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THESIS

SUPERNUMERARY CHROMOSOMES IN CRESTED WHEAT-
GRASS, THEIR CYTOLOGICAL BEHAVIOR AND BREEDING
SIGNIFICANCE.

The cytological behavior of and the effects of supernumerary
ahramosomes were studied in three species of crested wheatgrass,
namely in dlploud Agropyron cristatum (L.) Gaern., and in the tetra-
ploid species A. desertorum (Fisch.) Schuit. and A. imbricatum
(M.B.) Roem. and Schult.

Cytological studies showed:

1. Supernumerary chromosomes occurred at meiosis in diploid
and tetraploid populations of crested wheatgrass. They were absent
in the diploid variety Fairway, but were present with fmequencnes
exceeding 95 per cent in two introductions of the diploid species. In
tetraploid populations their frequency ranged from 36.9 per cent to
88.5 per cent.

2. Plants of diploid S-3541 contained supernumeraries in pollen
mother cells, in primary roots, and in stem tissues, but not in adven-
titious roots.

3. Supernumeraries were smaller than basic chromosomes and
they did not appear to be heterochromatic. When present in even
numbers they paired with themselves. They did not pair with normal
chromosomes. In diploid and tetraploid crested wheatgrass transmis-
sion of supernumeraries through the egg occurred in haploid num-
bers. In the pollen directed non-disjunction towards the gamet@pieyte
took place with a frequency of approximately 70 per cent. The degree
of fransmission depended on the numbers of supernumeraries in-
volved and on the genotypes of the parents. Elimination of super-
numeraries was generally low but became more pronounced with
an increase in their numbers.

Studies concerning the agronomic significance of supernumerary
chromosomes allowed the following conclusions:

1. Fertility, plant weight, and plant height were not significantly
affected by supernumerary chromosomes in diploid progenies of con-
trolled crosses. A trend towards reduced fertility and yield and in-
creased height was apparent.

2. Tetraploid progenies of controlled crosses showed significantly
lower fertility in plants with uneven number of supernumeraries.
Plant height was not affected by supernumeraries.

3. Fertility of tetraploid selections with supernumeraries was
considerably lower than that of plants without supernumeraries. The
main source of fertility variance, however, was genetic. Seed yields
in open-pollination progenies of plants with the normal chromo-
some complement were higher than those in progenies of plants with
supernumeraries. In most instances differences in fertility and seed
yield were not statistically significant. Forage yield and height in
open-pollination progemes did not indicate differential combining
ability of parents in the various chromosome groups. Nevertheless, it
g caolncluded that selection against supernumeraries would be bene-

ci

This study provided information concerning the cytology of
supernumerary chromosomes in crested wheatgrass. The main value
of the results in this thesis lies in its apphcatnon to breeding programs.
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INTRODUCTION

Variations in chromosome number occur between and
within individuals of many plant and animal species. In many
cases differenées are due to varying numbers df supernumerary,
accessqry, or B-type chromosomes. Supernumerary chromosomes
are usually smaller than chromosomes of the basic set. They
do not pair with chromosomes of the basic set and in many
species they are reported to be heterochromatic. Some species
have supernumeraries in somatic and reproductive tissues while
others exhibit them only in reproductive tissues. The mode of
transmission of supernumerary chromosomes varies in different
species. Usually there is directed non-disjunction of the

supernumeraries towards the gamete in pollen mitosis. In rye,

however, there is directed non-disjunction of supernumeraries
in both embryos and pollen grains. In some species directed
non-disjunction is not observed.

The origin of supernumerary chromosomes as well as their
function remain to be elucidated in most species. It is
believed that supernumeraries are genetically modified frag-
ments of normal chromosomes. ©Some indications of a detrimental
effect from supernumeraries have been obtained. Generally,
however, they appear genetically inert.

An examination of meiosis in crested wheatgrass (42)
indicated a fairly high frequency of supernumeraries in plants
of the tetraploid type. OSummit and Nordan, varieties of the
tetraploid type, and Fairway, a variety of diploid form, are
used extensively as forage and seed crops in the drier parts

of Western Canada. Extensive breeding programs, designed to
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improve both diploid and tetraploid forms of crested
wheatgrass, are belng conducted at the Forage Crops Section,
Canada Department of Agriculture, Research Station, Saskatoon.
Since supernumerary chromosomes occur with a high frequency
in the Summit variety, and because this variety is
characterized by low fertility, this study was initiated to
determine the significance of supernumeraries in breeding of
improved strains of crested wheatgrass, TInvestigations of the
effect of supernumeraries on fertllity were emphasized in
particular., Combining ability of selected parents as shown
by forage and seed ylelds of their progenies, was studied in
relation to supermumeraries. In addition the present study
was designed to investigate more fully the occurrence of
supernumerary chromosomes in diploid and tetraploid species

of crested wheatgrass and to determine their cytological

behavior,.
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LITERATURE REVIEW

Frequency and Cytological Behavior of Supernumerary Chromosomes

Supernumerary chromosomes occur most commonly in
species of the Graminese. ILongley (46) in 1927 reported
plants with one to several supsrnumerary or B-chromosomes
in corn (2n=20), Subsequently Randolph (79) observed super=
numeraries in 14 of 33 varieties with a plant frequency of
14,3 percent. Some plants contained 8 to 12 B=-chromosomes.
Supernumeraries were smaller than normal chromosomes &and
showed irregular behavior during meiosis. Univalent super-
numeraries moved undivided to the poles during anaphase I.
Non=-disjunction of supernumeraries occurred at anaphase II
with a frequency of 0 to 100 percent in microspore mother
cells and with a frequency of 26 percent in megaspore mother
cells, Longley (46, 47) demonstrated that small B-chromosomes
originated from large types through exchanges and deletions.

Several authors (16, 19, 79) noted the heterochromatic
nature of B-chromosomes in corn. Randolph (79) further noted
that B-chromosomes were transmitted freely by male and female
gametes, and that as a result of non-dis junction at anaphase
IT some progeny plants occurred with larger numbers of super-
numeraries than expected from parent combinations. 1In plants
with large numbers of B-chromosomes their frequency varied
between cells while in plants with low numbers they occurred
in constant numbers, Both somatic and reproductive tissues

contained supernumeraries.
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Romen (81, 82, 83) studied the non-disjunction
mechanism in cultures of corn with interchanges between A~
and B-chromosomes. Non=-disjunction occurred in the ma jority
of microspores in the divisions of the generative nuclei.
Crosses involving the A-B interchanges showed that only the
translocation chromosomes bearing the B-centromere exhibited
non-disjunction. Normal disjunction of supernumeraries was
observed in the female. Studies by Blackwood (4) confirmed
the findings of Roman. He further noted that a greater
proportion of plants in progenies contained even numbers of
B-Chromosomes., |

Darlington and Thomas (1€) and Janaki-Ammal (40)

reported B-chromosomes in Sorghum purpureo-sericeum (2n = 10).

Plants with sup rnumeraries occurred in natural populations
with a frequency of about 14 percent. The supernumeraries
were heterochromatic. They paired with themselves but not
with chromosomes of the basic set. In contrast to corn the
B-chromosomes of Sorghum were eliminated from most vegetative
tissues. In filaments and glumes, however, numerous
micronuclei were present. The authors attributed the
elimination of the B-chromosomes from most vegetative tissues
to an inadequate spindle mechanism. They concluded however
that the spindle mechanism functioned normally in cells of
the germ frackes Directed non-dis junction of B-chromosomes
towards the generative nuclel occurred at the ::= .. pollen
grain divisions. Often the second division was followed by

a number of successive divisiomns (polymitoses). Thus
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pollen grains with more than two generative nuclei were
formed and these aborted. Darlington and Thomas (18)
suggested that these additional cell divisions were stimulated
by B~chromosomes. |

Fragment chromosomes in addition to the basic complement
wWere observed in rye (2n=14) by Muntzing and Prakken (71) in
1941 and by Mintzing (54). In later reports Muntzing and other
Swedish workers adopted the term "accessory chromosomes" to
designate these fragments., The most common of these fragments
was termed "standard fragment". It was characterized by a
subterminal centromere. Other fragment types were presumed to
have arisen from the standard fragment by misdivision (60).
The largest of the fragment chromosomes was assumed to be an
iso-chromosome of the long arm of the standard fragment and 1t
was comparable in size to the smallest of the A-chromosomes.

No pairing of fragments with A-chromosomes was
observed. The fragments contained large blocks of heter-
ochromatin., Muntzing (55, 56) and Mintzing and Lima-de-Faria
(69) observed that the loss of small fragments during pollen
mother cell meiosis was greater than the loss of large frag-
ments. In addition the former were distributed at random in
pollen mitosis while the latter showed non-disjunction.

Irregular meiosis was observed in embryo-sacs of
plants with J rge numbers of accessory chromosomes by
Hakansson (31). In contrast to corn and Sorghum, non-
disjunetion of saccessories in rye was observed in embryo-sacs

as well as in microspore mother cells. Plants with 15 to 20
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accessories showed supernumerary nuclei in the embryo-sacs
and these plants were sterile,

Mintzing (59) observed a grouping of accessories
according to size in somatic metaphase plates. The smallest
fragments assumed the most central positions. Detailed
pachytene analyses by Miuntzing and Lima-de-Faria (67, 68)
confirmed that the standard fragment had given rise to other
fragment types. Thus the small fragment corresponded to the
short arm of the standard fragment. The medium size fragment
was an iso-chromosome of the small fragment and the large
fragment représented an iso-chromosome of the long arm of the
standard fragment,

Hakansson (35, 36) studied meiosis and pollen mitosis
in rye plants with four to eight accessory chromosomes. In
some instances good pairing between accessories occurred while
in others univalents were most common. Some trivalent
assoclations of accessories were observed. Irregularities
in meiosis T were common. Univalents were lagging and
some divided at anaphase I. Occassionally restitution nuclel
weré formed after anaphase I and in some cases three telophase
nuclei'were formed. Meiosis II showed fewer irregularities,
Disturbed pollen mitoses were most frequent in plants with
large numbers of accessories,

Surveys of rye populations from the Middle East and
Asis (62, 64) showed accessories to be present in varying

frequencies. These accessories were of the same morphological



-7 -

type as the standard fragment in Swedish material., These
surveys alsoc revealed a preponderance of plants with even
numbers of accessories.

Sarvella (86) observed a great variety of morphologicel
types of accessory chromosomes in tetraploid rye. Pairing
between accessories was poorer than in diploids. Plants with
odd numbers of accessory chromosomes were as common &s plants
with even numbers, The author suggested that natural selection
against gametes carrying accessories occurred in tetraploid
populations.

Accessory chromosomes have been reported in several
species of the genus Poa, Muntzing (57, 58, 70), Hékansson
(32, 34) and Milinkovie (52) studied various populations of
P. alpina (2n=14), Accessories were present at meiosis in
most of these populations but they were absent in
adventitious roots. Some exceptions were noted by Muntzing
(70). Accesscry chromosomes in P. alpina were smaller than
- normal chromosomes, they appeared to be heterochromatic and
they showed good pairing with themselves but not with
A-chromosomes., They were generally transmitted through the
male and female in haploid numbers. Milinkovie (52) observed
that in plants with accessories at meiosis, primary roots and
stem tissue also contained accessory chromosomes, The author
suggested that elimination of accessories from adventitious
roots occurred at a very early stage of development, probably

in the first divisions of the pericycle layer.



-8-

Nygren (74) observed accessory chromosomes in

P. timoleontis (2n=14), Their cytological behavior was

similar to that of accessories in P. alpina. In P. trivialis
(2n=14) Bosemark (12) observed that 1ll.5 percent of the plants
contained accessory chromosomes and they were present in
somatic and reproductive tissues,

Bosemark (6, 7, 9) described accessory chromosomes in

Festuca pratensis (2n=14) and F. arundinaceae (2n=42). 1In wild

populations of F. pratensis 24.6 percent of the plants contained

accessories. In F. arundinaceae 54.5 percent of the plants

contained accessories., As in rye, four types of accessories
were distinguished according to size. It was believed that the
small types had arisen through fragmentation of larger .
accessories., Somatic and reproductive tissue of these specles
contained accessory chromosomes and these appeared to be
heterochromatic. In somatic plates these chromosomes assumed

a central position. F. pratensis plants with accessory
chromosomes showed a high univalent frequency. TUnilvalents
usually lagged in the meiotic divisions but elimination, as
indicated by the presence of micronuclel in pollen quartets
occurred in less than 50 percent of the pollen mother cells.
Accessories showed 5 to 90 percent non-disjunction at the first
pollen mitosis, The genetic constitution of the plants Involved
appeared to be the main cause of variation in the frequency of
non-dis junction. In the female the accessories were distributed

at random. The smallest accessory chromosome showed directed
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non-disjunction at pollen mitosis only in the presence of
larger types of accessories.

In natural populations of Phleum phleoides (2n=14) and

P. nodosum (2n=14) plants with accessory chromosomes were
and
observed with frequencies of 31,1 percent/§2.5 percent

respectively (5, 10, 12)., These species as well as Briza media

(2n=14), Holcus lanatus (2n=14) and Alopecurus pratensis

(2n=28) contained accessories in somatic and reproductive
tissue (12). Haploid transmission of accessories occurred in
P. phleoides while in the other species directed non-disjunction
towards themale gamete was general.
Chennaveeraiah and Love (l4) reported supernumerary

- chromosomes in root tips of Aegilops columnaris (2n=28) end

A. cylindrica (2n=28). The authors suggested that they had

arisen by misdivision of normal chromosomes. It was thought
possible however that chromosome fragmentation had occurred as
a result of the root treatment with hydroxyquinoline. Markarian
and Schultz-Schaeffer (50) stated that cytological manipulation
caused chromosome breakage in their material and gave rise to
supernumerary fragments.

Several authors (29, 84, 85, 90, 91, 95) cbserved
supernumerary chromosomes in non-graminaceous species of

monocotyledons, In Allium cernuum (2n=14) B-chromosomes were

generally unpaired while in Lilium medeoloides (2n=24) they

paired with themselves but not with A-chromosomes, In

dicotyledons, species with supernumerary chromosomes are not as



common. Some plants of Clarkis elegans (2n=18) contained super=-

numeraries which were indistinguishable from A-chromosomes
(43, 44, 65)., They had no phenotypic effect and it was concluded
therefore that these plants were not true aneuploids. Diverse

populations of Centaurea scabiosa (2n=20) contai ned accessories

in varying frequencies (23, 24, 25). They were present in
vegetative and reproductive tissues and they were smaller than
A-chromosomes. In this species the assessories were genserally
transmitted in haploid numers through male and female but in
some insten ces considerable elimination occurred at meiosis.
These chromosomes were maintal ned at a constant level in many
populations and it was concluded that natural selection favored
plants with accessories.

Berger et al. (1, 2, 3) and Witkus et al. (94)

observed supernumerary chromosomes in Xanthisma texanum (2n=g),

In this specles they were present at meiosis and in stem tissue
but not in root tips.
Several avthors (21, 27, 28, 33) studied'B-type

chromosomes in Achillea asplenifolia (2n=18), Godetia vimenea

(2n=18), several species of Crepis and Plantago serraria

(2n=10). TIn some of these populations the additional chromosomes
could not be distinguished from A-chromosomes while in others they
were heterochromatic. They had no phenotypic effécts. The
accessories in P. serraria differed from any reported previously
in that they displayed directed non-disjunction towards the egg.
Varicus animal species, particularly insects, have been
found to possess supernumerary chromosomes (51, 80, 93). 1In some

species these chromosomes were heterochromatic and showed
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non-dis junction at melosis, In others, supernmumeraries were
associated with sex-chromosomes (39, 51), and appeared the

result of disturbed sex-determining mechanisms,

Agronomic Significance of Supernumerary Chromosomes

Previous studies of supernumerary chromosomes have
emphasized their morphology and cytological behavior as well as
their frequency in various populations, Few studies have been
specifically designed to assess their agronomic significance.
5stergren (75) stated however that accessory chromosomes have
no useful function and "that they often lead an exclusively
paraslitic existence".

Pollen viability was not adversely affected by
B-chromosomes in corn (46). Embryorsacmother cells suffered a
higher death rate in the presence of B-chromosomes. Genstioc
tests by Randolph (79) involving genes located on 17 arms of the
basic chromosome complement revealed that these chromosome
regions were not represented in the B-chromosomes. Reduced
fertility and vigor of corn plants with more than ten B-chromo-
somes was noted (79, 92). Reproduction failed entirely if the
number of B-chromosomes exceeded 20. Catcheside (13) observed
preferential fertilization by male gametes with B-chromosomes.

Muntzing (53, 63) reported signifieant negative
correlations between the number of accessories and kernel weight,

number of kernels per ear, percent seed set and pollen fertility
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in rye. Vegetative development also was adversely affected.
Cell size was significantly increased in rye plants with two
standard fragments (66) and pollen development was retarded
(61).

Festuca pratensis populations from diverse soil-climatlc

regions showed different frequencies of accessory chromosomes
and Bosemark (8, 1ll1) concluded that these chromosomes affected
plant adaptability. In plants with large numbers of accessories
pollen fertility was significantly reduced. Reduction in seed
set appeared more pronounced than reduction in pollen staina-
bility and the author concluded that stainability did not
indicate the capacity of pollen to function. Although
significant negative correlations between the number of
accessories and forage yield were obtained in some cases,
Bosemark (11) stated that "the deleterious effects of even the
highest numbers of accessory chromosomes on the vegetative
development must be considered relatively moderate"., In

Anthoxanthum pollen mitosis was irregular and fertility was

depressed in plants with one to four accessories (45, 76).

Accessory chromosomes in Centaurea scabiosa were

responsible for a reduction in fertillty and vegetative
development (22, 26). In most cases these negative effects

were non-significant. Plants of Plantago coronapus having an

entirely heterochromatic B-chromosome were male sterile while
plants lacking this chromosome were male fertile.(77).
Several authors (38, 73, 87, 88) noted considerable

variation in the somtic and meiotic chromosome numbers of



Bromus inermis. Some considered chromosomes in addition to the

basic complement of the species analogous to inert B-chromosomes
(38, 73). PFertility was reduced in brome plants with chromosome
numbers higher or lower than 56 and in plants showing meiotic

irregularities (87, 88),

Cytological Studies in the Genus Agropyron

The assignment of the various morphological forms within
the genus Agropyron to taxonomic units is inconsistent, therefore
the specles designations used by the various authors are not
comparable in all instances,

Peto (78) reported 2n chromosome numbers of 14 and 28 for

A. cristatum, of 28 for A. desertorum and of 14 to 17 for

A. spicatum. One plant of A. cristatum had 29 chromosomes and
three plants of A. spicatum had one to three additional chromo-
somes. Meyers and Hill (72) observed 28 chromosomes in their
material., One plant had 31 chromosomes. Hartung (37) noted
that aneuploid counts were obtal ned very rarely in Agropyron.
He reported chromosome numbers of 28 for A. sibiricum and

A. michnoi. In A. cristatum he noted 14 and 28 chromosome
forms.

Hair (30) described a dicentric chromosome in plants
of A. scabrum with 41 chromosomes. The dicentric was unstable
and subsequently gave rise to smaller monocentrics.

Knowles (42) described six morphological forms of

crested wheatgrass and assigned them to the species A. cristatum,
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A. desertorum, A. sibiricum, A. michnoi, A. imbricatum and

A. fragile. In nine strains of A. cristatum somatic counts
of 2n=14 were obtained. Two additional strains of this species
had 28 chromosomes. The remaining species were tetraploids

with somatic chromosome numbers of 28. One plknt of A. desertorum

had 29 chromosomes and one plant of A. michnol was found to be
triploid.

At the first meiotic metaphase in pollen mother cells
considerable variation in chromosome numbers were noted. Fourteen
of 43 tetraplold plants belonging to the strain S-841 of

A. imbricatum and to A. desertorum amd A. michnol were found

to have one to six supernumeraries. All plants of A. sibiricum
and A. fragile possessed the nommal tetraploid chromosome
complement, while all plants of the Fairway strain of A. cristatum
had the diploid complement of 14 chromosomes.

Preliminary observations by Knowles (42) did not
iﬁdicate any relationship between the occurrence of super-
numeraries and plant vigor. Supernumerary chromosomes were
smaller than normal chromosomes in some plants but in others
they could not be distinguished. They did not show a differential
staining resction. Since no supernumeraries were observed in
diploid crested wheatgrass the author suggested that thelr
origin and maintenance were related to the more complex pairing
relationships in tetraploids. Several crosses indlcated that
supernumerary chromosomes in crested wheatgrass were transmitted

through pollen and eggs.
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MATERTALS AND WETHODS

Plant Materials

Several of the strains used were previously described
by Knowles (42). They represented the three species Agropyron

cristatum (L.) Gaertn., A. desertorum (Fisch.) Schult. and

A. imbricatum (M.B.) Roem. and Schulta

The diploid species, A. cristatum was represented by
the Fairway variety, strain S-3541 from Sweden and strain
S5=-53239 from the Zoviet Union. A survey of meiotic chromosome
numbers was conducted in these three populations. Selected
plants of S-3541 were used for studies of mitosis. Transmission
of supernumerary chromosbmes was investligated using controlled
crosses. Controlled crosses were made by the interpollination
of plants without emasculation. Emasculation was omitted in
view of the high degree of self-sterility shown by crested
wheatgrass., |

Several tetraploid populations were used. They included
the varieties Nordan and Summit (S-13l), the strel ns S-1333 and
S-841, and a group of sekﬁctions made in the breeder's seed plot
of Summit and a foundation field of Summit. S-841 belongs to

the species A. imbricatum, while the remaining populations

belong to A. desertorum. Since A. imbricatum resembles

A, desertorum and is highly compatible with it (42), independent

classification may not be required. These populations were used

for a survey of melotlc chromosome numbers. Progenies of
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controlled crosses between plants of S-841 and S-1333 were
involved in a study of the transmission of’supernumerary
chromosomes in tetraploid crested wheatgrass. The agronomie
significance of supernumeraries was evaluated in diploid and
tetraploid progenlies of controlled crosses, in selected plants
of S-841, S5-1333, and Summit, and in open-pollination progenies
of the selections.

The Summit selections were collected prior to seed
harvest. The main objective in selection was high fertility
combined with agronomic desirability. The average fertility
of 36 selections from the . . ~~ ' breeders plot was 56 percent
as compared to 38 percent for the entire plot. The average
fertility of 23 selections from the foundation field was 56

percent as compared to 44 percent for the entire field.

Cytological Methods

Chromosome counts were obtained from temporary smear
preparations. Root tips and stem tissue were fixed in a 3:1
alcohol-acetic-acid mixture following pretreatment for one-half
to one hour in paradichlorobenzene. Spikes used for the study
of pollen mother cell meiosis were fixed in a 6:3:1 solution
of 95 percent ethyl alcohol, chloroform, and acetic-acid. All
preparations were stained with acetocarmine. Meiotic chromosome
cdunts were based on eight to ten cells per plant in most cases.
These were usually obtained from one or two spilkes. 1In this

report total chromosome numbers, 14, 15, 16 etc. and 28, 29,



30 etc. are presented, and include the chromosomes of the
basic complement plus supernumeraries. Thus a count of 15
refers to 14 basic chromosomes and one supernumerary.
Similarly a count of 29 refers to 28 basic chromosomes and
one Ssupernumerarye.

Material for cytological studles was collected from
plants in the field and in the greenhouse. Primary roots were
obtained from seeds germinated in vermiculite. Metaphase and
dlakinesis stages were used for meiotic chromosome counts.
Anaphase stages were usually avoided because univalents
occasionally divide at anaphase I. 1In tetraploid material the
quadrivelent frequency was recorded. Since variation in
quadrivalent frequency between cells within plants appeared a2
large as variation between plants it is not reported in detail.
Generally one to three quadrivalénts per cell were noted.

In diploid crested wheatgrass the study of the trans-
mission of supernumeraries involved 188 plants representing
progenies of 21 crosses. In most cases reciprocal crosses were
studied. Parents with zero, two and four supernumeraries were
involved. The nﬁmber of plants examined varied from six to
twelve per cross and ten or more cells were counted for each
plant.

A similar study in tetraploid material included progenies
of seven crosses. Parents with zero, two and five supernumeraries
were involved. A total of 68 progeny plants were examined. The

average number of cells counted per plant was slightly below



ten because of difficulties in obtaining good preparations,
Some variation in chromosome numbers between cells
within plants occurred. Therefore the mean number of super-

numeraries was calculated for each progeny on a per cell basis,

Description of Fleld Tests

Ohservations concerning the agronomic significance of
Supernumerary chromosomes were made in spaced-plant plantings.
Fertility, height, forage yileld, and seed yield were studied.

In 1958 and 1959 observations were made on fertility, plﬁnt
height, and plant weight in the progenies of the controlled
crosses among plants of S-3541, which strain was used for the
study of the transmission of supernumeraries., In 1960, fértility
and height were measured in the tetraploid progenies of con-
trolled crosses., These populations were grown in single progeny
rows without replicat ion, thus no measure of environmental
influence could be obtained.

Data on fertility, seed yield, forage yleld, and height
were dbtéined in three tests of open-pollination progenies.

These tests will be referred to as tests 1, 2 and 3 respectively.
Tests 1 and 2 each included 64 strains arranged in an € x 8
partially balanced lattice design with three replications.

These two tests were established in 1957 and 1958 respectively
and they included progenies of selected parents belonging to

the strains S-841 and S~-1333, In addition the check varieties

Summit and Nordan and some miscellaneous materials were included.



Test 3, established in 1959, included open-pollination
progenlies of the Summit selections and the varieties Summit
and Nordan. The 36 entriés were arranged in a 6 x 6 lattice
design using three replications. In these three tests, plots
consisted of 1l plants spaced 2! apart in single rows, spaced
3'apart.

Fertility data from test 1 were cbtained in 1958 and
1959, TForage ylelds, seed yields, and heights are reported for
1959, 1In test 2 fertility, heights, and seed ylelds were
recorded in 1959 and forage ylelds in 1959 and 1960. All
observations in test 3 were made in 1960. 1In order to obtain
forage yields and seed yields simultaneocusly the tests were cut
Just prior to seed maturity.

The parents of tésts 1 and 2 were evaluated for fertility
in a polycross which will be referred to as test 4. These parents
were represented by one clonexin each of the five replicates.
Clones were spaced 2' x 3', The parents of test 3 were evaluated
in an isolated polycross{bloek with three replications. Each
selection appeared once in each replicate and clones were spaced

4' x 4', This test will be referred to as test 5.

Method of Rating Fertility

Fertility ratings were based on observations from two
mature spikes per plant.: From each spike, five or ten spikelets
were selected avoiding the bottom amd top spikelets. By
pressing on the individual florets with a sharp pencil the

number of fully developed seeds was determined. Subsequently

#In this thesis the term "clone" refers to individual,
vegetatively reproduced plants of selecyions,
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a fertility value in percent was calculated for each spikelet.
The individual spikelet values were averaged to obtain the
spike fertility and the two spike values were averaged to
obtain the fertility rating for individual plants or clones.

In the progenies of the controlled crosses and in test
4 ten spikelets per spike were used. In test 5 and in the tests
~of open-pollination progenies five spikelets per spike were
counted. The fertility values of parents 1n test 4 represented
the means of five clones. Assuming an average of five florets
per spikelet each parent value was thus based on 500 individual
observations. Similarly fertility ratings of the parents in
test 5 were based on 150 observations. In all open=-pollination
progenies, five plants were sampled in each of the three
replicates. Progeny fertility values used in the subsequent
analyses thus represented the means of 15 individual plant
ratings. Assuming flewe florets per spikelet progeny fertility
percentages were therefore based on 750 individual observations.

Expressing fertility as the total number of seeds in
percent of the total number of florets examined in each parent
or strain (maximum likelihood method) would have given the
lowest estimate of fertility variance. However this method
was not used. Instead fertility indices in percent were
calculated for spikelets and spikes, and these were averaged
for clones and progenies, This method was preferred because

it made the calculation of variance components possible.
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Statistical Methods

It was intended to relate fertility of open-
pollination progenies to fertility of their parents and to
the chromosome number of their parents. Progenles in tests
1, 2, and 3 were classifisd according to parental 8 trains,
that is S-841, S-1333, and Summlt selections. Progenies
within strains were assigned to groups according to the
chromosome number of the female parent and the mean fertilities
of groups were calculated. The analysis of wariance was
performed using spike fertility values as the smallest unit.
The following variance components were then computeds;

l. Variance between spikes within plants (error).

2. Variance between progeny plants within female
parents.

3., Variance between female parents within parental
chromosome groups.

4, Variance between chromosome groups.
Degrees of freedom, sums of squares, and expectations of
mean squares for these components were calculated as indicated

in Table 1.



Teble 1. Analysis of variance used in deriving variance
components,

Variance Degrees of Sums of Components of
Freedoms Squaresss Variances#
2
Total n-1 A-E éz+k562pr+r§bar.+sldzgr
Chromosome groups ng - 1 D=E 52+k252pr+r16?par.+552g
Parents within groups (np1-1+... C=D 62+k1J$pr+r62par.
Progeny plants within Nn(n,.-1) B-@ 62+k62pr
P\pr
parents a&mnd groups
Spikes within plants n A-B S°2
#n = total number of spikes %%;A = Total
ng = nunber of chromosome groups B = Spikes
n, = total number of progenies C = Parents
Nple..efpn = number of progenies in D = Groups
first to nth group E = Correction fact

Npr = number of individual plants per
progeny

#%# Expectations of the mean squares were obtal ned in the manner
described by Kempthorne (41) and Comstock and Robinson (15).
Tests of significance were conducted according to the
proeedures outlined for hierarchial classifications (41). P-
values were therefore calculated as follows:
F; for differences between progeny % 32+kg2pr
plants - G

Fi3 for differences between parents = 62+k162pr+ré?par
within groups .
cf+k82pr

Fy44 for differences between groups = 52+k232pr+r152par+sézgr
G°+ky pr+rd par
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The parent fertility data were analysed in the same manner
considering the following variance components: Spikes within
clones, clones within parents, parents within groups, and
chromosome groups.

Since the fertility data were expressed as percentages
all subsequent calculations were made using the values transformed
to sin® 6. Several analyses were performed on both the percentage
data and the transformed wvalues to determine the effect of the
transformations on the results,

Forage yield, seed yield, and height were measured on
a plot basis for all entries in progeny tests 1, 2, and 3. 1In
the analyses of forage yield and seed yleld data the effects of
missing plants were determined by co=-variance methods. If the
regression of yield on number of plants per plot was significant
the appropriate corrections were made and the data were analysed
by the randomized block method. If this regression was not
significant the lattice analysis was performed. The progenies
were then grouped according to the parental chromosome numbers
and comparisons were made between groups by means of t-tests.

Heritabllity estimates for fertility were obtalned by
doubling open-pollination progeny-parent regressions. Regression
techniques also were employed to establish the relationship
between fertility and seed yield.



RESULTS

Cytological Studies

The occurrence of supernumerary chromosomes in various plant parts

Among 24 plants belonging to S=3541, 23 were found to
have one to four supernumeraries at pollen mother cell melosis,
The seven bilvalents of the basic complement were of equal size.
Generally flve to seven of these showed chiasmata on both sides
of the centromere while zero to two were rod bivalents. The
supernumeraries appeared as small rod bivalents or univalents,.

Adventitious roots were examined for 20 of these plants
and in all cells counted there were 14 chromosomes. Open-
pollinated seed from a plant having two supermumerary bivalents
was germinated and subsequently primary roots were examined.

A total of 16 cells was counted with most of these coming from
different roots. One cell had 14 chromosomes and the remainder
had 15 to 18. For the 18 chromosome plant several telophase
stages were observed with free chromatin in the cytoplasm.

After removal of primary roots the seedlings were
planted in soil and successfully established. At the three to
four leaf stage adventitious roots were fixed., From these, ten
cells representing three plants were counted and all contained
14 chromosomes. Stem meristem from an additional plant was
studied and eight cells contained 16 or more chromosomes,

In some of the cells from primary roots and stem tissue
the supernumeraries could be clearly distinguished. They were

short with subterminal centromeres. However the supernumeraries
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did not differ from normal chromosomes in their stainability.
Similarly the supernumeraries in the pollen mother cells did

not appear to be heterochromatic.

Frequency of supernumerary chromosomes in various populations

a. Diploid populations
Twenty-five plants of the Fairway variety, grown from
breeders seed were examined. A total of 260 cells inecluding
69 diakinesis stages, 171 metaphase plates, and 20 anaphase
groups were counted. In all of these, seven bivalents were
observed (Fig. 1), and distributions were 7 + 7 in the anaphases.
The frequency of plants in S-3541 with various meiotic

chromosome numbers is presented in Table 2.

Table 2: Frequency of plants with various meiotic chromosome
numbers in S-3541 crested wheatgrass.

Percent Plants with Chromosome Numbers of No. of Total No.
1 1 1 17 18 Plants  Cells
Examined Counted

4,2 8.3 6647 8.3 12.5 2k 118

The majority of the plants contained supernumeraries
and even numbers were more common than uneven numbers. Three
plants of S5-5239 were studied and these had one, two, and

four supernumeraries at meiosis.
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Plate I

Fige.
Fig.
Fig.
Fig.
Fige.

1.

4.
Se
6e

Se

Meiosis in pollen mother cells of diploid crested
wheatgrasse.

(Arrows indicate supernumerary chromosomes,

magnification approximately 750X. )

Metaphase I, Fairway, 7 II

Metaphase I, S=-354l1, 8 II

Metaphase I, S=-3541, 7 IT + 3 I

Metaphase I, S-3541, 8 IT + 4 T

Metaphase I, S=3541, 9 II + 2 I
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Fige.
Fig.
Fige.

Figo

Fig.
Fige.
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8e
9.

10-12

10.
11.
12.
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Plate II

Meiosis in pollen mother cells of diploid crested
wheatgrasse.
Anaphase I, £-3541, 8 + 8
Anaphase IT, S-3541, 8 + 8
Anaphase I, S=3541, 7 + 7 + 2, precocious divisions of 2
supernumerary univalents.

Melosis in pollen mother cells of tetraploid crested
wheatgrass.

Diakinesis, Nordan, 3 IV + 8 II
Metaphase I, Nordan, 14 ITI + 2 I
Anaphase I, Nordan, 15 + 15
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13,
14,
15.
16.
17.
18.

Plate ITII

Meiosis in pollen mother cells of tetraploid crested
wheatgrass.

Metaphase I, Nordan, 1 IV + 12 II + 1 I
Metaphase I, Summit, 1 IV + 1 ITTI + 11 II + 2 I
Metaphase I, S-841, 3 IV + 1 TIT + 8 IT + 1I
Diakinesis, S-841 x S-1333, 3 IV + 9 IT
Metaphase I, S-841 x S-1333, 2 IV + 13 II

Anaphase T, S-841 x S-1333, hexaploid, approximately
21 + 21



be Tetraploid populations
The results of a survey of meiotic chromosome numbers

in five populations are included in Table 3.

Table 3: Frequency of plants with supernumerary chromosomes at
meiosis for five populations of tetraploid crested
wheatgrass.,

Percent Plants with Chfoma- No. of No. of Av., No.
some Number oOf : Plants Cells Supernum.
Population 28 29 30 31 32 33 Examined Counted per Plant

Nordan 1le5 19.2 53.8 7.7 7.7 = 26 229 1.7
Summit 835.7 14e3 35,7 = 14,3 = 14 116 1.4
2-841 18,0 38.6 27.3 11.4 2.3 2.3 44 376 1.5
S=1333 631 15.8 21,1 =~ - - 19 144 o7
Summit 29.4 35.3 20,6 8.8 5.9 = 34 308 1.3
selections

Supernumerary chromosomes were most abundant in the
Nordan variety where 88.5 percent of the plants contained them
(Figs 10-13)., The Summit variety showed a lower frequency of
supernumeraries than Nordar. In both populations plants with
even numbers of additional chromosomes were more common than
plants with uneven numbers, The two experimental strains
differed considerably in the frequency of plants with super-
numeraries, In S-841, plants with one to five supernumeraries

occurred whereas in S-1333 only plants with one and two were noted.
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Selectlion of plants in Summit with high fertility did not
materially alter the mean number of supernumeraries. In
selected plants 29.4 percent lacked supernumeraries as
compared to 35,7 percent in unselected Summit. However, in
the selections a larger proportion of the plants had one and

a smaller proportion had two additional chromosomes.

Behavior of supernumerary chromosomes at pollen mother cell melosi:

Pairing relationships and the behavior of supernumerary
chromosomes at meiosis were essentially the same in diploid and
tetraploid forms of crested wheatgrass.

In plants having an even number of supernumeraries they
usually appeared at the metaphase plate simultaneously with the
chromosomes of the normal complement. Generally they formed
bivalents which were one-third to one-half the size of
A-bivalents (Fig. 2-6). 1In cells containing two supernumerary
bivalents these were commonly found adjacent to each other near
the center of the plate. However ﬁhey did not appear to be 1in
quadrivalent assoclation. The supernumeraries were never
ocbserved in association with chromosomes of the basic set.
During anaphase I the supernumeraries moved to the poles
simultaneously with the A-chromosomes (Fig. 7). Occasionally
they lagged but since dyads with micronuclel were extremely
rare it was concluded that the laggards were usually included
in the daughter nuclei, During meiosis II the supernumeraries

showed normal disjunction and movement to the poles (Fig.8).
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Pollen quartets with micronuclei were extremely rare., Thus
elimination of supernumeraries during meiosis was low,

Where a single supernumerary chromosome was present
it moved to the metaphase plate and subsequently to one of the
poles or it remained at one of the poles during the first
division. The equational division of the univalent followed
at anaphase IT. In only one diploid and a few tetraploid
plants did supernumerary univalents divide at anaphase I
(Fig. 9).

Trivaleht associations of supernumeraries were rarely
distinguished in cells of diploid plants. 1In tetraploid
material they were more frequent (Fig. 15). In plants having
four supernumerary chromosomes these were present as two
bivalents in most cells.

Anaphase distributions of 7 + 9 could occasionally
be observed on the same slide with 8 + 8 distributions in
diploids. Similarly 14 + 16 distributions occurred with
15 + 15 distributions in tetraploids., 1In the cells with
uneven distributions the chromosomes of the basic set were
always found in even distributions. Irregular disjunction of
supernumeraries may have occurred as a result of stickiness

or because of centromere deficiencies.

Transmission of supernumerary chromosomes

a. Diploid pOpulations‘
This study involved progenies of ten plants in various

cross combinations. Three plants had seven pairs of chromosomes



at meiosis, three plants had eight, and four plants had nine.

The results from this inheritance study are summarized in
crosses

Table 4. With the exceptions of/16 and 18, crosses are listed

in ascending order according to the mean number of super-

numeraries in the progeny.

In crosses 1 - 10 only the female parent}had supernumerary
chromosomes, with two in the first two crosses and four in the
following eight. The progenies of crosses 5 and 8 showed the
Same chromosome number in all cells of all plants. 1In the
remaining crosses the chromosome number varied between progeny
plants and between cells within plants. The majority of the
cells, however, contained half the number of supernumeraries
of the femasle parent.

Similar ranges of chromosome numbers also appeared in the
progenies of crosses 14 to 19 where the msle parent carried
supernumeraries and in the progenies of crosses 11 to 15 and
20 to 21 where both parents carried supernumerarieé.

For the crosses 14 to 19, which were reciprocals of
crosses 3 to 8, 53 progeny plants were examined. Eleven of
these had 16 chromosomes. In this portion of the population
transmission of supernumeraries through the male occurred in
haploid numbers. Of the remaining plants 12 had 18 chromosomes
in all cells, 26 showed chromosome numbers ranging from 16 to
20 within individual plants and four plants were without super-
numeraries, In the plants with 16 to 20 chromosomes the majority

of cells contained 18 chromosomes. In these matings the male



presumably contributed 18 chromosomes and subsequent
irregular cell divisions were responsible for the ranges
in the chromosome numbers. Thus 38 plants or 71.7 percent
showed directed non-dis junction of supernumeraries towards
the male gamete, _ ::. |

In crosses 35, 4, 8, and 10 the same male parent,
plant I, was involved with different female parents. The
mean number of supernumeraries varied from 1.77 1n cross 3
to 2,50 in cross 10. In crosses 16 to 18 plant I was used as
female parent in combination with different male parents,

The mean number of supernumeraries ranged from 2.59 in cross

18 to 3.72 in cross 17, It appeared therefore that the degree
of transmisslon varled according to the genotype of the parents
and the resulting zygotes.

In the progenies of crosses 11 to 13 and 20 to 21 the
mean numbers of supernumeraries were lower than expected
assuming haploid transmission through the female and diploid
transmission through the male. This was due to a higher degree
of elimination particularly in the crosses where larger numbers
of supernumeraries were involved.

The summary shows that in groups 1 and 2 the mean number
of supernumeraries was somewhat higher than the haplold number
contributed by the female parents, This would indicate a degree
of directed non-disjunction of supernumeraries towards the female
gamete, . . This, presumably, also occurred in groups 3 and 5
but because of high elimination the mean numbers of supernumeraries

were lower than expected.



Table 4: Transmission of supernumerary chromosomes in crosses of diploid crested wheatgrass.

No. Description of Cross No, of No. of Mean No, of No. of Cells with Chromosome No. of
of Chromosome Progeny Cells Supernumeraries
Cross Parents Number Plants Observed 1in Progeny 14 15 16 17 18 19 20 21 22
A. Individual crosses
1l A x H 16 x 14 10 138 1.00 13 111 14
2 C xH 16 x 14 12 169 1.29 129 30 10
3 Dx1I 18 x 14 9 112 1.77 27 84 1
4 ExI 18 x 14 10 140 1.98 2 138
5 ExJ 18 x 14 9 98 2.00 98
6 DxJ 18 x 14 10 116 2.00 115 1
7 GxJ 18 x 14 7 121 2.00 120 1 '
8 Gx I 18 x 14 9 104 2.00 104 o
9 FxJ 18 x 14 10 112 2.09 30 32 29 21 »
10 Fx1I 18 x 14 9 130 2450 1l 64 83 2 '
11 CxB 16 x 16 7 100 2.58 19 4 77
12 AXxXB 16 x 16 9 133 2.75 41 85 6 1
13 Bx A 16 x 16 9 131 2.86 20 109 2
14 Jx G 14 x 18 7 111 3.37 30 9 72
15 JXE 14 x 18 10 130 Se44 36 94
16 IxD 14 x 18 9 131 327 14 19 2 95 1l
17 IxXE 14 x 18 10 132 3.72 18 114
18 IxG 14 x 18 9 111 2459 34 10 67
19 JxD 14 x 18 8 101 4,00 101
20 DxBE 18 x 18 9 111 4,94 18 18 15 54 2 4
21 ExD 18 x 18 6 77 5.01 2 6 28 9 19 11 2
“Total 188 2508 91 289 997 895 620 25 74 13 6
B. Summary of crosses according to parental chromosome numbers
Group 1 16 x 14 22 307 1.16 13 240 44 10
Group 2 18 x 14 73 933 2.11 30 30 755 95 23
Group 3 16 x 16 25 364 2.74 19 65 271 8 1l
Group 4 14 x 18 53 716 5440 48 113 11 543 1l
Group 5 18 x 18 15 188 4.99 20 6 46 24 73 13 6
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be Tetraplold populations

This study included progenies of five plants which
were crossed in various combinations. Two parents had no
sﬁpernumeraries, two plants had two and one plant had five.
Clones of the progeny plants were grown in the greenhouse for
observation of melosis, The results of this study are included
in Table 5.

In the first two crosses the same female parent with
two supernumeraries was pollinated by different males having
the normal chromosome complement. Of the ten progeny plants
of cross 1 four were free of supernumeraries and six plants
had one supernumerary.» In cross 2 all but one of the plants had
one additional chromosome., One hybrid plant had 42 chromosomes
(Fig. 18). This plant was assumed to be a hexaploid resulting
from the union of an unreduced gamete with one containing the
haploid chromosome complement. The mean number of supernumeraries
for crosses 1 and 2 were .48 and 1.00 respectively. Since the
number of plants studied was relatively small this difference
may be due to chance. However, a difference of about the same
magnitude occurred between the reciprocal crosses 3 and 4. It
appears more probable therefore, that in the hybrids of plants A
and B the supernumeraries were eliminated after the zygotes were
formed and that differences in genotypes of plants B and C were
responsible for differential elimination.

In cross 3 four plants had no supernumeraries, one plant
had one, and five plants had two. Cross 4 produced one plant

wilthout supernumeraries, seven plants with two, and two plants
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with three. As was noted in the reciprocal crosses elimination
was higher in the B x A cross than in the C x A combination.

The total of crosses 3 and 4 indicated that complete elimination
of supernumerary chromosomes in the male occurred in five plants
or 25 percent of the population. Haploid transmission through
the male occurred in five percent of the matings and directed
non-dis junction of supernumeraries towards the male gamete =~ -
took place at a freguency of 70 percent. Two progeny plants of
cross 4 contained 31 chromosomes., Presumably they were produced
by the combination of » normal eggswith 16 chromosome pollen
followed by non-random distribution of the supernumeraries,

or by matings between normal eggs and pollen with more than 16
chromosomes, Such pollen could be produced by uneven dist-
ribution of supernumeraries during meiosis in the male parent
followed by directed non-disjunction at pollen mitosis.

Seven plants in cross 5 possessed three supernumeraries
in all pollen mother cells. According to observations in
crosses 1 - 4 this would indicate directed non-disjunction of
supernumeraries in the male and haploid transmission through
the female. One plant with 29 chromosomes in all cells
indicated complete elimination of supernumeraries in one parent
and haploid transmission in the other. In an additional plant
nine cellé contained 31 chromosomes ard one c¢ell contained 30.
This count of 30 indicates that t he supernumerary univalent was
lost prior to meiosis, In the last plant of this cross four

pollen mother cells with 31 and five with 33 chromosomes were



Table 5: Transmission of supernumerary chromosomes in crosses of tetraploid crested wheatgrass,

No. Description of Cross No. of No. of Mean No, of No. of Cells with Chromosome No. of

of Chromosome Progeny Cells Supernumeraries

Cross Parents Number Plants Observed 1in Progeny 28 29 30 31 32 33 34

1  AxB 30 x 28 10 89 .48 6 43

2 AxC 30 x 28 9 79 1,00 79

3 Bx A 28 x 30 | 10 91 1,09 38 6 47

4 cxa 28 x 30 10 96 1.99 11 64 21 P
5 AxD 30 x 30 10 94 2,92 8 1 80 5 3
6 ExC 33 x 28 10 105 2.30 12 65 20 8 ‘
7 CxXE 28 x 33 9 114 4,87 2 3 10 16 44 39

Total 68 668 95 150 180 131 16 57 39
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noted. Such mosaics may be the result of non-disjunction of
supernumeraries in some mitoses during the plant development
or in archesporial cells.

Crosses 6 and 7 are reciprocals of two plants with 28 and
33 chromosomes. Six progeny plants of cross 6 had 30 chromosomes,
two had 31 and one each had 29 and 33. Assuming normal movement
of supernumeraries to the poles at meiosis, equal numbers of 30
and 31 chromosome individuals would be expected. This was not
observed and it appeared most prcbable that occasionally the
univalent supernumerary chromosome was lost during macrosporo=-
genesis. The plant with 33 chromosomes represented an instance
of directed non-disjunction of supernumeraries towards the egg.
In the plant with 29 chromosomes all but one of the additional
chromosomes were eliminated.

In cross 7 two plants had a uniform chromosome number
of 33 and two had a uniform number of 34. In the remaining five
plants the chromosome numbers varied within plants and ram ged
from 29 to 31, 31 to 33, 32 to 33, 32 to 34, and 33 to 34 for
the five plants. The plant with 29 to 31 chromosomes presumably
represented the only mating to which the pollen contributed only
three supernumeraries. In this plant 14 cells were counted, two
with 29 dhromosoﬁes, three with 30, and nine with 31l. Directed
non-dis junction of the supernumeraries towards the male gamete
was demonstrated by the eight remaining plants. Variations in
counts within plants indicated unequal distribution and some

elimination of supernumeraries.
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Agronomic Significance of Supernumerary Chromosomes in Crested
Wheatgrass

Fertility, forage yield, and height in diploid controlled cross
progenies

Table 6 includes a summary of agronomic data for diploid
crosses listed in Table 4., Crosses are listed in order of

parental chromosome combinations.

Table 6: Mean fertility, weight, and height in progenies of
controlled crosses in diploid crested wheatgrass.

e

Cross Mean No. of Fertility Green Weight Height
Supernumerary (Percent) (1bs./plant) (inches)
Chromos omes

16 x 14 1.00 53.7 .68 25¢3

18 x 14 2.11 47,1 56 28.8

16 x 16 2.74 32.6 .48 23,1

14 x 18 3440 48,7 .55 30,4

Fertility and weight generally decreased and height
increased as the mean number of supernumeraries in the population
increased. This test did not include check varieties. The
Feirway variety which is void of supernumeraries, generally
avarages 65 percent fertility. Critical evaluations were
obtained from comparisons between progenies of reciprocal
crosses which formed part of the data in Table 6. Data for

individual crosses are presented in Table 7.
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Table 7: Effect of supernumerary chromosomes in progenies of
reciprocal crosses in diploid crested wheatgrass.

Cross ‘Mean No. of ‘Pertility  Green Weight ‘Helght
Supernumerary (percent) (1bs./plant) (inches)
Chromos omes

DxI 1.77 61.5 .54 2843
IxD 3,27 61.6 52 27.6
ExI 1.98 54.5 .63 30.8
IxE 3.72 52 .6 .68 30.0
Ex J 2,00 45.8 .57 29.6
JTxE 3.44 46,0 .51 3l.4
DxJ 2,00 36.0 .48 29.5
JxD 4.00 41,5 .63 32.6
GxJ 2.00 48.6 - -
ITxG 3,37 48,9 - -
G x I 2.00 58,7 - -
IxaG 2 .59 41.9 - -

Seven to ten individual plants were evaluated for each
cross, The differences between reciprocals were tested for
significance by means of t-tests. Differences in fertility
were non-significant. Since differences in fertility between
pfogenies with one common parent (D x I vs, E x I, D x I vs.

D x J etc.) were signifidant in some cases, 1t appeared that in
these populations variation in fertility was of genetic nature
and was not influenced by supernumerary chromosomes.

Differences in plant weight were not significant for
reciprocal crosses nor for crosses with one common parente.
Coefficlents of variability for plant weight were much larger
than for fertility. Therefore larger populations would be
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required to demonstrate significant differences., The
progenies J x E and J x D were significantly taller than the
reciprocals and this increase in height may be attributed to

Supernumerary ¢ hromosomes.

Fertility and height in tetraploid controlled cross progenies

The progenies used for the study of the transmission
of supernumerary chromosomes, Table 5, were evaluated for
fertility and height. Plant weights were not recorded because
cuttings had been taken from these plants in the previous fall
and this treatment introduced additional variation in plant
size. The data are included in Table 8.

Table 8: Fertility and height in progenies of controlled crosses
in tetraploid crested wheatgrass.

—— ——
— —

Cross Mean Number of Fertility Height
Supernume rary (percent) (inches)
Chromosomes

A X B .48 45.2 37.3

Bx A 1.09 59.2 36.6

AxC 1.00 50.0 36.1

C x A 1.99 61l.3 36.2

ExC 2430 52.9 39.8

C xE 4,87 48.6 39.9

AXxD 2.92 49.4 40.1

Differences in fertility between reciprocal crosses
were significant in all three crosses., Progenies of the B x A

and C x A crosses had better fertility than the reciprocals and



they also had a higher number of supernumeraries. These
progenles contained supernumeraries in even numbers while
the reciprocals contalned them in odd numbers. 1In the
progenies of the reciprocal cross A x B eight plants had no
supernumeraries, seven plants had one, and five plants had
two. The mean fertility in these three groups was 54.7
percent, 46.5 percent and 56.1 percent respectively. Ferti-
1ity was significantly lower in the 29 chromosome group. It
appeared therefore that fertility was depressed in this cross
by one supernumerary chromosome but not by two.

In the other progenies simllar groupings were not
méde. The chromosome numbers were similar in all plants of a
eross, in which case the comparison of the reciprocals was
adequate. Plant height was not influenced by the number of

supernumeraries in these populations.

Fertility, forage yield, seed yileld, and height of selected

parents and their open-pollination progenies in tetraploid

crested wheatgrass.

a. Pertility

Test 1 included 17 progenies of S=-841 and 12 of
S=1333 which were used for detailed analyses of fertility.
Test 2 included 26 progenies of S-£841 and six of the S-1333,
The S-841 progenies of each test were analysed independently,

whereas the 8-1333 progenies of both tests were analysed
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together. The parent data from test 4 were considered in

the same manner. Because a few of the parental clones failed
to establish in test 4, the number of parents involved in the
variance analyses does not in all cases correspond with number
of progenies used.

The parents of test 1, belonging to S-84%1 were included
in four chromosome groups. Groups 1 and 2 each included three
parents. Plants of group 1 had 28 meiotic chromosomes, plants in
group 2 had 29. Group 3 included seven parents with 30 meiotic
chromosomes. Group % included four parents, all having 31
chromosomes .

The analysis of variance and the components of variance
of fertility of parent plants are included in Table 9.

Iable 9: Analysis of variance and variance components of
fertility in S-841 parents of test 1.

Source Degrees of Mean Square Components of Variance in
Freedom Variance % % of total
Total 169 90.02 80.96 100.0
Chromosome |
groups 3 1922.98%* 19.12 23.6

Parents within
groups 13 336.83%* 27.82 34 b

Clones within
parents 68 Lo, 67% - 8.56 10.6

Spikes within
clones 85 25.45 25.45 31k
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* and ** indicate significance at the five and one percent
levels respectively. I Components of variance were determined
as indicated in Table 1 using the following coefficients:

k =2 k3 = 163/169 r2 = 160/169
k1 =2 r =10 s = 61.18
k2 =2 rl = 10 sl = 122.36/169

Significant differences in fertility occurred between
clones within parents, between parents within chromosome
groups and between chromosome groups. The cause of the
large variance due to spikes is not clear. Variance between
clones within parents was relatively unimportant while parents:
within chromosome groups represented the largest single variance
component.

Table 10 includes the analysis of variance for fertility
in the open-pollination progenies of these parents.

Table 10: Analysis of variance and variance components of
fertility in open-pollination progenies of S-841

in test 1.
Source Degrees of Mean Square Components of zariance in
Freedom Variance % of total
Total 509 < 309.16 309.15 100.0
Chromosome , ,
groups 3 2376.56 7.438 2.4

Progenies within
groups 13 1107.57%%* 19.09 6.2

Plants within
progenies 238 500 o Ol 216.60 70.1

Spikes within
plants 255 65.98 o 65.98 21l.3




k =2 k3 = 508/509 r2 = 480/509
kl =2 r = 30 s = 121,17
k2 =2 rl = 30 sl = 363.6/509

In the open-pollination progenies significant differences
in fertility occurred between individual plants within progenies
and between progenies within groups. The differences between
chromosome groups were not significant., Variance due to plants
within progenies represented the main variance component.

Foertility data for S-841 parents and progenie s of test 2,
for S-1333 parents and progenies of tests 1 and 2, and for
Summit selections and progenies in tests 5 and 3 were ahalysed
in the same manner. Analysis of variance tables are included
in Appendices A, B, and C. These analyses showed highly
significant differenees in fertility between clones within
parents and between parents within groups, but not between
chromosome groups. Similarly, differences between plants within
progenies and between progenies within groups were highly
significant. The main variance components were parents within
groups and plants within progenies. Variance due to spikes
within plants again w&s: smaller in the test of progenies than
in the test of parents.

Table 11 includes the mean variance components in percent
for parents of tests 4 and 5 and for progenies of test 1, 2,

and 3,
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Table 1ll: Pooled variance components in percent for all parents
and open-pollination progenies.

e S et e et A s SO i e A S e e A WSS A S

Parents Progenies
Source ‘Variance Source Variance
Chromosome groups 8.1 Chromosome groups 5
Parents within groups ‘46.5 Progenies within groups 945
Clones within parents 18.3 Plants within progehies - 7546
Spikes within clones 27.1 Spikes within plants 14.4

Total 100.0 Total 100, 0

Spikes contributed 27.1 percent of the total variance of
parents as compared to 14.4 percent of the total variance of
progenies, Better pollination conditions in the progeny tests
may, In part, account for the smaller variance component for
spikes, However, since total variance in the progeny tests was
larger than in the test of parents percentage values are not
comparable., The comparison of the variance component for parents
within groups with that for chromosome groups showed the
importance of the genetic constitution of the parents in determining
fertility. Variation due to chromosome groups was present but was
relatively unimportant.

Plants within progenies were the main source of wvariation
in tests of open-pollination progenies. This was largely genetic
variance, but in part it may be due to supernumerary chromosomes
and to within plot environmental effects. Variance due to

chromosome groups was negligible., This was expected because it
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may be assumed that some plants within all progenies contained
supernumeraries. GConsequently part of the fertility variance due
to supernumeraries would be included in the variance components
for plants within progenies and in the component for progenies
within chromosome groups.

In Table 12 the mean fertilities of the parents of
test 1 and 2 are given by chromosome groups.

Iable 12: Mean fertility of S-olil and 5-1333 parents according
to chromosome groups. Fertility expressed as

percentages.

Groups S=-okl 5-1333 Coefficients
and test 1 and Group of
Chrom. Lio. test 1 test 2 test 2 Means variability
1 - 2o Th.S (3)% 64.31 (3) 66.69 (8) 67.86 (14)  11.25%

2 - 29 60.42 (3)  62.67 (6) W6.53 (3) 50.72 (1) 28.19%

3 - 30 68.16 (7) 64.50 (5) 55.06 (3) 64.42 (15)  16.62%

b - 31 ¥ 47,60 (4) 61.96 (2) - 52.39 (6) 27.61%

* pracketed values refer to the number of parents involved in the
respective means. '

Differences in fertility between chromosome groups were
significant only for S-841 parents of test 1. However group
means indicate a considerable 1OSS~in-fertility due to super-
numeraries, particularly in the groups with uneven numbers of
additional chromosomes. In addition the coefficients of
variability for these groups were much larger than those for the
group without supernumeraries and for the group with a super-
numerary pair. Coeffiéients of variability represent the standard

deviations in percent of the means.
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Mean fertilities of open-pollination progenies of
parents included in the foregoing table are included in Table 13.
Table 13: Mean fertility of S-84l and S-1333 open-pollination

progenies according to chromosome groups of their
female parents.

Groups S=841 S5-1333 Coefficients
and test 1 and Group of
Chrom. No. test 1 test 2 test 2 Means Variability
1-28 55.37 (3)* 57.92 (3) 51.56 (8) 53.75 (14) 19.12%
2 - 29 38.81 (3)  57.86 (&) 44,55 (3) 50.92 (1h) 20.50%
3~ 30 53.02 (7)  49.27 (5) 53.49 (3) 51.86 (15) 16.66%
b - 31 + 52.58 (4)  54.26 (2) -- 53.1% (6) 15.86%
Summit check  test 1: 4%4.99 Nordan check test 1: Ll.lk

test 2: L2.43 test 2: iUk

* Bragketed values refer to the numbers of progenies involved in
eachh mean.

Variance analyses indicated that differences in
fértility between these grouns were non-significant. This 1is
shown by comparisons of the group means in Table 13. However
coefficients of variability for progeny groups were fairly
similar, which was not the case in paréntal groups.

Table 1k incluaes mean fertility of the selected
Summit plants in test 5, mean fertility of their open-pollination
progenies in test 3, and coefficients of variability, according

to parental chromosome groups.
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Table 14: Mean fertility of selected Summit plants and open-
pollination progenies according to chromosome groups.

|

Groups Parents Progenies

and

Chrom. No. Fertility C.V. Fertility C.V.
1 - 28 53.62 (10) 25.2% 41,40 (10) 19.0%
2 - 29 56.55 (13) 20.8% 40,28 (13) 30.9%
3 - 30 55.42 (6) 17.8% 38.63 (6) 23.5%
4 - 31 49.48 (4) 20.89% 33,54 (4) 28.1%

Summit check 29.54
Nordan ¢heck 32,80

In this material the differences in fertility between
groups were less than in the S-841 and S-1333 material (Tables 12
and 13). Similarly the coefficients of wvariability for the
parent data did not show the greater variability of plants with
odd numbers of supernumeraries as was observed in Table 12.
However, progenies of plants with odd numbers of supernumeraries
were more varisable.
be Seed yield.

Seed yilelds were taken on the three tests of open-
pollination progenies. 1In test 1 the plot ylelds required
adjus tment for block effects>but according to the co-variance
analysis no correction for missing plants was needed. Test 2

showed a significant regression of yield on numbers of plants
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per plot and yields were corrected by co-variance methods.
The test 3 data did not require stand corrections.

The results of test 1 and 2 are included in Table 15.
The breakdown into strains and chromosome groups is similar to
that used for the fertility data. However seed yields for strain
S5-1333 are presented separately for test 1 and test 2.
Table 15: Mean seed yiselds of open-pollination progenies of

S=-841 and S-1333 according to parental chromosome
groups. Yields are presented in pounds per acre.

p—
——

Groups S=-841 S=-1333 Group Coefficients
and Means of
Chrom No. test 1 test 2 test 1 test 2 Variability
1 - 28 336 (3) 430 (3) 320 (5) 354 (3) 354 (14) 12 .4%
2 - 29 228 (3) 344 (8) 294 (3) - 308 (14) 26.5%
3 - 30 296 (7) 346 (5) - 320 (3) 317 (15) 11.2%
4 - 31 + 298 (4) 333 (2) -- - 309 (6) 32.1%
Nordan check: test 1 242 Summit check: test 1 329
test 2 250 test 2 243

Highest seed yields were produced by progenies of
plants free of supernumerary chromosomes. These progenies yielded
significantly more than those included in the 30 chromosome
group, but not more than those in the 29 and 31 chromosome groups.
Groups 1 and 3 showed less variability than groups 2 and 4.

Table 16 presents the mean seed yields obtained from
the open-pollination progenies entering test 3, grouped according

to the chromosome nmumbers of the female parents.
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Table 16: Mean seed yields of open-pollination progenies of
selected Summit parents according to parental
chromosome groups., Yields are given in pounds per

acre,

Groups Mean Number of Coefficients
and Yield Progenies of
Chrom No. Variabililty
1 - 28 427 10 15.76%

2 - 29 415 13 31.50%

3 - 30 398 6 24.97%

4 - 31 352 4 18.57%

Summit check 434
Nordan check 192

The analyses of wvariance fort he entire test showed
significant differences between seed yields of individual
progenies. However t-tests failed to show significant
differences between any pair of progeny groups although there
was a trend towards lower seed yield with an increase in the
chromosome number of the female parent. The coefficients of
variability showed that group 1 was the most uniform and
group 2 the most variable.
¢c. Forage yield.

Forage ylelds, expressed in tons of dry matter per acre
were recorded in 1959 for tests 1 and 2 and in 1960 for tests
2 and 3, In 1959 moisture conditions were below normal and
yields were low, whereas in 1960 éxcellent growth was obtained.

In test 1, 3.7 percent of plants were missing compared with
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7.95 percent in test 2. The co-variance analyses showed
significant regressions of yield on number of plants for
tests 1 and 2 in 1959 and for test 2 in 1960. The regression
coefficient calculated for test 1 was +,0686 and it was
significant at the fige percent level. For test 2 the
regression was significant at the one percent level in 1959
and 1960, the coefficients being -.0331 and + .1195 respectively.
Thus in the year with limited moisture supply the ploﬁjﬁwzfgt ;
missing plants showed a yield advantage, whereas, in the year
with favorable moisture these same plots were at a disadvantage.
Yields were corrected by co-variance analysis for each year.
Forage data of test 3 were not corrected for missing plants,
since only 1.59 percent of the plants were missing. The lattice
analysis was carried out with correction for block effects.
Tests 1 and 2 d4id not show significant differences
between forage yields of progenies in either year. However,
in test 3 significance was shown at the one percent level. The
progenies were agaln grouped according to the chromosome numbers
of the female parents., Fertility and seed ylelds were reported
for progenies of parents for which fertility data had been
obtained (Tables 13 and 15). Forage yields are presented for
the progenies of all parents whose chromosome numbers had been
determineds Therefore the numbers of progenies in the varlous
groups are in some cases larger than those in Tables 13 and 15
which report fertility and seed yields. Yields of tests 1 and
2 for 1959 are included in Table 17 and yields of test 2 for
1960 are included in Table 18.



Table 17: Mean forage yields of open~pollination progenies
of 5-841 and S-1333 according to parental chromosome
groups, 1959. Yields are given in tons dry matter
per acre, '

— —

Groups S=841 S=1333 Group Coefficients
and Means of
Chrom. No, Test 1 Test 2 Test 1 Test 2 i Variability
1l -28 .93 (3) 1.01 (8) 1.04 (8) .95 (3) 1.00 (20) 16.15%
2 - 29 .86 (3) .92 (13) .95 (3) ~-- .92 (19) 9.89%
3 - 30 .95 (7) .96 (6) .94 (2) .97 (3) .96 (18) 11.25%
4 - 31 + .93 (4) «97 (3) - - .95 (7) 11.89%
Nordan check: test 1 .98 Summit check: test 1 1.00
test 2 .68 test 2 - 69

Table 18: Mean forage yields of open-pollination progenies of
S-841 and S-1333 according to parental chromosome
groups, 1960, VYields are given in tons dry matter
per acre.

Groups Coefficients
and ) Group .+ of
Chrom. No. S5-<841 S=-1333 Means Variability
1 - 28 2,08 (86) 2,01 (3) 2.086 (9) 5¢97%

2 - 29 2,03 (13) - 2,03 (13) 6.10%

3 - 30 2.06 (6) 2.20 (3) 2.12 (9) 5.,70%

4 - 31 + 2.02 (3) - 2,02 (3) 9.75%

Nordan check: 1.67 Summit check: 1.75
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Differences in yields of progeny groups were not

significant in 1959 or 1960 according to t-tests. 1In test 1

the yields of check varieties were approximately equal to the

mean yield of the pfogenies. The mean progeny yields of test

2 exceeded those of the checks in both years. The coefficients

of variability within groups were smaller for forage yield than

for seed yield.

In addition the much larger variability in seed

yields of groups 2 and 4 is not paralleled by a similarly greater

variability of forage yields.

Table 19

The forage yield

s for test 3 are included in Table 19.

Mean forage yields of open-pollination progenies of

selected Summit plants according to chromosome groupS.
Yields are given in tons dry matter per acre.

i

Groups Mean Number of Coefficients
and Yield Progenies of
Chrom. No. ‘ Variability
1 - 28 1.73 10 9.88%

2 - 29 1.62 13 10.12%

3 - 30 1.71 6 14,67%

4 - 31 1.60 4 16.77%

Nordan check 1l.15

Summit check 1.76

In this test the differences between groups of progenies

were again not statistically significaht end the coefficients of

variability were smaller than the corresponding coefficients for

sesd yield (Table 16).

The analysis of variance, however, showed -



slignificance at the one percent 1e§el for yields of individual
progenies. Nine individual progenies excelled Summit in forage
yield.

While trends towards lower fertility and lower seed
yields were noted in progenies of parents with supernumerary
chromosomes, & similar trend was not shown with respect to
forage yield. Similarly, the greater variability in fertility
and seed production, found among progenies of plants with odd
numbers of supernumeraries, was not paralleled by correspondingly
greater variability in forage production.

d. Plant height

Plant height was recorded in tests 1 and 2 for 1959
and in test 3 for 1960, All plants within each plot were
measured and plot means calculated. These plot values were
used in the analyses of variance., Tests 1 and 2 required
ad justment for block effects but in test 3 block effects were
not significant. Because the mean height in test 2 was somewhat
larger than in test<l, height data are presented in Table 20 for
individual tests,
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fable 20: Mean plant height in inches of open-pollination
progenies of S-841 and S=-1333 according to parental
caromosome groups.

Groups Height Group Coefficients
Sggom. No. S-841 S-1333 Hoans Variggility
Test 1: 1 - 28 28.29 (3) 29.25 (7) 26.97 (10) 5.35%
2 - 29 29.00 (3) 30.07 (3) 29.5% (6) 3.00%
3 - 30 29.70 (7) 29.43 (2) 29.6% (9) . 38%
L - 31+ 29.32 (4) - 29.32 (1) 5.01%
Test 2: 1 - 28 31.80 (5) 31.88 (3) 31.83 (8) 3.51%
2 - 29 32,03 (13) =-- 32.03 (13) 3.49%
3 - 30 31.28 (5) 32.42 (3) 31.70 (8) 3.28%
4 - 31 + 32.70 (3) == 32.70 (3) %.19%
Summit check: test 1 25.86 Nordan check: test 1 27.83
test 2 26.21 test 2 27.39

In the 5-841 and S-1333 progenies no significant
effects of supernumerary chromosomes on plant height could be
detected by means of t-tests. Progenies of plants with
additional chromosomes were slightly taller than those of plants
without supernumeraries. Progenieé within all groups showed
low variability.

Similar results were obtained in test 3 as shown in
Table 21. In this test the difference in height between groups
2 and 4 was significant at the five percent level of probability.

However the latter group included only four progenies.
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Table 21: Mean plant height in inches of open-pollination
progenies of selected Summit plants, according to
parental chromosome groups.

——r——r——— —— s st
I ——— = m— ——————————

——

Groups Mean Coefficients
and Height of
Chrom No. Variablility
1 - 28 37.66 (10) 3.45%

2 - 29 36,52 (13) 5.14%

3 - 30 37.21 (6) 4,17%

4 - 31 38,10 (4) 1.60%
Summit check 35,88

Nordan check 35,56

S Parent-proéeny relationships

Regressions of progeny on parent for fertility were
determined for the data of tests 1 and 2 combined and for test
3¢ 1In addition, the relation of seed yield to fertility was
ascertained. Regression coefficients were calculated for entire
populations as well as for individual chromosome groups. In
Tablekzz the respective coefficients are presented for progenies
included in tests 1 and 2 and their parents. Regressions
calculated on percentage data are compared to those obtained
on the transformed values. Standard errors of regressions and

t-values also are included.
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Table 22: Regressions of progeny on parents for fertility,
S-841 and S-1333 strains.

Groups No., of Percentage data Transformed data
and Comparisons

Chrom. No,. byx Se t byx Se t

l -28 19 «4749 .2663 1.783 L4301 .2517 1.708

2 - 29 17 «3013 ,1348 2.235% ,2911 ,1265 2.,301%
3 = 30 16 «0839 42046 «410 . ,0872 L1979 «440
4 - 31 + 7 <1667 ,3002 1.800 ,1658 L2971 « 558
Average 59 2524 .,0882 2,.862%%,2463 ,0843 2.921%x

Regression coefficients based on transformed values
agreed very closely with those calculated from percentage data.
It appeared that transformation was not necessary in the analysis
of these data. Standard errors for regressions based on
transformed data were somewhat smaller than those for percentage
data.

Table 23 includes similar data for the Summit progenies

included in test 3 and their parents in test 5.
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Table 23: Regressions of progenies on parents for fertility,
Summit selections.,

Groups No. of Percentage data Transformed data
and Comparisons

Chrom No. byx Se t byx Se t

1l -28 10 3319 <1756 1.E90 3327 L1757 1.893

2 - 29 | 13 .7168 2355 3.,043% .6€98 2474 2.707%
3 - 30 6 5124 .2179 3.728% ,L,7940 .2096 3.7e8%
4 - 31 4 2064 «6161 484 3156 +6637 0475
Average ' 33 «5288 .1260 4,1963% ,5504 .1270 4,176%%

As in the previous table regression coefficients based
on percentage data were very similar to those based on transformed
values, The average regressions showed highly significant
relationships for fertility of parents and their open-pollination
progenies in S-841 and S-1333, and in Summit selections. For the
populations of test 1 and 2 an average regression value of 2465
when doubled indicated a heritability value of 49.26 percent.

In the Summit selections a higher heritability estimate was
indicated by a regression coefficient of ,5304 t 1270,

Individual group regressions were significant for
group 2 in Table 22 and for groups 2 and 3 in Table 23, Tests
of significance for differences between group regressions were
conducted in the manner described by Snedecor (97). The
analysis tables are included in Appendix De For these

calculations the transformed data were used. The analyses show



that for both sets of data differences between group
regressions were not significant. Inheritance of fertility
therefore did not appear to be influenced by supernumerary
chromosomes in the female mm rents.

The relationship between seed yield in pounds per
acre and fertility expressed in percentages was determined by
means of regression analyses. On the basis of these regressions
the reliability of fertility indices in selection of parents
with good combining ability for seed production could be
evaluated. Table 24 includes regression coefficients, standard
errors of regressions, and t-values for the combined data of
S-841 and S-1333 populations.
Table 24: Regression of progeny seed yield on fertility of

parents and fertility of progenies in S-841 and
S=1333.

o e T T

Groups No., of Regression Regression

and éomparisons on Parent Fertility on Progeny Fertility
Chrom. No. byx Se t byx Se t

1l - 28 19 35,0905 1.6025 1.928 4,7290 .,9322 5.072%%
2 - 29 17 1.5916 1.1729 14356 641416 143159 4.667x%
3 =~ 30 16 . 8180 .8161 1,002 = ,£258 1,073%: .768

4 - 31 + 7 4.,2583 2.8716 1.482 9.3168 2.7272 3.416%
Average 59 2.2282 8163 3,615%%4.4827 7528 5.954%%

The average regressions of progeny seed yield on parent

and progeny fertility were highly significaht. Regressions also



indicate that one percent gain in fertility in the parents
corresponded to a gain in progeny seed yield of 2.23 pounds
per acre. As expected, a higher relationship was observed
between progeny seed yield and progeny fertility than between
progeny seed yield and parent fertility.

Similar regressions for the selected Summit population
are included in Table 25.

Table 25: Regressions of progeny seed yield on fertility of
parents and fertility of progenies for Summit selections.

Groups No. of Regression Regression

and Comparisons on Parent Fertility on Progeny Fertility
Chrom. No. byx Se t byx Se t

1l -28 10 1.4974 1.6780 ,.892 6.4597 1.8618 3,469%%
2 - 29 13 4,6273 33,0453 1.519 8,7449 1.7380 5,031

3 - 30 6 5.8061 4.,1230 1.408 8.5447 3.4130 2,503

4 - 31 4 5.,4625 2,2991 2,375 3.9576 4.,0300 ,982
Average 33 3.7925 1.3628 2,783%x% 7.9948 « 9657 8.,278x%x

In this population the average regressions were highly
significant and the coefficients were larger than in Table 24.
This is due to the fact that fertility in the Summit population
was somewhat lower than in S-841 and S-1333, while seed ylelds in
test 3 were higher than in tests 1 and 2. These results indicate

that fertility indices are a reliable basis of selection for
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plants with high seed production potential., Tests of
significance for differences between the group regressions
in Tables 24 and 25 were conducted as illustrated previously.
In all instances these differences were not significant,

By means of correlation analyses the relationships
between some of the other characteristics investigated in this
study were determined. The correlation coefficients are included
in Table 26. These correlations were calculated on the complete
data of tests 1 and 2 and included 64 comparisons, and of test 3
which included 36 comparisons. The correlation between 1958 and
19869 fertility of test 1 involved 52 pairs of observations.

Teble 26: Correlation coefficients for forage yileld, seed
yield, height, fertility, and year of testing.

w—— e c——
——— e,

Comparison Correlation
Coefficient

Forage yield and seed yield:

Test 1 1959 + D452u4%
Test 2 195¢ + ,7135%%
Test 3 1960 + «BT726%%

Forage yield and height:

Test 1 1989 + »1108

Test 2 1959 + .6246%%

Test 3 1960 + ¢5338sx
Forage yield 1959 and Forage yield 1960: Test 2 + o7178%%

Fertility 19858 and Fertility 1959: Test 1 + ,6925%%




Significant positive associations were observed
between forage yield arnd seed yleld. Correlations between
forage yield and height were positive in all tests but
significant only for test 2 and 3. The year to year

correlations for forage yield and fertility were highly

significant.



DISCUSSION

Two of the diploid and all of the tetraploid populations
of this study contained plants with supernumerary chromosomes.
In the diploid strain S-3541 plants with supernumeraries were
observed at a frequency of 95.8 percent, while in tetraploids
their frequency ranged from 36.92 percent in $-1333 to 88.5 percent
in Nordan. 1In most other grasses noted as having supernumeraries
a lower frequency of 5 to 50 percent was observed (&, 12, 62, 79).
Supernumeraries occurred with frequenéies as high as those
observed in crested wheatgrass only in a diploid strain of

Poa alpina (57) and in certain wild populations of rye (64).

As in corn, rye, and other grasses (4, 12, 62, 64) plants of
crested wheatgrass with even numbers of supernumeraries were
more common than plants with uneven numbers.

In crested wheatgrass, as in previously reported species,
the frequency of supernumeraries did not depend on the degree
of polypoidy. Mintzing (64, 65) stated that supernumeraries in
rye and certain other grasses were of ancient origin. Various
authors (8, 12, 25) agreed that ecological factors influenced
the distribution of these additional chromosomes, but definite
relationships could not be established. The different origin
and area of distributlion may therefore be responsible for the
absence of supernumeraries in Fairway and for their presence
in S-3541 and 3-5239. Since the genotypes of individual plants
influenced the degree of transmission, it is possible that
genetic factors prevent the occurrence of supernumerary chromo-

somes in Fairway.
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Plants of diploid crested wheatgrass contained
supernumeraries in pollen mother cells, in primary roots, and

in stem meristem. As in Sorghum purpureo-sericeum (18) and

in Poa alpina (57) adventitious roots were without super-

numeraries. Studies by Knowles (42) indicated that tetraploid
crested wheatgrass plants with supernumeraries at meiosis
contained the normal complement in adventitious roots.
Supernumerary chromosomes in crested wheatgrass
differed from normal chromosomes in many respects. As in most
other species, supernumeraries paired with themselves but not
with chromosomes of the basic set. They were readily
distinguished on the basis of size in diploid crested wheatgrass
(Fig. 2-9). Generally they were one-third to one=half the
8ize of normal chromosomes. Supernumeraries were distingulshed
on the same basis in most other grass species, but in rye and

FPestuca pratensis various size classes were reported (6, 12,

67, 68). The basic chromosomes of tetraploid crested wheatgrass
appeared more variable in size and consequently supernumeraries
were not as readily distinguished. The heterochromatic nature
is the most universal characteristic of supernumeraries.
However, with acetocarmine no differential staining reaction
could be detected in supernumeraries of crested wheatgrass.

The behavior of supernumeraries during melosis was
similar to the behavior of basic chromosomes. Generally the
reductional division at anaphase I was followed by the
equational division at anaphase II. Precocious divisions of

supernumerary univalents at anaphase I (Fig. 9) and lagging
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univalents were not as common in crested wheatgrass as in
many other species (12)., Lagging univalents were usually
Included in the dasughter nuclei and micronuclei seldom
occurred.

Supernumerary chromosomes were transmitted in the
same manner in crested wheatgrass as in numerous other grass
species (7, 9, 12, 18, 36, 87). In pollen, directed non-
disjunction of supernumeraries towards the gamete ! . @ occurred
with a frequency of approximately 70 percent. Transmission
through the egg generally took place in haploid numbers,
Deviations from this mode of transmission appeared to be
influenced by the genotypes of the parents and by the number
of supernumeraries involved.

This study showed that elimination was low in plants
with small numbers of supernumeraries, but became more
pronounced as the number of supernumeraries increased. The
increase in numbers of supernumeraries, caused by directed
non-dis junction towards the male gamete;?;*; thus appeared
to be paralleled by higher elimination. As a result, an
equilibrium was reached in natural populations and plants
with more than four supernumeraries were not frequent.

It 1s not possible with these limited data to form
definite conclusions regarding the agronomic significance of
supernumerary chromosomes in diploid crested wheatgrass.
Fertility and forage yleld generally decreased as the number

of supernumeraries increased. Detrimental effects were
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pronounced only in progenles with more than four supernumeraries.
Plants were very specific in their ebility to produce fertile
progenies’and it appeared that fertility depended mainly on
genetic factors. Since no beneficial effects of supernumeraries
could be detected, it seems desirable to eliminate plants with
supernumeraries from breeding programs. Bosemark (1l2) observed

various agronomic traits in Festuca pratensis. As in diploid

crested wheatgrass deterimental effects of supernumeraries were
not significant in most instances.

Progenies of controlled crosses in tetraploid crested
wheatgrass revealed a significant reduction in fertility when
uneven numbers of supernumeraries were present. One supernumerary
bivalent did not cause a reduction in fertility. Meilosis in
pollen mother cells was normal, even in plants with fiour or
more supernumeraries., It 1s concluded therefore that
significantly lower fertility was the result of irregularities
in macrosporogenesis or of abnormal embryo development. There-
fore it appears necessary that detailed studies of fertility
be eonducted in donjunction with cytological investigations
of both male and female flower parts,

Studies of the effects of supernumerary chromosomes,
on fertility of selected plants were inconclusive. In various
selected populations plants with uneven numbers of supernumerary
chromosomes had considerably lower fertility than plants
without supernumeraries or plants with a supernumerary pair.

Differences in fertility between chromosome groups however
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were not significant in most instances, mainly because of
extreme variability within the 29 and 31 chromosome groups.
Variance analyses showed that differences between plants were
the main source of fertility variance and that chromosome groups
were relatively unimportant.

Fertility data of open-pollination progenies, grouped
according to the chromosome numbers of the female parents,
indicated that the contribution of chromosome groups to the
total variance was negligible. In addition, differences in
variability within groups were not pronounced. Plants within
progenies were the main source of variance, indicating the
importance of the genotypes in determining fertility. 1In
agreement with these observations heritability estimates based
on doubled progeny-parent regressions (49) were also fairly
high. These regressions were considerably higher in Summit
than in S-841 and S-1333. This suggests that inbreeding has
occurred in the Summit variety. Heritability was not
significantly different in various chromosome groups and this
may indicate that supernumeraries are genetically inert.

Marked reductions in secd yield were noted in open-
pollination progenies of plants with supernumeraries as compared
to progenies of plants without supernumeraries. In the S=-841 and
S-1333 progenies, yields in the 30 chromosome group were
significantly lower than in the 28 chromosome group. oxtreme

variability in seed yields of progenies was shown for the 29
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and 31 chromosome groups. Seed ylelds of open=-pollination
progenies thus indicated considerably lower combining ability
of plants with supernumeraries. On the basis of regressions
of seed yield on fertility it is concluded that fertiiity
indices are very valuable for the initial selection of plants
with high seed production potential.

Forage yleld and plant height of open-pollination
progenies were less affected by supernumerary chromosomes than
was fertility. In most tests, however, progenies of plants
without supernumeraries ranked highest in forage yleld. The
slight Increase in height of progenies of plants with super-
numeraries may not reflect direct effects of these chromosomes,
It was noted that plants with low seed set maintain vegetative
growth somewhat longer than plants with high seed set. Increased
height may therefore be the result of iower seed production.

Thesse studies revealed marked detrimental effects of
supernumerary chromosomes on fertility of selected plants and
of controlled cross progenies with uneven numbers of additionél
chromosomes, Similarly seed ylelds in open-pollination progenies
of plants with supernumeraries were considerably lower than
those of plants with the normal complement. It would appear
desirable to select against supernumeraries even though in
most instances the detmimental effects were not statistically
significant. Since high fertility was one of the main objectives

in the selection of parents, it appears likely that the various
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populations of selections included only highly fertile
segregates. Consequently the loss in fertility due to super=-
numeraries, although not statistically significant, must be
consldered extensive.

The‘reduction in seed yield of open-pollination progenles
of plants with supernumeraries was marked in all tests but
significant only in one instance. It is cone¢luded, however,
that effects of supernumeraries are in fact more pronounced
than shown by tests of open-pollination progenies, as conducted
here. Open-pollination progenies of plants with, and of plants
without supernumeraries presumably contained numerous individuals
with additional chramosomes because a large proportion of the
paternal parents contained supernumeraries. Therefore progenies
in the 28 chromosome grou? do not represent a true check. Seed
yields of this group presumably are reduced to some extent by
sSure rnumerary chromosomes, and the use of this group as a basis
of comparisons would tend to minimize their effects,

Better evaluations of the agronomic significance of
supernumeraries in crested wheatgrass could have been obtained
by more extensive use of controlled cross progenies. Plants
representing the varlous chromosome groups should be used as
parents, On the basis of results of the transmission study
the chromosome numbers of the progenies could be predicted with
sufficient accuracy, and cytological examination of extensive

populations would not be required. Results on agronomic
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characteristics would be more precise than those from open=-
pollination progenies.

Two alternative methods of evaluating effects of super=
numerary chromosomes may be suggested. Open-pollination progenies
could be used, provided that individual progeny plants were
studied cytologically and grouped according to chromosome
number. This method would be very accurate but could only be
applied to relatively small populations, because of the labor
involved. Synthetiecs including only 28 chromosome plants also
could be compared in successive generations with other synthetics
of plants with supernumeraries. This approach is being taken
and first generation seed of 13 synthetics will be produced in
1961, Several of these synthetics consist of plants originating
from the same crosses but which differ in thelr chromosome
numbers., ConseQuently genetic differences between these
synthetics should be small and effects of supernumeraries
should be detectable. Cytological examinations of the synthetics
with supernumeraries in successive generations would also provide
a measure of the increase in the number of supernumeraries from
generation to generation.

Results of the present study strongly suggest that
plants with supernumerary chromosomes should be eliminated from
breeding programs., It 18 anticipated that additional studies
in progress will provide more complete answers concerning the
agronomic significance of supernumerary chromosomes in crested

wheatgrass,
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SUMMARY

Supernumerary chromosomes were observed at melosis in
diploid and tetraploid populations of crested wheatgrass.
They were absent in the diploid variety Fairway but they
were presént with frequencies exceeding 95 percent in two
diploid introductions. 1In the tetraploid populations their
frequency ranged fr§m 36.9 percent to 88.5 percent.

Plants of diploid S-3541 contained supernumeraries in pollen
mother cells, in primary roots, and in stem tissues, but not
in sdventitious roots.

Supernumeraries were smaller than basic chromosomes and they
did not appear to be heterochromatic. They paired with
themselves but not with normal chromosomes. In diploid and
tetraploid crested wheatgrass transmission of supernumeraries
through the egg occurred in haploid numbers., In the pollen
directed non=-dis junction towards the gamete .~ took place
with a frequency of approximately 70 percent. The degree

of transmission depended on the numbemrs of supernumeraries
involved and on the genotypes of the parents., Elimination
of supernumeraries was generally low but became more
pronounced with an lncrease in their numbers.

Fertility, plant weight, and plant height were not
significantly affected by supernumerary chromosomes in
diploid progenies of controlled crosses., A trend towards

reduced fertility and yield and increased height was apparent.
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Tetraploid progenies of controlled crosses showed
significantly lower fertility in plants with uneven

numbers of supermumeraries. Plant height was not affected
by supernumeraries,

Fertility of tetraploid selections with supernumeraries

was considerably lower than that of plants without super-
numerariess. The main source of fertility variance, however,
was genetic. Seed yields in open-pollination progenies of
plants with the normal chromosome complement were higher
than those in progenies of plants with Supernumeraries.

In most instances these differences in fertility and seed
yleld were not statistically significant. Forage yleld

and height in4open-pollination progenies did not indicate
differential cgmbining ability of parents in the wvarious
chromosome groupse Nevertheless it is concluded selection
against supernumeraries should be conducted.

Alternative methods of evaluating the agronomic significance
of supernumerary chromosomes in crested wheatgrass are

suggested.
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APPENDIX A

Analyses of fertility data for S-841, test 2

Table T: Analysis of variance and variance components of
fertility in S-841 parents of test 2.

Source Degrees Mean Components  Variance
of Square of in percent
Freedom Variance of Total

Total 179 90,33 90,05 100.0
Chromosome groups 3 41.85 - 6466 - T4
Parents within groups 14 638, 38%% 54,31 60. 3
Clones within parents 72 66 ¢ 1433 23.44 26.0
Spikes within clones 20 18.96 18.96 21l.1

k =2 k3 = 178/179 r2 = 170/179

kl =2 r =10 s = 61l.57

k2 =2 rl = 10 sl = 123.34/179

Analysis of variance and variance components of
fertility in open-pollination progenies of S-841 in
test 2.

Table IT:

e

Source Degrees  Mean Components Variance
of Square of in percent
Freedom Variance of Total
Total 779 229.19 229,19 100,0
Chromosome groups 3 1204.85 .66 d
Progenies within-groups 22 1031.96:%= 20.64 9,0
Plants within progenies 364 588, 763 180,39 78,7
Spikes within plants 390 27.50 27 .50 12.0
k =2 k3 = 778/779 r2 = 750/779
k1 =2 r = 30 s = 172,31
k2 = 2 rl = 30 sl = 516.93/779
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APPENDIX B

Analysis of fertility data for S-1333, test 1 and test 2

Table I: Analysis of variance and variance components of
fertility in S-1333 parents of tests 1 and 2.

Source Degrees Mean Components Variance
of Square of in percent
Freedom Variance of Total

Total 139 92.51 93.70 100.0
Chromosome groups 2 1807.79 18.06 19.3
Parents within groups 11 552 ,99%% 48.10 51.3
Clones within parents 56 38, 62%x% 10.92 11.7
Spikes within clones 60 16.62 16.62 17.7

k =2 » k3 = 138/139 r2 = 130/139

kl =2 r =10 s = 40,71

k2 = 2 rl = 10 sl = 81.43/139

Table IT: Analysis of variance and variance components of
fertility in open-pollination progenies of S-1333
in tests 1 and 2.

Source Degrees Mean C omponents Variance
of Square of in percent
Freedom Variance of Total

Total 539 237.40 23743 100.90
Chromos ome groups 2 1097.12 53 o2
Progenies within groups 15 969.51x 17.53 74
Plants within progenies 252 4134113 193.02 8l.3
Splkes within plants 270 26.35 26.35 11l.1

k =2 k3 = 538/539 r2 = 510/539

kl =2 r = 30 s = 102.22

k2 = 2 rl = 30 sl = 381.50/539
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APPENDIX C

Analysis of fertility data for Summit selections, tests 3 and 5

Table I: Analysis of variance and variance components for
fertility in selscted Summit parents, test 5.

Sourpe Degrees Mean Components 'Variance
of Square of in percent
Freedom Variance of Total

Total 197 91.68 91.67 100.0
Chromosome groups 3 122.13 - 2.80 - 3.1
Parents within groups 29 306, 62 36.66 40,0
Clones within parents 66 80, 8833 . 22.82 24.9
Spikes within clones 99 34,99 54,99 38.2

k =2 k3 = 196/197 r2 = 192/197

kl =2 r =6 s = 46.54

k2 = 2 rl = 6 sl = 139.64/197

Table IT: Analysis of variance and variance components of
fertility in open-pollination progenies of selected
Summit plants, test 3.

et s

e —

Source Degreeé Mean Components Variance
of Square of in percent
Freedom Variance of Total

Total 989 236,41 236,41 100.0
Chromosome groups 3 957.36 - 1.60 - W7
Progenies within groups 29 1428, 00 56,07 15,3
Plants within progenies 462 BT3¢ 1733 170,86 7243
Spikes within plants 495 31.08 31,08 13.1

k =2 k3 = 988/989 r2 = 960/989

kl =2 r = 30 s = 232.7

k2 = 2 rl = 30 sl = 698,19/989



APPENDIX D

Tests of significance of progeny-parent regressions for fertility

Tests of significance for differences between group regressions.

Table T:
Groups D.F. Sums of squares and products Regression Errors of Estimate
Sx?2 Sxy S coefficients SS# D.F.
le Tests 1 & 2: 1 18 60892.33 50955.46 43220.16 «4301 580,00 17
2 16 45440,87 39507.79 35229.27 .2911 879.90 15
) 15 45615.62 39106,85 34325.29 .0872 798.50 14
4 6 15611.71 15077.49 14919.19 .1658 357,64 5
Sums 55 1867560,53 144647,.59 127693.91 2616,04 51 .
Average regression 59 167560,53 144647.59 127693, 91 2463 2826.08 54 8
2 Test 3: 1 9 22797.11 19023.,02 16169,27 . 3327 205.54 8
2 12 31607.72 25287.50 20639,68 . 6698 408,63 11
3 5 14102,09 11223.79 8963,.,21 . 7940 30.25 4
4 3 8090.01 6323.€9 5060.66 «3156 117.39 2
Sums 29 176596,93 61858.,20 50832,82 851.€1 25
Average regression 32 '76596,93 61858,20 50832,.82 « 5304 877 .34 28

% Sy2 - (Sxy)2/sx@
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Table IT: Analysis of variance.

Source Tests 1 & 2 Test 3
DF S38 MS DF SS MS

Deviation from average

regression 54 2826,05 28 877.34
Deviation from individual

group regre 51 2616.04 51.29 25 851.E1 54,07
Differences among group )

regressions 3 210,01 70,00 3 25483 8451

F. 1.36 NeSe e24 NeSe
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