridization the role of environment in pollen germination (see McWiLLiawm,
1960) is as yet incompletely understood. FErcuson (1904) noted that the
pollen tube in Pinus grew normally even when sperm cells were not formed
or when archegonia had degenerated and she concluded that pollen tube
growth is not guided by any kind of attraction hetween sexual cells. In
Abies pindrow (Dogra, 1966 a, Figs. 18, 19) the physiological behaviour of
the archegonial neck is interesting as it fills with an exudate and a neck
passage is formed prior to the entrance of a conspicuously fast-growing
pollen tube, a feature characteristic of Abies (HurcHiNsoN, 1915; DovrLe
and Kang, 1943; Docra, 1956; Meara and Dogra, 1965). Although there
is no evidence to show that this has any influence on the rate of pollen tube
growth or that it inhibits self-fertilization to any extent, it is worth mention-
ing, since in some lower plants the entrance of sperms into the archegonial
neck is known to be a chemotactic response (see SmiTH, 1955).

Prym ForsuiLr (1953) studied empty seed formation from controlled self-
pollinated trees of Pinus silvestris with X-ray radiographs. She concluded
that inhibition of fusion of gametes was one of the barriers to selfing. On
basis of an extensive embryological study Orr-Ewing (1954, 1957 b) dem-
onstrated that self-pollination in Pseudofsuga menziesii does not affect pollen
germination or fertilization but that embryos degenerate during first stages
of late embryogeny in many ovules. The inhibition of fusion of gametes
proposed as an explanation for empty seed formation in selfing remains
unsupported by embryological evidence. Moreover, embryological investiga-
tions in self-pollinated trees of Pinus peuce (Hacman and Mikkora, 1963)
and Picea glauca (MERGEN ef al., 1965) confirmed that the defect after selfing
arises in embryo development and not in fertilization as already demonstrated
in Pseudotsuga menziesii by Orr-EwinNG. Genetical self-incompatibility is
a physiological barrier arising between self-pollination and self-fertilization
in certain angiosperms (see Liwis, 1949, 1954; BaTteman, 1952, 1954) and
it differs from all other mechanisms which promote seed formation by cross-
pollination. Gene controlled self-incompatibility, as demonstrated in some
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angiosperms where specific biochemical reactions prevent germination of
pollen or syngamy completely and block embryo inception, has so far not
been demonstrated in any member of Pinaceae.

The embryological defect responsible for empty seed formation in selfed
ovules when it occurs appears in embryo development (Orr-EwinG, 1954,
1957 b; EurexBERG ef al., 1955; EureENBERG and Simax, 1957; Sarvas,
1962, 1963; Hacman and Mixkora, 1963; MerceEN ef al., 1965). Early
proembryo development was usually normal in both self and cross-pollinated
ovules in Pseudotsuga menziesii, Pinus peuce, and Picea glauca (OrRR-EWING,
1957 b; Haemax and Migkora, 1963; MerceN ef al., 1965). Embryos in
these species collapsed in selfed and not in cross-pollinated ovules at stages
following the one shown in figure 20 (¢f. Orr-Ewing, 1957 b, Figs. 6—12,
15, pp. 181, 182; MerGEN ef al., 1965, Figs. 3 A—3 I, p. 193). The barrier
occurred in some form of physiological incompatibility between early
embryos and the female gametophyte tissue. The collapse of the terminal or
the dominant embryos was general and Orr-EwinG noted that no other
embryo in the polyembryonic seed replaced the collapsed terminal one in
Pseudotsuga mencziesii. 1 have observed that the collapsed embryo of a
conifer ovule in early stages can be replaced by an embryo from a different
archegonium, but in advanced stages of late embryogeny such replacement
may not take place. The cells of the gametophyte may remain normal
regardless of the condition of the embryo. In Pseudoisuga menziesii the
gametophytes showing early collapse of the embryo did not persist to
maturity (Orr-Ewing, 1957). Prothalli of Pinus silvesiris and Picea abies
in Sweden, however, sometimes continue to develop into endosperms even
with degenerated embryos e.g. in class I (see Figs. 81—83).

Embryological defects of self-pollination have also been studied with
X-ray radiography of seeds. Formation of 20-—50 per cent in self in contrast
to 0—3 per cent in cross-pollination of class I seeds (endosperm and cavity
well-developed but embryo not seen) is recorded in Pinus silvestris (PLyM
ForsHreLL, 1953, Table 17, p. 42). EHRENBERG ef al. (1955) discovered that
in addition to abundant formation of 0 class, there were conspicuous amounts
of class II seeds formed from arrested development in selfed trees of Pinus
silvestris (on open or cross-pollinated trees class Il seeds were absent).
Embryos of class IV were less frequent and those of class I—I11I stages with
persistent polyembryony were common. EHRENBERG and Simax (19537)
concluded that self-pollination leads to an increase in inferior seeds of 0—III
classes and decrease of class IV seeds in Swedish Pinus silvestris.

Observations on other species, however, do not show that self-pollination
leads to immature embryos. KrieBeL (1966) observed that the formation
of defective or undeveloped seeds due to selfing was seldom found in Pinus
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strobus. Sound seeds from selfing looked just the same on radiographs as
those from outcrossing. An increase in 0 but not of 11111 seeds was recorded
in self-pollination experiments on Picea abies and Picea glauca (KLAEHN
and WHEELER, 1961, Table III, p. 74; AxpERssoxN, 1965, Appendix, Tables
XL A and XL B). The endosperm tissue of different 0 class of seeds, however,
showed different degrees of X-ray absorption and variation in length and
configurations (Krapux and WaeeLer, 1961; Anxpersson, 1965) which
result, inter alia, from embryo collapse at different stages of development.
My observations on the embryology of 0 class confirms this.

A comparison of embryology of 0-—IV classes (see pp. 66, 67) with that
of self-pollinated Pseudotsuga menziesii, Pinus peuce and Picea glauca
confirms that embryo degeneration due to selfing is mostly completed
during stages seen in 0—IIP (Figs. 64—70, 78—94, 98—100, ¢/. Orn-
Ewixag, 1957 b, Figs. 6—12, 15, pp. 181, 182; MerceN et al., 1965, Figs.
3A—3 F, p. 193). This is supported by observations of abundance of class
0 (Pryy ForsHELL, 1953; EHRENBERG ef al., 1955; EHRENBERG and SIMAK,
1957; KraeuN and WHEELER, 1961; AnpDERSsoN, 1965; Krieser, 1966) and
of class I (Pr.ym ForsHeLL, 1953) in selfed trees of Pinus and Piceaspecies. In
Pinus silvestris EBRENBERG ef al. (1955) and ExrenBeErG and Sivmax (1957)
observed that embryo development is inhibited because of self-pollination
and that there is an increase of II and IIT seeds. This is probable because
variations in embryological disturbances or in embryo mortality due to
selfing can be considerable and its expression depends not only on trees or
species but also on environment. However, confirmation that selfing can
lead to inhibition of embryo development in lafe stages (of 11—111) is desirable
especially in trees growing in a more standard environment than that of
northern Sweden. Effects of selfing in the form of embryo mortality, thus,
occur in early stages of late embryogeny which are comparable to 0—IIP
configurations of X-ray radiographs of seeds.

Embryo mortality does not, however, block selfing completely and this
appears to vary in individual trees and species. OrRr-EwinG (1957 b) selected
two trees of Pseudotsuga menziesii which showed marked effects of self-
pollination in production of empty seeds. In tree number 1, one mature
embryo was observed to develop and two viable seeds were obtained from
35 self-pollinated ovules. In Picea glauca two out of 20 self-pollinated trees
produced no viable seeds (MERGEN ef al., 1965). Self-fertility of Picea omorika
is characteristic of the species and it is as fertile in cross-pollination as in
self-pollination (Lana~ER, 1959). In controlled pollination experiments self-
fertility, i.e. ability to produce germinable self-fertilized seeds, variesamongst
individual trees of a species and in different species (e.g. PLym FORSHELL,
1953; Orr-EwinG, 1954, 1957 b; Bineuam and SQuiLLace, 1955; SQUILLACE



73

and Bincram, 1958; LanaNeEgr, 1957, 1959; Barnes ef al., 1962; SQUILLACE
and Kraus, 1963; FowLer, 1962, 1964 b, 1965 a, b, ¢; Kraus and SqQu-
ILLACE, 1964). I studied the embryogeny of a single isolated tree of Pinus
nigra var. austriaca and one of Pinus monlfezumae var. harfwegi growing in
the North-western Himalayas (DoaRra, 1961, 1964). Some of the disturbances
in embryogeny in these species have already been discussed. The trees
produced abundant pollen and were naturally self-pollinated. The conclusion
that the number of ovules containing embryos (“‘fertile ovules™) was higher
in Pinus nigra (see Dogra, 1964) was based on embryo inception and not
on formation of full or empty seed. Embryo abnormalities and degeneration
were frequent and 25 per cent of one type alone (Figs. 28—31, 51) where the
embryo did not grow out of the archegonium were observed not to survive.
Since the Pinus nigra tree from which the studies were made was introduced
in Himachal Pradesh, the disturbances in embryogeny could be both environ-
mental and inbreeding effects. Sarvas (1962) showed that selfing in Pinus
nigra gives abundant and in Pinus cembra fewer empty seeds. In conifers
the embryology of self-pollinated trees is not as yet fully investigated.
However, embryological disturbances and embryo degeneration due to
selfing can be said to vary in trees and species. “In this connection it must
be remembered that the various individuals of the species may behave
differently, and that the fertility does not need to be high for the progeny to
be valuable” (Syracu LARsEx, 1956).

FowrLer (1964) carried out controlled self-pollination in a Pinus resinosa
tree located for a “‘genetic marker” and the progeny showed a number of
mutant seedlings distinguishable from normal sibs by their pink hypocotyl
and light yellow-green cotyledons. These mutants, which perished after few
months, were the result of homozygosis for a certain recessive gene. The
ratio between the mutant and normal seedlings in two selfed progenies
raised from the tree during 1959, 1961, was one mutant to five normal
instead of the expected 1: 3. This significant divergence according to FowLER
could result from selection against embryos homozygous for this mutation.
To support his explanation, Fowrer (1964) raised another progeny from the
same tree during 1962, 1963 but this time decreased the number of viable
pollen grains available to an ovule (by using self-pollen mixed with an equal
quantity of dead Pinus koraiensis pollen) and reduced archegonial embryo
competition. The departure from the expected 1 : 3 ratio in this case was not
significant. The divergence from the expected 1: 3 ratio of mutant to normal
was thus interpreted to result from pre-germination selection against embryos
homozygous for this mutation.

The climate in northern Scandinavia affects embryo development and
inferior or empty seed formation is common in forests of this region. Some



74

degree of natural inbreeding may also be responsible for these disturbances
in embryogeny. In general, the effect of selfing varies in trees and species
and the degree of its expression in terms of abnormal development and
embryo mortality (phenotype) will depend on the genetical constitution
(genotype) and external and internal environment of the seed (cone) and
embryo respectively.

Embryology of Some Interspecific Crosses in Pinus

In conifers interspecific hybridization has met success both in nature and
in experimental trials (see SyracH LaArseENn, 1934, 1937, 1956; SmitH and
Nicuors, 1941; Ricuexs, 1945; Ricarer and DurrieLp, 1951; DALLIMORE
and Jackson, 1961; WricHT, 1962) as predicted by Sax and Sax in 1933 on
basis of a general uniformity of karyotype and chromosome number found
in most conifer species except those of Podocarpaceae (MeEHRA and KrOSHOO,
1956 a, b; Hair and BEUZENBERG, 1958; KHosHoo, 1959, 1961, 1962, 1963).
Intra- and interspecific hybridization can be useful for combining desirable
qualities of the parents and for introducing hybrid vigour and its merit from
the evolutionary and tree breeding points of view is discussed by several
authors (StEBBINS, 1950; SvrAacH LArseEN, 1956; MenRra, 1962; WrIGHT,
1962; GustarssoN and MERrGEN, 1964). Interspecific hybridization has been
successfully carried out in some conifer species of forestry importance such
as Lariz, Picea, Abies and especially in Pinus (see RicHENS, 1945; SyracH
Larsen, 1956; WricaT, 1955, 1962). Pinus is taxonomically divided into
sub-genera, series, sections or sub-sections (Smaw, 1914; DurrieLp, 1952).
The crosses between species in the same series mostly succeed and those
between species from different series fail. Failure in crosses between widely
separated taxa can also be due to other causes, some of which are, as yet,
incompletely investigated, e.g. different pollination mechanisms in conifers
(DoviE, 1945 b; Bar~ner and CHRISTIANSEN, 1960, 1962; Dogra, 1964) but
embryological failure is known to be one of the more important. Embryo-
logical failure of good seed setting occurs in both successful and unsuccessful
crosses and can be used to determine incompatibility between two species.

Buchrorz (1944) determined the embryological causes of seed-sterility
after cross-pollination between certain species of pines. In full-grown cones
he observed ovules: a) partially developed because of lack of fertilization;
b) well-developed but empty because of failure of pollen tubes to reach the
egg and effect fertilization; ¢) normally developed showing fertilization and
early embryogeny but becoming sterile because of embryo degeneration at
stages not determined. The seeds formed from the last two categories (i.e.
b and c¢) were empty but contained shrivelled contents comparable to those
of class 0.
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McWiLriam (1959) studied interspecific incompatibility between crosses
of four species of Pinus, viz. Pinus nigra Arnold, Pinus resinosa Ait., Pinus
rigida Mill. and Pinus ellioftii Engelm. In Pinus ellioftii X Pinus nigra,
pollen germinated but pollen tubes failed to enter the nucellus. In other
three crosses Pinus resinosa x Pinus rigida, Pinus nigra X Pinus rigida
and in Pinus resinosa x Pinus nigra, pollen tubes penetrated the nucellus
in some cases but the ovules showing a normal rate of pollen tube growth
were few. Uebpa ef al. (1961) investigated the development of the female
gametophyte after pollination in various interspecific crosses of pines in
both crossable and non-crossable combinations and concluded that early
nucellus and archegonial development proceeds normally in both (vide
Hyun and Yid, 1963 a). Breakdown of the ovules after pollination was
observed in Pinus nigra X Pinus resinosa (McWiLriam, 1959) mostly
starting during gynospore (megaspore) development before and after winter.
Deterioration of the surrounding cells, collapse of the nucellus, and shrinkage
of the ovules followed. No evidence of successful fertilization was observed
in any of the sectioned ovules. The presence of fully developed seed coats
observed on some aborted seeds, however, indicated that some ovules
might have reached the fertilization stage. Complete inhibition of pollen
tube growth, found only in one combination Pinus elliottii X Pinus nigra,
showed an extreme type of incompatibility between widely divergent species.
In crosses between intersectional and sectional species incompatibility was
not complete as the pollen tube entered the nucellus in a small percentage
of the ovules, Thus pollen development in the ovules of an incompatible
pine species cross does not follow a set pattern. The pollen on an incompatible
nucellus, as shown by Pinus nigra X Pinus resinosa, may show 1) no germina-
tion; 2) germination with slow ineffective pollen tube growth; and 3) normal
germination with vigorous pollen tube growth. The two first mentioned
conditions lead to early and the third to delayed degeneration of ovules.

Hvyun and Yu (1963 a, b) studied fertilization in ovules cross-pollinated
on a mass scale in: Pinus rigida x Pinus taeda; Pinus rigida X Pinus
radiata; Pinus rigida x Pinus elliottii every year since 1955. These combina-
tions gave 40 per cent, 32 per cent and 11 per cent fertile hybrid seeds
respectively. Hyun and Lee (1964) added more information on fertilization
in two of these combinations, viz. Pinus rigida X Pinus taeda and Pinus
rigida x Pinus radiata.

In Pinus rigida x Pinus taeda pollen tubes completely penetrated and
reached the archegonium and mature embryos were observed in the seeds.
The growth rate of the nucellus was rapid. Although the early pollen tube
growth was normal, in the upper part of the nucellus on the 3rd of June,
the pollen tubes ceased to grow in some ovules after 10 to 16 days and only
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50 per cent of the observed ovules were fertilized. The egg nuclei of the
unfertilized ovules developed normally. The pollen tube growth fertilization
and embryo development of this combination was slower than and inferior
to that seen in open pollinated Pinus rigida ovules (Hyun and Yin, 1963 a;
Hyun and Leg, 1964).

In Pinus rigida X Pinus radiata normal pollen tube growth was observed
only in a few ovules (Hyun and Leg, 1964). The nucellus growth was inferior
and the ovule shrivelled presumably due to failure of fertilization. Mature
embryo formation was not detected by Hyux and Yim (1963) due to partial
sterility. Hyux and Lrg, however, observed fertilization in three out of
40 ovules, but the development of the zygote and embryo when formed was
abnormal and slow.

In Pinus rigida x Pinus elliottii the pollen tube was observed to pen-
etrate the nucellus; it reached the archegonium and a mature embryo was
observed, but further details were not worked out.

From a chemical study of the nucellus and ovule extracts of Pinus species
(McWirLiam, 1958, 1959) and from embryological studies discussed above,
it is concluded that incompatibility results from differences in chemical
constitution of the tissues of the ovules of different species which affect
pollen tube growth during fertilization. These differences also influence the
ability of the pollen tube to provide stimulus to the development of the
female gametophyte and perhaps to the nucellus, as shown by different
rates of growth of nucellus observed in different cross combinations of
Pinus (Hyux and Yimm, 1963 a). Physiological behaviour of the neck of the
archegonium seen in Abies pindrow (Doara, 1966 a) or other embryological
phenomena (see p. 70) may promote fertilization within a species only,
by affecting pollen tube growth of alien species. The existence of such
barriers has neither been demonstrated nor yet sufficiently investigated in
any conifer species. During pollen germination the stage at which the break-
down of the prothallus and the nucellus occurs is different in different
species combinations and this may indicate the degree of crossability of the
different species. The failure of many crosses to produce seed could be
attributed largely to genetic differences of a chemical nature (Sax, 1960)
which inhibit gametophytic development, i.e. of pollen, pollen tube, prothallus
and archegonia and as discussed below it can also occur due to embryo
mortality.

WricHT (1959) reported failure of crosses of Pinus peuce with Pinus
koraiensis and Pinus cembra. Proembryo mortality was determined to be
the cause of this failure from studies of pollen germination fertilization and
early development of the embryo in controlled pollination of Pinus peuce
Griseb. with the pollen of Pinus cembra and Pinus koraiensis (Hacman and
Mixkkora, 1963).
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Early stages of pollen tube growth of Pinus cembra in the nucellus of
Pinus peuce were normal but later, growth slowed or stopped and the
archegonia of a small number of the ovules in which this occurred, remained
unfertilized. In most ovules at least one archegonium showed normal {ertiliza-
tion and early proembryo development. The proembryos, however, did not
grow out of the archegonia and degeneration occurred at four to eight-
nucleate stages.

In most fertilized archegonia four free nucleated proembryos were observed
at the base where the development stopped or slackened. In subsequent
stages degenerated remains of dense cytoplasm were recorded at the base
of one archegonium, two abnormal eight free nucleated proembryos were
observed in which wall formation did not occur. Sections of such ovules and
prothalli after proembryo degeneration were similar in general appearance
to radiographs of class I seeds, i.e. the endosperm cavity though formed
remained empty (Hacmax and Mikkora, 1963, Fig. 9, p. 76). In further
development although the seed coat developed normally the prothallial
development stopped early and the endosperm did not fill the seed cavity
completely.

In Pinus peuce x Pinus koraiensis the pollen tube of Pinus koraiensis
grew vigorously through the nucellus of Pinus peuce and fertilized at least
one archegonium (in most three and in some four archegonia) per ovule.
Normal proembryos developed at least up to the four-nucleate stage. One
abnormal proembryo with six instead of four nuclei was observed. The
exact stage of proembryo degeneration was not determined, but no case
of an embryo growing out of the archegonium was recorded. All embryos
were destroyed at an early stage and endosperms with embryo-less cavities
developed as in the case of Pinus peuce x Pinus cembra.

Thus the pollen tubes of Pinus koraiensis grew effectively through the
nucellus of Pinus peuce while those of Pinus cembra did not grow as effectively
but were able to fertilize the archegonia of Pinus peuce. The hybrid zygote
nucleus underwent normal mitotic divisions and the proembryonal nuclei
developed but a cellular proembryo did not organize. Proembryo disturbances,
whenever they occurred in these crosses, set in after the third mitotic divi-
sion. They were similar to some of the disturbances observed by me (all
of which are not recorded here) in small frequencies in natural populations
of some species of Pinus, Cedrus deodara, Abies pindrow, Picea smithiana
and in naturally self-pollinated pine trees growing in North-western Hima-
layas (see Figs. 24—31, 33—39). Embryo mortality did not, however, lead
to empty seed formation; the endosperm developed almost to a normal
size but the endosperm cavity remained empty as shown by radiographs
of class I seeds.

6712175



78

Discussion on Disturbances in Conifer Embryogeny

and Seed Sterility

The best seeds are secured by selection from nature or by growing them
by controlled pollination and in seed orchards (see SyracH LARsEN, 1937,
1956; GusTarsson, 1949). That the knowledge of conifer embryology can
be useful in these methods is shown by its role in studies of seed quality and
sterility both in nature and in tree breeding.

The literature on gymnosperm embryology is voluminous; brief descrip-
tions are, however, given by Strassurcer (1872, 1879), CourLTER and
CuaMBERLAIN (1917), CHAMBERLAIN, 1935; JoHaNnsox (1950) and WArDLAW
(1955). That these accounts, though fairly complete, need changes, is shown
by recent studies carried out by Dovre (1954, 1957, 1963). Conifer embryol-
ogy is a complicated phenomenon and a clear picture of embryo develop-
ment has been understood only recently (DovLE, 1918—1963 ef seq.; Buch-
HoLz, 1918—1950; Docra, 1961, 1966 b, present investigation; CHOwD-
HURY, 1962). Without entering into the details of the disputed issues raised
and solved by various workers this discussion shows that in academic
studies very little attention was paid to embryological details required in
seed analysis and tree breeding (see Sarvas, 1962). Early attempts where
embryological studies were used for bulk seed testing were made by several
Scandinavian workers (e.g. Kusara, 1927; WiBeck, 1928 b, 1929 b) and
were followed up with X-ray radiography by Simak and Gusrarsson (1953
a, b, 1954, and co-workers) and with microtechnique by HAraxsson
(1956, 1959, 1960) and Sarvas (1962).

The application of:embryology with X-ray radiography in breeding and
seed testing problems is wide and unexplored in both forestry (see EHREN-
BERG et al., 1955; GustarssoN and SiMak, 1958 a) and agriculture (Swami-
~NaTHAN and Kawmra, 1961; Kamra, 1964 a, b). It must, however, be kept
in mind that gymnosperm embryology differs fundamentally from that of
angiosperms (see ManEsHwARI, 1950, 1963; ¢f. Sca~varr, 1933; Jomansox,
1950; WarprLaw, 1955) and a separate understanding and treatment of
both is necessary in application of embryological knowledge. X-ray radiog-
raphy is the only method which can give adequate numerical data for
embryological studies with a minimum of labour and time and without
damage to the ovule or seed. X-ray radiography and embryological studies
can thus be combined for analysis of valuable seed material in selection,
inbreeding, and hybridization experiments, a possibility first mentioned by
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Simak and Gustarsson (1953 b). A scheme of embryo development is given
for use in the breeding and seed analysis which in detail is open to further
additions and modifications. The embryological disturbances found in nor-
mal embryo development which affect seed quality and sterility are dis-
cussed below. ,

Formation of abnormal prothalli in ovules influences embryo and seed
development. Early development of the prothalli in Abies pindrow (Dogra,
1966 a) was normal but fusions between free nuclei occurred during free
nuclear or wall formation stages. Cell arrangement and development in
these prothalli was abnormal due to formation of polyploid nuclei as reported
in Ephedra intermedia (MeEHRA, 1950). Such prothalli occurred in some species
of Pinus, Picea smithiana, Cedrus deodara and in other conifer species in
varying frequency in different trees and species. In Abies pindrow some
prothalli showed polyploid archegonial initials; archegonia with polyploid
or fused eggs; and archegonia laterally located or randomly scattered (DoGra,
1966 a). Abnormalities of prothalli have been reported in several conifers in
literature on gymnosperm embryology (e.g. FERGUsoN, 1904; BucHHoLz,
1918; ScunarF, 1933). More than one gametophyte in an ovule was some-
times observed in Cedrus deodara, Picea smithiana, Picea abies, Abies pindrow,
Pinus wallichiana, Pinus roxburghii, Pinus patula, Pinus nigra, Pinus
silvestris and in several species of Cupressaceae and Taxodiaceae (personal
observation). In Pinus silvestris double prothalli in an ovule were reported
in one per cent of ovules studied from some trees from northern Finland
but such ovules were more abundant in two trees. Damage to the prothalli
is sometimes caused by climate (Sarvas, 1962). Abnormal prothalli were
usually observed to degenerate at different stages in some Indian conifers
but in northern Sweden they frequently formed inferior seed.

Failure of fertilization due to insufficient pollen tube growth is sometimes
observed in nature but it is more common in interspecific crosses of Pinus
species (see pp. 75—77). In self-pollination, pollen germination or pollen
tube growth does not stop self-fertilization but a high rate of embryo mor-
tality causes seed sterility in Pseudotsuga menziesii, Pinus peuce and Picea
glauca (Orr-Ewing, 1954, 1957 b; Haeman and Mikkgora, 1963; MERGEN
et al., 1965).

Considerable sterility seen in Sequoia sempervirens (L.ooBy and DovYLE,
1937; Bucuuorz and Kaiser, 1940; Dovre, 1945) is probably due to the
polyploid nature of this species (Kuosnoo, 1959). Ovular degeneration, also
observed with X-ray radiography (Hansen and MueLper, 1963), was
conspicuous in this species only at and after fertilization (LooBy and DovYLE,
1937). In Pinaceae, once fertilization took place in a species, mitotic dis-
turbances in the first two divisions of the proembryo were not common.



80

Disturbances in the proembryo development, when they occurred, started at
the four-nuclear stage in nature (Figs. 5, 6, 24, 25) and in controlled inter-
specific crosses of some Pinus species (Hagman and Mikkora, 1963, Figs.
5, 8). The four nuclei sometimes failed to shift to the archegonial base or
did not develop further. The proembryos in these cases formed or degenerated
at the base, in the centre of the egg or on a lateral side of the archegonium
(Figs. 24, 25). Relict nuclei were extruded from some of the four-nucleated
proembryos in Pinus as already reported in Cunninghamia lanceolata (DoGRa,
1966 b) and some proembryos after the third division contained less than
eight nuclei. Some of the four free proembryonal nuclei missed the third
mitosis and proembryos with six or seven free nuclei were also formed in
this way (Figs. 33, 34). These proembryos sometimes showed abnormal
development before degeneration. Disturbances in some of the mitotic
configurations were seen in some proembryos of Pinaceae as shown best for
Cupressus arizonica (Cupressaceae, Fig. 42) and dumbbell-shaped proem-
bryonal nuclei were thus formed either due to sticky mitosis or by nuclear
fragmentation (Abies pindrow, Fig. 37). Proembryos showing fragmentation
of the nuclei failed to develop further,

Proembryos with 16 free nuclei were seen in some cases (Pinus nigra, Fig.
43). Relict nuclei were sometimes extruded and pU and pE with variable
number of nuclei in each were formed (Pinus gerardiana, Fig. 38). Wall
formation, however, was not regular and these embryos degenerated at
different stages, pU and pE in eight-nucleated proembryos sometimes had
not four but a variable number of cells in each tier (Pinus gerardiana, Iig.
39), or formation of tiers did not take place. Wall formation and develop-
ment in such proembryos were irregular. In some primary proembryos the
pE cells developed or degenerated independently (Pinus nigra, Fig. 54).

Conspicuously large and small sized proembryos and nuclei (more than
double or less than half the normal) may indicate the presence of polyploid
proembryos (Picea smithiana, Figs. 27, 53) or haploid proembryos (Pinus
gerardiana, Fig. 26). But differences in nuclear and proembryo sizes can
arise due to other causes and confirmation of the presence of haploid and
polyploid proembryos must come from chromosome counts of such proem-
bryos. The haploid chromosome number (twelve) was counted by MeHRA
and DocGra in parthenogenetic divisions of the egg nucleus in naturally
pollinated trees of Pinus wallichiana and Pinus nigra var. austriaca (DoGra,
1966 a). I1Lies (1964) has also reported ten haploid (n = 12) seedlings obtained
after open and controlled pollination of trees of Picea abies. Many of these
trees, 41.9 per cent (ILLIES, 1953) were known to produce abnormal seedlings
(ILLies, 1952, 1953, 1959). Five of the ten haploids originated from seeds
which had twins, and the others from inverted seedlings.
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Secondary proembryo abnormalities were not common, but five-tiered
instead of normal four-tiered proembryos or cases where E; degenerated were
observed in Pinus wallichiana and Cedrus deodara (Fig. 52).

Variants of the typical proembryo which degenerate are recorded by
Loosy and DovyLE (1937, 1940) in Sequoiadendron giganfea, Sequoia semper-
virens, Callitris rhomboidea and by me in some other members of Taxodiaceae
and Cupressaceae (Docra, 1961, 1966 a).

Late embryogeny: The suspensor-system shows inhibition of E;, E,...
etc. and E, elongation probably due to effects of climate of northern Sweden
(see p. 60) or of North-western Himalayas (see p. 20). Irregularities of the sus-
pensor-system, in which E,, E, etc. did not elongate, were induced in embryos
of Picea smithiana (Figs. 40, 41), Variation in the suspensor-system is shown
to occur within a species in Pinus banksiana (Bucasaorz, 1918, Fig. 2), in
North-Swedish Pinus silvestris and Picea abies, and in Pinus montezumae,
Pinus nigra, and Pinus patula introduced in Himachal Pradesh, India (see
p. 20). Inhibition of elongation, degeneration of segments (E,, E, etc.) or
of an embryo can also occur due to physiological dominance of adjacent
embryos from different archegonia (Figs. 47, 56). Formation of point embryos
(ITP) near the micropyle of the seed could be due partly to these types of
incomplete E;, E, etc. elongation.

The suspensor-system is related to mode of unitary cleavage and any
change in its structure can affect cleavage. This is parily responsible for the
incomplete expression or abnormal mode of occurrence of cleavage seen in
Pinus silvestris, Pinus montezumae, Pinus nigra, and Pinus patula (see pp.
20, 61).

The most common irregularities in late embryogeny concern the suspensor-
system, cleavage, and non-cleavage in a species.

Young embryos showing reversed growth in ovules are sometimes observed
in Abies pindrow (Figs. 48, 49), Pinus silvesiris (Fig. 78), Pinus banksiana,
Picea smithiana, Cedrus deodara, Larix sibirica and Thuja orientalis and in
some other species of Cupressaceae and Taxodiaceae (Lanp, 1909; BucH-
Horz, 1918; HAxaxsson, 1959, 1960, personal observation). In species
growing in Himalayas these embryos mostly degenerated in young stages;
they were rare in seeds as is stated by Buvcunorz (1918) for Pinus banksiana.
Formation of seeds with reversed embryos (cotyledons orientated towards
micropyle) has been more commonly observed in North-Swedish conifers.
Several embryo-endosperm abnormalities discussed on pages 50, 63, 64 are
embryological disturbances of these types.

Conspicuous proliferation of the embryo or its parts though not common
in Pinaceae, is a dominant feature in some members of conifer families e.g.
in Taxodiaceae, Cupressaceae (Docra, 1961, 1966 b) and Podocarpaceae
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(Dovre, 1954). Intensive proliferation of the dominant embryo, whenever
it occurred in some members of Cupressaceae and Taxodiaceae, often led
to embryo degeneration and seed sterility.

Failure of dominance or of enzymatic activity of the terminal embryo;
growth inhibiting influences of adjacent embryos from different archegonia
on each other in the polyembryonic ovule; mechanical hindrances, shape of
the corrosion region and of surrounding storage tissue in the prothallus;
changes in gene-controlled physiological processes; and modificationsinduced
by external environment of the ovule; all contribute to disturbances in
embryogeny. These disturbances can lead to embryo degeneration, but
under favourable conditions the developed embryos but not proembryos
(or young embryos) mostly overcome their deformations during further
growth in the ovule or in seed-germination. Under general conditions the
frequent occurrence of abnormal embryos or seedlings in the seed stage is
not very common. In northern Scandinavia many embryological disturbances
persist and give rise to inferior seed.

Disturbances of proembryo development were less common when com-
pared with those of late embryogeny. In Indian conifers the occurrence of a
particular abnormal proembryo stage in a species was by no means common
but the frequency of all types of proembryo abnormalities, which differed
according to trees, species and localities, varied approximately between two
and fifteen per cent of proembryos studied for a species (studies on the
species growing in the upper tree limit in the Himalayas were not included).
Embryo disturbances and mortality were highest in North-western Hima-
layas in isolated, naturally self-pollinated and introduced trees of Pinus
nigra, Pinus montezumae, and of some species belonging to Cupressaceae
and Taxodiaceae (personal observation). Embryos in these, and in some
cases in trees from natural populations, degenerated during stages similar
to the ones described in controlled self-pollination and in interspecific
hybridization experiments. Information available on embryo degeneration
in controlled breeding experiments of different conifer species is as yet
meagre. Embryo disturbances and mortality in conifers growing near tree
limit altitudes, latitudes, and in unfavourable climates still remain to be
investigated. LooBy and DovLe (1937) comment that “A percentage of
abnormal young proembryos is probably more widespread in the conifers
than can be judged from published accounts”. My study confirms this
statement. The same can, perhaps, be said for the occurrence of abnormal
prothalli in the conifers (see p. 79). Further conclusions are, however, kept
pending until more data are available. Attention is drawn to a need of
numerical data in embryological studies, but such requirements, as pointed
out by Sarvas (1962), can be fulfilled by extensive microscopic work. The
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task would perhaps be made easier with X-ray radiography if it could be
developed to study, perhaps with contrast methods, the internal structure
of fresh ovules and seeds. For the present it is concluded that early embryo
mortality (proembryo and young stages of late embryogeny 0—IIP) plays
a more significant role in seed sterility in conifers than is known at present
both in nature and in controlled breeding experiments.

Multiple archegonia and polyembryony in conifer ovules appear to lessen
seed sterility caused by frequent embryo degeneration. Fertilization of two
or more archegonia is common in gymnosperms. In members of Pinaceae
in a single ovule I have counted from one to five pollen grains germinating
on the nucellus and from one to three rarely four proembryos developing in
different archegonia e.g. in several Pinus species, Cedrus deodara, Picea
smithiana and Abies pindrow. As many as six pollen tubes in the nucellus,
nine archegonia and a maximum number of four embryos developing from
different archegonia are reported to occur in a prothallus of Pinus (Fer-
GUSON, 1904; BucrHrorz, 1918). The amount of pollen available to the ovule
and to the archegonia from the nucellus also determines the number of
archegonial embryos (Sarvas, 1962). Members of some other conifer families
(e.g. Taxodiaceae and Cupressaceae) which show a higher number of arche-
gonia have a higher number of archegonial embryos in an ovule (see Buch-
HoLz, 1929; Dogra, 1966 b) than shown in Pinaceae. The prothallus in
Podocarpaceae, according to DovrLE (1954), shows a tendency in increase
in archegonial number, which in this family is most strikingly shown in
Eupodocarpus and Nageia and also, though less markedly in Michroachrys
and Pherosphaera. The increase in archegonial number ranges from one to
three in the primitive and from six to many in the comparatively advanced
taxa of the family. This tendency, though as yet not fully investigated,
appears to be present in other conifer families too. The tendency towards an
increase in archegonial number may be advantageous to a conifer species
because, as is also stated by Sarvas (1962), the presence of several arche-
gonia per ovule helps to reduce the empty seed percentage.

Archegonial embryos multiply considerably in species showing cleavage.
According to Dovire (1957) cleavage polyembryony is another major trend
in conifer embryogeny, a rare derivative phenomenon in angiosperms but a
widespread one in conifers, characteristic only of more advanced and spe-
cialized forms in a family. It is seen that embryos or embryo units developing
from different archegonia may differ from each other in physiological charac-
teristics (Fig. 30) and in their ability to survive in an ovule subjected to
unfavourable climate. During proembryogeny or in first stages of Ilate
embryogeny (Figs. 14, 15, 20, 21) degenerating embryos are sometimes
replaced by embryos from different archegonia in a prothallus (e.g. Fig. 30).
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Genetical differences between monozygotic embryos from cleavage are
absent. Between archegonial embryos they can arise due to 1) fertilization
of different archegonia of a prothallus by genetically different pollen; 2)
presence or absence of heterozygosity for deleterious and other genes and 3)
due to differences in chromosome number. Twinsin polyembryonic seeds with
different chromosome number; diploid and tetraploid in Abies firma (KaNE-
waza, 1949), haploid, triploid, and heteroploid in Picea abies (ILLIES,
1952, 1964) and diploid and tetraploid in Pinus thunbergii (NiSHIMURA,
1960), are probably cases of archegonial polyembryony. The triplets
each having 2n = 24 chromosome number recorded from a seed of Pinus
thunbergii (Nisuimmura, 1960) could be archegonial embryos or isogenic
products of monozygotic cleavage. The occurrence of mutations, hidden in
nature in a heterozygous state, which act as lethals and semilethals when
homozygous in seedlings of conifer species is well-known (see GUSTAFSSON,
1962). They appear to occur frequently in some populations of Pinus sil-
vestris (Eicug, 1955). Lethal and semilethal genes influencing embryo devel-
opment can be as abundant as those shown for chlorophyll apparatus in
Pinus silvestris by Eicue (Gusrarsson and Simax, 1958). That pre-germina-
tion selection against embryos homozygous for deleterious mutations may
be possible is indicated by FowrLer (1955) in his experiments on self-pollina-
tion of a tree of Pinus resinosa containing a ‘“‘genetic marker” (see p. 73).
For the same reason in an earlier communication I remarked that in normal
conditions the chances of survival of haploid embryos if formed are remote
(DoGRra, 1966 a) except perhaps in monoarchegoniate prothalli. ILLirs (1964)
has reported ten haploid (n = 12) abnormal seedlings. These were, however,
obtained from trees known to produce seeds with persistent polyembryony
and abnormal seedlings (Irries, 1952, 1953, 1959). Moreover, she found
seedling abnormalities to occur in rather many trees, i.e. in 41.9 per cent
(ILLies, 1953). My investigations have shown that in persistent polyem-
bryony, elimination of all the supernumerary embryos may not take place
(see p. 61—63). The chances of survival of abnormal embryos (which include
polyploids, haploids or embryos with recessive deleterious or other genes) if
present along with normal diploid ones, may be greater in a persistently
polyembryonic seed, than in a monoembryonic seed formed from a young
normally polyembryonic ovule. Without touching upon the disputed issue of
the possibility of pre-germination selection taking place in a polyembryonic
ovule, it is concluded that seed sterility caused by embryo mortality (which
may arise either from genetical or environmental influence or both), and
classified as diplontic sterility by MinrtziNG (1930), is lessened in conifers
by archegonial polyembryony.

The developing zygote and embryo in a plant is a complex reaction sysitem



85

(Warpraw, 1954, 1955, 1963). The pattern of development is controlled
within certain limits by the genotype and cytoplasm of the egg. The egg
cytoplasm and the nucleus in gymnosperms contains several organelles
whose functions are as yet incompletely understood (FErcuson, 1901, 1904;
Brvax and Evans, 1956, MEara and Docra, unpublished). The prothallus
structure and embryo development are morphogenetically interacting and
their physiological relationships are as yet far from clear. In embryo develop-
ment effects of genotype, egg cytoplasm, internal environment within the
prothallus in which the embryo grows and the external environment of the
ovule become apparent in the seed when it is formed.

The embryological disturbances of pine and spruce growing in northern
Sweden show that climatic injury sometimes upsets the balance between
different but interdependent tissues in the ovule (e.g. embryo and endosperm).
This balance is necessary for normal growth, survival and maturity of the
ovule. Damage to the prothalli, endosperms and embryos by sub-arctic
climate is seen in Pinus silvestris and Picea abies growing in northern Scan-
dinavia (Simak and GusrarssoN, 1954; Sarvas, 1962) and by drought
conditions in Cedrus deodara and Abies pindrow in the North-western Hima-
layas, India, by me. Sharp changes in climate cause embryo death or ab-
normal endosperm-embryo development. Survival of abnormally developing
embryos depends on the severity of the shock, stage of development at
which it occurs (early or late) and genetical resistance of a species, a tree or
of the provenance of the species to such shocks.

Climatic effects vary in degree and are shown by the number of ovules
affected in different trees and species. In general they act less on the proem-
bryo and more on late embryogeny. Climatic effects on proembryo and early
embryo stages are fatal and give rise to abundant 0 class of seeds. Late
embryogeny is conspicuously affected in pine and spruce trees of northern
Sweden (see pp. 60—65). In a great number of ovules, however, the general
plan of the embryo development remains either typical for that species or
the embryos degenerate resulting in 0 class of seeds. In the surviving embryos
the primary unitary structure (consisting of four embryo units) of the
embryo, elongation of E,;, general expression of cleavage in pine and non-
cleavage in spruce remain mostly unaffected. Embryological disturbances
when they occur can be correctly interpreted in terms of broad phases of
embryological development and not in numerical frequencies of particular
type of abnormalities, which in number may not be significant. They
may also differ in different ovules or collectively in ovules of particular
species or in trees or provenances of a species. Such difficulties in seed ana-
lysis are also bound to arise in studies of seed-sterility (class 0, I, IIP) in tree
breeding. It is for this reason that the general expression embryological distur-
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bance is used for all embryological abnormalities throughout this discussion. In
this way they can also be viewed from the broader perspective of an evo-
lutionary phenomenon observed to be of widespread occurrence in living
gymnosperms.

In natural populations embryological disturbances and embryo degenera-
tion in conifers are mostly phenotypic expressions of different modifications,
but they may also be due to different genotypes. Modifications, however,
seem to be more common and they appear to conceal the disturbances of
embryogeny caused by genotypes which are comparatively rare and some-
times apparently similar, especially in late embryogeny. On basis of an
embryological study it is difficult to distinguish between the two. Simakx
and GusTtarssox have shown the only way to do so by studying the affected
seeds by X-ray radiography of different trees and by comparing it with
seeds borne by their grafts in a standard environment. Embryological study,
vegetative methods of propagation, standard or preferably a phytotron
controlled environment and X-ray radiography can thus be collectively used
to throw more light on seed problems.

Summary

A scheme of embryo development in Pinaceae is given for the use in tree
breeding research. The embryo terminology used is applicable to conifers in
general. Disturbances in proembryo and in late embryogeny are described in
Indian and Swedish conifer species.

The embryological analysis of the five (0—IV) seed classes shows that
X-ray radiography is valuable in bulk seed testing but in analysis of seed
formation microscopic studies are essential. However, X-ray radiography
is the only method which can provide adequate numerical data with a
minimum requirement of time and labour. The advantages of both tech-
niques can be exploited by combining embryology and X-ray radiography
in seed testing and tree breeding.

Conifer embryology can play an important role in determination of seed
quality and sterility in natural populations and in tree breeding. In tree
breeding it can also be used in determining incompatibility between species.
The prothallus and embryo are physiologically interdependent and closely
related, and abnormal prothalli can affect embryo development, and vice
versa. Variants of the typical proembryo -degenerate but those of late
embryogeny may survive. Embryo mortality leads to an increase in empty
seeds. Embryological disturbance appears to be a general phenomenon
found in gymnosperms.

Disturbed embryology is often a climatic effect and varies considerably in
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different localities, trees and species. As a rule embryo mortality is higher
in early embryo stages. Development in late embryogeny is, however, more
open to influences of climate but general characters of the embryogeny of
the species remain unaffected in most surviving and developing embryos.
Affected embryos either recover or degenerate during late development
_ or during germination.

Abnormal embryogeny is common in self-pollinated and introduced iso-
lated conifer species. It is also encountered in tree breeding experiments.
In nature some embryonal disturbances appear to be similar to those occurring
in tree breeding experiments and seem to be genotypically determined.

Embryological disturbances can thus be due to environmental causes
(modifications) or may arise because of genotypical differences of trees in
nature. It is difficult to distinguish between the two since modifications in
embryogeny are common and often mask the comparatively rare geno-
typically induced disturbances. The only way to distinguish between the
two is by studying them in controlled or standard environment with help
of vegetative methods of propagation.

Acknowledgements

I am grateful to Professor Ake Gustafsson for suggesting the problem
on Swedish conifers, facilities for work, helpful suggestions, and criticism
of the manuscript, to Dr Milan Simak for providing the research material,
confirming the seed classification and for many stimulating discussions and
to Professor J. Doyle and Professor F. Fagerlind for encouragement and
advice. My thanks are due to, Dr S. K. Kamra and Mr P. Krutzsch for some
discussions; Mrs I. Strstad and Mrs M. Gustafsson for typing the manu-
script; Mr Rune Axelsson for some technical help; and Mr J. Flower-Ellis for
helpful suggestions in improving the language. I am thankful to the Swedish
International Development Authority (Stockholm), Government of Sweden
for grant of fellowship and the SIDA-fellowship secretaries, particularly
Mr Per Lindberg, for their help and co-operation during my stay (1965—67)
in Stockholm.

I am equally grateful to Professor P. N. Mehra under whose guidance
observations on some Indian conifers were started and carried out during
1954—1961 and to Dr R. V. Sitholey under whose suggestions and en-
couragement they were completed during 1962—1965. To Dr T. N. Khoshoo
I am thankful for helpful comments and criticism and Mr R. S. Pathania
for taking some photomicrographs.



88

I am also grateful to Professor K. N. Kaul, former Director and Dr L. B.
Singh, Director, National Botanic Gardens (Council of Scientific and Indus-
trial Research), Lucknow, India and Government of India for permission
and grant of study leave to work in Sweden and to Dr Bahadur Singh for
helping me to complete some necessary formalities required for grant of
SIDA-fellowship.

I am indebted to Professor G. S. Allen, Late Professor P. Maheshwari,
Professor A. Spurr, Professor Y. Sugihara, Professor R. Sarvas, DrS. P. Bhat-
nagar, Mr and Mrs Mohinder Pal, Mr M. A. Khan and library personnel of
Royal College of Forestry, Stockholm, for making available to me reprints
of several important papers.

I also wish to acknowledge the help and encouragement given to me during
the execution of this work by my personal friends in Sweden and India.



89

References

ALLEN, G. S., 1942, Parthenocarpy, parthenogenesis and self-sterility of Douglas fir.—
Jour. For., 40: 642644,

— 1943. The embryogeny of Pseudofsuga taxifolia (Lamb.) Britt.—Am. Jour. Bot., 30:
655—661.

— 1946. Embryogeny and development of the apical meristems of Pseudotsuga. 1. Fertiliza-
tion and early embryogeny.—Ibid., 33: 666—676.

— 1963. Origin and development of the ovule in Douglas fir.—For. Sci., 9: 386—393.

ANDERssoN, E., 1947, Pollen and seed setting studies of an asyndetic spruce and some
normal spruces; and a progeny test of spruces.—Sv. Papperstid.,, No. 4-—7, 1947.
Medd. Foren. Vaxtf. Skogstrad, 45: 1—22.

— 1963. Seed stands and seed orchards in the breeding of conifers.—FAO, Proc. World
Cons. For Gen. Tree Impr., IT: 8/1: 1—17.

— 1956. Cone and seed studies in Norway spruce (Picea abies (L.) Karst.).—Stud. For.
Suec., 23: 1—214. Append. Tables I—XLI.

AvusTiN, L., 1927. A new enterprise in forest tree breeding.—Jour. For., 25: 928—953.

— 1937. The Institute of Forest Genetics.—Am. Forests, Sept. 1937: pp. 6.

Barpwin, H. 1., 1942, Forest Tree Seed.—Chronica Botanica Co, Waltham, Mass., USA.

BARNER, H. and CHRISTIANSEN, H., 1960. The formation of pollen, the pollination mecha-
nism, and the determination of the most favourable time for controlled pollinations in
Larix.—Silvae Genetica, 9: 1—11.

—- 1962. The formation of pollen, the pollination mechanism, and the determination of
the most favourable time for controlled pollination in Pseudolsuga menziesii.—Ibid.,
11: 89—102.

BarxEes, B. V., Bixguay, R. T., and SquiLLAace, A. E., 1962. Selective fertilization in
Pinus monticola Dougl, 1I. Results of additional tests.—Ibid., 11: 103—111.

BarreELs, H., 1956. Uber die Abhingigkeit der Keimlingsgrosse vom Gewicht und vom
Entwicklungszustand des Samens bei Fichte und Kiefer.—Allg. Forst u. Jagdz. 127.
Jahrg. 1956, 8/9 August Sept.: 164—167.

BaTEMAN, E, J., 1952, Self-Incompatibility systems in angiosperms.—Heredity, 6: 285—
310.

— 1954. The diversity of incompatibility systems in flowering plants.—Proc. 8th Int.
Bot. Congr. (Paris),: 137—145.

BixcuAM, R. T. and SQUILLACE, A. E., 1955. Self-compatibility and effects of self-fertility
in western white pine.—For. Sci. 1: 121-—129.

Brack, T. M., 1960. Abnormal seedlings of Pinus conforta Loudon.—Scot. For. Jour. Roy.
Scot. For. Soc., 14: 81—86.

BovLEg, P. and DovLg, J., 1954. Development of Podocarpus nivalis in relation to other
podocarps. II. Embryogeny in Eupodocarpus.—Sci. Proc. Roy. Dubl. Soc., 26: 289—
312.

Browx, R., 1844, On the plurality and development of the embryos in the seeds of Coni-
ferae.—Ann, Mag. Nat. Hist., 13: 368—374.

Bryax, G. S. and Evaxs, R. I, 1956. Chromatin behaviour in the development and
maturation of the egg nucleus of Zamia umbrosa.—Am. Jour. Bot., 43: 640—646.
Bucuuovrz, J. T., 1918, Suspensor and early embryo of Pinus.—Bot, Gaz., 66: 185—228.

— 1920 a. Polyembryony among Abietineae.—Ibid., 69: 153—167.

— 1920 b. Embryo development and polyembryony in relation to the phylogeny of
conifers.—Am. Jour. Bot., 7: 125—145,.

-— 1922, Developmental selection in vascular plants.—Bot. Gaz., 73: 249—286.

— 1926. Origin of cleavage polyembryony in conifers.—Ibid., 81: 55—71.

— 1929. The embryogeny of the conifers.—Proc. Int. Congr. Plant Sci. I, Ithaca New
York, 1926: 359—392.

— 1931. The pine embryo and the embryos of the related genera.—Trans. Illinois State
Acad. Sci., 23: 117—125.

— 1938, Dissection, staining and mounting of the embryos of the conifers.—Stain Techn.,
13: 53—64.




90

— 1942, 56-—167.

— 1944. The cause of sterility in cross-pollinations between certain species of pines.—
Am. Jour. Bot., 31. Suppl.: 2 S.

— 1946. Volumetric studies of seeds, endosperms, and embryos in Pinus ponderosa
during embryonic differentiation.—Bot. Gaz., 108: 232—244.

— 1950, Embryology of gymnosperms.—Proc. 7th Int. Bot. Congr., Stockholm: 375—
376.

Bucusaorz, J. T. and KAriser, M., 1940. A statistical study of two wvariables in the
Sequoia—pollen grain size and cotyledon number.—Am. Nat., 74: 279-—283.

CHAMBERLAIN, C. J., 1935. Gymnosperms, Structure and Evolution.—Univ. Chicago
Press, Illinois, USA.

CHowpHURY, C. R., 1961. The morphology and embryology of Cedrus deodara (Roxb.)
Loud.—Phytomorphology, 11: 283—304.

— 1962. The embryogeny of conifers: a review.—Ibid., 12: 313—338.

Crarg, T. S. and JorxsTtoNE, G. R., 1931, Polyembryony and germination of polyem-
bryonic coniferous seeds.—Am. Jour. Bot., 18: 674—683.

COULTER, J. M. and CHAMBERLAIN, C. J., 1917. Morphology of Gymnosperms.—Univ.
Chicago Press, Illinois, USA.

DanLGrEN, K. V. Naturens liv. Stockholm.

Darrivorg, W. and Jacksoxn, A. B., 1961. A Handbook of Coniferae.—Edward Arnold
and Co, London.

DENGLER, A., 1932. Kiinstliche Bestdubungsversuche an Kiefern.—Z. Forst.—u. Jagdwes.,
64: 513—555

DieckerT, H., 1964 a. Einige Untersuchungen zur Selbststerilitdt und Inzucht bei Fichte
und Léarche.—Silvae Genetica, 13: 77—-86.

— 1964 b. Untersuchungen zur Bestdubung und Befruchtung von Fichtenzapfen.—Allg.
Forst- u. Jagdz., 135: 171—175.

Doara, P. D., 1956. Embryology of Abies pindrow (Royle) Spach. (The Himalayan Silver
Fir). Thesis, M. Sc. Hons. School (Botany), Punjab University, Chandigarh, I: 1—48.

— 1961. Embryogeny of some conifers.—Ph. D. thesis, Punjab University, Chandigarh:
1—364.

— 1964. Pollination mechanisms in gymnosperms.—Advan. Palynology (Editor P. K. K.
Nair) publ. National Botanic Gardens, Lucknow, 1964: 142—175.

— 1966 a. Observations on Abies pindrow with a discussion on the question of occurrence
of apomixis in gymnosperms.—Silvae Genetica, 15: 11-—20.
— 1966 b. Embryogeny of the Taxodiaceae.—Phytomorphology, 16: 125—141.

DOYLE J., 1916. Note on the structure of the ovule of Larix leptolepis.—Ann. Bot., 30:
193~19o

— 1918. Observations on the morphology of Larix leplolepis.—Sci. Proc. Roy., Dubl
Soc., 15: 310-—330.

— 1945 a. Naming of the redwoods.—Nature, London, 155: 254—257.

— 1945 b. Developmental lines in pollination mechanisms in the coniferales.—Seci. Proc.
Roy., Dubl. Soc., 24: 43—62.

— 1954, Development in Podocarpus nivalis in relation to other podocarps. III. General
conclusions.—Ibid., 26: 347—377.

— 1957. Aspects and problems of conifer embryology.-——Advan. Sci., 14: 54: 120—130.

— 1963. Proembryogeny in Pinus in relation to that in other conifers.—A survey.—Proc.
Roy. Irish Acad., 62, Sect. B: 181—216.

DovLg, J. and O’LEary, M., 1935 a. Pollination in Saregothaea.—Sci. Proc. Roy., Dubl.
Soc., 21: 175—179.

— 1935 b. Pollination in Pinus.—Ibid., 21: 181—190.

— 1935 c¢. Pollination in Tsuga, Cedrus, Pseudotsuga, and Larix.—Ibid., 21: 191---204.

DoyLrg, J. and LooBy, W. J., 1939. Embryogeny in Saregothaea and its relation to other.
podocarps.—Ibid., 22: 127—147.

Dovre, J. and Kang, A:, 1943. Pollination in Tsuga pattoniana and in species of Abies
and Picea.—1Ibid., 23: 5770,

DurrieLp, J. W., 1950. Techniques and possibilities for Douglas fir breeding.—Jour.
For., 48: 1: 41 —45.

— 1952, Relationships and species hybridization in the genus Pinus.—Z. Forstgenetik,
1:4: 93—97.




91

DurrieLp, J. W. and StockweiLL, P., 1949. Pine Dreeding in the United States.—Trees:
U.S. Dept. Agric. Yearb, 1949: 148—153.

EnrensERG, C. EXKELUNDH, 1963, Genetic variation in progeny tests of Scots pine (Pinus
silvestris L.).—Stud. For. Suec., 10: 1—135. ’

EHRENBERG, C., GUusTAFssoN, A., PLym ForsreLL, C. and Sivak, M., 1955, Seed quality
and the principles of forest genetics.—Hereditas, 41: 291—366.

EnreNBERG, C. EXLUNDH and Smvaxk, M., 1957. Flowering and pollination in Scots pine.
Medd. Stat. Skogsforskn.-inst., 46: 12: 1—27.

Ercue, V., 1955. Spontaneous chlorophyll mutations in Scots pine (Pinus silvestris 1..).—
Ibid., 45: 13: 1—69.

Evrarp, R., 1957. L’analyse de la qualité des semences par la méthode aux rayons X.—
Extrait Ann. Gembloux (2¢ Trimestre 1957): 81—93.

FergusoxN, M. C., 1901, The development of the egg and fertilization in Pinus strobus.—
Ann. Bot., 15: 435479,

—- 1904. Contributions to the knowledge of the life history of Pinus with special reference
to sporogenesis, the development of the gametophytes and fertilization.—Proc. Wash.
Acad. Sci., 6: 1—202,

FowLer, D. P., 1959. Rapid germination of white pine seed.—For. Chron., 3: 203—211.

— 1962, Initial studies indicate P. resinosa little affected by selfing.—Proc. 9th Northeast.
For. Tree Impr. Conf.: 3—8.

— 1964 a. Pre-germination selection against a deleterious mutant in red pine.—For.
Sci., 10: 335—336.

— 1964 b. Effect of inbreeding in red pine, Pinus resinosa Ait.—Silvae Genetica, 13: 170
—177.

— 1965 a. Effect of inbreeding in red pine, Pinus resinosa Ait, II. Pollination studies.—
Ibid., 14: 12—23.

— 1965 b. Natural and self-fertilization in three Jack pines and its implications in seed
orchard management.—For. Sci., 11: 55--58,

— 1965 c. Effects of inbreeding in red pine, Pinus resinosa Ait. III. Factors affecting
Natural Selfing.—Silvae Genetica, 14: 37—46.

— 1965 d. Effects of inbreeding in red pine, Pinus resinosa Ait. IV. Comparison with
other Northeastern Pinus species.—Ibid., 14: 76—81.

FronLicH, F., 1954. Neue Wege der Forstsamenpriifung. — ,,Der Forst- und Holzwirt” 9.
No. 19, 1. Oktober 1954: 399—401

GravaTT, A. R., Lataay, D. H., Jackson, L, W. R., You~xg, G. Y. and Davis, W. C.,
1940. Multiple seedlings of pines and Douglas fir.—Jour. For., 38: 818.

GusTATssoN, A., 1949. Conifer seed plantations: their structure and genetical principles.
—Proc. IIT World For. Congr., Helsingfors: 117—119.

GusTaFssoN, A., 1962. Polyploidy and mutagenesis in forest-tree breeding.—Proc.
5th World For. Congr., 1960, Seattle: 793—805.

Gustarsson, A, and Sivak, M., 1958 a. X-ray diagnostics and seed quality in forestry.
~—Int. union For. Res. Org. 12th Congr. Oxford 1956. Sect. 22 I.U.F.R.O. 56/22/102.
Mimeogr. by Stat. Skogsforskn.-inst., Stockholm 1958: 1—12.

— 1958 b. Effect of X- and vy-rays on conifer seed.—Medd. Stat. Skogsforskn.-inst.,
Stockholm, 48: 5: 1—20.

GustarssoN, A. and MErGeN, F., 1964, Some principles of tree cytology and genctics.
(Chapt. I of the Rept. of the FAO/IUFRO Meeting on Forest Genetics.)—Unasylva,
18: 2—3, No. 73—74: 1—14. .

HaceMm, O., 1914, Furuens frosaetning under ugunstige livsvilkor. — Kristiania.

= 1917. Furuens og granens fresaetning i Norge. — Bergen.

Haeman, M. and MikxorLa, L., 1963. Observations on cross-, self-, and interspecific
pollinations in Pinus peuce Griseb.—Silvae Genetica, 12: 73—79.

HaaNER, S. and Simax, M., 1958, Stratifieringsforsok med fré av Pinus cembra. — Norrl.
Skogsv.-forb. Tidskr., 2: 227—275.

Hair, J. B. and BEUzZENBERG, E. J., 1958. Chromosomal evolution in the Podocarpaceae.
—Nature, 181: 1584—1586.

Hansewn, J. H. and MueLDER, D. W., 1963. Testing of red wood seed for silvicultural
research by X-ray photography.—TFor. Sci., 9: 470—475.

Heikixueimo, 0., 1915. Die Waldgrenzwilder Finnlands und ihre kiinftige Nutzung.—
Acta For. Fenn., 4: 1—20.



92

— 1921. Die Waldgrenzwélder Finnlands und ihre kiinftige Nutzung.—(Comm. Inst.
For. Finl., 4: 1—20). :
HorLmeRrEN, A., 1912, Studier 6fver nordligaste skandinaviens bjorkskogar.—Stockholm.

Hurcuinson, A. H., 1915. Fertilization in Abies balsammea.—Bot. Gaz., 60: 457—472.

Hyunw, S. K. and Yiym, K. B,, 1963 a. On the fertilization in the crossings of Pinus rigida
with P. taeda, P. radiata and P. elliottii.—Proc. World Cons. For. Gen. Tree Impr.
FAO/Forgen 63, 2 b/3: 1—10.

— 1963 b. On the fertilization in the interspecies crossings of Pinus rigida x P. taeda,
P. rigida x P.radiata, P. rigida x P. elliottii.—Seoul Univ. Jour. (B) 12: Aug.: 9—19.

Hvyun, S. K. and Leg, B. S., 1964. A study of fertilization in the crosses of P. rigida
with P. {aeda and P. radiata.—Res. Rept. Office Rural Develop., 7: 2 (Suwon, Korea):
53—61.

HAiranssoN, A., 1956. Seed development of Picea abies and Pinus silvestris.—Mecdd.
Stat. Skogsforskn.-inst., 46: 2: 1—23.

— 1959. Seed development of pine grafts.—Botan. Notiser, 112: 65—72.

——- 1960, Seed development in Lariz.—Ibid., 113: 29—40.

Irries, Z. M., 1952, Auslese von Mehrlingskeimlingen in Einzelbaumnachkommenschaften
von Picea abies.—Z. Forstgenetik, 2: 1: 21.

-— 1953. Keimlingsabnormititen bei Picea abies (L.) Karst.—Ibid., 2: 2: 28--32.

-— 1959. Weitere Mehrlingsuntersuchungen bei Picea abies (L.) Karst.—Silvae Genetica,
8:111—113.

— 1964. Auftreten haploider keimlinge bei Picea abies.—Naturwissenschaften, 18: S,442.

JENsoN, H., 1945. Inavelsrisken vid skogsfroplantager. — Sv. Skogsv.féren. Tidskr.
(Stockholm), 43: 178—180.

Joraxson, D. A, 1950. Plant Embryology.—Chronica Botanica Co, Waltham, Mass.,
USA.

Jonunson, L. P. V., 1945. Reduced vigour, chlorophyll deficiency and other effects of
self-fertilization in Pinus,—Can. Jour. Res., 23 C: 5: 145—149.

JorxstonE, G. R., 1940. Further studies on polyembryony and germination of polyem-
bryonic pine seeds.—Am, Jour. Bot., 27: 808—811.

Kaura, S, K., 1963. Studies on a suitable contrast agent for the X-ray radiography of
Norway spruce seed (Picea abies)—Proc. Int. Seed Testing Ass., 28: 197-—201.

— 1964 a. The use of X-rays in seed testing.—Ibid., 2%: 71—79.

-— 1964 b. Determination of seed quality by X-rays.—Advan. Frontiers Plant Sci., 9:
119—129. New Delhi. '

Kamra, S. K. and Smak, M., 1965. Physiological and genetical effects on seed of soft
X-rays used for radiography.—Botan. Notiser, 118: 254—264.

Kaxezawa, R., 1949. Polyploids appeared in twin seedlings of forest trees. (Japanese
with English summary.)-—Jour. Jap. For. Soc., 31: 22—24,

Knosnoo, T. N., 1959. Polyploidy in gymnosperms.-——Evolution, 13: 24—39.

— 1961, Chromosome numbers in gymnosperms.—Silvae Genetica, 10: 1—9.

— 1962. Cytogenetical evolution in the gymnosperms: Karyotype.—(Edit. P. Mahesh-
wari, G. M. Johri and I, K. Vasil) publ. Proc. Summer School Botany, Darjeeling,
Govt. India, New Dehli: 119—135.

-— 1963. Cytogenetical evolution in the gymnosperms.—Mem. Indian Bot. Soc., 4: 136—
141,

KrmarpaL, N. J., 1907. Development of the walls in the proembryo of Pinus laricio.—
Bot. Gaz., 44: 102—107.

Kraran, F. U., 1953. Uber die Methodik der Anlage von Samenplantagen. — Allg.
Forstz., 8:291—294.

Kragnn, F. U. and WHEELER, W. P., 1961. X-ray study of artificial crosses in Picea abies
(L.) Karst. and Picea glauca (Moench) Voss.—Silvae Genetica, 10: 71—77.

KoLESNIKOFF, A. 1., 1929, Uber die Notwendigkeit die Probleme der forstlichen Genetik
und Veredlung durch Forstversuchsanstalten zur studieren, und iiber einige Resultate
der in der Ukraine zur Erforschung dieser Probleme angestellten Versuche.—ILU.F.R.O.
Congr., Stockholm, 1929: 427—430.

Koxar, R. N., 1958 a. A qualitative survey of the free amino acids and sugars in the
developing female gametophyte and embryo of Pinus roxburghii Sar.—Phytomorpho-
logy, 8: 168—173.

— 1958 b. A quantitative survey of some nitrogenous substances and fats in the devel-
oping embryos and gametophytes of Pinus roxburghii Sar.—1Ibid., 8: 174—176.




93

-— 1960. The morphology and embryology of Pinus roxburghii Sar. with a comparison
with Pinus wallichiana Jack.—Ibid., 10: 305--319.

-— 1962. Some observations on the life history of Pinus gerardiana Wall.—Ibid., 12: 196
—201.

Konagr, R. N. and RasmcuaNDaNI, S., 1958. The morphology and embryology of Pinus
wallichiana Jack, —Ibid., 8: 328—346.

Kraus, J. F. and SquiLrack, A. E., 1964, Selfing vs. outcrossing under artificial condi-
tions in Pinus elliottii Engelm.—Silvae Genetica, 13: 72—76.

KrIEBEL, H. B., 1966. Technigue and interpretation in tree seed radiography.—Joint
Proc. Second Gen. Workshop Soc. Am. Foresters and the Seventh Lake States IFor.
Tree Impr. Conf. 1965, U.S. Forest Serv. Res. Paper No. 6, 1966: 70-—75.

Kusarna, V., 1927. Untersuchungen iber den Bau und die Keimfahigkeit von Kiefern
und Fichtensamen in Finnland.—Comm. Inst. For. Finl., 12: 1—106.

— 1928. Beschatffenheit des Nordfinnischen Nadelholzsamens und seine Anwendbarkeit
zur Waldverjiingung.—Tapio 6, 7: 197—210.

Lanp, W. J. G., 1902. A morphological study of Thuja.—Bot. Gaz., 34: 249-—259.

L.axGLET, 0., 1940. Om utvecklingen av granar ur fro efter sjdlvbefruktning och efter
fri vind-pollinering. -— Medd. Stat. Skogstors.-anst., 32: 1: 1—22.

LaNeNER, W., 1951. Kreuzungsversuche mit Larix europaea D.C. und Larix leptolepis
Gord. — Z. Forstgenetik, 1: 1: 2—17.

-— 1953. Die Klonanordnung in Samenplantagen. — Ibid., 2: 119—121.

— 1957. Selbstfertilitat bei Picea omorica. — Silvae Genetica, 6: 152—153.

— 1959. Selbstfertilitdt und Inzucht bei Picea omorica (Panéi¢) Purkyne.—Ibid., 8: 84—
93.

LaNGNER, W. and STERN, K., 1955. Versuchstechnische Probleme bei der Anlage von
Klonplantagen. — Z. Forstgenetil, 4: 3;: 81—88.

Lewis, D., 1949. Incompatibility in flowering plants.—Biol. Rev., 24: 472—496.

-— 1954, Comparative incompatibility in angiosperms and fungi..—Advan. Gen., 6: 235-—
2835,

Loosy, W. J. and DovrE, J., 1937. Fertilization and proembryo formation in Sequoia.—
Sci. Proc. Roy. Dubl. Soc., 21: 457—476.

— 1940. New observations on the life history of Callitris.—Ibid., 22: 241—255.

— 1944, Fertilization and early embryogeny in Podocarpus andinus.—Ibid., 23: 257--
270.

MAHESHWARI, P., 1950. An Introduction to Embryology of Angiosperms.——McGraw Hill,
New York.

— 1963. Recent Advances in the Embryology of Angiosperms.—-Int. Soc. Plant Morpho-
logists, Univ. Dehli, 1963.

MaagiNg, E., 1956. Expérences de génétique sur les pins Mediterranéens.-—ILU.F.R.O. Congr.
1956, Oxford, Sect. 22: 442—447,

McWirriam, J. R., 1958. The role of the micropyle in the pollination of Pinus.—Bot. Gaz.,
120: 109—117.

— 1959. Interspecific incompatibility in Pinus.—Am. Jour. Bot., 46: 425—433.

—- 1960. Pollen germination of Pinus as affected by environment.—For. Sci., 6: 27—39.

MEeHRA, P. N, 1950. Occurrence of hermaphrodite flowers and the development of female
gametophyte in Ephedra intermedia Shrenk et Mey.—Ann. Bot., 14: 165—180.

-— 1962. Cytology and breeding of conifers.—Proc. 5th World For. Congr., 1960, Seattle,
I1: 1—12.

MEHRA, P. N. and Knosnoo, T. N,, 1956 a. Cytology of conifers. I.—Jour. Gen., 54: 165
—180.

— 1956 b. Cytology of conifers. II.—Ibid., 54: 181—185.

MEgHRA, P. N. and Docra, P. D., 1965. Normal and abnormal pollen grains in Ables
pindrow (Royle) Spach.—Palynological Bull. Palyn. Soc., Lucknow. India, 1: 16—23.

— Ms. a. Cytology of fertilization and first division of the proembryo in Pinaceae.—
Unpublished.

—— Ms. b. Embryogeny of conifers, Pinaceae I. Proembryo.—Unpublished.

— Ms. ¢. Embryogeny of conifers, Pinaceae II. Late embryogeny of Pinus, Cedrus and
Picea.—Unpublished.

—-~ Ms. d. Embryogeny in Abies pindrow (Royle) Spach.—Unpublished.

MEeRGEN, F., 1954, Self-fertilization in slash-pine reduces height growth.—U.S. For.
Serv., Southeast. For. Exp. Sta. Res. Note 67: 2 pp.




94

MEeRGEN, F., BUurLEY, J. and Fur~xivar, G. M., 1965. Embryo and seedling development
in Picea glauca (Moench) Voss after self-, cross-, and wind-pollination.—Silvae Gene-
tica, 14: 188—194.

MEevYER, H., 1951. Aufgaben und Wege der Douglasieinziichtung.—Allg. Forstz., 27/28:
281—283.

MtLLER-OLsEN, C. and Smmax, M., 1954, X-ray photography employed in germination
analysis of Scots pine (Pinus silvesiris L.).—Medd. Stat. Skogsforskn.-inst., 44:6:1—19.

MULLER-OLSEN., SiMak, M. and GuUsSTAFssoN, A., 1956. Germination analyses by the
X-ray method: Picea abies (L.) Karst.—Ibid., 46: 1: 1—12.

MUtNTZING, A., 1930. Outlines to a genetic monograph of the genus Galeopsis.—Hereditas,
13: 185—341.

NEkraAsov, V. I. and SMmirNova, N, G., 1961. Use of the X-ray method for studying the
development of the seeds of introduced trees.—(Rus) Moscow Glav. Bot. Sad. B, 43:
47—52, Bibliogr. Agri., 26: 8: No. 61930, 1962.

NEeLsonN, M. L., 1941, Polyembryony in seeds of southern pines.—Jour. For., 39: 959—
960.

NISHIMURA, S., 1960. Chromosome numbers of polyembryony seedlings of Pinus thunbergii
ParvL.—Jour. Jap. For. Soc., 42: 7: 263—264.

OrpEeRTZ, C., 1921. Om orsaker till eftergroning hos norrlandstallens fro.—Sv. Skogsv.-
foren. Tidskr. 19: 157—172.

Orr-EwiNG, A. L., 1954, Inbreeding experiments with the Douglas fir—For Chron.,
30: 1: 7—186.

— 1957 a. Possible occurrence of viable unfertilized seeds in Douglas fir—For. Sci.,
3: 243—248.

— 1957 b. A cytological study of the effects of self-pollination on Pseudotsuga menziesii
(Mirb.) Franco.—Silvae Genetica, 6: 179—185.

— 1957 c. Further inbreeding studies with Douglas fir.—For. Chron., 33: 4: 318—332.

— 1965. Inbreeding and single crossing in Douglas fir.—For. Sci., 11: 279—290.

— 1966. Inter- and intraspecific crossing in Douglas fir Pseudotsuga menziesii (Mirb.)
Franco.—Silvae Genetica, 15: 121—126.

Perry, T. O., 1960. The inheritance of crooked stem form in loblolly pine (Pinus taeda
L.).—Jour. For., 58: 943-—947.

PeTERS, W. J. and Gopparp, R. E., 1961, Inheritance of vigor in slash pine.—Proc. 6th
South. Conf, For. Tree Impr., 1961, Gainesville, Fla.: 80—84.

PiaTNiTskY, S. S., 1934, Experiments on self-pollination of Larix, Acer and Quercus.—
(In Russian, U.S. For. Serv. Transl. 290: 22 pp.)

Prvym ForsHELL, C., 1953. Kottens och fréets utbildning efter sjialv- och korsbhefruktning
hos tall (Pinus silvesiris L.). (The development of cones and seeds in the case of self-
and cross-pollination in (Pinus silvesiris L.) — Medd. Stat. Skogsforskn.-inst., 43: 10:
1—42.

Ricuens, R. H., 1945. Forest tree breeding and genetics.—Imp. Agr. Bur., Joint Publ.,
8: 1—79, England.

RigHTER, . I, 1958. Summary of the forest tree improvement work in California.—
Proc. 5th Northeast. For. tree impr. Conf. 1958, Orono, Me.: 22—24,

RIGHTER, I*. I, and DUFrIELD, J. W., 1951. Interspecies hybrids in pines.—Jour. Heredity,
42: 75—80.

ROHMEDER, E., 1957. Die Rontgenfotographie im Dienst der forstlichen Saatgutbeurteilung.
— Allg. Forstz., 12: 8—9: 103—110.

Sarvas, R., 1962. Investigations on the flowering and sced crop of Pinus silvesiris.—
Comm. Inst. For. Fenn., 53: 4: 1-——198.

Sarvas, R., 1963. Problems of flowering and seed production.——FAO Proc. World Cons.
For. Gen. Tree Impr. IT §/2: 1—9.

Sax, K., 1960. Meiosis in interspecific pine-hybrids.—For. Sci., 6: 135—138.

Sax, K. and Sax, H. J., 1933. Chromosome number and morphology in the conifers.-—
Jour. Arnold Arbor., 14: 356-—375.

Saxrton, W. T., 1909. Parthenogenesis in Pinus pinaster.—Bot. Gaz., 47: 406-——409.

ScHNARF, K., 1933. Embryologie der Gymnospermen. — Handb. Pflanzenanatomie, Abt.
II, Teil 2, X/2, Gebriider Borntraeger, Berlin.

— 1937. Anatomie der Gymnospermen-Samen. — Ibid., Abt. II. Band X/1, Gebriider
Borntraeger, Berlin.

Scuorr, J. M., 1943, The embryology of Lariz.—Illinois Biol. Monogr., 19: 4: 1—97.




95

Serui, M. L., 1929. Contributions to our knowledge of the life history of Pinus longifolia.
—Jour. Indian Bot. Soc., 7: 3, 4: 105—151.

Suaw, G. R,, 1914. The genus Pinus.—Arnold Arbor., Pub. 5: 96 pp. Cambridge.

Simak, M., 1953 a. Uber die Samenmorphologie der gemeinen Kiefer (Pinus silvesiris L.).
(On the seed morphology of the Scots pine (Pinus silvestris L.).) — Medd. Stat. Skogs-
forskn.-inst., 43: 2: 1-—32.

— 1953 b, Beziehungen zwischen Samengrosse und Samenanzahl in verschieden grossen
Zapfen eines Baumes (Pinus silvestris L.). (Relations between seed size and seed num-
ber in differently large cones of individual trees (Pinus silvestris L.).)—Ibid., 43: 8:
1—15.

— 1957. The X-ray contrast method for seed testing (Scots pinc—Pinus silvestris).—Ibid.,
47: 4: 1—22.

— 1960. Influence of cone size on the seed produced (Pinus silvestris L.).—Ibid., 49: 4:
1—16.

— 1966. Mognadsprocessen hos tallfré (Pinus silvesiris L.). — Sveriges Skogsv.forb.
Tidskr., 4: 411—426. Dept. For. Gen., Roy. Coll. For., Res. Notes No. 2, 1966.

Stmak, M. and Gustarssox, A. 1953 a. Rontgenfotografering av skogstridsfrs. — Skogen
5:1—4.

—— 1953 b. X-ray photography and sensitivity in forest tree species.—Hereditas, 39: 458
—468.

— 1954, Frobeskaffenheten hos modertrid och ympar av tall. (Secd properties in mother
trees and grafts of Scots pine.) — Medd. Stat. Skogsforskn.-inst., 42: 2: 1-—73.

— 1957. Experimentell forbéttring av det norrldndska tallfroets grobarhet. (English
summary—Experimental improvement of germination in North Swedish pine seed.)
— Arskr. Norske Skogsplanteskoler 1957, Oslo: 36—45.

— 1959, Rontgenanalys och det norrlindska fallfréets kvalitetsforbattring. — Sv. Skogsv.
féren. Tidskr., b7: 475—486.

SiMaK, M., Gusrtarsson, A. and GransTtrROM, G., 1957. Die Rontgendiagnose in der

Samenkontrolle. — Proc. Int. Seed Testing Ass., 22: 1: 1—12.

SiMAK, M., Ousa, K. and Suszka, B., 1961. Effect of X-irradiation on seeds of different
weight from individual trees of Scots pine (Pinus silvesfris L.).—Botan Notiser, 114:
300—312.

Simak, M. and Kamra, S. K., 1963. Comparative studies on Scots pine seed germinability
with tetrazolium and X-ray contrast methods.—Proc. Int. Seed Testing Ass., 28: 1:
3—18.

SyitH, E. C. and NicsoLs, C., 1941, Species hybrids in forest trees.
22: 443—454.

SarrtH, G. M., 1955, Cryptogamic Botany. Vol. IT-——McGraw Hill, New York.

SquirLacge, A. E., 1957. Variations in cone properties, seed yield and seed weight in
western white pine when pollination is controlled.—School For., Montana State
Univ. Missoula, Montana, Bull. 5: 1—16.

SquiLLace, A, E. and BiNncuay, R. T., 1958. Selective fertilization in Pinus monticola
Dougl. Preliminary results.—Silvae Genetica, 7: 188—196.

SquirLacg, A. E. and Kraus, J. F., 1962. Effects of inbreeding on seed yield, germination,
rate of germination and seedling growth in slash pine.—Proc. For. Gen. Workshop,
Oct. 25—27, 1962, Macon, Georgia: 1—5.

-— 1963. The degree of natural selfing in slash pine as estimated from albino frequencies.
—Silvae Genetica, 12: 46—50.

StesBINS Jr., G. L., 1950. Variation and evolution in plants.—Columbia Univ. Press,
New York.

SterN, K., 1959, Der Inzuchtgrad in Nachkommenschaften von Samenplantagen. —
Silvae Genetica, 8: 37—42.

StockweLL, W. P., 1939. Preembryonic selection in the pines.—Jour. For., 37: 541—
543.

STRASBURGER, E., 1872. Die Coniferen und die Gnetaceen. — Jena.

— 1879. Die Angiospermen und dic Gymnospermen. — Jena.

SveiHaRA, Y., 1943. Embryological observations on Keteleeria davidiana Beissner var.
formosana Hayata.—Sci. Rept. Tohoku Imp. Univ. 4th Ser. Biol., 17: 215—222,

-— 1947, The embryogeny of Abies firma Siebold et Zuccarini. — In Japanese with English
summary. Bot. Mag. Tokyo, 60: 58—62.

Jour. Arnold Arbor.,




96

SwAMINATHAN, M. S. and Kaxra, S, K., 1961, X-ray analysis of the anatomy and viability
of seeds of some economic plants.—Indian Jour. Gen. Plant Breed., 21: 2: 129—135.

SyLvEN, N., 1910. Om pollineringsférsék med tall och gran. — Medd. Stat. Skogsfors.-
anst., 7: 219—228,

SyYRACH LarsEN, C., 1934, Forest tree breeding.—Roy. Vet, Agr. Coll. Yearb. 1934: 93—
113.

—— 1937. The employment of species, types and individuals in forestry.-—Ibid. 1937:
69—222.

— 1956. Genetics in Silviculture. (Transl. by M. L. Anderson.)—Oliver and Boyd, Edin-
burgh and London.

Tuoumson, R. B., 1945. “Polyembryony’”’ sexual and asexual embryo initiation.-~Trans.
Roy. Soc. Can., 39: 143—169.

Touvey, J. W., 1923. Multiple pine embryos.—Bot. Gaz., 76: 462.

Tovama, S., 1950. On the sterility in Pinus. — Miyazaki Univ. 1.

Uepa, K., YosHikaws, K. and Inavori, Y., 1961. On the fertilization of interspecies
crossing in pine.—Bull. Kyoto Univ. For., 33: 137—155.

VESTERLUND, O., 1896. Ron angdende den hognordiska granens frosittning. — Arskr.
Foren. Skogsvard i Norrland, 1894, 5: 21—28.

VIKHAMMER, P., 1919, Om granen som fremtidig skogtre norder for polarcirkeln. — Tidskr.
Skogbruk, 27: 253-—271.

Warpraw, C. W., 1954, The interpretation of embryos as reaction systems.—Proc. 8lh
Int. Bot. Congr. (Paris), Sec. 8: 257—259.

— 1955. Embryogenesis in plants.—Methuen, London.

— 1962. Plant Embryos as Reaction Systems.—Rec. Advan. Embryology of Angiosperms
(Ed. P. Maheshwari): 355—360. Publ. Int. Soc. Plant Morphologists, Delhi, India,
1963.

WETTSTEIN, W., 1940. Zur Bliitenbiologie von Pinus silvestris. Z. Forst.- u. Jagdwes.,

72: 404—409.
WieEck, E., 1928 a. Barrskogens foryngringshiologi i évre och inre Norrland. —- Skogen,
15: 249—259.

— 1928 b. Det norrldndska tallfréets grobarhet och anatomiska beskaffenhet. -— Norrl.
Skogsv.forb, Tidskr., 1: 4—35.

— 1929 a, Till fragan om sambandet mellan en orts virmeklimat och hérdigheten hos dess
tallvegetation. — Ibid., III: 231—258.

— 1929 b. Die forstliche Saatgutversorgung Schwedens und einschldgige Probleme. —-
Proc. Int. Congr. For. Exp. Sta., Stockholm: 412—426.

- 1930. Mera om systemen fér berdkning av de svenska tallproveniensernas inbordes
hérdighet. — Norrl. Skogsv.férb. Tidskr., IV: 353-—379.

WricHT, J. W., 1953, Notes on the flowering and fruiting of North-eastern trees.—U.S.
For. Serv., Northeast. For Exp. Sta. Paper, 60: 38 pp.

— 1955. Species crossability in spruce in relation to distribution and taxonomy.—Ior.
Sei., 1: 319—349.

—- 1959. Species hybridization in white pines.—Ibid., 5: 210—222.

~— 1962. Genetics of Forest Tree Improvement.—FAO For. and For. Prod. Stud. No.
16: 1-—399, Rome.

WricHT, J. W. and GaBrier, W. J., 1958. Species hybridization in the hard pines, series
Sylvestris.—Silvae Genetica, 7: 109-—115.



97

Sammanfattning

Frosterilitet och stérd embryoutveckling hos barrtriiden med speciell hiinsyn
till frokontroll och viixtforidling hos Pinaceae

En generell versikt av embryoutvecklingen hos Pinaceae har utarbetats for
anviandning inom den skogliga vixtforadlingen. Den anvinda terminologien
har i gorligaste man anpassats for samtliga barrtrid. De stérningar som upp-
trader i tidiga och sena embryostadier hos olika barrtriadsarter fran Indien
och Sverige har underkastats en jimférande analys.

Med hjalp av radiografisk metodik (rontgenfotografering) urskiljes hos de
svenska barrtriden generellt fem froklasser (0—IV). Den embryologiska detalj-
granskningen visar att en dylik radiografisk analys otvivelaktigt dr viardefull.
Radiografin 4r den enda hittills utarbetade metodik som med ett minimum av
tid och arbete och utan skador p4 materialet ger fullt tillférlitliga numeriska
data rorande fréoutvecklingen. Den bor emellertid kompletteras med mikro-
skopiska studier. Foreliggande avhandling vill visa att bAda metoderna, dvs. sa-
vil embryologiska understkningar som avancerad radiografi, med foérdel kan
kombineras och ge resultat av virde i skogstriddens frokontroll och vixtfor-
ddling.

Embryologisk analys ger viktiga upplysningar d& det giller att kartiigga
froets kvalitet och sterilitet i naturpopulationerna. Den klarldgger dessutom
bakgrunden till korsningsférmaga och korsningssterilitet vid hybridisering
inom och mellan arter. Mellan protallium och embryo sker en 6msesidig paverkan
under hela froutvecklingen. Bildningen av abnorma protailier influerar pa
embryonernas utveckling, och vice versa. Avvikelser i den tidiga embryoutveck-
lingen (proembryostadiet) leder ofta till degeneration. I senare embryostadier
dr de i betydligt mindre utstrickning letaliserande. Embryoddsdlighet leder till
att tomfrohalten stiger.

Storningar i embryoutvecklingen &r inte ovanliga hos gymnospermer. Ofta
har de en klimatisk bakgrund och varierar darfér starkt under olika klimatfor-
hallanden. En viss genetiskt betingad inverkan foéreligger likvél ockséd, bédde
hos olika biotyper inom en art och hos olika arter. Som nyss framhévts 4r
embryodddligheten siirskilt markerad vid tidiga embryostadier. Aven sena
stadier paverkas visserligen av ogynnsamma klimatbetingelser, men de karak-
teristiska embryologiska kannetecknen hos olika arter forblir i allmédnhet
ofdrdndrade.

Sjdlvbefruktning, vare sig artificiell eller spontan, leder ofta till avvikelser
i embryoutvecklingen. Detta géller dven vid forflyttning av frimmande barr-
tridsarter (vexoter») till nya miljéer. Embryologiska stérningar, som iakttas
hos naturpopulationer, liknar ofta dem som upptrider vid artificiell hybridi-
sering (inklusive artificiell sjalvbefruktning).

Embryologiska stérningar uppstar saledes bade genom tillfélliga yttre miljo-
inflytelser (»modifikationer») och skillnader i den genetiska konstitutionen hos
enskilda biotyper och arter (respektive hybrider). Det dr ofta svart att sirskilja
de tva typerna av storningar, eftersom »modifikationer» &r vanliga och ofta
maskerar genetiskt betingade stérningar i embryoutvecklingen. Den enda
fullt sikra metoden att skilja pa de tva stérningstyperna dr att odla genetiskt
enhetligt material av enskilda biotyper (t. ex. klonmaterial) i kontrollerad milj6.



ERRATA

Dogra. P. D., 1967. Seed Sterility and Disturbances in Embryogeny in
Conifers with particular Reference to Seed Testing and Tree Breeding in
Pinaceae.—Studia Forestalia Suecica, No. 45: 1—97.

Page 6, par. 1, line 4: for Menra (1960) read MegRrA (1962)

Pages 8, 14, 16, 61, 78, 92: for Jonanson (1950) read Jonansen (1950)

Page 12, par. 5, line 4: for sereis read series

Page 13, par. 1, line 5: for 1920 read 1920 a.

Page 15, par. 2, line 14: for 1947 b read 1957b

Page 16, par. 2, line 8: for 1963 read 1962

Page 18, par. 6, line 2, seventh word: for pE read pU

Page 43, figures on right: Upper, 85; lower, 87.

Page 49, par. 3, line 4: for (Fig. 95) read (e. g¢., Class II, Fig. 95)

Page 49, par. 4, line 12: page 53, line 1: for persistant read persistent.

Page 58, par. 3, line 4, seventh word: for 0, read 0,,.

Page 59, par. 4, lines 1, 2: for GusrarssoN and SiMax read SiMak and
(GUSTAFSSON

Page 62, par. 1, line 19: for 1904 read 1940

Page 65, par. 2, line 4: for 1958 read 1956

Page 69, par. 1, line 7: for Biucram read BingHAM

Page 69, par. 1, line 8& for Krauss and SquiLrace 1963 read Kraus and
SquiLLACE 1964

Page 69, par. 1, line 14: for JonaNsox read JOHNSON

Page 71, par. 2, line 21: for 1957 read 1957b

Page 79, par. 4, line 2: for 1945 read 1945b

Page 81, par. 6, line 4: for 1909 read 1902

Page 83, par. 2, line 18: for Michroachrys read Microcachrys

Page 84, par. 1, line 18: for 1958 read 1958 a

Page 89, line 13: for 1956 read 1965.

Page 91, line 3: for Exzrunpa read EKLUNDH

Page 92, line 23: for JEnson read JENSEN

Page 92, line 43: for G. M. Johri read B. M. Johri

Page 92, line 47: for KinLpanL read KiLpAaHL

Page 96, line 24: 1962 read 1963.
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