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ABSTRACT

Jordan, Mark Carlyle. M. Sc., The University of Manitoba,

February, 1984. gomaclonal variation in triticale (X Triti-

cosecale Wittmack) cv. "Carman". Major Professor; E.N.

Larter.

variation in tissue culture systems and in plants regen-
erated from such systems is a common phenomenon. Such varia-
tion may be useful for crop improvement through the produc-
tion of novel desirable traits, provided that the variation
has a genetic basis. An investigation into the range, type
and possible usefulness of the variability present in regen-
erated plants of "Carman" triticale was the basis of the
present study.

Callus was initiated from 15 day-old embryos of "Carman"
triticale on Murashige and Skoog (MS) media supplemented with
3mgL—'l 2,4-D. Every Ffour weeks the calli were subcul-
tured to MS media with no added hormones and plaqts regener-—
ated. Oof fourteen plants characterized, eight were chromo-
somally mixoploid (contained both 2n=42 and 2n>42 cells) and
six were euploid (2n=42). The original euploid regenerated
plants and their progeny were examined for plant height, num-
ber of heads, spike length, fertility, percent kernel protein

and electrophoretic banding pattern of prolamins.
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A large amount of variation for all traits was observed
among the original regenerated plants. The second generation
exhibited only slightly less variability than the first,
indicating that a large amount of the variation was genetic
in nature. Two second generation plants were found to have a
significant increase in percent kernel protein relative to
"Carman" controls. Electrophoretic studies showed that all
of the regenerated plants of both generations had the same
prolamin banding pattern as "Carman" triticale but consider-
able variation existed in the intensity of the bands. This
was especially true for the bands coded for by the rye
genome, thereby implying changes in prolamin regulatory
genes.

In the second and third generations all morphological
traits studied were affected by the environment. The genetic
component of variation was greatest for spike length, ferti-
lity and plant height, while variability for the number of
fertile heads per plant did not appear to have an underlying
genetic basis.

Only genotype R13 was significantly different from
"Carman" in terms of chromosomal instability. The extremely
large amount of instability in R13 resulted in decreased fer-
tility and was due to an increased production of wheat univa-
lents relative to "Carman" controls.

The underlying genetic basis of the traits studied as
well as the appearance of desirable traits, such as increased
kernel protein content, indicate that somaclonal variation

may prove useful for triticale improvement.



SECTION I

INTRODUCTION

"We have good reason to believe that changes 1in
the conditions of 1life give a tendency to
increased variability; and this would
manifestly be favorable to natural selection,
by affording a better chance of the occurrence
of profitable variations."”

- Charles Darwin
The Origin of Species.

The process of speciation is based upon natural selec-
tion acting on genetic variation. This basic tenet of bio-
logy also applies to mans' attempts to improve his domesti-
cated plants. Man selects from a pool of genetic variation
the characteristics which are the most profitable to him.
Thus any changes in the conditions of life which 1lead to
increased variability would afford man a better opportunity
of finding beneficial characteristics for crop improvement.

There can be no greater change in the conditions of life
than the change from the integrated growth of an intact plant
to the disorganized growth of a mass of plant cells in cul-
ture. Thus it is not surprising that plant cell cultures

exhibit a tremendous amount of variability.



This genetic instability in vitro has many disadvantages
such as the inability to regenerate large numbers of identi-
cal plants (cloning genotypes), reduced regeneration capa-
city, regeneration of sterile plants and the loss of genetic
markers.

In spite of these disadvantages, genetic instability in
culture could possibly be of wuse for plant improvement
through the generation of mutant cells and the subsequent
regeneration of mutant plants (Carlson and Polacco, 1975;
Green, 1977). 1In order to use in vitro mutant selection for
crop improvement, the traits to be modified must be expressed
at the in vitro level. This is a problem as many agricul-
turally important traits such as yield and drought tolerance
are not expressed at the cellular level. These traits are
very complex and not enough is known about their cellular and
biochemical basis thus limiting the development of effective
selection techniques (Davies, 1981).

Another limitation to mutant selection is that of muta-
tions being expressed in vitro but not in regenerated plants.
Davies (1981) guotes an example of mutant tobacco cell cul-
ture which accumulated tryptophan due to an altered anthrani-
late synthetase. Plants regenerated from this culture con-
tained the normal enzyme and showed no increase in tryptophan
levels over the control plants.

With the present lack of knowledge of the cellular basis

of many important traits, it is not yet possible to control



and direct the variability that occurs in culture. However
it is possible that beneficial mutations could occur in cul-
ture and be incorporated into regenerated plants. Thus novel
beneficial traits may be found in regenerated plants even in
the absence of intentional selection.

Triticale (X Triticosecale Wittmack) is a man-made cer-

eal crop species produced from the hybridization of wheat

(Triticum sp. L.) and rye (Secale cereale L.). Due to its

nutritionally superior protein relative to that of wheat
(Hulse and Laing, 1974), triticale has the potential to be of
significant importance as an agricultural crop species in
many regions of the world. The present study was undertaken
with triticale to determine the extent to which genetic vari-
ability might be found in plants of this species regenerated

from callus tissue. The following specific objectives were

pursued:
1) To determine the amount of variability present in
triticale plants regenerated from callus cultures.
2) To determine the stability of the variation from
one generation to the next.
3) To assess the usefulness of this variation for

triticale improvement.



SECTION II

LITERATURE REVIEW

2.1 Variation in Tissue Cultures and in Regenerated Plants -
Dicotyledonous Species.

Since the early days of plant tissue culture, it has
been observed that cells with different chromosome numbers
and karyotypes not found in the intact plant can be found in
culture (Partanen, 1963; sunderland, 1973; D'Amato, 1975).
Most of our knowledge on chromosome behaviour is tissue cul-
ture comes from dicotyledonous species as these were the
first to be successfully cultured.

sunderland (1977) states that there are two types of
nuclear irregularities: (1) chromosomal mutations which can
be observed cytologically and (2), gene mutations which can
be recognized only by reference to the phenotype. The four
basic categories of chromosomal changes are polyploidy, aneu-
ploidy, structural changes and mitotic aberrations. All of
these changes have been observed in plant cultures (Bayliss,
1980).

Polyploidy can arise from either endopolyploid or
endoreduplicated «cells in the original explant or from
endomitosis or endoreduplication events which occur during
culture initiation and subsequent culture growth (Bayliss,

1980). The degree of polyploidization found in a culture is



often directly related to the hormone composition of the

media. Torrey (1961) observed that Pisum sativum L. root ex-

plants cultured in the presence of auxin resulted in diploid
cultures while root explants cultured in the presence of
auxin and cytokinin resulted in primarily polyploid cultures.
It was suggested that cytokinins stimulate division of endo-
reduplicated cells in the explant.

Aneuploidy is most often a result of abnormalities of
mitosis which have been shown to occur in plant cultures.
Multipolar anaphases, lagging chromosomes, bridges, and frag-
ments can result in the production of aneuploid daughter
nuclei (see Sunderland (1977) and Bayliss (1980) for
reviews).

It has been suggested that these abnormalities are
induced by hormones which must be present in most tissue cul-
ture media for the initiation and growth of the culture
(Ghosh and Gadgill, 1979). The synthetic auxin 2,4-dichloro-
phenoxyacetic acid (2,4-D), used widely in culture media, has
been shown to induce spindle failure and mitotic abnormali-
ties 1in 1intact plants thus resulting in polyploidy and
aneuploidy (Mohandas and Grant, 1972).

Bayliss (1975) examined a diploid culture of Daucas
carota L. which required 2,4-D for growth and a hypotetra-
ploid habituated 1line which could grow in the absence of

2,4-D. He found no correlated effect on the frequency of



multipolar mitosis over several 2,4-D concentrations and con-
cluded that mitotic regularity is dependent upon the degree
of tissue organization and not upon the presence of 2,4-D it-
self. Thus 2,4-D only affects mitosis in that it stimulates
rapid and unorganized growth.

Changes in chromosome structure are primarily the result
of translocations and deletions. These sources of chromosome
variation are important in culture as they can lead to the
loss of genetic material in the form of acentric fragments,
telocentrics and isochromosomes (Sunderland, 1977).

Sacristan (1971), working with cultures of Crepis capillaris

(L.) Wallr., observed that abnormal Kkaryotypes in cells of
the same ploidy level as the original explant emerged with"a
year of culture and that several of these were due to random
translocations and deletions.

The occurrence of chromosomally variant cells has been
shown to increase with time in culture (Gupta, 1972; Matthews
and Vasil, 1975). This phenomenon is likely the cause of the
decreased regeneration potential observed over time (Smith
and Street, 1974; Torrey, 1967).

The chromosomal variation found in culture is often pre-
sent in plants regenerated from tissue cultures. Sacristan
and Melchers (1977) for example, regenerated completely aneu-

ploid plants of Nicotiana tabacum L. Similarly, Ogura (1976)

regenefated tobacco chimeras (both hypoploid and hyperploid

cells were observed), while Browers and Orton (1982)



regenerated celery (Apium graveolens L.) plants which were

chromosomally mixoploid.

Much less work has been done on gene mutation as another
type of genetic change found in tissue cultures. That such
changes do occur is implicated in the regeneration of pheno-
typically variable plants. Williams and Collin (1976) found
that celery plants regenerated from callus had shorter
petioles but a larger number of petioles per plant than did
plants derived from seed. The regenerated plants were not
different from seed-derived plants in terms of chromosome
number and chromosome structure.

Lester and Berbee (1977) found within-clone variation
for height, number of branches and leaf traits in black pop-
lar trees regenerated from callus culture. Reisch and
Bingham (1981) observed considerable variation in growth and
morphological characteristics for chromosomally normal

dihaploid alfalfa.

2.2 Tissue Culture Studies with Cereal Species

Work on the tissue culture of monocotyledons and especi-
ally of the cereal crops has lagged far behind work on the
dicotyledons. This is due mainly to the fact that it was not
until 1967 that good callus induction and growth of cereal
tissue cultures was obtained by using a higher concentration

of auxin, usually 2,4-D, than had been used previously



(Carter et al., 1967). Feung et al. (1975) found that mono-
cot cultures metabolize 2,4-D much faster than dicots and
therefore need more 2,4-D in order to maintain unorganized
growth.

vyajima et al. (1975) found that 2,4-D solubilized arti-
choke chromatin by specific association with the histones
causing DNA-histone dissociation. This dissociation results
in the derepression of genes and leads to rapid unorganized
growth.

In contrast to the large number of different tissues
which can be used to. establish tissue cultures in dicotyle-
dons, only a few tissue sources have been successfully used
in the cereals, viz. root segments (Gamborg and Eveleigh,
1968), inflorescences (Dudits et al., 1975; Nakamura and
Keller, 1982), leaves (Saalbach and Koblitz, 1978; Zamora and
Scott, 1983) and embryos (King et al., 1978; O'Hara and
Street, 1978; Carew and Schwarting, 1958). Embryos represent
the easiest explants with which to establish cultures and
most studies on cereal tissue culture utilize them.

The origin of callus from embryos has given variable
results. Granatek and Cockerline (1978) stated that callus
proliferation proceeds from the arginine-rich histone-comple-
mented mesocotyl. They also suggested that callus formation
is a result of a metabolic block in starch utilization as
calli accumulated starch. When gibberellic acid was added,

the starch disappeared and embryogenesis occurred. Bayliss



and Dunn (1979) also found that callus formation from mature

barley (Hordeum vulgare L.) embryos was initiated in the

mesocotyl region.

Cummings et al. (1976) reported the initiation of callus

from the radicle portion of the immature oat (Avena sativa

L.) embryo while the scutellar tissues became necrotic.
O'Hara and Street (1978) found callus formation from both the
cotyledonary node and in the region of the radicle in mature

wheat (Triticum aestivum L.) embryos. Ozias—-Akins and Vasil

(1983) state that callus from mature wheat embryos arises
only from the tissues within or near the procambium of the
embryo axis. Previously, these authors reported that callus
formation from immature wheat embryos was formed predominant-
ly from parenchyma cells of the scutellum (Ozias-Akins and
vasil, 1982).

The scutellum of cereals 1is responsive to callus forma-
tion only at a particular enbryonic stage and produces calli
that tend to be compact, nodular and white to yellow in col-
our (Ozias-Akins and Vasil, 1982; Vvasil and Vvasil, 1981; Dale
and Deambrogio, 1979). Achieving callus formation from the
scutellum is important since to-date, only scutellar callus
is known to have the potential to consistently regenerate
whole plants (0zias-Akins and Vasil, 1982; Gosch-Wackerle et
al., 1979).

Callus not arising from the scutellum is not a true cal-

lus but a series of meristematic zones formed in association
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with vascular tissues (Ozias-Akins and Vasil, 1983). It has
been suggested that these zones represent proliferating pre-
sumptive root primordia due to the fact that these cultures
will readily form roots on transfer to low auxin media but
will rarely form shoots (O'Hara and Street, 1978).

Plant regeneration from cereal callus is of two types:
(1) organogenesis and (2) somatic embryogenesis. Organogene-
sis is the formation of roots and shoots directly from the
callus, while somatic embryogenesis involves the production
of embryo-like structures which in turn germinate to form
roots and shoots. Organogenesis has been said to be the re-
sult of the derepression of presumptive shoot primordia which
proliferate adventitiously (Brettell et al., 1980). This
type of plant regeneration is unfortunately restricted to a
few genotypes of each species (Green and Phillips, 1975;
Sears and Dechard, 1982) and cultures tend to rapidly lose
their potential for regeneration after a few subcultures.
Also, since shoot meristems are multicellular, each plant
arises from many cell initials which increases the possibil-
ity of regenerating chimeric plants, especially in cultures
exhibiting chromosomal variability (Bennici and D'Amato,
1978; McCoy and Phillips, 1982).

Somatic embryogenesis on the other hand, gives rise to
plants originating from only one cell and chromosome mosai-
cism in regenerated plants does not occur. The occurrence of

somatic embryogenesis in grasses is a new discovery but it
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has now been observed in Pennisetum purpureum Schum. (Wang

and Vasil, 1982), Zea mays L. (Lu et al., 1982) and wheat

(0zias~-Akins and Vvasil, 1982).

2.3 Variation in Tissue Culture and Regenerated Plants-
Cereals.

Tissue cultures of cereals are not free of the chromo-
somal alterations which occur with dicotyledons. Scheunert
et al. (1978) studied the karyological features of two barley
cultures, one slow growing and the other fast growing. The
slow growing culture exhibited mainly diploid cells and regu-
lar mitoses while the fast growing culture exhibited poly-
ploidy, aneuploidy, C-mitosis, chromosome non-disjunction and
lagging chromosomes. They observed no differential action of
2,4-D over a concentration range of 0.5 to 40 p.p.m. The
fast growing culture was incapable of plant regeneration and
the authors concluded that fast growth is intimately con-
nected with karyological instability and absence of regenera-
tion capacity.

Orton (1980) observed polyploidy, aneuploidy and chromo-
somal rearrangements in callus and suspension cultures. of

Hordeum vulgare L.. The extent of the variability was deter-

mined by the differentiated state, age and history of the

culture.
Dicentric chromosomes, broken chromatids and giant

chromosomes have been found in wheat suspension cultures, and
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wheat callus cultures consisting of equal numbers of eudi-
ploid and aneuploid cells have been observed (Kao et al.,
1970; Shimada et al., 1969) . callus cultures of corn have
been found to contain 8 to 15.5% nondiploid cells (Edallo et
al., 1981).

With variations in vitro so prevalent in cereal tissue
cultures it is to be expected that regenerated plants would
also reflect this variability. Cummings et al. (1976) regen-—
erated seven oat plants of which two had the normal 21 biva-
lents at diakinesis while the other five had aberrant meiotic
configurations. McCoy et al. (1982) found micronuclei at the
tetrad stayge, trisomy, monosomy and partial chromosome loss
in regenerated oat plants.

Tetraploidy and trisomy have been found in regenerated
corn plants and aneuploidy and chromosome rea:rangements have
been observed in regenerated barley plants (Edallo et al.,
1982; Orton, 1980).

The amount of variation in regenerated plants is usually
less than that exhibited in culture. In Orton's (1980) work,
cultures exhibited a large amount of polyploidy but no poly-
ploid plants were regenerated. Furthermore, a much lower
frequency of aneuploidy and chromosomal rearrangements were
found in regenerated plants than in the cultures from which
they arose. Thus it appears that regeneration selects for

cells with specific chromosome constitutions (Orton, 1980;

sacristan and Melchers, 1969).



Ogura (1978) studied the progeny of normal and chromo-
somally variable tobacco plants and concluded that there is
genetic control of chromosomal chimerism.

In addition to chromosomal variability, regenerated
plants often exhibit a large amount of phenotypic variabi-
lity. Larkin and Scowcroft (1981) proposed that the term
somaclonal variation be used for any variation among plants
regenerated from a tissue culture cycle. It has been
suggested that this somaclonal variation could be of benefit
for plant improvement through the generation of novel traits
unobtainable through conventional plant breeding (Orton,
1980; Larkin and Scowcroft, 1981).

Somaclonal variation has been useful for sugarcane
improvement. Heinz et al. (1977) reports the production of
sugarcane plants resistant to eyespot disease through tissue
culture. Liu and Chen (1976) found variation in regenerated
sugarcane plants for cane yield, sugar yield, stalk number
and stalk length.

vVariation for plant height, heading date, awn mor pho-
logy, yellow leaf stripes and fertility was noted by Cummings
et al. (1976) for tissue culture-derived oat plants. That
these changes were genetic in nature was shown by the fact
that many of the changes were heritable and both true-
breeding and segregating lines were observed.

Dixon et al. (1982) found coran plants resistant to

southern corn leaf blight among regenerated plants from

13
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cultures derived from susceptible plants. Also in corn,
Beckert et al. (1983) found significant differences for
several morphological traits within tissue culture-derived
plants of a single cultivar but the amplitude of the varia-
tion was low.

Sears et al. (1982) found significant differences in
plant height, vigour, and yield for wheat somaclones. The
authors state that most of the observed variation was due to
chromosomal instability and that this was likely the cause of
most somaclonal variation. However, Larkin and Scowcroft
(1981) point out that in several species such as potato and
tobacco, variation was observed between plants which were
cytologically normal.

Edallo et al. (1981) observed the progeny of 108 diploid
corn regenerates and observed simply inherited endosperm and
seedling mutants, thus implicating gene mutation as a possi-
ble origin of sowmaclonal variation.

Larkin and Scowcroft (1981) also include deletion, som-
atic crossing over, sister chromatid exchange, and cryptic

virus elimination as other possible origins of somaclonal

variation.

2.4 Tissue Culture Studies in Triticale

Tissue culture studies in triticale are limited. Sharma

et al. (1980) found distinct genotypic differences in organo-

genesis between ten triticale lines. The lines differed



markedly in the frequency of plants regenerated and in their
response to 2,4-D. Some genotypes favoured no 2,4-D in the
regeneration media while others favoured 0.1 mg/l 2,4-D. The
explants used were immature embryos cultured at 17+1 days
after anthesis.

Sharma et al. (1981) observed that high 2,4-D concentra-
tions in the initiation media resulted in better callus pro-
duction but, due to a carry-over effect, less plant regenera-
tion occurs when the callus is transferred to regeneration
media. The optimum 2,4-D concentration for callus induction
and subsequent plant regeneration was 3 mgL‘l.

Nakamura and Keller (1982a) found that Kao's media was
better than Murashige and Skoog or B5 medium for plant regen-
eration from immature embryo-derived callus for the triticale
cultivars "Welsh" and "Rosner". They found that regenerated
plants had higher frequencies of aneuploidy and abnormal
chromosome structure than those derived £from seed. These
abnormalities could be due to induction and proliferation of
calli from embryos but might also reflect pre-existing
abnormalities in the explanted embryos.

Nakamura and Keller (1982b) also regenerated triticale
plants from inflorescence cultures and found that these
plants were shorter and less vigorous than the original donor
material. Most of the regenerated plants had the euploid
chromosome number and the authors suggested that the altered

morphology had a physiological rather than a genetic basis.

15
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SECTION II

MATERIALS AND METHODS

3.1 Experiments on Callus Induction and Plant Regeneration

"Carman" triticale plants were grown from seed in a con-
trolled environment at 25°C day and 16°C night temperatures
with a 16-hour daylength at a photosynthetic photon flux den-
sity (PPFD) of 486 uE m“2 sec_l. Approximately 15 g
of 16-20-0 fertilizer was added to a 3:1:1 mixture of soil,
sand and peat moss, respectively. During growth the plants
were verified as euploids by root tip analysis. At various
times after anthesis the first spike to appear was removed
from the plant. The immature embryos were dissected from the
seed under sterile conditions and placed in 7 cm deep screw
top vials containing 10 mL of modified Murashige and Skoog
(MS) medium (Table 1) plus sucrose and 2,4-dichlorophenoxy-
acetic acid (2,4-D).

Murashige and Skoog medium was used as the basal medium
as this is a standard medium which has been successfully used
in wheat and triticale embryo culture (Ahloowalia, 1982;
sears and Deckard, 1982; Sharma et al., 198l). Sucrose was

1 as this was found to

added at a concentration of 20 gL~
be the optimum concentration for callus growth from triticale
embryos (Sharma et al., 1981). The medium was solidified
with 8 gL"l of Difco purified agar.

In order to determine the optimum 2,4-D concentration
for callus induction, two replicates of 20, 15-day-old imma-

ture embryos were placed on MS medium plus 20 gL—1



TABLE 1.

mgL"1
Ingredient of medium
NH,4NO4 1650.0
KNO4 1900.0
CaC12.2H20 440.0
MgS0, 198.0
KH,PO, 170.0
MnSO4.H20 22.3
ZnSO4.7H20 8.6
KI 0.821
CuSO4.5H20 0.025
Na2M004.2H20 0.25
CoCl,.6H,0 0.025
Fe-EDTA 25.0
Glycine 1.0
Nicotinic acid 1.0
Pyridoxine-HCl 1.0
Thiamine -HC1 1.0
Agar (purified) 8000.0

17

Composition of modified Murashige and Skoog medium
used as basal medium.
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sucrose and 3 n@L_l 2,4-D while another two replicates of
20 embryos were placed on MS medium plus 2 gL"l sucrose
and 5 mgL_1 2,4-D. The vials were placed in an incubator
at 20°C and kept in the dark for four weeks.

The effect of the growth hormones 2,4-D, giberellic acid
and kinetin on plant regeneration was also studied. The same
experimental procedure as described above was used, utilizing
a total of 80, 15-day old embryos. After maintaining the
cultures in darkness at 20°C for four weeks, any shoots which
had formed were removed along with the original emnbryo
tissue. Each callus (arising from one embryo) was then cut
into quarters and one quarter was randomly placed on each of
the following nutrient media:

(i) MS medium plus 20 gL_l sucrose and 1

mgL—1 gibberellic acid.

(ii) MS medium plus 20 gL"1 sucrose, 1
mgL™} gibberellic acid and o.l ngL”~
kinetin.

1
(iii) MS medium plus 20 gL'—l sucrose.
(iv) MS medium plus 20 gL_1 sucrose and 2,4-D.
Vials of the first three treatments were placed under
fluorescent lights at 30°C with a 16-hour daylength and a
PPED of 152 ME w2 sec”l. vials of the fourth

treatment were returned to the dark for further callus

growth. Every four weeks the number of regenerated plantlets
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for each treatment on regeneration media in the light was
recorded.

The optimum embryo age for callus induction was deter-
mined by placing 15 embryos of each of four different matu-
rity stages on MS medium supplemented with 20 gL"l suc-
rose and 3 mgL_1 2,4-D. The age groups included 15, 19
and 28-day old embryos as well as those that were mature.
After four weeks the percentage of embryos showing callus

plus roots or shoots or callus only was calculated.

3.2 Growth of Regenerated Plantlets

In order to enhance continued development, plantlets
which were formed on the regeneration media were transferred
to vials containing fresh MS media supplemented with 20
gL_l sucrose. when the shoots reached the top of the
vial and roots had formed, the plantlets were transferred to
a 10.3 cm (4 inch) diameter pot containing a mixture of soil,
sand and peat moss as a 3:1:1 mixture. Approximately 15 g of
16-20-0 fertilizer was added and the plantlets were temporar-
ily covered with a 150 mL glass beaker.

The plantlets were placed under the same light condi-
tions as the regenerating calli and after five days they were
moved to the greenhouse. After the plants had become firmly

established, root-tips were taken and the plants were trans-

ferred to 15 cm (6 inch) diameter pots.
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At maturity the plants were measured for plant height,
average spike length, number of fertile heads per plant and
percent fertility (seeds/florets x100%). Root—-tip squashes
were prepared using the Feulgen procedure and euploid (2n=42)
plants were separated from the aneuploid and mixoploid
plants. Four seeds of each euploid plant were grown for the
second generation along with "Carman" triticale seeds as a
control. The second generation was planted in 15 cm pots in
the greenhouse. At maturity the second generation plants
were measured for the same characteristics as were the

original regenerated plants.

3.3 Protein Content Determination

Total protein content of individual seeds was determined
on a single seed basis wusing the micro-Kjeldahl method
(Association of Official Analytical Chemists, 1980). Four
well developed seeds of each plant from the first regenera-
tion cycle, and two seeds from each of the second generation
plants were used for protein determination. A total of 72
samples were analysed. The seeds were ground using a mortar
and pestle and the ground samples were oven-dried for 16
hours at 110°C. Protein calculations were based on a 5.7 N

conversion factor and a 0% moisture level.
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3.4 Analysis of Variation

3.4.1 First and Second Generation Regenerated Plants

The values for plant height, average spike length, num-
ber of fertile heads per plant and percent fertility were
used to test for variability in the regenerated plant popula-
tion. An assessment of inter-plant variability for the above
characteristics was carried out by making a comparison bet-
ween the original regenerated plants and their progeny for
each population, as well as Dbetween regenerated plants and

the "Carman" triticale control.

3.4.2 Second and Third Generation Regenerated Plants

A replicated experiment over two environments was car-
ried out to thoroughly test whether the variation present was
due mainly to genetic causes or to environmental conditions
during the regeneration process.

Four replicates were used with each replicate composed
of four second generation plants of each genotype (ie. seeds
from the original regenerated plants), four third generation
plants of each genotype (ie. seeds from the second generation
plants) and four "Carman" triticale control plants. All
seeds were sown in 15 cm pots containing a soil mixture of
three parts soil, one part sand, and one part peat moss. Ap-
proximately 15 g of 16-20-0 fertilizer were added to each

pot. Two of the replicates were randomized and placed in the
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greenhouse under a PPFD of 486 «E n" %  sec”!, a

16-hour daylength, and a 25°C/16°C day-night temperature
regime.

At maturity all plants were measured for plant height,
average spike length, number of fertile heads per plant, and
percent fertility. An analysis of variance of the derived
data from each plant population was carried out using a
Statistical Analysis System (SAS) package. Regression and
correlation analyses were also computerized wusing data

obtained from second and third generation plants.

3.5 Electrophoresis of Prolamins

Prolamin proteins of single kernels from regenerated
plants were examined electrophoretically. Electrophoresis
was carried out according to the polyacrylamide gel electro-
phoresis (PAGE) technique of Bushuk and Zillman (1978) with
the following modifications:

(i) sSodium lactate was used instead of aluminum
lactate as sodium lactate gives a better
resolution of prolamins (Khan et al., 1983).
(0.3 g sodium lactate were used in the gel
solution and 0.3 g were used in 200 mLs of

water for the buffer solution.)
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(ii) One mL of a 1.5% hydrogen peroxide solution
was used for the catalyst solution instead of
a 3.0% hydrogen peroxide solution. This
allows mwmore time to pour the gel solution
pbefore solidification.
(iii) The gels were run for 5 hours at 100 mA rather
than for 6.5 hours at 72-74 mA.

The gels were stained with Coomassie Brilliant Blue and
photographed as per Bushuk and Zzillman (1978).

An Ortec model 4310 densitometer was used to quantify
the band intensities of several gels. 1In order to eliminate
as much of the background contamination as possible, posi-
tives were made on 4 X 5 film from 35 mm negatives. The 4 X
5 films bearing the gel image displaying a clean background
were then scanned via visible 1light using the "scan only"

mode of the densitometer.

3.6 Meiotic Studies

Pollen mother cells (PMC's) were collected from three
plants of each genotype in the second generation, as well as
from "Carman" triticale control plants grown under identical
conditions in the greenhouse. Spikes were fixed in 6:3:1
(ethanol:chloroform:glacial acetic acid) for three days and

then stored in 70% ethanol. Anthers were squashed on slides
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in a drop of 1% aceto-carmine. Only anthers containing cells
at either metaphase I or the tetrad stage were used. A mini-
mum of 100 cells at metaphase I and tetrad stages of division
were scored for the frequency of univalents and micronuclei,
respectively.

C-banding of PMC's at metaphase I was carried out using
a modified procedure of Thomas and Kaltsikes (1974). The
modification involved diluting the phosphate buffer solution

by a factor of one half to speed up the staining time.
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SECTION 1V

RESULTS AND DISCUSSION

4.1 Experiments on Callus Induction and Plant Regeneration

Table 2 contains the results for the effect of adding

either 3 or 5 mL_1

of 2,4-D on callus induction from im-
mature embryos of "Carman" triticale. There was no signifi-
cant difference between the two concentrations in terms of
their ability to induce callus production from immature
embryos. Sharma et al. (1981) found that 6 mgL—l 2,4-D
gave a significantly greater amount of rapid growing triti-
cale callus than did 3 mgL—1 2,4-D. However, due to a
carryover effect the higher 2,4-D level prevented plant re-
generation on callus subsequently subcultured to regeneration
media.

Nakamura and Keller (1982a) reported that callus induc-
tion of triticale embryos was promoted as the auxin concen-
tration increased but that high auxin levels resulted in a
decrease in subsequent multiple shoot regeneration. Table 3
shows that in the present study the 5 n@L—l 2,4-D appli-
cation also had an inhibitory effect on subsequent plant re-
generation since twice as many plants were regenerated from
calli initiated on 3 mgL"l 2,4-D as compared with the 5
mgL—1 2,4-D treatment.

The addition of both giberellic acid and kinetin in the

régeneration media severely reduced the amount of plant



TABLE 2. The effect of two concentrations of 2,4-D on
primary callus induction from immature embryos of
"carman" triticale.

mgL"l Number of Number of
Replicate* 2,4-D embryos embryos with
with callus** callus only
1 3 20 (100)*** 8 (40)
2 3 20 (100) 10 (50)
40 (100) 18 (45)
3 5 20 (100) 8 (40)
4 5 20 (100) 11 (55)
40 (100) 19 (47.5)

*Twenty embryos per replicate.
**May have shoots and/or roots as well as callus.
***yzlues in parentheses are percentages.
Values taken 4 weeks after culture.
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regeneration in the 3 mgL—1 2,4-D group, whereas the re-
sults of the gibberellic acid alone were not different from
those of the control (Table 3). It was observed that five of
the plants regenerated in the absence of hormones had multi-
ple shoots compared with only two multiple shoot plants
regenerated on the gibberellic acid treatment.

Sharma et al. (1981) found that the addition of 0.1

1 kinetin gave the highest

mgL—1 2,4-D plus 5 mgL~
frequency of plant regeneration followed by the control
treatment in which no growth regulator was added. They did
not study the effect of gibberellic acid. Nakamura and
Keller (1982a), however found that gibberellic acid enhanced
shoot bud formation on Kao's medium but not on Murashige and
Skoog medium.

Table 4 shows the effect of embryo age on callus induc-
tion. A consistent growth pattern emerged from these studies
in that embryos less than 13-14 days of age became necrotic
and died in vitro. Fifteen-day-old embryos produced the
highest callus growth among immature embryos followed by that
produced from fully mature embryos. Immature embryos older
than 15 days exhibited decreased callus formation.

In support of these findings, Nakamura and Keller
(1982a) found that l4-day-old triticale embryos gave a higher
frequency of callus induction than 18, 21, 28 and 35-day-old
embryos. They also noted that in the cultivar "wWelsh",
embryos 14 days of age gave rise to callus with a higher

regeneration capacity than did 18-day-old embryos.
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TABLE 3. Effect of various growth hormones on plant
regeneration from immature embryo-derived callus of
"Carman" triticale.

Concentration of growth Concentration of 2,4-D
hormone in regeneration in callus induction Number of
medium medium (mgL'l) plantlets
ImgL~! gibberellic acid 3 6
ImgL-1l gibberellic acid

+ 0.1lmgL~! Kinetin 3 1
none 3 6
lmgL~1l gibberellic acid 5 2
ImgL~l gibberellic acid

+ 0.lmgL~! Kinetin 5 2
none 5 2

Forty embryos used for each 2,4-D concentration.
Number of plantlets recorded after 8 weeks on
regeneration medium.
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TABLE 4. Effect of embryo age on callus induction from
embryos of "Carman" triticale.

Number
Age of embryo Number of Number showing
(Days after embryos showing callus
anthesis) cultured callus* only**
11 20 0(0) 0(0)
15 20 20(100) 8(40)
19 15 15(100) 1(6.7)
28 15 15(100) 0(0)
mature 30 27(90) 5(16.7)

*Callus may have shoots and/or roots.

**Callus with no shoots or roots.
Values in parentheses are percentages.
All embryos placed on MS media plus 3 mgL"1 2,4-D and 20
gL"1 sucrose.
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In light of the results from these experiments further
work made use of 15+1 day-old embryos cultured on MS media

plus 20 gL_1 sucrose and 3 mgL_1

2,4-D (initiation
and maintenance (IM) media). For the purpose of plant
regeneration, calli were subcultured every four weeks to MS
media containing 20 gL"1 sucrose in the absence of growth
regulators (regeneration (RM) media), as well as to fresh IM
media for continued callus growth. Typical callus formation

from triticale embryos is shown in Figure 1 while plant

regeneration from callus is shown in Figures 2 and 3.

4.2 Morphology of Regenerated Plants and Their Offspring

As shown in Table 5 and Figures 4 and 5, the regenerated
plants exhibited considerable variation for the traits stud-
ied. For height, average spike length, and fertility most of
the regenerated plants were significantly below the values
obtained from the "Carman" control plants while the remainder
were not significantly different from the control (Table 5).
The number of fertile heads per plant showed an opposite
trend with all but one of the regenerated plants having sig-
nificantly more heads than "Carman".

This variation may have an underlying genetic basis or
may only be a result of the unique environment to which these
plants were subjected, ie. from tissue culture vials directly
to pots in the greenhouse. This transfer undoubtedly could
have an effect on the subsequent growth and development of

the plant.
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TABLE 5.

Comparison of morphological characteristics
between euploid regenerate plants and "Carman"
triticale (control).

35

Height Number of Average Average
(cm) Fertile Spike Fertility
Heads Length (%)+
(cm)

"Carman"++ 92.9+8.9 1.7+0.5 15.140.7 58.2+4.1
R1 60.0* 2.0 9.7% 51.0*
R4 47.0%* 4.0% 7.7% 50.0%
R5 58.5%* 5.0% 5.6% 41.2*
R6 52.0% 3.0* 8.5*% 45,5%
R12 98.3 4.0% 14,2% 54.6
R13 91.8 3.0% 12.5% 59.8

*Significantly different from “"Carman®.

+Fertility measured by number

++"Carman" values
plants grown in the greenhouse.

of seeds x 100%.

number
are averages

of florets
for ten plants. All
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Table 6 shows the data for the second generation regen-
erated plants and Table 7 compares the means of all the first
generation regenerated plants with the means of their progeny
for the four traits studied. That the environment to which
the original regenerates were subjected played a role in the
observed variation can be seen Dby the fact that for three of
the traits the second generation had mean values approaching
those of "Carman" and produced smaller standard deviations
than plants of the first generation. This indicates that the
second generation exhibited less variability and more closely
resembled the "Carman" controls than did their parents.
Environmental factors do not explain the total original
variation expressed since the second generation was still
significantly different from "carman" for all traits studied.
This suggests that at least part of the variation may have an
underlying genetic basis.

The only trait in which second generation plants did not
more closely resemble "Carman® than did the first generation
plants was average fertility. The second generation showed a
dramatic drop in fertility and this reduction was due to two
families: R12 and R13. All second generation families except
these two had fertilities which were not significantly dif-
ferent from their first generation parents. Second genera-
tion R12 and R13 plants, in contrast, showed a significant
reduction in fertility £from their parents (Table 8). This

reduction was particularly extreme for R13.



TABLE 6. values of the second generation regenerate plants for the morphological
characteristics studied. :

Genotype
Height (cm) Rl R4 R5 R6 R12 R13
90.0 79.0 74.5 73.8 70.5 83.4
90.5 76.3 77.7 90.0 69.0 82.0
91.0 59.2 86.2 84.0 93.0 67.1
81.0 92.0 81.7 80.0 71.5 51.5
88.1+4.8 76.6+13.5 80.0+5.1 81.9+6.8 76.0+11.4 71.0+14.9
Number of 1.0 1.0 1.0 1.0 1.0 2.0
Fertile 1.0 1.0 1.0 1.0 1.0 1.0
Heads 1.0 1.0 1.0 1.0 1.0 1.0
1.0 2.0 1.0 1.0 1.0 1.0
1.0+0 1.3+1.1 1.0+0 1.0+40 1.0+0 1.3+0.5
Spike 12.0 11.6 11.3 11.9 9.3 3.8
Length (cm) 13.6 12.5 12.0 12.7 10.0 6.3
12.6 12.4 13.1 12.6 12.2 10.5
10.3 9.9 13.8 12.3 9.5 7.7
12.1+1.4 12.5+0.74 12.6+1.1 12.4+0.4 10.3+1.3 8.4+.25
Fertility 35.2 38.1 49.0 35.2 31.4 16.7
(%)+ 55.6 24.4 29.6 55.0 38.3 0.0
40.4 45.6 39.7 49.1 50.7 27.5
45.8 53.1 48.5 41.2 35.2 25.0
44.348.7 40.3+12.2 41.7+9.1 45.1+8.7 38.9+8.4 17.3+12.4

+Fertility measured by number of seeds x 100%
number of florets

|87



TABLE 7.

Morphological comparison of wcarman" triticale and first and second
generation regenerate plants.
Generation Mean Mean Average Average
Height Number of Spike Fertility
(cm) Fertile Length +(%)
Heads (cm)
"Carman" - 92.9+8.9 1.740.5 15.1+0.7 58.2+4.1
Regenerate 1 67.9+21.6% 3.5+1.0% 9.7+3.2% 50.4+6.6%
Plants
2 79.0+5.6% 1.1+0.1% 11.4+1.7% 37.9+10.4%

*significantly different from "C
Range Test.
+Fertility measured by number of

arman" at 95% level by Duncan's Multiple

seeds

number of

florets

x 100%.

v
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TABLE 8. Average percent fertility comparison between Carman
and first and second generation regenerate plants.

Average Fertility (%)

Plant Generation (number of seeds x 100%)
(number of florets )
"Carman" - 58.2+4.1

R1 1 51.0%

R1 2 44.318.7*

R4 1 50.0%

R4 2 40.3+12.2%

RS 1 41.2%

R5 2 41.719.1*

R6 1 45.5%

R6 2 45.1+48.7%

R12 1 54.6

R12 2 38.9+8.4%+

R13 1 59.8

R13 2 17.3i}2.4*+

*significantly different from Carman at 95% level by
Duncan's Multiple Range Test.

+Significantly different from generation 1 at 95%
level.
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Such variation in progenies regenerated in vitro is not
unusual in cereal species and the term "somaclonal variation"
has been used to describe such variation (Larkin and
Scowcroft, 1981). Morphological variability over several
generations has been observed in regenerated plants of sugar-
cane, oats, corn and wheat (Liu and Chen, 1976; Cummings et
al., 1976; Beckert et al., 1983; Sears et al., 1982).

In the above analysis the parents and their offspring
were grown in the greenhouse at different times and thus
environmental differences may have played a role in the vari-
ation between the first and second generation regenerated
plants. In order to further determine the stability of the
variation from one generation to the next, and to further
separate genetic from environmental effects, a replicated
experiment was conducted under two environmental regimes as
described in the Materials and Methods section (Page 21).
For all four replications of both the second and third gener-
ation plants there were significant differences between geno-
types for spike length and fertility (Tables 11 and 12) but
not for height or number of fertile heads (Tables 9 and 10).

The block effect was significant for all traits in the
four replication analysis for both generations (Tables 9 to
12). This is due to the fact that of the four replications,
two were groWn under growth-room conditions while two were
grown in the greenhouse. Thus all the traits studied were

affected significantly by the environment.
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TABLE 9. ANOVA values for mean plant height of second
and third generation regenerate plants.

Generation Number Environmental Mean Square
of Reps Conditions Block Genotype
in
ANOVA
2 4 greenhouse 694.058** 41.778
growth-room
3 4 greenhouse 395.807** 94,305
growth-room
2 -2 greenhouse 31.801 64.592
3 2 greenhouse 0.035 106.612%*
2 2 growth-room 17.161 17.161
3 2 growth-room 0.483 33.137

*, **gjgnificant at 95% and 99% level respectively by
F-test.
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TABLE 10. ANOVA values for mean number of fertile heads
of second and third generation regenerate

plants.

Generation Number Environmental Mean Square
of Reps Conditions Block Genotype
in
ANOVA

2 4 greenhouse 2.009* 0.976
growth-room

3 4 greenhouse 1.176% 0.176
growth-room

2 2 greenhouse 0.161 0.744

3 2 greenhouse 0.601 0.030

2 2 growth-room 0.286 0.583

3 2 growth-room 0.161 0.388

*significant at 95% level by F-test.
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TABLE 11. ANOVA values for mean spike length of second
and third generation regenerate plants.
Generation Number Environmental Mean Square
of Reps Conditions Block Genotype
in
ANOVA
2 4 greenhouse 20.542** 2.155%*
growth-room
3 4 greenhouse 16.060*% 1.901%*
growth-room
2 2 greenhouse 0.206 2.480%*
3 2 greenhouse 0.286 2.470%%*
2 2 growth-room 0.206 1.110
3 2 growth-room 0.315 0.673

*
’

**gignificant at 95% and 99% level respectively by

F-test.
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TABLE 12. ANOVA values for mean fertility of second and
third generation regenerate plants.
Generation Number Environmental Mean Sqguare
of Reps Conditions Block Genotype
in
ANOVA
2 4 greenhouse 360.127** 448.665**
growth-room
3 4 greenhouse 189.496* 459.739**
growth-room
2 2 greenhouse 18,515 270.513*
3 2 greenhouse 98.315 448,222**
2 2 growth-room 2.835 230.683**
3 2 growth-room 110.883 90.635

*
!

**gignificant at 95% and 99% level respectively by

F-test.
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Comparing material from replications grown in the same
environment, it is seen that the block effect is nonsignifi-
cant for all traits in both generations (Tables 9 to 12). 1In
the second generation there were significant differences for
fertility among genotypes in both sets of replications (Table
12). Spike length varied significantly in one se£ of repli-
cations grown in the greenhouse (Table 11). In the third
generation significant differences existed in the greenhouse
grown set of replications for height, spike length and ferti-
lity (Tables 9, 11 and 12).

These results imply that there were genetic differences
between the progeny of regenerated plants in both generations
and that these differences were modified by the environment.
The genetic component of variation was most prominent for
spike length and fertility and to a lesser extent for plant
height.

Duncan's multiple range tests for the morphological
traits over all replications (Tables 13 and 14) show that R13
was the most variable genotype. Other genotypes showed no
variation among themselves with the exception of Rl which was
significantly different in fertility from both "Carman" and
R4 in the second generation (Table 13).

Regression and correlation analysis between the second
and third generations over all replications showed highly
significant slopes and correlation coefficients for all
traits with the exception of fertile head number (Table 15).

The highest intergeneration correlation was obtained for
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TABLE 13. Mean values of the second generation regenerate
plants and "Carman" controls for the various
morphological traits studied.

Number of

Plant Fertile Spike Fertility'
Genotype Height(cm) Heads Length(cm) (%)
"Carman" 103.77 2.13 12.58 (a) 56.93 (a)
R1 102.67 2.25 12.65 (a) 43,40 (b)
R4 106.15 1.88 13.03 (a) 55.40 (a)
R5 98.60 3.00 12.30 (a) 49.58 (ab)
R6 98.20 3.00 12.38 (a) 47.80 (ab)
R12 100.42 2.50 12.63 (a) 50.43 (ab)
R13 97.57 3.13 10.75 (b) 25.28 (c)

Values followed by different letters are
significantly different by Duncan's multiple range
test (alpha=0.05).
+Fertility measured by number of seeds x 100%
number of florets
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TABLE 14. Mean values of the third generation regenerate
plants and "Carman" controls for the various
morphological traits studied.

Number of

Plant Fertile Spike Fertility™
Genotype Height(cm) Heads Length(cm) (%)
"Carman" 103.77 2.13 12.58 (a) 56.93 (a)
R1 102.15 2.58 12.53 (a) 47.15 (a)
R4 101.17 2.60 12.90 (a) 51.85 (a)
R5 102.55 2.75 12.48 (a) 49.38 (a)
R6 103.37 2.35 12.58 (a) 47.00 (a)
R12 107.32 2.33 12.00 (ab) 50.45 (a)
R13 91.62 2.53 10.83 (b) 23.53 (b)

vValues followed by different letters are
significantly different by Duncan's multiple range
test (alpha=0.05).
+Fertility measured by number of seeds x 100%
number of florets




TABLE 15. Slope estimates (b) and correlation coefficients (r) from regression and
correlation analysis of second and third generation regenerate plants

characterized for four morphological traits.

Morphological Traits

Height Number of Fertile Heads Spike Length Fertility
b r b r b r b r
0.584** 0.611** 0.224(NS) 0.322(NS) 0.837*** 0.906*** 0.741**%%* 0.737***

**gignificant
***gjgnificant
Third generation
obtain the slope

at 99% level.

at 99.9% level.
plants were regressed
estimates (b).

on second generation

plants in order to

25
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spike length followed by fertility and plant height. Thus
the genetic component of variability was inherited from one
generation to the next, particularly for spike length, ferti-
lity and plant height. The variation 1in the number of fer-

tile heads does not appear to have had a genetic basis.

4.2 Cytogenetics

Oof fourteen original plants regenerated, six were found
to be euploid (2n=42) while eight were chromosomally mixo-
ploid. The mixoploid plants contained hyperploid as well as
euploid cells. The hyperploid cells contained very small
chromosomes which resembled chromosomal fragments. Only the
euploid plants were studied in detail.

Second generation euploid regenerate plants exhibited
significant differences between genotypes for the mean number
of univalents per cell at metaphase I (Table 16 and Figure 7)
and the mean number of micronuclei per tetrad (Table 17 and
Figure 6). No significant differences for these characteris-
tics occurred however, within genotypes ie. within the pro-
geny of a single regenerated plant. Thus any changes which
occurred in the original regenerated plant relative to chro-
mosome structure, or to genes controlling chromosome pairing,
chiasma formation or chromosome movement, were inherited
uniformly by the offspring.

Duncan's multiple range test for mean number of univa-
lents per cell at metaphase I (Table 18) shows three differ-

ent groups at the 95% significance level, with only genotype



54

TABLE 16. ANOVA for mean number of univalents per cell at
metaphase I for second generation regenerate plants
of "Carman" triticale.

Source DF Mean Square F
Block 2 0.69 2,80 NS
Genotype 6 2.02 8.26%%
Error 12 0.25

**Significant at 99% level.

TABLE 17. ANOVA for mean number of micronuclei per tetrad for
second generation regenerate plants of "Carman"
triticale.

Source DF Mean Sqguare F
Block 2 0.25 0.36 NS
Genotype 6 2.48 3.66*
Error 12 0.68

*Significant at 95% level.
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TABLE 18. Mean number of univalents per cell at metaphase I
and mean number of wmicronuclei per tetrad for
"Carman" triticale and second generation regenerate
plants of "Carman" triticale.

Mean Number of Mean Number of
Genotype Univalents per Micronuclei per
Cell Tetrad
"Carman" 1.30 (bc) 1.97 (bc)
R1 2.20 (b) 3.23 (ab)
R4 1.13 (c) 1.60 (c)
R5 1.30 (bc) 1.83 (bc)
R6 1.33 (bc) 1.17 (c¢)
R12 1.50 (bc) 1.53 (c)
R13 3.43 (a) 3.57 (a)

Values followed by different letters are
significantly different by Duncan's Multiple Range
Test (alpha = 0.05).
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R13 being significantly different from "Carman". This situ-
ation also holds true for the mean number of micronuclei per
tetrad (Table 18).

Sears et al. (1982) stated that the somoclonal variation
exhibited for plant height, vigor, and yield among the pro-
genies of regenerated wheat plants was likely due to chromo-
some instability. In the present study, R13 was the only
genotype significantly different from "Carman" in terms of
chromosome instability. Similarly, in the second generation
R13 was the only genotype significantly different from
"Carman" for spike length, and was one of two genotypes
significantly different from "Carman" for fertility (Table
13). In the third generation, R13 was the only genotype
significantly different from "Carman" for spike length, and
fertility (Table 14). Thus the chromosome instability of R13
plants relative to the "Carman" controls, is the most likely
cause for the large degree of variation that these plants
exhibit when compared to the other genotypes. Even though
the production of univalents and micronuclei was quite high
in R13, the mean values for the morphological traits were
very similar in both the second and third generations (Tables
13 and 14). Thus, even though chromosomally unstable in com-
parison with "Carman", R13 was stable within itself.

R1 and R4 are the only genotypes (with the exception of
R13) to be significantly different from each other in terms
of both micronuclei per tetrad and univalent number at meta-
phase 1I. All other genotypes had about the same amount of

chromosome instability (Table 18) and were similar to one
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another in the degree of variability expressed for the vari-
ous morphological traits studied (Tables 13 and 14).

In general, a population of plants exhibiting chromosome
instability can be expected to exhibit some degree of
morphological variation. Conversely, plants similar to each
other in terms of chromosome stability would be expected to
be similar in terms of morphology.

Since the original R13 regenerate plant had a euploid
chromosome number, its high degree of meiotic instability
could be due to either the loss of a gene oOr genes control-
ling synapsis and chiasma formation, to chromosomal struc-
tural changes, or to trisomy for one chromosome and monosomy
for another.

Triticale has always been prone to melotic irregulari-
ties including univalent formation at metaphase I in advanced
breeding material. Tt has been observed via constitutive
heterochromatin banding studies that most of the univalents
in advanced breeding material are from the rye genome (Thomas
and Kaltsikes, 1974). Many hypotheses have been put forth in
order to explain the cause of these rye univalents. These
include (1) desynapsis due to a lack of crossing over in the
inbred rye genome of advanced triticale, (2) interaction
between the genes that control chromosome pairing in rye and
those that control pairing in wheat, (3) the asynchronous
meiotic cycles of the rye and wheat chromosomes in a triti-
cale due to the high DNA content in the rye parent relative
to that in wheat, and (4) interference of chromosome pairing

by the large blocks of terminal heterochromatin found on the
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rye chromosomes (Lelley, 1974; Lelley, 1975; Kaltsikes, 1974;
Roupakias and Kaltsikes, 1977; Thomas and Kaltsikes, 1974).

When the meiotic staining technigue of Thomas and
Kaltsikes (1974) is used, these blocks of constitutive ter-
minal heterochromatin stain as dark bands while the rest of
the chromosome remains only lightly stained. As only the rye
chromosomes possess these terminal bands, the rye chromosomes
in a triticale karyotype <can be easily distinguished
(Figure 8).

Using the technique on metaphase I cells of "Carman"
triticale, it was observed that the proportion of rye:wheat
chromosomes was 3.48:1 with 77.69% of the observed univalents
being of the rye genome (Table 19). This percentage of rye
univalents is in close agreement with the values of 80.56%
and 82.14% found by Thomas and Kaltsikes (1974) for inbred
lines of hexaploid triticale and for hybrid triticale, res-
pectively. Thus "Carman" behaves similarly to other triti-
cales in that it produces mainly rye univalents.

C-banding of metaphase 1 cells of the genotype R13
resulted in a rye:wheat proportion of 1.80:1 with only 64.32%
of the univalents being from the rye genome (Table 19). Thus
the increased meiotic instability in R13 was due to a higher
frequency of wheat univalents. This 1increased frequency
could be a result of structural changes in wheat chromosomes
or due to alterations in wheat genes regulating synapsis
and/or chiasma formation. As chromosome fragments were often
found as univalents at metaphase I, chromosome breakage and
structural alterations 1likely played a large role in the

increased meiotic instability of genotype R13.
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TABLE 19. The distribution of terminal heterochromatin
in univalents of "Carman" triticale and in the
regenerate genotype R13.

Total Number Number of Rye:Wheat
of Univalents Univalents Ratio
Observed with Terminal
Heterochromatin+
R13 213 137 (64.32%) 1.80:1
"Carman" 242 188 (77.69%) 3.48:1

+Presence of terminal heterochromatin indicates rye
chromosones.
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4.4 Protein Content and Electrophoresis

Table 20 contains the mean whole-grain crude protein
contents for the regenerated plants as measured by the micro-
Kjeldahl technique. 1In the original first generation regen-
erates none of the genotypes were significantly different
from "Carman" for protein content. However, the standard
deviations were generally higher 1in the first generation
plants than in "Carman" suggesting that variation existed
among seeds of the original regenerated plants. In the se-
cond generation, three plants had significantly different
protein contents than "Carman". TwoO of them, R4-3 and R5-2,
had a 6.0% and 5.5% increase, respectively, in percent pro-
tein over "Carman". In both cases the increase in protein
content was significant. The small standard deviations for
these two plants shows that all of the seeds observed from
these plants were relatively uniform for the higher protein
levels.

An increased seed protein content would be beneficial in
triticale. over the years during which triticale has been
researched, the improvement of kernel characteristics has
been associated with a lowering of whole grain protein con-=
tent, ie. selection for plump kernels results in a negative
selection for lower protein content (zillinsky, 1974). Thus,
finding a way to increase the protein content of plump ker-
nels would be advantageous. Whether or not the high protein

lines derived from the present studies could be used in a
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TABLE 20. Mean Percent protein for "Carman" triticale
and first and second generation regenerate
plants.

Genotype Generation % Protein (N x 5.7)

(0% Moisture)

"Carman" - 16.1 + 0.8
R4 1 14.3 + 1.1
R4-1 2 13.1 + 0.6
R4-2 2 14.9 + 2.1
R4-3 2 22.1 + 0.2%++
R4-4 2 12.1 + 0.4
R1 1 14.1 + 3.7
R1-1 2 17.6 + 2.7
R1-2 2 13.6 + 0.1
R1-3 2 14.8 + 0.8
R1-4 2 17.6 + 0.3
R6 1 14.6 + 3.8
R6-1 2 16.2 + 0.6
R6-2 2 11.6 + 0.1%*
R6-3 2 12.4 + 1.3
R6-4 2 15.2 + 4.4
R5 1 16.7 + 0.1
R5-1 2 12.3 + 0.5
R5-2 2 21.6 + 0.9%++
R5-3 2 12.6 + 1.2
R5-4 2 13.4 * 1.4
R12 1 13.5 + 1.5
R12-1 2 15.3 + 4.7
R12-2 2 12.8 + 0.5
R12-3 2 13.5 ¥ 0.6
R12-4 2 12.2 + 0.4
R13 1 13.6 + 0.7
R13-1 2 15.9 + 1.2
R13-2 2 16.2 + 1.5
R13-4 2 18.0 * 3.0

*significantly different from Carman at 95% level by
Duncan's Multiple Range Test.

++Significantly greater than Carman at 99% level by
Duncan's Multiple Range Test.
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breeding program depends on the heritability of the trait.
To be useful, the high protein trait must have a genetic
basis and must be transferable to the offspring by sexual
means.

In order to determine if the high protein trait had a
genetic basis, reserve seed of the plants R5-2 and R4-3 was
multiplied. Four seeds of each of the two genotypes were
grown from this increase along with a "Carman" control.
Analysis of protein content was carried out on three seeds of
each plant and the results are shown in Table 21. For both
genotypes two plants had significantly higher protein content
than "Carman" while the two remaining plants were not sig-
nificantly different from "Carman". This indicates that the
high protein trait does have a genetic basis and that the
original high protein plants (R5-2 and R4-3) gave rise to
offspring which segregated for the trait.

The main components of cereal kernel protein are the
endosperm storage proteins. The fraction of these proteins
which is soluble in 70% ethanol solutions is known in general
terms as the prolamin fraction, or specifically, as the
gliadin fraction in wheat and the secalin fraction in rye.
This fraction consists of many components which have similar
composition and high levels of glutamine and proiine. These
components can be separated by polyacrylamide gel electro-
phoresis (PAGE) and the resulting pattern of number, mobility
and intensity of bands is distinctive for any given cultivar

(Bushuk and Zillman, 1978). For triticale it has been shown
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TABLE 21. Percent kernel protein of the offspring of
high protein regenerate plants and "Carman"
triticale.

Genotype Offspring Plant Number
1 2 3 4
5-2 19.6+0.6* 18.5+1.1 16.8+0.6 19.9+0.9**
4-3 16.4+0.7 19.1+3.1% 18.8+2.3% 15.9+1.0
"Carman" 15.7+1.0 -- -- --

*Significantly different from "Carman" at the 95%

level by Duncan's multiple range test.

**gignificantly different from "Carman" at the 99%

level by Duncan's multiple range test.

Three seeds were analyzed for each plant.
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that the prolamin banding pattern is simply the sum of the
banding patterns of the wheat and rye parents. No new bands
are produced (Chen and Bushuk, 1970).

All of the structural genes for the synthesis of the
gliadin components of wheat are located on the chromosomes of
homoeologous groups 1 and 6 of all three genomes (Kasarda et
al., 1976). In rye, the structural genes for secalin syn-
thesis are found on chromosome 1 (Shepherd and Jennings,
1970). Thus any changes in banding pattern in triticale is
due to genes on these chromosomes.

The high protein plants derived from tissue culture may
have shown increased kernel protein due to changes 1in the
genes controlling prolamin synthesis. If such changes occur-—
red in the structural genes, new banding patterns would
appear. If the changes were in regulatory genes, changes in
band intensity would result. Figure 9 shows the PAGE banding
pattern for eight single seeds of "Carman" triticale. There
was variation in band intensity due to seed size variability
but the band pattern is the same for all seeds sampled indi-
cating that "Carman" is stable as far as electrophoretic
banding pattern of prolamins is concerned.

Figure 10 shows the banding patterns for "Carman" con-
trols, R4 first generation, and R4 second generation plants.
The PAGE patterns for Carman controls, R5 first generation,
and R5 second generation plants are shown in Figure 11. In

both Figures 10 and 11, all samples were of identical weight
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and therefore variations in band intensity were not due to
differences in sample size. It can clearly be seen that
column 7 in Figure 10 and columns 6 and 7 in Figure 11 show
pands of a darker intensity than the other columns but the
band pattern 1is identical. The columns showing the darker
bands correspond to the high protein plants R4-3 (column 7,
Figure 10) and R5-2 (columns 6 and 7, Figure 11). Thus the
increased protein content of these two plants is expressed in
the prolamin fraction and is possibly the result of changes
in regulatory genes leading to increased prolamin production,
and not the result of structural gene changes.

It can also be seen from Figures 10 and 11 that the most
striking difference in band intensity between the high pro-
tein plants and the other plants occurs in the three bands
indicated by the arrows. These bands are coded for by the
rye genome. Thus it is possible that regulatory genes of the
rye genome have been altered in such a way as to increase the
activity of the prolamin structural genes on chromosome 1 of
rye.

In order to quantify the differences in band intensity,
the gels were analysed using a densitometer. Figures 12 and
13 show the densitometer tracings for plant R4-3 (column 7,
Figure 10) and its "Carman" control (column 9, Figure 10)
while Figures 14 and 15 show the densitometer tracings for
plant R5-2 (column 6, Figure 11) and 1its "Carman" control

(column 9, Figure 11). In both cases, the bands of the high
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protein plants show higher peaks than the bands of the
"Carman" controls. The differences in band intensity between
the high protein plants and the “Carman" controls was quanti-
fied in Table 22 on the basis of densitometer chart units.
For plant R4-3 the three rye bands marked by arrows in Figure
10 (column 7) were responsible for the greatest differences
in band intensity. Similarly, for plant R5-2 (column 6,
Figure 11), the three rye bands were responsible for three of
the four greatest differences in band intensity. Thus, al-
though all the bands of the high protein plants showed in-
creased levels of protein relative to their "Carman" con-
trols, the largest differences were in the bands coded for by
the rye genome.

It may be that an alteration of a rye regulatory gene
occurred and that this change resulted in increased prolamin
production from the structural genes on chromosome IR.
Darvey and Gustafson (1975) observed that the substitution of
wheat chromosome 2D for rye chromosome 2R in hexaploid triti-
cale resulted in a reduction of protein levels and concluded
that specific rye chromosomes are important in governing pro-
tein content. Homoeologous group 2 chromosomes in wheat have
been implicated as possible sites for genes regulating glia-
din synthesis (Waines, 1973; Brown and Flavell, 1981). Thus,
rye chromosome 2R may also contain prolamin regulatory genes
which, when modified, produce the high protein plants derived

from tissue culture in the present study.
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TABLE 22. Densitometer chart unit values for electro-
phoretic bands from densitometer tracings of
PAGE patterns of plants R4-3, R5-2 and their
"Ccarman" controls.

chart Units for Bands

R 4-3 Carman Difference R 5-2 Carman Difference

(Fig 10) (Fig 11)
55 44 11+ 86 9 77+
55 48 T+ 88 5 83+
52 44 8+ 72 6 66+
48 50 -2 104 46 58
38 35 3 88 20 68
36 29 7 80 15 65
37 34 3 49 6 43
31 28 3 61 5 56
28 23 5 98 15 83

+Differences for the arrowed bands of Figures 10 and
11 (rye genome bands) .
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Although the three rye bands showed the greatest inten-
sity differences, the wheat bands of the high protein plants
were also more intense than the wheat bands of their "Carman"
controls. Either an altered function of the rye regulatory
gene(s) also affected the expression of wheat structural
genes, or there could have been simultaneous changes in wheat
regulatory genes themselves, leading to increased prolamin
production. In either case the prolamin production from the
wheat structural genes is less than that of the rye genes.

From an evolutionary standpoint, the wheat and rye
genomes are closely related. They have a high level of rep-
ecated DNA seguence homology (Flavell et al., 1977). Given
this close relationship, it is quite likely that certain rye
genes can affect the functioning of wheat genes in the same
cell. Lelley (1976) found that rye genes can suppress the
action of wheat chromosome 5B thereby promoting homoeologous
pairing. 1In view of the close relationship between the wheat
and rye genomes, it is likely that any alteration in rye pro-
lamin regulatory genes would affect mainly the rye prolamin
structural genes. Nevertheless, some effect on the wheat pro-
lamin structural genes could also be expected. This 1is more
likely to occur than would simultaneous changes in the func-

tion of both wheat and rye prolamin regulatory genes.
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SECTION V

GENERAL DISCUSSION

The aim of the present study was to assess the feasibil-
ity of using somaclonal variation for triticale improvement.
In order for variation to be useful for breeding purposes the
novel traits must have a genetic basis and therefore must be
able to be sexually transmitted.

The variation which occurs in culture can be due to gene
mutation or can be a result of epigenetic change. Epigenetic
changes are heritable cellular alterations that do not arise
from permanent changes in the cell genome and which are not
transmitted meiotically (Meins, 1983). Thus, 1in order to
determine whether phenotypic variation in regenerated plants
is genetic or epigenetic in nature requires the production of
several sexual generations. If there is high sexual herita-
bility for the variant traits over several generations, then
the variation is likely to have a genetic basis. In the pre-
sent study much of the general morphological variation pre-
sent in the original plants had disappeared as early as the
second generation (Table 7) indicating that part of the vari-
ation in the original plants did not have a genetic basis.

Traits with an underlying genetic basis can be of sever-
al types. They could be gene mutations inherited in a
Mendelian manner, or they ‘could be a result of chromosome

alterations and instability. Sears et al. (1982) stated that
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most somaclonal variation is a result of chromosome instabil-
ity. Novel traits which are a result of chromosome instabil-
ity are not likely to be of much value for crop improvement
since heritability of the trait would likely be quite low.
Furthermore, chromosomal instability is undesirable in
commercial cultivars. In addition, plants exhibiting chromo-
somal 1instability usually express other undesirable morpho-
logical and/or physiological traits. That chromosomal
instability did contribute to the observed somaclonal vari-
ation in the present study was shown by the fact that geno-
type R13, which was the only genotype significantly different
from "Carman" in terms of chromosomal stability (Table 18),
was the most variable genotype morphologically (Tables 13 and
14). All of the variability exhibited by genotype R13 is
undesirable, especially the extremely low fertility.

All somaclonal variation is not a result of chromosome
instability, however. Novel variants have been found in
plants with an otherwise normal chromosome complement, eqg.
morphological abnormalities in sorghum and sugarcane (Gamborg
et al., 1977; Liu and Chen, 1976). This variation is likely
a result of gene mutation.

Ideally, for plant improvement the best result would be
the regeneration of plants identical to the source plants
except for a specific desirable trait. The tissue culture-
derived plants resistant to Southern Corn Leaf Blight (Dixon

t al., 1982) have come the closest to achieving this goal
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among the cereal species. In the present study the plants
which had heritably high kernel protein and which were non-
significantly different from "Carman" in terms of chromosomal
stability, may be of use in a breeding program for improved
kernel protein in triticale. The genotypes which were
similar to "Carman" for chromosome stability (Table 18) were
generally also similar to "Carman" in terms of their morpho-
logical traits studied (Tables 13 and 14). This suggests
that the high protein plants were unlikely to carry many
undesirable traits and would be basically similar to "Carman"
in all or most of their agronomic attributes. This would be

highly advantageous from a breeding standpoint.
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SECTION VI
SUMMARY AND CONCLUSIONS

The best system found for «callus induction from
"Carman" triticale embryos was the use of 15+ day-old embryos
cultured in the dark on Murashige and Skoog (MS) media with
the addition of 20 gL"l sucrose and 3 mgL_1 2,4-D.
Plant regeneration could be obtained by transferring the cal-
lus to MS media supplemented with 20 gL_l sucrose in the
absence of growth regulators, and by the use of a 16 hour
daylength period.

The first generation of regenerated euploid plants were
found to vary widely for several morphological traits while
second generation plants exhibited somewhat less variability.
Two families, R12 and R13, were found to have low fertility
in the second generation. The 1low fertility of R13 was due
to extensive chromosomal instability which was a result of an
increased production of wheat univalents relative to "Carman"
controls. Plants which had a level of chromosome instability
significantly greater than that of "Carman" exhibited a high
degree of morphological variability, while plants with
chromosome instability approximating that of "Carman" were
morphologically similar to "Carman".

All morphological traits studied in the second and third
generations were affected significantly by the environment.
The genetic component of variation was greatest for spike

length, fertility and plant height, while variability for
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the number of fertile heads per plant did not appear to have
a genetic basis.

Two plants, R4-3 and R5-2, had a significantly higher
kernel protein percentage than "Carman". This increase in
kernel protein was heritable and at least partly due to an
increased production of prolamin proteins. The increase in
prolamin production was greatest in the electrophoretic bands
coded for by the rye genome which indicates a possible alter-
ation in rye prolamin regulatory genes.

The best tissue culture system for the utilization of
somaclonal variation in cereal improvement would be one which
would generate large numbers of plants morphologically simi-
lar to the source plants. Selection for genotypes showing
either chromosome stability in culture, or the ability to
screen out chromosome abnormalities during the regeneration
process, would be beneficial in reducing the number of gross
variants. These plants would then be extensively screened
for desirable new characteristics. In order for such a sys-
tem to be achieved, further research is necessary to improve
the efficacy of regeneration from callus so that large popu-
lations of regenerates can be produced, thereby enabling
studies on a field scale.

The present study has shown that somaclonal variation
does exist in regenerated plants of "Carman" triticale and
that much of the variation is genetic in origin. The produc-

tion of two plants with high kernel protein, possibly a
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result of changes in rye prolamin regulatory genes, illus-
trates that beneficial desirable traits can be produced from
a tissue culture cycle and that such traits may be of sig-
nificance for triticale improvement.

The chromosomal makeup of the regenerate plants is
unknown except for the fact that the original regenerate
plants had the euploid chromosome number. An intensive cyto-
logical study on the several generations of regenerate plants
may shed some light on the reasons for the observed vari-
ation. Wheat-rye translocations and/or deletions of terminal
heterochromatin may have occurred in these plants. A thor-
ough study of the genetics of the high protein plants may
also be useful. The increased protein content may be related
to chromosome structural alterations in addition to any
changes in regulatory genes which may have occurred.

More progeny of the high protein plants should be grown
in order to judge their usefulness for triticale improvement.
Quality studies would be useful in assessing the nutritional
value of the increased protein. Field trials utilizing the
high protein plants would be beneficial since any undesirable
traits carried by these plants, such as changes in yield
potential or disease resistance, could be detected. Field
studies should also be conducted on progenies of the
remaining regenerated plants as found in this study so that

potentially desirable traits may be detected.
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The exact cellular origin of the regenerated plants in
the present study is unknown. If somatic embryogenesis has
occurred, the regenerated plants can be said to have arisen
from a single cell initial. On the other hand, if organoge-
nesis was the basis of plant regeneration, the regenerated
plants 1likely avose from several cell initials. If the
different cell initials varied in their genetic makeup, then
the resulting plants would be a mixture of several genetic
backgrounds which would be undesirable if crop improvement
was the ultimate goal of plant regeneration. Thus, it would
prove beneficial to study the cellular origin of regenerated
triticale plants.

The present study was based upon the progenies of only
six euploid regenerate plants. An improved system for plant
regeneration would be beneficial in producing a greater num-
ber of plants which would afford a better evaluation of the
extent of the variability.

The present study serves as a preliminary investigation
on heritable somaclonal variation in triticale. That such
variation has been found to occur, may have implications for
triticale improvement. Determining the ranges of variability
which can be produced from triticale tissue culture systems,
and establishing the nature of the genetic variability, would
be the next logical step in assessing the usefulness of

somaclonal variation for triticale improvement.
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