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Two diverse genotypes of tall fescue, Festuca arundinacea

Schreb (6X=42), with normal fertility, produced upon intercrossing,

vigorous F
1

hybrid plants that were sterile. One parent genotype (P1)

was from P. I. 234-906, introduced from Switzerland and the other

(P9) was an introduction from Turkey, P. I. 174-209. P
1

and P9

differ in anthesis date by 30 days.

Both parents and F
1

genotypes were observed to have normal

meiotic behavior, but the F
1

plants did not shed pollen because of

failure in microspore mitosis.

The meiotic process was similar in the parental and hybrid

genotypes. The average number of bivalents per microsporocyte

was 20.70, 20,44 and 20.13 for P1, P9 and the hybrid respectively.

Limited abnormal chromosome behavior was observed in both paren-

tal and hybrid genotypes. They were expressed as univalents, pseudo-

bivalents, occasional multivalents and fragments at diakinesis. Chro-

mosome stickiness was observed at metaphase-I in all genotypes.



The frequency of univalents per microsporocyte was 0.16, 0.27 and

0.59; while the frequency of multivalents was 0.04, 0. 08 and 0.10

for P1, P9 and the hybrid respectively.

Laggards at anaphase I and II, and micronuclei at the telophase

I and quartet stage were observed. Spontaneous chromosome break-

age occurring in early prophase was believed to have resulted in the

observed fragments at diakinesis. The diakinesis fragments and

univalents were the probable origin of the anaphase laggards and

subsequent micronuclei in the quartets.

Pollen fertility in the parental genotypes was measured using

pollen germination in vitro followed by staining with propionic-

carmine. There was no significant difference between the average

of percent of pollen classified as sound by this method, and the aver-

age percentage of quartet groups with no micronuclei, which is an

indicator of pollen normality.

The hybrid genotypes exhibited normal anthesis, with well

formed anthers, however they failed to dehisce and produce normal

pollen. Free normal microsporocytes were produced following the

quartet stage in the hybrid, but they remained uninucleated and thus

degenerated to shriveled pollen. The pistil in the hybrid appeared

normal and limited evidence suggests they are fertile.

Abnormalities in chromosome behavior which lead to the loss

of genetic material as micronuclei in the microsporocyte, can explain

the percentage of abnormal pollen observed in the parental genotypes,



but not in the hybrid. Only 30% pollen sterility was expected in the

hybrid, however complete sterility was observed. Seventy percent

of the quartet groups were normal but failed to develop into normal

pollen. Factors, other than chromosome abnormalities, acting in

the microsporogenesis process are believed to be causing the sterility

found in the hybrid. A possible male-sterile hybrid due to genetic-

cytoplasmic interaction which is expressed at the mitotic division

of the microspores is postulated.
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MEIOTIC CHROMOSOME BEHAVIOR IN TWO TALL FESCUE

(Festuca arundinacea Schreb. ) GENOTYPES AND

THEIR STERILE HYBRID

INTRODUCTION

Tall fescue, Festuca arundinacea Schreb., is an allohexaploid

species with 2n = 42. It was introduced from Europe, probably in

seed mixtures brought into the United States prior to 1900. Its agro-

nomic importance as a pasture and conservation forage species was

recognized about 1940, and now over 45,000 metric tons of seed are

consumed annually.

The Oregon Agricultural Experiment Station, in 1969, estab-

lished an introduction nursery of tall fescue to provide plant material

to study the effects of genetic diversity on heterosis. Sprague (1966)

suggested that the presence of heterosis is an indication of some

degree of genetic diversity between parents.

Moutsay and Frakes (1973) selected genotypes which differed

in morphology, origin and anthesis date. The selected plants were

grouped as early, intermediate, and late with respect to anthesis

date, and single crosses were made within and between groups. Of

special interest was one single cross between an early parent (P1)

from Switzerland (P. I. 234-906) and a late parent (P9) from Turkey

(P. I. 174-209). This single cross resulted in considerable heterosis

expressed as forage yield. Apparently this difference in anthesis
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date and area of origin of the parents gave the genetic diversity neces-

sary to be expressed in increased heterosis for vegetative growth.

However, the hybrids resulting from this cross were sterile, and

when isolated would not set seed.

Many authors have reported that populations from different

geographical areas exhibit chromosomal polymorphism expressed

by the presence of translocations, inversions, deficiencies and dupli-

cations (Malik, 1970; Malik and Thomas, 1966; Evans et aL , 1973).

Hybrids from these different chromosomal races, resulted in sterility

due to a high number of univalents and multivalents at metaphase-I,

with a subsequent loss of genetic material at the quartet stage. These

irregularities lead to the production of unbalanced gametes unable to

develop and function in zygote formation.

Another explanation for sterility in hybrids, from intraspecific

crosses, is the failure of a genetic control mechanism which normally

suppresses the homeologous pairing in polyploid species. This failure

in the dipioidizing mechanism can lead to the production of abnormal

chromosomal behavior in meiosis resulting in hybrid sterility

,J-auhar, 1975).

In both of these schemes used to explain observed sterility in

progeny obtained from crossing plants of diverse origin, there was an

increase in the number of univalents and multivalents in meiosis.

The objective of this study was to determine if the sterility,

observed in hybrid plants from these two diverse tall fescue genotypes,
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1
and P9) was due to some irregular chromosome behavior in

meiosis
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LITERATURE REVIEW

Tab. fescue (Festuca arundinacea Schreb. ) was first described

by the German botanist Schreber in 1771. According to Hitchcock

(1971) it was introduced to the U.S.A. from Europe.

Borril et al. (1971, 1972, 1976), in a series of publications,

studied the geographical distribution of chromosome races in the

fescue species. According to them, F. arundinacea is well distribut-

ed through Turkey, Central and Western Europe and Northern Africa.

This uniform distribution is interrupted by winter conditions in higher

latitudes (Scandinavia) and higher altitudes (Alpine Switzerland and

Eastern Turkey) and south in the drier region of northern Italy.

F. arundinacea is infrequent or absent, where winters are very

severe. In drier climates, it is usually found in relatively moist

areas, associated with other vegetation.

Chromosome Number and Genome Ori in of Tall Fescue

The chromosome number in F. arundinacea is 6X = 42. This

hexapoloid level has been reported by many authors (Peto, 1934;

Myers and Hill, 1947; Crowder, 1953; Borril et al. 1971, 1972, 1976,

and others). However, Malik and Thomas (1966), reported the exis-

tence of a 4X, 6X, and 10X polyploid complex in F. arundinacea. The

presence of B chromosomes has been reported for F. arundinacea
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and other species within.the genus (Crowder, 1953; Borril et al., 1976).

The allopolyploid nature and the origin of F. arundinacea is a

matter of controversy (Carnahan and Hill, 1961; Crowder, 1953;

Buckner, 1960; Malik and Thomas, 1966a, b, 2967; Malik and Mary,

1970 and others). Based on meiotic analysis of intergeneric and inter-

specific crosses between Lolium perenne, L. multiflorum, Festuca

pratensis, F. arundinacea, it has been postulated that F. arundinacea

is comprised of genomes of three related diploid species of the

Lolium-Festuca complex (Jauhar, 1975). The genomic formula

AABBCC was proposed for tall fescue, where the A genome came

from the 2x=14 F. pratensis (Carnahan and Hill, 1961; Malik and

Thomas, 1967; Borril, 1972). The B genome is perhaps from Lolium

perenne (Carnahan and Hill, 1961) and genome C from an unknown 2x

festuca species.

On the other hand, Malik and Thomas (1966a, b, 1967), and Malik

and Mary (1970), based on karyomorphological and meiotic behavior

studies in hybrids from inter- and intraspecific crosses as well as

intergeneric crosses, concluded that in the origin of the hexaploid

form, three species participated: 2x F. pratensis, 4x F. glaucens,

and a third 2x unknown festuca. They suggested that 6x= 42 F.

arundinacea is actually a segmental autoallohexaploid with a genomic

formula AABBB'B'. They postulated that Lolium species and Festuca

species have a common origin, but fundamental changes through chro-

mosomal rearrangement, as well as gene mutations have occurred

in Lolium species to give rise to different taxonomic species.
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Malik and Mary (1970), discuss the possible origin of B and B'

genomes and concluded that the two donor genomes (B and B') were

closely related or B' genome underwent structural divergence, sug-

gesting the existence of a "multivalents-suppressing" system which

imposed restrictions on the intergenomic pairing or homeologous

pairing in the parents. This system would provide a short-cut by

which a polyploid can be true breeding and achieve fertility through

its diploid-like cytological behavior.

Chromosomal Abnormalities

Meiotic irregularities are frequently found in natural popula-

tions, particularly in plants with high levels of polyploidy. Carnahan

and Hill (1961), in an extensive review on cytology of grasses, re-

ported that meiotic irregularities are relatively uncommon in the

diploid grasses, especially annuals and naturally self-pollinated ones.

But, in autotetraploids, segmental allopolyploids and higher polyploid

levels, it is very common to find irregularities in meiosis such as

univalents, trivalents, chromosomes stickiness, laggard at anaphase

I and II, numerical non-disjuctions and micronuclei in the quartet

stage. Polyploids seem to better support these types of chromosomal

abnormalities, especially in long-lived perennial species with the

capability of vegetative propagation. The more aggressive vegetative

forms can survive in spite of the irregular meiosis and low fertility.
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Plants with irregularities in meiosis tend to selectively eliminate

gametes (Elliot and Love, 1948). Malik and Thomas (1966) postulated

a chromosomal polymorphism in F. arundinacea which led to chro-

mosomal irregularities in the hybrid form. They explained the suc-

cess of tall fescue because it has efficient modes of both sexual and

vegetative reproduction. They added that,

restricted mating and vegetative reproduction insures
constancy and immediate fitness, while outbreeding and

sexual reproduction promotes variability and insures flexi-
bility for adaptation to new situations.

The presence of multivalent formation with subsequent sterility

in the hybrid progenies in tall fescue has been explained in two differ-

ent ways:

a) Chromosomal repattering due to inversions, translocations,

deficiencies and duplications (Malik, 1970; Malik and Thomas,

1966; Evans et al., 1973).

b) The breakdown of a regulatory mechanism of the diploidizing

gene(s) system (Jauhar, 1975).

The increase of univalents at diakinesis and metaphase-I is

generally associated with other abnormalities such as laggards at

anaphase and micronuclei at the quartet stage, all of which result in

pollen abortion and sterility. The presence of univalents in euploid

plants has been reported in numerous cases: Hill and Carnahan (1957)

in Bromus inermis; Myers and Hill (1942-43) in Dactylis glomerata;
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Powers (1932) in wheat; Powers and Dahl (1937) in maize; Myers

(1941) in Lo lium species; Myers and Hills (1947), Evans et al.

(1973), Malik and Thomas (1966-67), and Crowder (1953) in F.

arundinacea . Crowder (1953) reported that plants with about 6%

of the microspores containing micronuclei produced 13% pollen abor-

tion. According to Burham (1962),

univalents may pass to one pole without dividing at the first
division of meiosis and divide normally at the second; but

there is a strong tendency for them to lag at the first divi-
sion. At times, they may divide at the first division and
then lag at the second. In either case, the lagging chromo-
somes usually are not included in the nuclei resulting from
meiosis, but appear as micronuclei in the quartets of the

spores. When lagging occurs, usually neither nucleus
receives the univalents.

Univalent Origin and Behavior at Meiosis

Ostergreen (1953) showed that the position of the univalents with

respect to the spindle has an important role in their further behavior

at anaphase.

Myers and Hill (1942, 1943) in Dactylis glomerata and Crowder

(1953) in tall fescue showed a significant relationship between uni-

valents at diakinesis or metaphase-I and laggard chromosomes at

anaphase-II and micronuclei at the quartet stage.

An increase of meiotic irregularities expressed as univalents

at metaphase -I, laggards at anaphases and micronuclei at the quartet

stage, as a result of inbreeding was reported in rye, orchard grass
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and tall fescue (Mantzing and Ardik, 1948; Myers, 1948; Carnahan and

Hill, 1963).

The presence of univalents with the subsequent production of

laggards and micronuclei, not always is due to repatterning in the

chromosomes which can lead to a lack of pairing. Environmental

influences on the production of this type of abnormality have

been reported. In Dactylis _glomerata, temperatures of 37°C for one

or two days before sample collections, had a significant increasing

effect on the frequency of univalents, laggards and micronuclei

(Weiss, 1951).

Pao and Li (1948) reported that temperatures of 36°C for 24

hours increase the frequency of univalents at metaphase-I, but de-

creased the frequency of quadrivalents at diakinesis in autotetraploid

Seca le cereale. They suggest that high temperatures directly affect

the spindle formation. Grun (1952) showed that clones of Poa, grown

at higher elevations had more univalents than those grown at lower

elevations. Those genotypes with higher univalent frequencies are

weaker plants than those grown at lower elevations and with fewer

univalents.

It is of interest, also, that there is some evidence of genetic

control for the occurrence of micronuclei (Carnahan and Hill, 1961,

citing Oidermeyer's work, 1952, in D. glomerata).
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Origin of Bridges and Fragments

Bridges accompanied by fragments in anaphase, are generally

accepted as an indication of heterozygous paracentric inversions,

while heterozygous pericentric inversions do not produce bridges

nor fragments but produce deficiencies and duplications, when

crossing over occurs. Both cases affect the embryo sac fertility and

pollen abortion, although embryo sac abortion can be low or absent

when pericentric inversions occur (Buckner, 1961).

Crowder (1953) found in F. arundinacea, the occurrence of

three types of bridges. The first and more common one, is the

"sticky" bridge resulting from the tendency of the chromatid arms

to remain joined at anaphase-I. They can be recognized by the

attenuation at the point of breakage. The second type of bridge called

the "segmental type, " is produced when crossing over occurs between

homologous chromatids with non-homologous distal segments. They

were rare and difficult to distinguish from the sticky type. The third

type, which occur only occasionally, was the result of crossing over

in heterozygous paracentric inversions.

Lewis and John (1966) postulated that many of the bridges and

fragments, normally attributed to heterozygous inversions, may

actually be the result of iso-locus breakage of sister chromatids.

They concluded that the occurrence of bridges and fragments does not
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constitute a satisfactory basis for inferring inversion hybridity and

those cases where this symptom alone was used in diagnosis must

be treated with reserve. The same concept, in their opinion can be

extended to these kinds of abnormalities occurring in hybrid progenies.

Pseudobivalents

Sometimes, in parental types and more frequently in inter

and intraspecific hybrids, other types of chromosomal abnormalities

appear, such as pseudobivalents, "stickiness" and secondary associa-

tions. Pseudobivalents have been defined as homologous chromosomes

lying side by side through diakinesis but with no chiasmata (Brown,

1972).

Waiters (1954) described pseudobivalents in meiosis of two

interspecific hybrids of Bromus, as having considerable similarity

to bivalents in appearance and behavior. They were generally ori-

ented on the equatorial plate at metaphase and exhibited centromere

movement towards the poles at this stage.

Ostergreen and Vigfusson (1953) observed in rye a condition

they called "quasibivalents" or two homologous chromosomes very

loosely paired in some points, but without chiasmata. They postu-

lated that they originated from "sticky" univalents and that these

configurations have an effect on the distribution of the univalents on

the spindle, favoring the normal distribution of them.
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Malik (1970) found pseudobivalents in hybrids from crosses

between different exotic populations cf tall fescue and one indigenous

bred line. He postulated that the interaction of two genomes in the

hybrid resulted in aberrant meiotic configurations. Finally, Darling-

ton and La Cour (1952) explained the occurrence of pseudobivalents

as a result of errors in crossing-over.

Chromosome "Stickiness"

"Stickiness" of the chromosomes is a phenomenon where the

chromosomes tend to be associated together by chromatic threads

forming a complex mass making it almost impossible to distinguish

them individually. This phenomenon has been observed at diakinesis,

metaphase-I and anaphase-I (Crowder, 1953; Jauhar, 1975 in Festuca;

Johnson, 1944, in Alopecurus; Klasterska, 1971 in Rosa). The

authors claimed that the use of different fixatives does not solve the

problem, thus the phenomenon is not an artifact.

Apparently the sticky condition does not affect pollen fertility.

K.lasterka and Natarajan (1974) reported that similar quality in pollen

fertility was found in "sticky" hexaploid Rosa jundzillui and in the

hexaploid non-sticky. The same authors in 1975, found that the sticky

condition was caused by hybridization between Rosa rugosa and R.

They did not discard the possibility of environmental

effects.
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The actual cause of the sticky phenomenon is not known.

Crowder (1953) explained the stickiness found in Festuca chromosomes

as resulting from a physiological change in the surface properties of

the chromosomes, MacGill etal, (1974) were able to induce sticki-

ness in the chromosomes after pretreating the cells with ethidium

bromide. They described the existence of submicroscopic strands

which connect chromosomes in sticky cells.

Klasterska etal. (1976) induced stickiness in metiotic chromo.

somes of the grasshopper gros sum with X-ray irradiation,

They suggested that aberrations such as stickiness are in reality

chromatid aberrations resulting from breaks and exchanges in chro-

mosomes during the prophase contraction in which the chromatin

fibers are held together i.n a three-dimensional organization and

cannot unfold.

darPairi of Chromosomes

Another poorly understood phenomenon is secondary pairing,

It has been found in many plants and it is characterized by the tend-

ency for normal bivalents to fccm groups cf two or more without any

chiasmata (Lawrence, 1931; Therman, 1951; Riley, 1960). Accccding

to Stebbins (1950) secondary pa:Lring could be a consequence of seg-

mental interchanges or duplications of chromosomal segments. Also,

Riley (1960) suggested that secondary pairing occurs when there is



partial homology between chromosomes.

Su ernumerary Chromosomes

Besides the normal chromosomal complement of A chromo-

somes, many families of flowering plants, as well as many animal

species, have accessory chromosomes called super-numerary or B

chromosomes. Jones (1975) published an excellent review on B

~chromosomes. According to him, the B chromosomes are highly

distributed in flowering plants and about 8, 8% of the Gramineae con-

tain B chromosomes. He recognized the following attributes:

1) B chromosomes may be present or absent within a particular

species.

2) When present, they vary in number among individuals and among

different populations.

Their inheritance is non-Mendelian. They are unstable during

somatic cell division and/or meiosis and their maintenance in

a population depends on an equilibrium between forces of

elimination and accumulation.

4) They are generally smaller than A chromosomes and devoid

of major genes.

5) B chromosomes adversely affect vigor and fertility, especially

when present in high numbers. The genetic effects are of a

polygenic nature, and they are phenotypically undetectable in
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low numbers.

6) They alter the nuclear phenotype. Changes occur in such

fundamental processes as cell cycle time, gene activity, and

A chromosome behavior at meiosis.

There are some indications that B chromosomes in polyploids

favor the pairing between homologous chromosomes (Rajhathy and

Thomas, 1972; Evans and Macefield, 1972; Bowman and Thomas,

1973).

B chromosomes can be lost at meiosis, lagging at anaphase, fail-

ing to be incorporated in the daughter nuclei, and appearing as micro-

nuclei at the quartet stage (Mendelson and Zohary, 1972; Brown and

Jones, 1976; Malik and Tripathi, 1970).

The presence of B chromosomes in Festuca has been reported

by many authors. The numbers vary from none to as high as 21 in

F. (Crowder, 1953; Bosemark, 1950, 1954, 1956, 1957;

Malik and Thomas, 1966; Malik and Tripathi, 1970; Borril et al. ,

1971).

Chromosomal Ass iation in Tall Fescue

A great variation in chromosomal association at diakinesis and

metaphase-1 has been reported for parental types of Festuca

arundinacea and hybrids resulting from crosses between different

geographical populations. Peto (1934) observed neither multivalent
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associations nor univalents in tall fescue. The same was found by

Lewis (1963) studying different populations from Northern Africa.

All the parental types formed 21 bivalents at metaphase-I. On the

contrary, Myers and Hill (1947) found in parental types an average of

17.4711 with a range of 16-20 at diakinesis; an average of 1.68 (0. 6-

2. 8) quadrivalents and occasional univalents and hexavalents in six

plants from different varieties.

The number of univalents at metaphase -I, laggards at anaphase-

I and II, and micronuclei in the quartets, were variable and no corre-

lation was found between these abnormalities and multivalent fre-

quency. However a significant correlation was found between uni-

valents at metaphase-I, laggards at anaphase-II and micronuclei in

quartets (Myers and Hill, 1940, 1942, 1943; Crowder, 1953).

In other reports, it appears that the most frequent irregularity

in parental lines is the presence of univalents at diakinesis or

metaphase-I. In some cases occasional tetralialents were reported.

Both of these affect fertility (Crowder, 1953; Malik and Thomas, 1966;

Evans et al., 1973).

Malik and Thomas (1966) crossing plants from different geo-

graphical populations, classified the progeny as fertile, partially

fertile or sterile. In each class, the increased frequency of uni-

valents and multivalents was associated with reduced fertility. In

the fertile hybrids an average frequency of 0.27 univalents with a
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range of 0.02 to 0.09 per sporocyte plus occasional tetravalents were

found. In the partially fertile hybrid 1.48 (range: 0.48 -2. 31) uni-

valents plus 0.20 III, 0.40 IV, 0.004 V, and 0.006 VI per sporocyte

were observed. In the sterile hybrids: 10.90 univalents (range:

8.49-19.89) plus 1.10 III, 0.79 IV, 0.016 V and 0.19 VI per sporo-

cyte were found.

Similar results were reported by Evans et al. (1973). Hybrids

between American and European and Israeli populations appear to be

fertile, although the frequency of univalents was 0.93 plus 0.20 III,

0.50 IV and 0.05 VI per microsporocyte. But, in crosses between

American and Northern African population, the hybrids were sterile

and the frequency of univalents increase to 5.18 and multivalents to

3.62 per microsporocyte.

Pollen Fertility Measurement

Pollen stainability, using Iodine-Potassium iodide, aceto-

carmine, lactophenol, acid fuchsin or other dyes, has been used to

estimate pollen fertility. However, pollen germination in vitro

seems to be a more direct and precise method of measuring pollen

fertility. Janssen and Hermessen (1976) made a comparison between

three different staining methods and germination in vitro in Solanum

species and related them with seed set in test crosses. They re-

ported that in vitro pollen germination was significantly correlated
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with berry and seed set and that it was the most reliable estimate

of male fertility.

Several methods have been used to determine pollen germination

in vitro in solid or liquid medium (Newcomer, 1938; Brewbaker and

Kwak, 1963; Conger, 1953; Jona, 1967; La Cour, 1943; Burham,

1970).

Visser (1955) concluded that the presence of boron and mutual

stimulation of pollen grains favored the germination of pollen in vitro.

Sugar (sucrose) concentration was inportant as an osmotic regulation

factor but not as a nutrient source. There is variability among spe-

cies for the optimum concentration of sugar needed for pollen germi-

nation in vitro. In some species, the pollen can germinate in plain

water (Carica, Cyclamen) while other species, the required sugar

concentration may be as high as 80% (Cannabis, Corylus).

Visser (1955) reported that the optimum concentration of sugar

solution for pollen germination of Dactylis and Lolium species is

30-40%.

Male Sterility

Hybrid sterility is a general phenomenon which appears fre-

quently after intergeneric, interspecific and even intraspecific

crosses. It is considered a strong reproduction barrier which pre-

vents gene exchange between species or populations. According to
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Dobzhansky (1951) and Stebbins (1950), two kinds of hybrid sterility

are recognized: genetic and chromosomal. In the genetic type of

hybrid sterility, a disharmonious interaction of parental genes would

give rise to abnormal sex organs and/or abnormal meiotic behavior

independent of chromosomal homology or lack of it (Stebbins, 1971).

Chromosomal sterility is regarded as due to abnormal segrega-

tion of either whole chromosome complements or of abnormal, un-

balanced combinations of chromosomal segments produced by

crossing-over in bivalents, made up of partly homologous chromo-

somes (Stebbins, 1971). A third type of hybrid sterility is produced

by the interaction of the nucleus and cytoplasm, which does not affect

the meiotic process itself, but results in aborted anthers or pollen

(Grant, 1971).

Male sterility is a common phenomenon in plants. Three

excellent reviews on male sterility have been published by Edwarsc,n

(1970), Laser and Lersten (1972) and Gottschalk and Kaul (1974).

Gottschalk and Kaul (1974) recognized that male sterility is not

a uniform phenomenon and in general can be classified into three

different types:

a) Cytoplasmic male sterility,

b) Genetic male sterility and

c) Genetic- cytoplasmic interaction.

They devoted their review to genetic male sterility. They
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recognized four different groups of genes controlling fertility in higher

plants, three of which are directly correlated with meiotic behavior:

1- as genes, cause asynapsis i. e. failure of homologous chromo-

somes to pair during early stages of meiotic prophase.

2- ds genes, control the chiasma frequency or prevent chiasma

formation. Both types of genes act in both micro

and macrosporogenesis.

3- ms genes, become only effective in microsporogenesis causing

male sterility and do not influence the meiotic be-

havior of the embryo sac mother cells.

4- Genes, not related to the meiotic system, but inducing a mis-

differentiation of the sex organs due to abnormalities

in the differentiation of the growing point destined

for flower formation.

They reviewed numerous examples of each kind of gene influences

found in different plants. They concluded that the ms genes do not act

in a similar way but they do act at different times during microsporo-

genesis, and most of them influence the final stages of meiosis be-

tween tetrad and pollen formation. They assumed that ms genes are

present in the genomes of all the flowering plants irrespective of their

taxonomic position. They can be expressed as single recessive;

dominant; expressed as several recessive genes or as co-operation

of recessive ms genes with a specific type of cytoplasm.

Edwarson (1970) reviewed specifically cytoplasmic male
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sterility. He recognized that cytoplasmic male sterility can originate

from intergeneriz, interspecific or even intraspecific crosses as well

as "spontaneously. "

Laser and Lersten (1972) reviewed the cytoplasmic male steril-

ity from the macro and cytomorphological point of view and discussed

the probable role played in pollen abortion by the tapetum, stamen

vasculature, callose dissolution and virus infection, to conclude that

pollen abortion can occur at almost every point in development and

that probably more than one mechanism is involved.

Vasil (1967), in an extensive review on the physiology and

cytology of another development, described the normal development

of the anther and the physiological changes occurring during that

period, to compare with those occurring in male sterile plants. He

concluded, that the tapetum plays a significant role in the develop-

ment of pollen mother cells and pollen grains and suggested that the

breakdown products of tapetal cells, particularly deoxyribosides,

serve as the main pools for DNA synthesis in the meiocytes and

microspores.

The tapetum cells may serve as a reservoir of food material

for developing male gametophytes as proposed by Maheshway (1950).

In this respect, tapetum cells have been described degenerating early

or remaining longer, although vacuolized and non-functional, in male

sterile plants of barley, carrot, sorghum, onion, Beta vulgaris,
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Cucumis mello (Kaul and Singh, 1966; Dubey and Singh, 1965;

Singh and Haddly, 1961; Chauhan and Singh, 1966).

Joppa et al. (1966) reported that deficiencies in vascular de-

velopment in the stamen may cause male-sterility in wheat.

De Vries (1970), in an electron microscopic study in normal and

male-sterile plants of wheat, found that the number of organelles in

sterile anthers were lower than in normal ones.

An interesting approach to male-sterility is the biochemical

difference between normal and male-sterile anthers. This may assist

in explaining the basic gene action controlling the male-sterile phe-

nomenon.

Fukasawa (1954), studying male-sterile and normal plants,

found the following characteristics in male-sterile anthers:

1- Disappearance of proline and accumulation of asparagine

during pollen generation.

Z- No sucrose, but remarkably different content of fructose and

glucose.

3- Decrease in starch grain content.

4- Lower activity in succinic dehydrogenase.

5- Lower RNA content.

6- Decrease in soluble proteins.

7- Increase in ATP.

He proposed that the pollen abortion was caused by a disharmony
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between chromosomes and cytoplasm which altered the normal

metabolism.

Brook (1962) found in Sorghum, that anthers of sterile lines

contained higher concentrations of glycine than anthers from fertile

lines. This seems to be an important observation because it is known

that glycine and alanine are very strong inhibitors of glutamine

metabolism, probably related with glutaminase synthesis and me-

tabolism (Lehninger, 1971). If the amount of glycine is increased,

some alteration in protein synthesis is expected (Stadtman.andShap,1/2o,

1962).

Alam and Sandal (1967) suggested two mechanisms which might

block pollen development:

a) A male-sterile anther with a deficient or abnormal cytochrome

oxydase system might induce pollen abortion through inefficient

oxydative phosphorylation,

b) The absence of free histones in male sterile lines may indicate

that repressing regulator genes which support DNA dependent

RNA synthesis, block the protein synthesis resulting in pollen

abortion. They observed 20 protein bands in fertile and 9

protein bands in sterile anther extracts.
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MATERIAL AND METHODS

Meiotic Studies

Four propagules of each parent and four propagules each

of five F
1

hybrid genotypes of a cross between P1 (P. I. 234-906)

from Switzerland and P9 (P. I. 174-209) from Turkey were used for

meiotic behavior examinations. Pollen-mother-cell samples were

collected when the panicle was 1/4 emerged from the boot on the

parents and 1/2 emerged on the hybrid genotypes. Collections were

made in the morning, midday and afternoon. Those collected between

1300 and 1700 hours resulted in the highest frequency of diakinesis

and other meiotic stages.

Panicles were fixed in Carnoy's or in Farmer's solution for

at least 48 hours and then transferred to 70% ethanol for storage in

the refrigerator until slide preparation and microscopic examination,

Propionic-carmine was used to stain the chromosomes, and

Venetian Turpentine was used to prepare semi-permanent slides,

following the procedure suggested by Haunold (1968).

For detailed studies c each stage of meiosis, four panicles

per plant were used. Data were recorded from two sets of 25 cells,

for diakinesis, metaphase-I, anaphase-I and anaphase-II, and two

sets of 50 cells for telophase-I and 50 groups of quartets from two

different florets per panicle.
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Average differences in every stage of meiosis between parents,

and between parents and hybrids were tested by the analysis of vari-

ance procedures in a completely randomized design analysis. Simple

correlation coefficients were computed between the following vari-

ables: univalents at diakinesis, univalents at metaphase-I, laggards

at anaphase-I and II and micronuclei in quartets.

Kar

Tillers from two plants per genotype were grown in small pots

with vermiculite medium. The pots were left submerged in water in

a large plastic tray where Hoagland's solution could be added. After

5 to 7 days the tillers were washed and root-tips 1 to 3 cm long were

pretreated either with saturated alpha-bromo-naphthalene at 4°C

overnight or in a cold water pretreatment for 24 hours. For

identification of constrictions the better results were found with the

cold water treatment, but for the determination of the centromeric

position, alpha-bromo-naphthalene
pretreatment was more satisfac-

tory.

After pretreatment, the root tips were fixed in Carnoy's solu

tion for at least 12 hours, hydrolized in 1 N HC1 for 7 to 10 minutes

and stained in leucofuchsine for 1 hour. To soften the tissue, it was

placed in 5% pectinase solution, pH 6.0 for 2 hours at 30°C.

Maceration was accomplished with a glass rod. The debris
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were eliminated by the use of tweezers under a dissecting microscope.

Venetian Turpentine was used in mounting to spread the chromosomes

(Hanould, 1968).

Those metaphase plates containing well spread chromosomes

were photographed and enlarged. Chromosome measurements were

then made on the paper photograph.

The chromosomes were classified according to the relative

length and position of the centromere. Centromeric position was

localized using the short/long arm ratio (Adhikary, 1974).

Pollen Collection and Pollen Germination

Plants with open panicles usually start anthesis at midday.

One or two hours before anthesis, four fully emerged panicles were

chosen from every plant. The panicles with long stems were cut

and immediately placed in a flask of tap water. They were trans-

ported to the laboratory and placed in pollen collectors described by

Hanould (1974). Under these conditions, the panicles started to shed

pollen from 1400 to 1700 hours. Small vials, 4.5 cm long x 1.5 cm

diameter, containing 2 ml of culture medium were placed inside the

pollen collector to receive fresh pollen (Fig. 1).
1

Germination medium cultures with concentrations of sucrose

ranging from 0 to 50% were tested and the best medium appeared to

1The figures start on page 72.
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be one described by Brewbaker and Kwak (1963) with 40% sugar con-

centfation, pH 6.3. Fresh pollen germinated under these conditions.

Limited observations suggest that pollen left for more than 4 hours

under laboratory conditions did not germinate, but when stored at

lower temperatures ( 4°C) and at a relative humidity of about 30%, they

retained for a longer period of time the ability to germinate in vitro.

The best temperature for pollen germination was observed to

be 20 to 23°C. Pollen which failed to germinate during 4 hours of

incubation did not germinate even by increasing the incubation time,

up to 24 hours. The values for in vitro germination were recorded

after four hours of incubation.

To be sure that enough pollen fell into the vials, the panicles

were gently agitated. The vials were loosely stoppered with cotton

plugs and held in the incubator at 20°C for 4 hours, after which 2 ml

of Carnoyrs solution was added directly to the medium containing the

pollen. The time of fixation was at least 12 hours,

After fixation, the medium solution containing the pollen was

agitated and poured into a centrifuge tube. Pollen tubes were har-

vested by centrifugation at 1100-1300 rpm for 5-6 min. The medium

was pipetted off without disturbing the pollen at the bottom of the tube

and replaced with 1 mm of propionic-carmine. This is basically

the same technique used by Burham (1970). The supernatant was

checked to be sure of pollen recovery. The centrifuge tubes,
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containing the pollen and propionic-carmine, were heated in warm

water for about 10 minutes. Following gentle agitation, a single drop

of stained pollen suspension was placed on a slide for study. Vene-

tian Turpentine was put on the edge of the coverslip to make the

slides semipermanent.

To stain the starch grain within the pollen grain and study its

distribution, Venetian Turpentine was added after staining with Iodine-

Potassium Iodide solution. Most of the color in the pollen grain then

disappeared, leaving only the stained starch grain.

Seed Set

The same plants used for meiotic and pollen germination studies

were used to measure seed set under open and self-pollinated condi-

tions. Four bags, each containing 3 panicles were used to measure

seed set under open and self-pollinated conditions. Once the panicles

were fully emerged and before anthesis, they were covered with

parchment bags. The same was done after seed set for open pollinat-

ed panicles.

The number of spikelets per panicle was determined in three

panicles of each plant, and seed set was expressed as number of

seed per spikelet.
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RESULTS

Chromosome Number and Karyotype

The chromosome number observed in both parents and hybrids

was Zn = 42.

Thee was a gradual variation in length from long to short

chromosomes (Figs. 2 and 3). The position of the centromere was

determined by the short/long arm ratio. According to this measure-

ment there were 2 pairs of chromosomes with a median centromeric

position (M), 15 pairs of chromosomes with a centromere located in

the median region (m) and 4 pairs of chromosomes with a submedian

(sm) centromeric position. No differences were detected among the

parental and hybrid genotypes in shape or relative length of the chro-

mosomes (Figs. 2 and 3).

A secondary contriction appeared in the short arm of the chro-

mosome pair, identified as number seven, in both parents and hy-

brids. Other contrictions could be identified when the root tip was

pretreated with cold water for 24 hours. Parent P1 differed

from P9 by having one additional constriction. The difference

appears in the long arm of chromosome six present in Pl.

Other contrictions seem to have the same location in both parents

(Fig. 4).

In the mitotic root tip cells, a small chromosome fragment
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was observed in only one plant. However, in the meiotic cells,

fragments or small chromosomes frequently appeared in both parents

and hybrids (Figs. 6b, 15c). The frequency of these fragments was

higher in P9 than in parent P1, Table 1. Both parents showed a

higher frequency of fragments than the hybrids.

Chromosomal Behavior at Meiosis in Parents and H brids

A similar pattern during the meiotic process was observed in

the parents and in the hybrids (Figs. 5-10 and 15-18). It is charac-

terized by a high frequency of bivalent formation, variable frequency

of univalents and a low frequency of multivalents per microsporocyte

at diakinesis. In this stage of meiosis there was a variable number

of chromosomes loosely paired, which were classified as pseudo-

bivalents (pH), to differentiate them from bivalents (Figs. 5b, 15a, b).

A variable number of chromosomes which appear to be heteromorphic

was observed (Fig. 15c). At metaphase-I the chromosomes tend to

join together forming a complex chromatic mass making it impossible

to identify individual chromosomes (Figs. 7c; 17b, c). At times, one

to six normal bivalents were outside of this complex, and univalents

frequently appeared to be unassociated with this complex (Fig. 17c).

In both anaphases a variable number of chromosomes which

migrate slower than the others was observed and scored as laggard

chromosomes (Figs 8a, b, c; 9c; 10c; 18c; 19a, b, c). In telophase-I



Table 1. Average frequency of chromosome association and fragments at diakinesis in parent and

hybrid tall fescue genotypes.

No. of
Genotype Cells

Mean freq_uency/PMCI at Diakinesis
I p11

P1 500

Total F rag-

H III IV V &VI Multivalents ments

mean 0016 0.15 20.70 0.01 0.02 0.01 0.04 0.14

range 0-4 0-3 15-21 0-1 0-1 0-1 0-2

P9
200 mean 0.27 0.27 20.44 0.01 0.06 0.01 0.08 0.19

range 0-4 0-3 18-21 0-1 0-1 0-1 0-3

Hybrid2 1,100 mean 0.59 0.43 20.13 0.04 0.05

range 0-4 0-2 17-21 0-2. 0-2

0.09 0.05

0-2

1 PMC = pollen mother cell

2Average of five hybrid genotypes
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and in quartet stage, chromosome-like materials varying in size

were found outside of the nucleus. They were scored as micronuclei

(Figs. 9c, 10d, 18a, 19d).

Bivalents at Diakinesis

A high frequency of bivalents was present in the parents and

hybrids, Tables 1 and 2. The highest frequency of bivalents was

observed in P1 (20. 70), i. e. about 98% of the chromosome comple-

ment was associated as bivalents. The lowest bivalent frequency

was found in the hybrid genotypes with 20.13 bivalents per cell, or

about 96% of the chromosome complement was associated as bival-

ents. No significant differences appeared between parents but they

do differ significantly from the hybrid genotypes.

Univalent and Pseudobivalents at Diakinesis (Tables 1 and 2)

The frequency of univalents and pseudobivalents is higher in

the hybrid and significantly different from the parents. The parents

did not differ. Considering the entire chromosome complement,

1.48% of the chromosome or less than one chromosome per cell is

found as univalents in the hybrid. Univalents were even less frequent

in the parents, averaging 0.51%.

In the hybrid, 0.43 pseudobivalents per cell or 2. 04% of the 42

chromosomes can be found as pseudobivalent. The lowest frequency



Table 2. Average % h.romosomes associated in various configurations at Diakinesis in parent and

hybrid tall fescue genotypes.

No. of
Genotype Cells

% of Chromosomes associated as:
p11

P1 500 0.37 0.72

9
200 0.65 1.26

Hybridl 1,100 1.48 2.04

98.58

97.34

95.84

0.08

0.07

0.25

IV

0.16

0.57

0.48

Total
V fc,z VI Multivalents

0.06 0.30

0.15 0.79

0 0.73

1 Average of five hybrid genotypes.
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of pseudobivalents was observed in P1.

Multivalents at Diakinesis (Tables 1 and 2)

The frequency of multivalents was very low in the parents and

the hybrid, ranging only from 0.04 in P1 to 0.09 in the hybrid

(Table 1). This is less than 1% of the chromosome complement.

Trivalents and tetravalents were the most frequent multivalent associ-

ations observed (Figs. 5c, d; 6d; 15b; 16c, d). An occasional penta-

valent or hexavalent was observed in the parental genotypes but not

in the hybrid genotypes.

Besides univalents, pseudobivalents and multivalents, a vari-

able number of fragments was observed in the parents and in the

hybrids (Figs. 6b, c; 15c). The frequency of these fragments was not

the same from plant to plant or from cell to cell.

Metaphase-I (Table 3)

Because of the tendency for the chromosomes to form a complex

mass at metaphase-I, it was not possible to analyze chromosome

pairing at this stage. Occasionally cells without stickiness were

observed and 21 bivalents were identified in both parents and in the

hybrid (Figs. 7a, d; 17a). Univalents were observed outside of the

metaphase-I complex (Figs. 7b, c; 17c, d). The frequency of uni-

valents per cell is listed in Table 3. Univalents at metaphase-4 were



Table 3. Average frequency of chromosome behavior and percentage of pollen fertility in parent and hybrid tall fescue genotypes.

Genotype

Univalents/PMC at Anaphase - I Telophase- I Anaphase-II Quartets
% Pollen
Fertility

Diakin es is Metaphase I Laggards Bridges Micronuclei Laggards Bridges Micronuclei

Parents

P1 0. 16 0. 31 0. 18 0.02 0. 11 0. 30 0. 01 0. 15 82. 00

P
9

0.27 0, 14 0. 18 0.07 0.10 0. 18 0.01 0. 11 86. 78

Hybrid Genotypes

F1 -2 0.42 0. 41 O. 17 0.02 0. 14 0. 17 O. 01 0. 17 0

F
1

-6 0.49 0. 48 0.21 0.01 0. 11 0.23 O. 01 0. 15 0

F1 -8 0.39 0. 56 0, 21 0.01 0. 09 0. 25 0.03 0. 14 0

F1-10 0.69 0. 81 0,22 0.02 0. 18 0. 38 0.01 0. 25 0

F1 -14 0.98 1. 33 0. 28 0.02 0. 17 0. 35 0.01 0. 27 0

Hybrid
Average 0. 59 0. 72 0.22 0.01 0. 14 0. 28 0. 01 0. 20 0

PMC Pollen mother cell.
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more frequent in the hybrids than in the parent genotypes. Parents

and hybrids differ significantly but the parents do not differ. It was

difficult to determine if the free chromosomes were actually univalents

or large fragments, but they were recorded as univalents (Fig. 7c).

Anaphase I and Anaphase II

The chromosomes segregate as an interconnected mass of chro-

mosomal matter, making it difficult to count the chromosomes (Fig.

8b). When cells appeared without the interconnection, resulting in

a normal chromosome distribution, it was possible to count them

(Figs. 9a; 18a).

Some chromosomes were slow in migration and appeared as

laggards (Figs. 8b; 18c). The frequency of laggards in anaphase-I

was low with no significant difference among genotypes. The fre-

quency of laggards in anaphase-II was a little higher than in anaphase-

I (Table 3).

A very low frequency of the cells showed bridges, and very

rarely were they accompanied with acentric fragments (Figs. 8d;

19a). The frequency of bridges in both anaphases was very similar

in the parents and in the hybrid (Table 3).

Telophase I and Quartet

Micronuclei at telophase-I and in the quartet stage appeared.
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in both parents and hybrid genotypes (Figs. 9d; 10d; 18d; 19d).

Parent differences were not significant, but parent and hybrid averages

were significantly different. Only two hybrid genotypes contributed

to this difference, whereas three hybrid genotypes were very similar

to the parents (Table 3). The frequency of laggards in anaphase-I and

anaphase-II, was higher than the frequency of micronuclei in telo-

phase-I and in the quartets (Table 3).

Pollen Germination and Pollen Stainability

Pollen was collected as described by Haunold (1974). The

method was successful for the tall fescue species in that the viable

pollen did develop a pollen tube on artificial medium. The method

can be used to differentiate male sterile from Male fertile plants

(Fig. 1).

The most important factor to induce pollen germination in vitro

in tall fescue, is sugar concentration of the medium. Sugar concen-

trations from 1 to 50% were tested. With low sugar (sucrose) con-

centrations, the pollen rapidly burst, presumably due to the low

osmotic pressure. The optimum sugar concentration for germina-

tion and rapid pollen tube growth was 40%. In this concentration and

at a temperature of 20 to 22
oC, the pollen tube is well developed

within four hours of incubation (Fig. 14a, b). Additional time, up to

24 hours, did not increase the amount of pollen germinated.
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The pollen was very sensitive to environmental conditions.

Pollen head ..':;)r more than four hours in the laboratory failed to

germinate in -vitro, but when stored at low temperatures, 2 to 4°C,

with relative humidity about 30%, it retained for a longer period of

time the ability to germinate.

After four hours of incubation, the pollen was stained with

propion-- carmine as described earlier. This was done to differenti-

ate germinated pollen from non-germinated pollen. The non- germi-

nated pollen was classified as: a) normal cytoplasm with three nuclei

(Fig. 13d); b) normal cytoplasm with two nuclei (Fig.13a,b); c) nor-

mal cytoplasm with one nucleus (Fig. 13b) and d) empty and shrunken

pollen (Fig. 13a, b). Occasionally more than three nuclei were ob-

served.

The anthesis was normal in both parents and hybrid genotypes.

The anthers did not differ in shape or size. The hybrid anthers were

more pale in color than those of the parents. In both parents the

anthers dehi seed normally and produced large amounts of pollen.

in all hybrid genotypes, the anthers failed to dehisce, thus they

released n.o

In vitro pollen germination was higher in P1 than in P9 being

53. 85% and 35. 94% respectively. However, with respect to P9,

50. 84% of the pollen had three nuclei in normal cytoplasm, but

failed to germinate. The frequency of this kind of pollen was 28.15%
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in P1 Considering the other non-germinated pollen, the parents

differ signific.antly, i. e. 18% in P1 and 13% in P9 had pollen empty,

with one rfacleus or with two nuclei (Table 4). Pollen with one or two

nuclei degenerate and produce shrunken pollen grains (Fig. 13a, b, c),

Anthers from the hybrid genotypes were dissected and stained

with propionic-carmine to study their content. These stained anthers

exhibited primarily empty and shrunken pollen grains (Fig. 20). Only

9% of the hybrid pollen was normal in shape but they had a very thin

exine and possessed only one or two nuclei. Only one of 3,000 pollen

grains appeared with normal cytoplasm and three nuclei (Table 5).

The size of the pollen in the parental genotypes averaged about

13 µ in diameter, ranging from 9 to 20

The pollen stained with I2 -KI, becomes dark blue, When the

synthetic resin, Venetian Turpentine is added, some of the color

disappears, but one can clearly see the stained starch grains (Fig.

11a,b,c). Based on the amount and distribution of starch, the pollen

grains were classified into four types:

1. Darkly stained; (Figures 11b, c, and 12a,b,c) 3/4 to 1/2 filled with

starch grains. The frequency of this type of pollen was 82%

in P1 and 76% in P9 (Fig. 12a, b and Table 6, columns 3 and 4)0

2. Slightly stained; (Figs. 11d, 12a); few and uniformly distributed

starch grains. These were present with a frequency of 5% in

1)1 and 14% in P9 (Table 6, column 5).



Table 4, In G itro pcilen germination in to fescue parent genotypes.

Source Total %

of Pollen Pollen 0 of Pollen Non-germinated with Pollen

Pollen Counted Germinated 3 nuclei 2 nuclei 1 nucleus >3 nuclei Empty

P1 2,249 53.85 28.15 3.87 2.13 1.96 10.05

P
9

3,698 35.94 50.84 6. 30 2.49 1.22 3.22



Table 5. Pollen stainability with propionic- carmine in hybrid tall fescue genotypes.

Source
of

Pollen
% of Pollen

1 with Normal Cytoplasm and Degenerating Cytoplasm

3 nuclei 2 nuclei 1 nucleus with 1 nucleus Empty

F1 -2 0 0.33 8.13 2.08 89.50

F1 -6 0 0.21 7.42 1.96 90.40

F1 -8 0.04 1.17 20.42 6.33 72.00

F1-10 0 0.04 2.46 0.58 97.10

F1-14 0 0.08 6.21 0.79 92.90

Hybrid
Average 0.008 0.37 8.93 2.35 88.40

'Three samples of 800 pollen were counted for each hybrid genotype.



Table 6. Pollen stained with 12-KI. Starch grains content and distribution in parental tall fescue

genotypes.

Source
of

Pollen

Total
Pollen
Counted

% of Pollen with Starch Content

Shrunken
Pollen

(Fig. 12c)

100-75%
Fully
Filled

(Fig. lib)

70-50%
Partially

Filled
(Fig. 11c)

25%
Slightly
Filled

(Fig. 11d)

No
Starch

(Fig. 12b)

P1

P9

6, 088

8,132

70. 84

56.01

10.71

19.81

5.04

13.72

4.48

7.95

8.72

2.62
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3. Pollen grains were normal in shape and size, but with no

starch grains (Fig. 12b). Their frequency was 5% in P1 and

8% in P
9

(Table 6, column 6).

4. Pollen completely empty and shrunken (Fig. 12c), with a

frequency of 9% in P1 and 3% in P9 (Table 6, column 7).

Number of Spi'_.elets per Panicle and Seed Set (Table 7)

The number of spikelets per panicle was determined on three

randomly selected panicles per plant. P1 averaged 54 spikelets per

panicle while P9 had an average of 75 spikelets per panicle. The

hybrid plants had considerably more spikelets per panicle, averaging

115. Only one hybrid genotype exhibited as few spikelet per panicle

as did P9, with an average of 73 (Table 7). The parents and the

hybrid genotypes do not differ in the number of branches per panicle,

but they did differ in the number of spikelets per branch.

There was significant difference between the parents in seed

set and self-fe tility. Self-fertility was measured by the ratio of

self to open-pollinated seed set, S. P. /0. P. , Table 7. P1 produced

an average of 2.60 seeds per spikelet whereas P9 averaged only 0.07

seed per spikelet when open-pollinated. When self-pollinated, the

highest seed set per spikelet was observed in P1 with 0.30 whereas

P9 had only 0.006 seed per spikelet. The ratio SP/OP, was 0.11

for P1 and 0.07 for P9. Both parents are highly self-sterile.



1

Table 7. Average of spikelet per panicle and seed set n parent and hybrid tall fescue genotypes.

Genotype

Parents

1

P9

Hybrids
F

1
-2

F1 -6

F1 -8

F1 -10

F1 -14

Hybrid
Average

Spikelet per panicle

53. 58 a

b

75. 42 a

b

163. 75 a

b

134. 17 a

b

Seed set per panicle Seed set per spikelet SP3/ 0132

ratio
2

OP
3

SP OP SP

130. 04 15.67 2.60 0.30 0.1.1

24. 27 0.45

5. 25 0. 42 0.07 0.006 0.0

8. 10 0. 11

0 0 0 0 0

3. 47 n. d. a. 0.02 n. d. a. n. d. a.

0 0 0 0 0

1. 28 n. d. a. 0.01 n. d. a. n. d. a.

97.58 a 0 0

b 1.89 n.d. a.

104. 58 a 0 0

b 1. 37 n. d. a.

73. 42 a 0 0

b O. 63 n. d. a.

O 0 0

0.02 n, d. a. n. d. a.

O 0 0

0.01 n. d. a. n. d. a.

O 0 0

0.01 n. d. a. n. d. a.

114. 70 a 0 0 0

b 1.73 0.01
0 0

a Field condition
b Greenhouse condition
n.d.a. - No data available
1 Pg was late, so little pollen was available at anthesis time

2 OP is open-pollinated seed set

3 SP is self-pollinated seed set
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Parent P9 is considered late in anthesis date, and therefore,

the anthesis date was later than other plants in the nursery, so pollen

from other plants was limited when P9 was receptive. This may be

a cause for the reduced open-pollinated seed yield. With three to

four florets per spikelet, P1 exhibited between 62 to 82% of the florets

filled. Only 2 to 3% of the P9 florets set seed.

When 25 genotypes of the hybrid were isolated together in the

field, none of them set seed. In an earlier study, this hybrid did set

seed when open-pollinated with pollen from unrelated plants. The

four propagules of each of the five hybrid genotypes in this study were

stored in the greenhouse, located near their parents. Under this

protected situation, with little air movement, the hybrids set some

seed. In this case the hybrids set from 3 to 14% as much seed as

P1. P9 set only 33% as much seed as P1 (Table 7). These observa-

tions suggest that the cross P1 x P9 produces male sterile hybrid

progeny.
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DISCUSSION

Meiotic chromosome behavior was basically similar in both

parent genotypes and in the sterile hybrid offspring, and is charac-

terized by a high frequency of bivalents, a low frequency of univalents

and multivalents; some pseudobivalents evident at diakinesis; some

univalents and chromosome stickiness in metaphase-I; a low frequency

of laggards in anaphase-I and II, and a low frequency of micronuclei

in the quartet stage (Tables 1,2, 3).

The parents had an average of about 98% of the chromosomes

associated as bivalents, whereas this was 96% in the hybrid. This

observation suggests that the parents may differ from the parents in

only one chromosome pair. Two chromosomes may fail to pair and

produce univalents, or pair loosely as pseudobivalents or occasionally

pair with ether partially homologous chromosome and give rise to

multivalents (Figs. 5, 15, 16). Parents and hybrids also differed

significantly in the frequency of univalents and pseudobivalents. The

only difference in the karyotype between the two parents was in the

number of constrictions appearing after cold water pretreatment. P1

had 10 secondary constrictions and P9 had 8. Therefore, they

differ in this characteristic in one pair of chromosomes. However

no difference was found in the position of the centromere nor size of

the chromosome, which can reveal a gross chromosomal aberration.
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If the difference in one pair of chromosomes is real, it may be a

small or cryptic structural difference as postulated by Stebbins (1950).

The secondary constriction detected after cold treatment is

useful to distinguish specific chromosome segments. Kurabayashi

et al. (1958) in Trillium kamtschaticum, observed different patterns

of uncondensed chromosomal segments (allocycly) in natural popula-

tions of this species when the chromosomes were pretreated with

cold water. Stebbins (1971) postulated that these differences probably

reflect deficiencies and inversions of minute chromosomal segments

which tend to differentiate the populations. The same theory was

used by Malik and Thomas (1966) studying secondary constriction

distributions on chromosomes of Lolium and Festuca species. They

found differences ranging from 2 to 8 pairs of chromosomes, with

dissimilar patterns of secondary constrictions.

In three different root tip metaphase plates from each tall

fescue genotype, only one pair of chromosomes was observed to

differ in one secondary constriction, while the other chromosome

pairs were similar. It is doubtful that this minor difference can

explain the complete sterility found in the hybrid from the P1 x P9

cross. Polyploids have a tendency to survive some chromosomal

abnormalities, especially long-lived perennial species such as tall

fescue. Elliot and Love (1948) postulate that plants with



irregularities in meiosis tend to selectively eliminate the abnormal

gametes.

Chromosome Behavior at Meiosis
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Univalents and pseudobivalents were observed at a higher fre-

quency in the hybrid than in the parent genotypes. This was probably

due to the one pair of chromosomes that exhibited less than normal

pairing in the hybrid. The existence of pseudobivalents has been

reported in hybrids (Walters, 1954; Tanaka and Kamemoto, 1960;

Malik, 1970); in parental genotypes (Haneen and Runemark, 1962)

and induced by chemical or temperature shock (Ostergren, 1953).

There is no clear explanation for pseudobivalents formation. "Sticky"

univalents (Ostergren and Vigfuson, 1953) or "errors in crossing

over" (Darlington and La Cour, 1953) have been postulated for the

cause of pseudobivalents. These authors report that pseudobivalents

segregate normally at anaphases.

More univalents were observed in metaphase-I than in diakinesis

in all genotypes, except P9, where the number of univalents in meta-

phase-I was lower than in diakinesis (Tables 1,2). Perhaps the

"stickiness" occurring at this stage obscured the detection of uni-

valents in this genotype. The number of univalents observed in

diakinesis was significantly correlated with the number of univalents

at metaphase-I (0.76*) (Table 8). Some of the univalents recorded



Table 8. Correlation coefficient between meiotic chromosomal characteristics in the parental tall fescue genotypes.

Variables

Simple correlation coefficient between the following variables

Univalents at M. I Laggards at A-I Micronuclei at T. -I Laggards at A-II Micronuclei at Quartets

Univalents at a) 0. 76a4 0. 23 0.48* 0. 58** 0.83**

Diakinesis b) 0.73** 0, 23 0.50* 0. 49* 0.80**

Bivalents at
Diakinesis -0.53** -0,06 -0.01 -0. 26 -O. 31

Multivalents at
Diakinesis 0.46* 0. 02 0.21 0, 13 0.36

Univalents at
Metaphase I 0, 52* 0, 66** 0, 62** 0.83**

Laggards at A-II
0 45* 0, 73**

Micronuclei at T- I 0.55** 0. 41 0. 38

Laggards at A-II
0.69**

a - Cellular basis

b - Chromosomal basis

* Significant at the 0. 05 level, 26 d. f.

**Significant at the 0.01 level. 26 d. f.
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in metaphase-I may have, in fact, been fragments. Fragments in

diakinesis also appeared free at metaphase-I and may have been

erroneously counted as univalents (Fig. 7c).

In both anaphases there was a variable number of cells showing

laggard chromosomes, most of which failed to be included in the

nucleus, leaving them as micronuclei in telophase-I and/or in quar-

tets (Figs. 8a, c; 9c, d; 10c, d; 18c, d; 19c, d).

The hybrids and parents differed significantly in the frequency

of univalents at diakinesis and micronuclei at the quartet stage, but

no significant differences were detected between genotypes in the

average number of laggards at anaphase-I. There was also varia-

bility in the frequency of laggards at anaphase-II. A positive signifi-

cant ccrrelation was observed in all genotypes between univalents at

diakinesis and micronuclei in the quartets, but not between univalents

at diakinesis and laggards at anaphase-I (Table 8). The most probable

explanation fc2.- this is that not all univalents are randomly distributed.

Some of them are well oriented and pass to the pole normally without

division in anaphase-I. Some univalents divide in anaphase-I, and

these result in laggards at anaphase-II and then appear as micronuclei

at the quartet stage (Figs. 8c; 18c). The presence of univalents at

diakinesis seems to be the main cause of laggards in the anaphases,

and for the micronuclei in telophase-I and in the quartets (Fig. 8a).

Similar results were reported in tall fescue by Crowder (1953), and
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in Lolium by Myers (1941). A highly significant correlation between

univalents, laggards and micronuclei was reported in Dactylis

1 o m erata and F. arundinacea (Myers and Hill, 1942, 1943, 1949);

Crowder, 1953).

Bridges at anaphase-I and anaphase-II were infrequent and only

occasionally were they accompanied by acentric fragments (Figs. 8d,

9c, 18d, 19a). The frequency of bridges was too low to be considered

a product of heterozygous inversions. Assuming that the parental

genotypes differ by one inversion, a higher frequency of anaphase

bridges would be expected, especially in the hybrid genotypes.

Bridges appeared in both parents and in the hybrid genotypes at a

very low frequency and they did not differ significantly for this char-

acteristic.

One of the types of bridges described by Crowder (1953), was

the result of chromosome stickiness in anaphase-I. This resulted in

the tendency for the chromatid arms to remain joined at anaphase,

making it difficult for them to separate (Fig. 19a). Walters (1950)

described bridges in hybrids of Bromus trini x B. maritimus, and

suggested they were the result of breakage and reunion in prophase

after the chromosomes were doubled. Lewis and John (1966) ex-

amined a number of assumed inversions in Peonia brownii, and con-

cluded that the occurrence of bridges and fragments does not consti-

tute a satisfactory basis for inferring inversion hybridity and those



52

cases where this symptom alone was used in diagnosis must be

treated with reserve. They suggested that findings from a pachytene

analysis should be associated with bridges at anaphase, to assure the

presence of an inverted segment.

Free fragments were observed in diakinesis with an average

of 0.22 in the parental genotypes and only 0.05 per cell in the hybrid

genotypes (Table 1). They differed in size in different plants and in

different cells (Figs. 6b, c; 7a; 15c). Only in one root tip metaphase

plate was a fragment observed. Two possible explanations can be

given for their presence: a) they may be accessory or B chromosomes,

or b) they may have resulted from the breakage of chromatids in an

early stage of prophase.

B chromosomes are very frequently found in flowering

plants. About 8. 8% of the Gramineae carry B-chromosomes (Jones,

1975). B chromosomes in tall fescue have been reported by Crowder

(1953), Bosemark (1957), Malik and Thomas (1966), Borril et al.

(1971). Their behavior in meiosis was not investigated. They have

been associated with a decrease in fertility, especially when present

in high numbers. They favor homologous pairing in polyploid plants

(Evans and Macefield, 1972; Bowman and Thomas, 1973), but can be

lost in meiosis by lagging at the anaphase stages and remaining as

micronuclei in the quartets (Mendelson and Zohary, 1972; Brown

and Jones, 1976; Malik and Tripathi, 1970).
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Because the fragments observed in diakinesis were variable in

size, and at times appeared as asymetrical bivalents, they are be-

lieved to be fragments resulting from breakage in early prophase,

rather than as B chromosomes (Fig. 6c, 15c, 16b). Similar findings

were reported in Seca le cereale by Rees and Thompson, 1955. Be-

cause these fragments lack meiotic orientation, they appear as lag-

gards and micronuclei.

Multivalent Association

A low frequency of multivalent associations is a characteristic

of both parent and hybrid genotypes. The highest frequency observed

was 0.10 multivalents per cell, which is only 0.7% of the chromosome

complement (Table 1). Even so, this low frequency of multivalents

suggests a certain homology between the genomes, an observation

which agrees with Crowder (1953). Since all genotypes exhibit a

high percentage of bivalent formation, it is reasonable to assume the

existence of a factor for bivalent chromosome pairing. Jauhar (1975),

using the progeny of a monosomic line crossed with euploid plants,

postulated the existence of a diploidizing genetic factor in tall fescue,

analogous to that found in wheat by Riley (1958). Malik and Thomas

(1967), using a karyological analysis postulated that F. arundinacea

is actually a segmental auto-allohexaploid with the genomic formula

AABBB'B'. Malik and Mary (1971), studying the possible origin of
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B and B' genomes using a karyological analysis postulated that both

genomes were closely related and they suggest a "multivalent-sup-

pressing" system which restricts intergenomic or homeologous

pairing. It is possible to explain the low frequency of multivalents

found in this study as being due to some degree of chromosome

homology between genomes, rather than to translocations or the fail-

ure of a diploidizing mechanism. A higher frequency of multivalents,

especially in the hybrid, would have been observed if the parents

differed only in a single translocation. The results of this study do

not support that explanation.

Pollen Fertility

Aceto-carmine, fuchsin, lactophenol, cotton blue and I -KI,

have been used to stain pollen to estimate male fertility in plants.

It may be questioned if the ability for pollen to stain is related to its

ability to function in a normal fertilization process.

Jenssen and Hermessen (1976) compared three staining methods

(aceto-carmine, fuchsin and oxidation of benzidine) with pollen ger-

mination in vitro and in vivo, in an effort to estimate pollen fertility

in Solanum species. Of these comparisons, only the percentage

in vitro germination was significantly correlated with berry set and

seed set. They concluded that germination in vitro is the only

method that provides a reliable estimate of pollen fertility and that
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estimation of male fertility based on carmine or fuchsin staining

should be used with caution.

Not all species respond the same to pollen germination in vitro.

Some of them germinate very easily with only water as the culture

medium (Carica, Lilium). For pollen of other species to germinate,

it may require different concentrations of sugar, different pH, tem-

perature and. Calcium and Boron salts (Visser, 1955). According to

Darlington, pollen of grasses is difficult to germinate in vitro .

Visser (1955) however, observed good pollen germination in Dactylis

and Lolium using a solid medium with a 30% sugar concentration.

An examination of different solid and liquid media to germinate

in vitro tall fescue pollen was carried out in this study. The liquid

medium resulted in successful pollen germination. After testing

different temperatures, pH levels, ages of the pollen and concentra-

tions of sugar from 0 to 50%, it was concluded that the best medium

had a pH of 6.4 and was of 40% sugar concentration.

Only fresh pollen germinated successfully in vitro. Pollen

which remained more than four hours after dehiscing under labora-

tory conditions, failed completely to germinate, but still stained

with propionic-carmine and with an aqueous solution of I2-KI.

Pollen fertility was estimated by in vitro germination followed

by the propionic.- carmine staining. This permitted a cytomorphological
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examination of the pollen which failed to germinate.

P1 exhibited a significantly higher in vitro pollen germination

than P9 (Table 4). However, a high percentage of the pollen appeared

morphologically normal with a well filled cytoplasm, three normal

nuclei and a well formed exine, but failed to germinate in vitro. It

was suggested that pollen uses its own nutrient reserve for in vitro

germination. With in vivo germination, they are probably supple-

mented with nutrients from the style.

In this study pollen stained with 12-KI and treated with Venetian

Turpentine exhibited different amounts and different distributions of

starch grains within the pollen (Table 6). P1 and P9 had 20. 23%

and 41.48% respectively, of their pollen grains with no starch or

only partially filled with starch grains. These percentages are not

too far from the normal appearing pollen which did not germinate

in vitro (Table 4). Perhaps they would germinate in vivo with style

supporting nutrients required for germination. In the estimate of

pollen fertility the germinated and the normal looking trinucleated

pollen were considered fertile. The other non-germinated pollen

with one, two or more than three nuclei was considered to degener-

ate, and thus be abnormal and non-fertile (Fig. 13a). They repre-

sented 18 and 13% in P
1

and P9 respectively (Table 4). This pollen

classification is very significant for the hybrid genotypes. The

hybrid plants produced normal anthers that exhibited normal
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anthesis, but failed completely to dehice. Pollen grains were teased

from the closed hybrid anthers, fixed in Carnoy's solution and stained

with propionic-carmine. They exhibited a very high percentage of

empty and shriveled pollen (Table 5). On the average, only 12% of

the hybrid pollen stained with the propionic-carmine, but none of it

had 3 nuclei (Fig. 20), In fact, 97% of the stained pollen had only one

nucleus, and thus would degenerate to a shriveled pollen grain. This

phenomenon is expressed in only 6 and 9% of the pollen in P1 and P9

respectively (Table 4). This high frequency of pollen containing only

one nucleus in the hybrid genotypes is an indication that the post

meiotic mitosis division has failed to occur. Myers (1941) in com-

mercial varieties of Lolium perenne, found an average of 10% of the

pollen with one or two nuclei; this pollen was smaller and somewhat

more shriveled than the normal pollen.

Pollen germination data and pollen stainability data suggest that

a good approximation of pollen viability can be obtained with propionic-

carmine. The nuclear constitution and the general pollen appearance

should also be considered. Staining alone is not a good estimate of

pollen viability.

It is of interest to examine the relationship of the pollen via-

bility estimate methods with the observed meiotic irregularities.

A consequence of some meiotic irregularities (univalents and frag-

ments at diakinesis), are the laggards at anaphases and the
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micronuclei in quartets. Particularly micronuclei in the quartets

are considered lost genetic material, thus may very well result in

unbalanced, non-viable gametes. Considering normal, only those

groups of tetrads or quartets without micronuclei, and comparing

their frequency with the frequency of normal pollen estimated with

any of the methods used, the classification which included germinated

plus pollen with 3 nuclei in the presence of starch grains gave the

closest relationship. The average percentage of normal quartets

and the average of the normal pollen estimated by pollen germination

followed with propionic-carmine staining did not differ significantly

(Table 9).

Male Sterility in Hybrid Genotypes

Of the hybrid genotypes, only two contributed to the significant

difference found between parents and hybrids for the frequency of

quartets containing micronuclei. On the average, 20% of the quartets

had micronuclei. Considering that quartets with micronuclei will

produce genetic unbalanced and thus infertile pollen grain, an average

of 80% of of rmal pollen would be expected in the hybrid genotypes.

But 100% of the pollen was completely infertile (Tables 3, 5, 9).

Apparently other factor(s), such as, genetic interaction, nuclear_

cytoplasmic interaction, or both, were causing pollen abortion in

the hybrid genotypes. Similar results were observed by Crowder



Table 9. Comparison of 3 methods used to estimate pollen fertility, and expected normal pollen from quartets without micronuclei,

Source °A of Pollen 0/0 of Quartets

of Germinated Non-germinated Germinated plus Stained with Stained without

Pollen in vitro w/ 3 nuclei non-ger. w/3 nuclei prop. carmine with I
2
-KI

P1 53. 85 28. 15 82.00 89.96 86. 00 84. 50

P
9

35. 94 50. 84 86. 38 96.79 88.42 88. 75

Parents
Average 44. 90** 39.50 ** 84. 19NS 93.98** 87. 21NS 86. 63

1 2
Hybrid 0 0 0 11.79 nda 77.57

1

2

Average of five hybrid genotypes.

nda: no data available.

**These values differ significantly (.01) from the average % of quartets without micronuclei.
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(1953). Gottschalk and Kaul (1974), reported that ms genes cause

the breakdown of microsporogenesis or of post-meiotic stages when

present in the recessive state. However, this cannot be generalized

because some instances are known in which dominant genes are re-

sponsible for these anomalies. Moreover, the phenomenon of male

sterility can be due to the joint action of several ms genes or due to

an interaction of ms genes and the cytoplasm.

The data on meiotic irregularities in hybrids and parental

genotypes in this study, compare favorably with data reported in

the literature for crosses between varieties or genotypes from differ-

ent geographical areas (Tables 10 and 11).

Malik and Thomas (1966) reported for parental tall fescue

genotypes, an average of 20.94 bivalent and 0.09 univalents per

cells (Table 10). The hybrids derived from crosses between them

produced three different types of hybrids;

1. Fertile hybrids characterized by a high frequency of bivalents

(20. 95), and a low frequency of univalents (0. 02).

Z. Partially fertile hybrids, with the frequency of univalent up

to 1.40 and multivalents to 0.18 per cell. The frequency of

bivalents was 18.90 per cell.

3. Infertile hybrids with a high frequency of univalents (8.66) and

multivalents (2. 14) and a very low frequency of bivalents,

13.19 per cell.



Table 10. Association of chromosomes1 in diakines is or metaphase I in tall fescue genotypes from different geographical areas as reported by

several authors.

Genotype Chromosome association

Origin II IV % Pollen stainability Fertility Authority

Tunisia 21 92. 00 F Lewis, E. J. , 1963

Algeria 21 89. 00

S-170 genotype 21 84. 00 F

O. 20 20. 90 nda F Crowder, L. U., 1953

Parental-2 0, 08 20.96 nda

Parental-3 0.46 20. 74 nda

Madrid 0. 08 20. 96 89. 30 F Malik, C. P. , & Thomas, 1966

Morocco 0. 20 20.90 92. 60

Grombaldia 0. 03 20.98 86. 3

Tunisia 0. 03 20. 99 84. 80

Algeria 0. 05 20. 97 89. 60

Portugal 0. 10 20. 92 78. 30

Israel 286 0.24 20.88 98. 90

S-170 Genotype 0. 14 20. 93 78. 20

Missouri Exptl. 0. 80 20. 60 nda F Evans, G. M. et al. , 1973

Oregon Exptl. 0. 30 20, 85 -- nda

Cultivar alta 0. 20 20. 70 0. 10 nda F

Cultivar Kenmont 0. 20 20. 80 0, 05 nda

Cultivar Demeter 0. 30 20, 85 nda

France 0. 40 20. 80 nda

French Exptl. 0. 70 20. 65 nda

PI 264766 (Neth. ) 21 nda

Grombaldia (Afr. ) 21 nda

Gazelle (N. Afr. ) 0. 10 20.95 nda

Average of all
genotypes 0.19 20.88 0.006 87. 82

'Only univalents ( I), bivalents ( n) and quadravalents ( IV ) were reported by these authors.
cr
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These results indicate a close relationship between the increas-

ing number of univalents and multivalents and the amount of fertility

expressed in the hybrids.

It is interesting to note that only partial sterility was observed

by Malik and Thomas (1966), with twice the frequency of univalents

than was observed in the completely male sterile hybrids reported

here. The male sterile hybrids in this study had a frequency of 20.15

bivalents per cell, which is higher than their partial steriles (Tables 1,

11). Complete sterility was found by Malik and Thomas when the uni-

valents and multivalents frequencies were high, 8.66 and 2.14 respec-

tively (Table 11).

The same was observed by Jauhar (1975) after crossing Algerian

and Israeli genotypes of tall fescue. Complete hybrid sterility was

associated with a high frequency of univalents and multivalents and a

low frequency of bivalents.

From an earlier study, Evans et al. (1973), reported a normal

fertile genotype of tall fescue with 0.34 univalent per cell. Other

fertile genotypes had univalents frequencies of 0.80 and 0.70 per cell,

all of which are higher than those observed in the sterile hybrid of

this study. Also, in the hybrids from crosses of American and

European tall fescue genotypes, Evans et al. (1973), observed aver-

age of 0.75 multivalents and 0.93 univalents and they were fertile.

They observed almost complete sterility with multivalent frequencies



Table 11. Association of the chromosome at Diakinesis or Metaphase-I reported by several authors in fertile, partially fertile and sterile intraspec ific

hybrid of tall fescue.

Origin of cross Configuration of chromosome at Diakinesis Pollen Authority

I II III IV V VI VI Stainb.

Fertile Hybrid
Morocco x S-170 21 85. 00 Lewis, B. J. , 1963

Madrid x S-170 0. 02 20. 99 68.00 Malik, C. P., and Thomas, 1966

Morocco Bn 270 x S-170 genotype 0. 34 20.83 -- 78.00

Portugal Bn 276 x S-170 genotype 0. 34 20. 81 0. 01 78. 00

Israel Bn 286 x S- 170 genotype 0. 39 20. 75 0. 005 78. 60

Algeria x Israel 0.07 20.97 -- nda Jauhar, P. P. , 1975

Israel x Algeria 0.09 20.96 -- nda

A-58 ( Mo. ) x I-23 ( Fr. ) 0. 75 18. 65 0. 12 0. 90 62. 20 Evans, G. M. et al. 1973

,A- 67 (Mo. ) x I-96 (Fr. ) 0. 65 18.85 0. 30 0. 65 0. 25 56. 60

13-10 (Ore, ) x 1-53 (Nath. ) 0. 48 19. 40 0. 17 0. 56 68. 40

V-3 (Kenmont) x 1-77 (Israel) 1. 21 19. 51 0,06 0. 39 26. 40

Average of the Fertile Hybrid 0. 43 20. 24 0.06 0. 22 0. 02 66. 80

Partially Fertile Hybrids
Morocco Bn-278 x S-170 0. 48 19. 54 0. 09 0. 50 0.005 0. 01 29. 30 Malik, C. P. , and Thomas, 1966

Israel Bn-282 x S-170 2. 31 18. 26 0. 31 0. 50 0.002 0. 002 40. 40

Average of partially fertile hybrids 1.40 18. 90 0, 20 0. 50 0.004 0. 002 34. 85

Sterile Hybrids
Tunisia a S-170 11. 80 13, 80 0. 50 0. 30 4. 00 Lewis, E. J. , 1963

Tunisia (b) x S-170 14. 40 12. 40 0, 60 0. 70 1. 00

Algeria x S-170 5. 50 16. 85 0.40 0. 30 -- -- -- 2. 00

Tunisia Bn-271 x S-170 10. 89 12. 29 1. 20 0. 67 0.01 0. 01 0.005 0 Malik, C. P. and Thomas, 1966

Tunisia Bn -272 x S-170 8. 49 12. 85 1, 30 0. 82 0.04 0. 70 0.005 0

Algeria Bn-273 x S-170 5. 70 14. 85 1, 04 1. 02 0.02 0. 06 O. 01 0.05

Algeria Bn-274 x S-170 9. 55 13. 37 0. 85 0. 65 -- 0. 005 0.01 0

Tunisia x Algeria 6. 32 14. 67 1. 16 0. 58 0.02 0. 07 -- 0 Jauhar, P. P. , 1975

V2 Alta x 194 (N. Afr. ) 4. 28 12. 46 1, 36 1.74 0. 15 0. 15 2. 30 Evans, G. M. et al. , 1973

V3 (Kenmont) x 194 (N. A fr. ) 3. 00 11.70 0. 85 2. 35 0. 10 0. 55 0

B-10 (Ore. ) x 195 (N. A fr. ) 5. 85 11. 10 1, 85 1. 48 O. 23 0. 23 1.40

A67 (Alta) x 195 ( N, Afr. ) 9. 58 9. 58 1. 48 1.73 O. 13 0. 07 ,- 8. 50

Average of the sterile hybrids 7.95 12. 97 1.05 0. 98 0.05 0. 15 0.003 1. 60

1
IV V U, VI

0. S. U. Hybrids 0. 59 0. 43 20, 13 0, 04 0.05 0. 00 11, 65
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of 3.62 and univalent frequencies of 5.68 per cells. These values

are much different from those found in the sterile hybrid examined

in this study (Tables 1, 11).

Two hypotheses have been given to explain the hybrid sterility

from crosses between tall fescue genotypes from different geographi-

cal areas. One is chromosomal differentiation of the parental eco-

types (Lewis, 1963; Malik and Thomas, 1966; Thomas and Thomas,

1972, 1973; Evans et aL , 1973; Malik, 1970). According to them,

chromosomal repattering as a result of segmental interchange, in-

versions, and deletion has played a significant role in the differenti-

ation of tall fescue, and has acted as an effective isolating mechanism

between the populations. They explain the lack of gross phenotypic

differences accompanying karyotypic dissimilarities, as due to the

recent or rapid occurrence of chromosomal repattering, leaving

little time for selection pressure to be exerted on the morphology.

The efficient mode of propagation (both sexual and vegetative), the

wide geographical distribution of the species, climatic and edaphic

diversity of the populations, have probably contributed to the origin

of the various chromosomal biotypes.

A different theory was presented by Jauhar (1975). He postu-

lated the existence of a diploidizing gene(s) system which must at

least be disomic in dosage to be effective in suppressing homeologous

pairing. It is hemizygous ineffective. This mechanism differs from
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the diploidizing mechanism reported by Riley and Chapman (1958)

in wheat, which appears to be effective even in the hemizygous condi-

tion. Under this hypothesis, the sterility found in hybrids from

parents belonging to geographically isolated ecotypes of tall fescue,

results from irregular meiosis due to the breakdown of this regula-

tory mechanism. Depending upon the interaction between two ge-

nomes, the diploidizing mechanism can be active or inactive, result-

ing in normal or abnormal meiosis in their hybrids, characterized

by a high amount of multivalents and consequently infertile hybrids.

The results of the present study seem to indicate that the parent

genotypes do not differ in gross chromosomal repattering and the

hybrids do not have a failure of the diploidizing mechanism. These

phenomena would be evidenced by a high frequency of multivalents

and a low L-equency of bivalents at diakinesis in both parent and

hybrid genotypes. This was not the situation in this study. Of signifi-

cance, however, is the frequency of univalent and fragments in

diakinesis, which is responsible for the laggards in the anaphase

stages; which in turn causes a loss of genetic material, as evidenced

by the presence of micronuclei in the quartets (Figs. 10, 19). Simi-

lar situations have been reported in rye, orchardgrass and tall fescue

(Mantzing and Ardik, 1948; Myers, 1948; Carnahan and Hill, 1963).

There are reports where special environmental conditions, such as

high temperatures, increase significantly the frequency of univalents,
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laggards and micronuclei (Weiss, 1951; Pao and Li, 1948; Grun, 1952).

Therefore, it is not unreasonable to assume that some environmental

effect could explain the presence of univalents in the parental geno-

types, while factors other than meiotic irregularities seem to be

important in causing sterility in the hybrids.

Fairly normal meiosis with a high frequency of bivalents,

are sometimes observed in natural populations and in some male

sterile plants, Snyder (1951), studying hybrids between different

strains of Elymus glaucus, found two hybrids with a pollen abortion

of 94%, but exhibiting complete bivalent pairing with a very low

frequency of meiotic irregularities. Based on the number of lag-

gards and micronuclei observed, he could account for only 10% of

pollen abortion due to cytological disturbances. He therefore con-

cluded that much of the sterility observed in crosses between strains

of E. glaucus had no visible cytological basis, and therefore probably

reflects the action of cryptic structural differences and specific genes.

Stebbins (1971), suggested that one way to probe the existence

of cryptic structural differences is to double the chromosomes. In

this study, an attempt to double the chromosomes with colchicine was

made on all genotypes examined, but without success. To explain

the complete sterility observed in our hybrids, 15 or more cryptic

irregularities would have to be present in the segregating chromo-

somes. Cytological methods are not suited for the study of cryptic
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irregularities. Cryptic structural differences could be present in

one pair of chromosomes, which failed to pair normally and therefore

appeared as univalents or pseudobivalents. This can explain the loss

of genetic material as micronuclei in quartets, but not the complete

sterility observed in the hybrids. Based on the frequency of micro-

nuclei in the quartets, which is related with the aborted pollen in

the parental genotypes, 76 to 80% normal pollen was expected in the

hybrid if the sterility was due to chromosomal abnormalities. How-

ever all of the pollen produced in the hybrids was abnormal. Meiosis

up to tetrads formation appeared quite normal. Thus, sterility in

the hybrid genotypes must be in microsporogenesis, i. e. differentia-

tion of the microspores to the mature pollen stage. In fact, observ-

ing the sterile anther content after staining with propionic-carmine

revealed that the callose dissolution was normal, but 99% of the

stained pollen possessed only one nucleus (Fig. 20). This indicates

that there is inhibition in the post meiotic mitotic division in the

microspore that should generate the gametic nuclei. Therefore, the

microspores degenerate, producing shriveled pollen grains.

The pistil appears to be normal with a well developed branched

stigma and is believed to remain receptive long enough to be polli-

nated. Unfortunately, data are not available on controlled back

crosses to either parent. Indirect evidence indicates that the hybrid

is female fertile. In limited greenhouse observations, seed set on
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the hybrids was 14% of that of P1 under the same condition (Table 7).

The only pollen available at that time was P9. Also, Moutray (1974),

reported some seed set on hybrid plants of this cross, in an earlier

field study. If this situation is real, it can be concluded that a male

sterile hybrid, due to inhibition in the post meiotic mitosis division

has occurred after this intraspecific hybridization in tall fescue.

Edwarson (1970), suggested that one possible origin of male sterility

was through intraspecific hybridization.

Webster and Singh (1964) observed fully developed but non-

dehiscent anthers in an F
1

from an intraspecific cross in Sorghum.

They postulated that the male sterile character was due to an interac-

tion between the chromosomes and the cytoplasm. Singh and Hard ley

(1961), comparing the normal and male sterile plants of Sorghum,

found that meiosis was normal in both plants but microspores re-

mained uninucleated in the sterile plants.

The male sterility character has been reported in many different

monocotyledonous and dicotyledonous species. Whether the type of male

sterility is genetic, cytoplasmic or genetic-cytoplasmic, there is a close

relationship between pollen abortion and abnormal tapetum cell behavior

(refer to Edwarson, 1970; Vassil, 1967; Laser et al. , 1972; Goltschalk

and Kaul, 1974). The role played by the tapetum cells in pollen differ-

entiation is not completely known. There are some indications they

are generally associated with the synthesis and transport of enzymes,
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hormones and nutrients which are utilized in microsporogenesis.

Knox (1962, cited by Vasil, 1967) recognized in Dichanthium,

that tapetum cells remained active up to the time mitotic divisions

occurred in the microspore. Pollen degeneration and sterility was

invariably associated with characteristic changes and precocious

degeneration of the tapetum in the premiotic, meiotic or post meiotic

stages of pollen formation.

Kaul and Singh (1966) reported that with male sterility in six-

row barley, the meiotic process was normal but the degeneration of

pollen occurred at the free microspore stage where degeneration of

the tapetum cells occurred. The same was observed in wheat

(Chauhan and Singh, 1966).

Joppa et al. (1966) suggested that male sterility in wheat may

be caused by vascular deficiencies in the stamen. These reports

indicate that male sterility can exist when meiosis is normal, and

the male-sterile expression is due to the sporophyte rather than the

gametophyte.

Besides the morphological changes in the tapetum, some physio-

logical, as well as biochemical changes have been found in male

sterile lines (Fukasawa, 1954; Vasil, 1967; Brook, 1962; Alam and

Sandal, 1969). There appears to be an increase in the respiratory

rate in the pre-meiotic and mitotic divisions, decreasing during the

mitotic division, then to return to a high level during pollen
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development and maturation in normal cells (Vasil, 1967). Any dis-

ruption in this respiratory process could lead to failure in pollen

development. The accumulation of certain free amino-acids in male

sterile anthers, such as glycine, could lead to an alteration of protein

synthesis (Leninheger, 1971). This suggests that specific genetic

expressions at the time of microsporogenesis are important, even

though they are poorly understood.

Alam and Sandal (1969), working with male fertile and male ster-

ile lines of Sudangrass on an electrophoretic comparison, found that

male sterile lines contained an abnormal cytochromoxidase sys-

tem and lacked free histones. They suggested that the cause of

male sterility was due to an inefficient oxidative phosphorylation

system in the anther of the male sterile lines. They postulated a

repression mechanism which could block the synthesis of specific

proteins, because they observed 20 protein bands in the normal anther

and only 9 protein bands in the sterile anther extracts. These find-

ings suggest a very interesting problem of study on pollen differentia-

tion and its relationship to basic gene action. A repression system

may be important in some kinds of male sterility when there is no

chromosomal abnormality to explain the phenomenon.

The male sterility found in the hybrids of this study are similar

to other cases reported where meiosis is normal, and there is no

explanation for sterility due to irregular chromosome behavior.
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The meiotic data on the hybrid genotypes compared with the

parental genotypes, do not support the theory that meiotic abnormali-

ties are the cause of the high male sterility observed. It is postulated

that a nuclear-cytoplasmic interaction in some form disrupts the con-

trolling mechanism of microsporogenesis. This nuclear-cytoplasmic

interaction is expressed by inhibiting the post meiotic mitotic divi-

sions either through the sporophyte or affecting the microspores

themselves.
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Figure 1. Pollen collector system. (a) The complete system, showing the illumination from the

back and paper bag on the top of the cylinder to protect for contamination, and the wax

paper on the bottom to receive and collect the pollen, (b) A close-up of the pollen

collector to show: 1. The test tube filled with water to hold the panicles. The test tube

is attached to the inside wall of the cylinder with a tape; 2. a rubber hose is extended

from within the test tube to the top of the cylinder for refilling with water. 3. Vials

containing culture medium to receive fresh pollen. ( c) Panicles of the hybrid plants with

a large number of normal appearing anthers which failed to dehisce.
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Figure 1
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Figure 2. Parental karyotype. ( a) P1 karyotype. (b) P9 karyotype. The chromosomes are grouped

according to relative length (percentage of each chromosome to the total length of the

chromosome set) and the position of the centromere determined by the short/ long arm

ratio. Cold water pretreatment was used, which revealed heterochromatic regions and

constriction.
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Figure 3. (a) P1 karyotype. (b) Hybrid karyotype. Alfa-bromo-naphthalene was used for pre-

treatment. This induced a better contraction of the chromosomes for identifying the

centromere location.
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Figure 4. Comparison of P1 and P9 chromosomes with constrictions appearing after cold water

pretreatment. The white bar represents the constrictions and the notch represents

the centromere location. The constriction on the short arm of chromosome 7 also

appears with Alfa-bromonaphthalene pretreatment so it may be the nucleolus

organizer region.
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P1 Diakinesis. ( a) Normal diakinesis with 21 bivalents. (b) Diakinesis with a pseudobi-

valent (single arrow) and four groups of two bivalents each, showing secondary association

(long arrow). (c) Diakinesis with a free univalent (long arrow) and a trivalent (short

arrow). (d) Diakinesis with a tetravalent (arrow).
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Figure 6. Diakinesis in P9. (a) Normal 21 pairs of chromosomes. (b) 20 normal bivalents, one

heteromorphic pair and a fragment ( short arrows), and two univalents (long arrows). The

heteromorphic pair is probably due to a breakage in one arm. (c) Diakinesis with loosely

paired bivalents and a univalent, a fragment univalent (arrow). (d) Pentavalent associa-

tion (arrow) and secondary association.
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Figure 7. Parental metaphase I. (a) 21 normal bivalents plus two small fragments (arrow). (b) Two

univalents away from the metaphase plate. (c) Stickiness at metaphase I with one uni-

valent and a large fragment (arrow). (d) 19 normal bivalents plus two pairs of bivalents

with breakage (arrows).
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Figure 8. Parental anaphase I. (a) Late anaphase I with two pairs of laggard chromosomes showing

unequal distribution. (b) Anaphase I with two homologues exhibiting later migration and

producing a bridge probably due to stickiness. An interconnection between the homologues

appears at the poles. (c) Anaphase I with two dividing univalents. (d) Late anaphase I

with a bridge and a small fragment at the pole (arrow).



a 4 b

d

81

Figure 9. Parental anaphase and telophase I. (a) Normal anaphase I. (b) Normal telophase
lei

(c)(c) Anaphase I with bridge and large fragment (arrow). (d) Dyad with one mi

(arrow).
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Figure 10. Parental anaphase II Quartet. (a) Normal anaphase II. (b) Normal quartet. ( c) Late

anaphase II with two,' gards, probably from univalents normally distributed in anaphase I.

(d) Quartet with one for two micronuclei in three microsporocytes, originating from the

unequal distribution If he laggards shown in fig. c.
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Figure 11. Parental post-meiotic itotic division and amount and distribution of starch grain in the

parental pollen. (a) o t-meiotic mitotic metaphase. Four groups of two and one group of

three chromosome sh w ng secondary association. (b) Pollen fully filled with starch.

(c) Pollen 50% filled (d) 25% filled with starch grains after staining with 12-KI and

adding Venetian Turp me.
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Figure 13. Parental genotype pollei

(a) One normal pollen
(2) and one empty, shru
empty degenerating pol
ing pollen with one nuc

non-germinated in vitro, followed by propionic-carmine staining.

h three nuclei (1); one degenerating pollen with one nucleus

en pollen grain ( 3). (b) Normal pollen with one nucleus and

n grain, (c) One normal pollen with two nuclei and a degenerat-

us. (d) Normal pollen with three nuclei.
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Figure 14. Parental pollen germir ted in vitro, followed by propionic-carmine staining. (a) Long

pollen tubes after 8 hoi s of incubation. (b) Pollen tube with 4 hours of incubation.
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Figure 15. Hybiid diakinesis. (a) Normal diakinesis with 21 bivalents. (b) Diakinesis with 18 bi-

valents, one pseudobivalent (single arrow) and one tetravalent (double arrow). (c) Dia-

kinesis with 20 bivalents, one pseudobivalent (double arrow) and one heteromorphic pair

(short arrow) plus two_fragments (long arrow). (d) Diakinesis with two univalents (short

arrow) and four secondary associations of two bivalents each (long arrows).
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Figure 16. Hybrid diakinesis. (a) Normal diakinesis with three open bivalents (short arrow) and group

of two or three secondary associated bivalents (long arrows). (b) Diakinesis with three
with

pseudobivalents (short arrows) and one bivalent with a broken piece. ( c) Diakinesis

a trivalent ( arrow). (d) Diakinesis with one open tetravalent (arrow).
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Figure 17. Hybrid metaphase I. (a) Metaphase I with four groups of two and one group of three bi-

valents showing secondary association (arrows). (b) Stickiness at metaphase I, only one

bivalent is free ( arrow). (c) Metaphase I with stickiness with two univalents away from

the chromosomal complex. (d) Sticky metaphase I with two univalents and one bivalent

(long arrow) away from the chromosomal complex.
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Figure 18. Anaphase I and Dyads i n the hybrid genotypes. (a) Anaphase I with a late migrating

homologues and two univalents at one pole (single arrow). (b) Normal dyad. (c) Ana-

phase I with two dividing univalents. (d) Dyad with one univalent remaining as a

micronuclei with a thin thread connecting it to the opposite pole.
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Figure 19. Anaphase I and II, and quartets in the hybrid genotypes. (a) Multi-bridges at anaphase I

produced by stickiness. (b) Anaphase II with late migrating chromosomes ( arrow). c) A

normal anaphase II and one with four laggards. (d) A normal quartet and one with micro-

nuclei (arrow).
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Figure 20. Pollen from hybrid plants stained with propionic-carmine. (a) One degenerating pollen

grain with normal cytoplasm and only one nucleus, and one empty pollen grain. ( b) Four

pollen grains with normal cytoplasm, but with only one nucleus, showing different stages

of degeneration ( 1, 2, 3, 4).

t
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SUMMARY AND CONCLUSION

Two diverse genotypes of tall fescue, Festuca arundinacea

Schreb. , and sterile F1 hybrid, were studied cytologically to deter-

mine if the hybrid sterility was due to irregular chromosome behavior

in meiosis.

Metaphase plates from root tips pretreated with alpha-bromo-

naphthalene or with cold water, were used to study chromosome

morphology in the parental and hybrid genotypes.

The chromosome number observed in both parents and hybrids

was 2n=42. There was a gradual variation in length from long to

short chromosomes. The position of the centromere was determined

by the short/long arm ratio. There were two pairs of chromosomes

with a median centromeric position (M), fifteen pairs of chromosomes

with the centromere located in the median region (m) and four pairs

of chromosomes with a submedian (sm) centromeric position. No

differences were detected among the parental and hybrid genotypes

in shape or relative length of the chromosomes. However, the parent

genotypes differ in the number of chromosome constrictions revealed

by cold water pretreatment. Parent P. I. 234-906, introduced from

Switzerland (P1), showed a constriction which did not appear in

parent P.1. 174-209, introduced from Turkey (P9).

The meiotic process was similar in the parental and the

hybrid genotypes. The average number of bivalents per micro-

sporocyte was 20.70, 20.44 and 20.13 for P
1
,P

9
and the hybrid
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respectively. Limited abnormal chromosome behavior was observed

in both parental and hybrid genotypes. They were expressed as

univalents, pseudobivalents, occasional multivalents and fragments

at diakinesis. The frequency of univalents per microsporocyte was

0.16, 0.27 and 0. 59; while the frequency of multivalents was 0.04,

0.08 and 0.10 for P1, P9 and the hybrid respectively.

Laggards at anaphase I and anaphase II, and micronuclei at

telophase I and the quartet stage were observed. Spontaneous chro-

mosome breakage occurring in early prophase was believed to have

resulted in the observed fragments at diakinesis. Univalents non-

oriented at metaphase I, produced laggards at anaphase I, and those

dividing univalents at anaphase I, produced laggards at anaphase II.

The diakinesis fragments and univalents were the probable origin of

the anaphase laggards and subsequent micronuclei in telophase I and

in the quartets. Quartets without micronuclei were considered to

produce normal pollen.

Pollen fertility in the parental genotypes was measured using

pollen germination in vitro followed by staining with propionic-carmine.

There was a significant difference between the average percent of

pollen classified as sound by this method, and the average percent of

quartet groups with no micronuclei, an indicator of pollen normality.

The hybrid genotypes exhibited normal anthesis with well

formed anthers, however they failed to dehisce and produce normal
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pollen. Free normal microspores were produced following the

quartet stage in the hybrid, but they remained uninucleated and thus

degenerated to shriveled pollen. The pistil in the hybrid appeared

normal and limited evidence suggests they are fertile.

Abnormalities in chromosome behavior which lead to the loss

of genetic material as micronuclei in the microspores, can explain

the percentage of abnormal pollen observed in the parental genotypes.

Only 30% of the sterility can be explained by the chromosomal abnor-

malities in the hybrid genotypes. Factors, other than chromosomal

abnormalities, acting in the microsporogenesis process are believed

to be causing the sterility found in the hybrid. It is postulated that

there is a nuclear-cytoplasmic interaction, expressed by the inhibi-

tion of the post-meiotic mitotic divisions, either through the sporo-

phyte or by affecting the microspores themselves.
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