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Nuclear DNA amount, determined by the flow cytometry method, in diploids, natural and synthetic allopolyploids, and natural
and synthetic autopolyploids of the tribe Triticeae (Poaceae) is reviewed here and discussed. In contrast to the very small and
nonsignificant variation in nuclear DNA amount that was found at the intraspecific level, the variation at the interspecific level is
very large. Evidently changes in genome size are either the cause or the result of speciation. Typical autopolyploids had the expected
additive DNA amount of their diploid parents, whereas natural and synthetic cytologically diploidized autopolyploids and natural
and synthetic allopolyploids had significantly less DNA than the sum of their parents. Thus, genome downsizing, occurring during
or immediately after the formation of these polyploids, provides the physical basis for their cytological diploidization, that is,
diploid-like meiotic behavior. Possible mechanisms that are involved in genome downsizing and the biological significance of this
phenomenon are discussed.

1. Introduction

The study of nuclear DNA amount (C-value in pg) in many
plant groups during the last several decades not only yielded
data on nuclear DNA amount in a large number of plants
(see the Plant DNA C-values Database at Royal Botanic
Gardens, Kew, available from http://data.kew.org/cvalues/),
but has also contributed to a variety of related studies such as
ploidy screening, detection of aneuploids, cell cycle kinetics,
and reproductive pathways [1] and, through this, to several
scientific disciplines including systematics, cytogenetics, and
evolution [2]. The understanding that related species may
differ in genome size and that these differences result
primarily from changes in the amount of noncoding DNA
[3] has motivated studies on the genetic and evolutionary
significance of these differences, on the patterns of genome
size changes in different plant groups, and on mechanisms
underlying genome expansion or contraction.

The determination of nuclear DNA amount in many
plant species has been performed with different methods,
some of which are outdated and less accurate than flow
cytometry [1–5]. Consequently, data obtained by different

scientists using different methods for the same species
were inconsistent. Therefore, as yet, there is no clear-cut
knowledge as to the degree of variation in genome size
neither at the intra-specific level nor for the occurrence
and extent of genome downsizing in allopolyploids and
autopolyploids.

One of the intriguing issues concerning evolutionary
dynamics of plant genomes is the extent of intra-specific
variation in genome size. Several previous studies have
shown that there is a significant variation in genome size at
the intra-specific level of several plant species, for example,
Dasypyrum villosum [6], Arachis hypogaea [7], and Hordeum
spontaneum [8]. However, these findings were questioned in
several cases by reinvestigation with an improved technical
approach [9].

Using the DNA C-values database, Leitch and Bennett
[10] found that many polyploids from diverged groups of
species showed a reduction in nuclear DNA amount relative
to that of the respective diploids and that the mean DNA
amount per basic genome (DNA amount divided by the level
of ploidy) tends to decrease with increasing ploidy. They
concluded that genome downsizing following polyploid
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formation is a widespread phenomenon. However, Leitch
and Bennett [10] also noted that in most cases the precise
parental genome donors of the studied polyploid species
were unknown and, therefore, many comparisons between
polyploids and their putative diploids were inappropriate.
Despite the study of Leitch and Bennett [10], there is still
conflicting evidence in different plant groups concerning the
question whether the C-value of a polyploid is less than the
sum of the C-values of its diploid parents (e.g., [11–14])
and, therefore, this question deserves further consideration.
Also, Leitch and Bennett [10] did not distinguish between
allopolyploids and autopolyploids; the latter might contain
the expected additive amount of the nuclear DNA of their
diploid parents [15–17]. The data of the Plant DNA C-
values Database at Royal Botanic Gardens, Kew (available
from http://data.kew.org/cvalues/), show that while several
autopolyploids contain the expected additive DNA amount
others contain smaller amount of DNA than expected.
Hence, the effect of autopolyploidization on genome size is
not clear and has not been studied adequately.

Recently, using flow cytometry, Eilam et al. [18–20]
studied these topics in species of the tribe Triticeae (Poaceae).
The species of this tribe exhibit large differences in their
genome size with nuclear DNA amount ranging from
4.0 pg per 1C nucleus in Elymus libanotica to 8.3 pg in
Secale cereale [21, 22]. Since these differences may reflect
genome complexity that bears genetic and evolutionary
meaning, it was of interest to determine the ranges of intra-
specific variation in genome size in these species and to
see to what extent allopolyploidy and autopolyploidy affect
genome size. This paper reviews recent data on genome size
in diploid, allopolyploid, typical autopolyploid, and cyto-
logically diploidized autopolyploid taxa of Mediterranean
Triticeae [18–20].

The tribe Triticeae of the family Poaceae includes 16
genera comprising several hundreds of species that grow
mainly in the temperate-arctic and Mediterranean—central
Asiatic regions of the northern hemisphere. Several evo-
lutionary trends have been recognized in this tribe: the
primitive genera contain perennial species that have spikelets
in groups at each rachis internode and grow mainly in the
temperate-arctic region while the more advanced genera
contain annual species that have solitary spikelets at each
rachis internode and grow mainly in the Mediterannean-
central Asiatic regions [23]. Another significant evolutionary
trend in this tribe is the prevalence of polyploidy (allopoly-
ploidy and autopolyploidy) in most of the genera: about
31% of the species are diploids and 69% are polyploids
in this tribe. The evolutionary success of allopolyploids
and autopolyploids stems from a different genetic system.
Allopolyploids, derived from inter-specific and intergeneric
hybridization followed by chromosome doubling, have two
or more diverged (homoeologous) genomes. These genomes
usually undergo further divergence resulting in cytological
diploidization and consequently, diploid-like meiotic behav-
ior that leads to full fertility and disomic inheritance [24–
26]. Such a genetic system, reinforced by predominant self-
pollination, may result in true breeding and permanent
maintenance of favorable intergenomic genetic interactions

between homoeoalleles [26]. Autopolyploids, on the other
hand, originated mostly from intra-specific hybridization
followed by chromosome doubling, have multiplicity of
homologous genomes. Thus, their chromosomes may form
multivalents during meiosis leading to a multisomic inheri-
tance. One advantage of autopolyploidy is the capability to
maintain different degrees of intralocus heterozygosity, or
more rarely, to reach homozygosity with multiple dosage
of a given allele. Thus, in spite of the fact that multivalent
pairing is often associated with some degree of sterility,
selection in some autopolyploids will favor multivalent
formation, and therefore will act against genomic changes
that may lead to cytological and genetic diploidization.
Nevertheless, in addition to these “typical autopolyploids”,
there are many autopolyploids that underwent cytological
and genetic diploidization and consequently form only or
mostly bivalents at meiosis. These “cytologically diploidized
autopolyploids” [20] may have multisomic inheritance if
the bivalents are formed at random between the four
homologues, or may have disomic inheritance if the bivalents
are formed always between the same partners as a result of
preferential pairing.

The taxonomy of the Triticeae in this paper follows that
of Clayton and Renvoize [27] and that of the Aegilops-
Triticum species follows that of Eig [28] and van Slageren
[29]. Genome designation of the Triticeae species is after
Wang et al. [30] and that of Aegilops and Triticum is after
Kimber and Tsunewaki [31].

2. Genome Size at the Intraspecific and
Interspecific Levels

The nuclear 1C DNA amount in diploid and allopolyploid
Triticeae species and in diploid and autopolyploid Triticeae
cytotypes exhibits very small variation between plants of the
same line just as the variation between lines (Table 1; see also
[18, Tables 1 and 2], [19, Tables 1 and 2 ] and [20, Tables 1
and 3]). The analysis of variance revealed that most variation
(>92%) was due to species or cytotypes whereas between
plants and between lines variation contributed together to
the total variation only a small fraction of this value. This
intra-specific or intracytotype stability in genome size was
found among lines that were collected from different parts
of the species’ geographical distributions as well as from
different habitats. Different morphs of each species such
as small and large types of wild barley that were collected
from different localities did not differ in their nuclear
DNA amount. Also there were no significant differences
in nuclear DNA amount of lines that were collected from
different habitats (e.g., dry versus humid, hot versus cold,
and peripheral versus central). No significant difference
in DNA amount was found between lines of wild and
domesticated diploid and tetraploid wheat and between wild
(H. spontaneum) and domesticated (H. vulgare) barley. The
intra-specific and intracytotype stability in nuclear DNA
amount indicates that there were very little changes, if any,
in DNA amount during the life history of the diploids,
allopolyploids, and autopolyploids.
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Table 1: Analysis of variance and variance components estimates of DNA content in different lines of 22 diploid Triticeae species (a), in
different lines of 24 allopolyploid species of Aegilops and Triticum (b), and in different lines of diploid and autotetraploid cytotypes of
Elymus and Hordeum (c) analyzed in a random effect model.

(a) Diploid species.

Source of variation df
Sum of
squares

Mean
square

F
Variance
compo-
nents

Percent of
total
variance

Species 22 288.056 13.0935 1049.204∗ 0.878816 98.814

Lines (Species) 249 3.123 0.01254 1.8292∗ 0.003693 0.415

Plants (Lines, Species) 166 1.138 0.00686 — 0.006857 0.771

Total 0.889366 100.000

(b) Allotetraploid and allohexaploid species.

Group
Source of
variation

df
Sum of
squares

Mean
square

F
Variance
compo-
nents

Percent of
total variance

Tetraploids

Species 18 150.087 8.3382 80.444∗∗ 1.05737 90.97

Lines (Species) 64 6.650 0.1039 0.979 n.s. −0.00107 −0.09

Plants (Lines,
Species)

95 10.080 0.1061 — 0.10610 9.13

Total 1.16246 100.00

Hexaploids

Species 6 4.232 0.7053 5.168∗ 0.14267 61.73

Lines (Species) 14 1.720 0.1228 3.664∗ 0.05492 23.76

Plants (Lines,
Species)

16 0.536 0.0335 — 0.03352 14.51

Total 0.23111 100.00

(c) Diploid and autotetraploid cytotypes.

Group
Source of
variation

df
Sum of
squares

Mean
square

F
Variance
components

Percent
of total
variance

Diploids

Cytotypes 3 5.725 1.9082 94.649∗ 0.54589 97.03

Lines
(Cytotypes)

11 0.261 0.0238 7.895∗ 0.01373 2.44

Plants (Lines,
Cytotypes)

24 0.078 0.0032 1.641 0.00113 0.20

Residual 0.01850 0.33

Total 0.56261 100.00

Tetraploids

Cytotypes 4 35.870 8.9676 101.618∗ 0.06829 56.63

Lines
(Cytotypes)

30 2.893 0.0964 8.671∗ 0.03500 27.49

Plants (Lines,
Cytotypes)

37 0.394 0.0106 0.576 0.00009 0.07

Residual 0.02396 18.82

Total 0.12735 100.00
∗P ≤ .01; ∗∗P ≤ .001.

The great stability observed by Eilam et al. [18–20] in
nuclear DNA amount at the intra-specific level of every
studied Triticeae species is in accord with a large number of
reports indicating lack of significant variation in genome size
at the intra-specific level of other plant groups [1, 9, 16, 32–
41]. These studies could not confirm previous observations
(e.g., [6–8]) of intra-specific variation in genome size that

were reported in several species. Hence, the data of Eilam
et al. [18–20] support the notion that intra-specific variation
in genome size is relatively small and non-significant [9, 42,
43].

In contrast to the stability of genome size at the intra-
specific level, there is a large and significant variation in
this trait at the inter-specific and the intergeneric levels
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of the studied Triticeae species (Table 1; see also [18–
20]). No evidence was found in these studies indicating
that self-pollinating species (most of the species) have
considerably different nuclear DNA amounts than the cross-
pollinating species. Similarly, the values of DNA amounts of
the perennial species fell within the range of values of the
annual species (only Secale montanum has larger genome
than its annual relatives). This is in accord with the data of
Albach and Greilhuber [44] in Veronica species and Jakob
et al. [16] in Hordeum species and in contrast to previous
reports [45, 46] claiming that annual, self-pollinating species
have smaller genomes than perennial, cross-pollinating ones.
Diploid species that grow in the southern part of the
distribution area of the genus Aegilops, that is, in hotter and
drier habitats (Aegilops bicornis, Ae. searsii, Ae. Longissima,
and Ae. sharonensis), have significantly more DNA than
species that grow in other parts of the distribution of
Aegilops.

The genome-size stability at the intra-specific level of
the Triticeae species studied here is striking in view of the
fact that retrotransposons comprise a significant fraction
of the genomes of many Triticeae species [47–49] and, as
such, these genomes have a considerable potential to undergo
rapid changes in nuclear DNA amount.

As found for the grass family in general [50], in the Trit-
iceae too, there is no clear trend of genome-size evolution on
the inter-specific level; in some species genome was increased
while in others it was decreased. Increase in genome size
can be brought about by the activation of transposons,
especially retrotransposons [51–54], whereas decrease in
DNA amount can result from a variety of recombinational
mechanisms such as unequal homologous recombination
between homologous chromosomes, sister chromatids, or
intrachromatid; the latter can take place between long termi-
nal repeats (LTRs) of retrotransposons [53, 55–57]. Decrease
in DNA may also result from illegitimate recombination
between chromosomes, sister chromatids, or intrachromatid
[53, 57]. The relative extent of these two counteracting mech-
anisms (retroelement proliferation and LTR recombination)
determines the direction of genome-size change. The LTRs of
a single retrotransposon diverge from one another with time,
thus limiting the possibility of intrachromatid recombina-
tion. Consequently, old retrotransposons can only increase
DNA amount by activation and transposition rather than
decrease it by illegitimate intrachromatid recombination.

The inter-specific differences in genome size reflect
mostly variation in the noncoding DNA since grass genomes
contain a similar number of genes [58] and differences in
genome size are mainly related to differences in transposable
elements content [3, 59, 60]. The contrast between the low
variation at the intra-specific level and the high variation
at the inter-specific one (Table 1) may suggest that the
inter-specific changes occurred during speciation. In other
words, speciation within many Triticeae genera was either
accompanied by or even resulted from a considerable change
in nuclear DNA amount. Such a change could have been
induced by environmental stress such as sudden heat, frost,
and drought [61, 62], or genetic stress such as inter-specific
hybridization [63].

3. Genome Downsizing in Allopolyploids

The wheat group (the genera Aegilops and Triticum) is
most suitable for studying genome size in allopolyploids. It
contains many allotetraploid and allohexaploid species that,
because of their economic importance, have been subjected
to an intensive cytogenetic study that has provided consid-
erable information on the origin of their genomes and on
the genomic relationships among them [64]. The amount of
nuclear DNA was recently estimated in the diploid species of
this group [18] and determination of nuclear DNA amount
in the allopolyploids facilitated comparisons between the
allopolyploids and their progenitors [19, 20]. Moreover, it is
rather easy to produce synthetic allopolyploids in this group
and many such newly formed allopolyploids were recently
synthesized [65]. In such material, comparisons were made
not only between synthetic allopolyploids and their parental
plants but also between synthetic and natural allopolyploids
having the same genomic combination.

The nuclear 1C DNA amount in the allopolyploids
of the wheat group was determined using flow cytometry
[19]. The expected amount of nuclear DNA in each of
the allotetraploid species was calculated from the sum of
the DNA amount in their two parental diploid species and
that in allohexaploid species from the sum of the DNA
amount in the respective tetraploid and diploid parental
species. The amount of DNA in most allopolyploid species
was significantly smaller than the expected value ([19, Table
1] and Figure 1). The data of Eilam et al. [19] contradict
several previous studies [12, 66–70] which measured DNA
amount by staining the nuclei with the DNA-specific Feulgen
stain followed by quantifying the absorption of the visible
monochromatic light. They showed that the nuclear DNA
amount in Aegilops and Triticum allopolyploids is the sum of
the DNA amount of their parental species. The discrepancy
between these results and those of Eilam et al. [19] may be
explained by the method of estimation of DNA amount.
Eilam et al. [19] estimated nuclear DNA amount by flow
cytometry that is a more accurate and precise method [1],
in a relatively large number of plants in each species and in
a large number of nuclei in every plant, each plant in several
replicates. The accuracy of the method used by Eilam et al.
[19] is evident from the non-significant differences that were
obtained between replicates. Moreover, the results of Eilam et
al. [19] are in accord with those of Pai et al. [71] and Upadhya
and Swaminathan [72] who found that DNA content in
hexaploid wheat is less than expected from the amount of
its parental species. Similarly, Boyko et al. [73, 74] found a
decrease in DNA amount of octoploid and hexaploid triticale
(Triticosecale), respectively, as compared to the combined
wheat and rye (Secale cereale) values. All these data are in
accord with recent findings that allopolyploidization leads to
instantaneous elimination of DNA sequences in the wheat
group [24, 65, 75–81] and in triticale [82–84].

The results of Eilam et al. [19] show that the allote-
traploid species of Triticum, T. turgidum (genome BBAA),
had larger amount of DNA than the expected value which
was calculated on the assumption that Ae. speltoides is the
donor of the B genome and T. urartu is the donor of
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Figure 1: Expected (black-stripped bars) and observed (gray-solid bars) nuclear 1C DNA amount in natural Aegilops allotetraploids (2n =
4x = 28) having the UM or US genomes and Triticum allohexaploid (2n = 6x = 42) having the BAD genome (data from [19]). Nuclear 1C
DNA amount of the putative parental species is also presented. The differences between the expected and observed were significant (t-test;
P ≤ .05) except those in Ae. neglecta and Ae. columnaris (in these two species a very small number of lines were analyzed).

the A genome. The deviation from the expected amount
is very large and significant. Similar results were obtained
by Furuta et al. [85] who found that the DNA content of
Ae. speltoides is only about 87% of that of the B genome of
hexaploid wheat and therefore concluded that Ae. speltoides
is not the donor of the B genome. Hence, the B genome
was either derived from a species containing more than
7.5 pg DNA or, if it is derived from Ae. speltoides, its DNA
amount was increased in the tetraploid wheat. If so, the
B genome is unique in undergoing increase, as all other
genomes of Aegilops and Triticum allopolyploids underwent
downsizing, including the synthetic allopolyploids contain-
ing the S genome of Ae. speltoides (Figures 1 and 2 and
[19]). The decrease in synthetic allpolyploids containing the
S genome is in accord with recent reports [79, 81] describing
elimination of repetitive sequences from genome S of Ae.
speltoides in newly formed allopolyploids.

The nuclear DNA amount of the newly formed allopoly-
ploids and of their parental plants is presented in Figure 2.
Eight out of ten synthetic allopolyploids contain significantly
less DNA than the expected additive sum of DNA amounts
of their two parental plants. The decrease in DNA amount
is already evident in the first generations following chro-
mosome doubling and remains fairly similar in subsequent
generations. Comparison of nuclear DNA amount in syn-
thetic and natural allopolyploids having the same genomic
combination showed non-significant differences between
them (Figure 3). These results are in accord with those of
Ozkan et al. [86] who found in six newly synthesized wheat
allohexaploids that they have a genome size significantly
smaller than the expected additive value of their parental
plants. Decrease in genome size occurred already in the
first generation of the allopolyploids, indicating that the
change was a rapid event [86]. This corresponds to the
data of Ozkan et al. [65], Shaked et al. [78], and Ma and
Gustafson [82] that elimination of DNA sequences occurs

in the F1 hybrid and in the first generation(s) of the newly
formed allopolyploids. The low variation in nuclear DNA
amount at the intra-specific level (Table 1) suggests that the
changes in genome size occurred soon after the formation of
the allopolyploids and no further significant changes occur
during the life history of the allopolyploids. The similarity in
DNA values of natural and synthetic allopolyploids having
the same genomic combinations (Figure 3) also shows that
changes in DNA amount were reproducible and occurred
immediately after the formation of the allopolyploids. An
interesting question is, therefore, what stabilizes genome size
in these allopolyploid species that contain large amount of
transposable elements [47] that may, as a response to external
or internal stimulation, increase or decrease nuclear DNA
amount.

There is evidence indicating that the decrease in DNA
amount in allopolyploids was not equal in the different
constituent genomes and one genome underwent more
drastic downsizing than the other(s). Extracted tetraploid
wheat, having the B and A genomes of the allohexaploid
wheat T. aestivum [87, 88], contains similar amount of
nuclear DNA as the natural BBAA allotetraploid T. turgidum
(Figure 4). Also Furuta et al. [70], Nishikawa and Furuta
[89], and Nishikawa et al. [90] found that DNA content
of BBAA genome component extracted from three cultivars
of T. aestivum is equal to that of T. turgidum, indicating
that DNA amount of the B and A genomes of T. aestivum
did not change at the hexaploid level during 10,000 years
of history of this wheat. It can be deduced, therefore, that
the reduction in DNA amount in natural and synthetic
allohexaploid wheat found by Eilam et al. [19] was mainly
in the D genome. Consequently, the amount of nuclear DNA
in the D genome of T. aestivum is 4.96 pg (17.67 pg in T.
aestivum subsp. aestivum minus 12.91 pg in the extracted
tetraploid), that is, 11% smaller than that of Ae. tauschii,
the diploid donor of the D genome to T. aestivum. Similarly,
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Figure 2: Nuclear 1C DNA amount in 4x, 6x, and 8x synthetic allopolyploids of Aegilops and Triticum (gray-solid bars) and DNA values
expected from their parental plants’ value (black-dotted bars) (data from [19]). The differences between expected and observed were
significant (t test; P ≤ .05) in all synthetic allopolyploids.
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Figure 3: Nuclear 1C DNA amount in natural (gray-solid bars) and synthetic (black-reticulated bars) allopolyploids having similar genomic
combinations (data from reference [19]). The differences between natural and synthetic are not significant (t-test; P ≤ .05).
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Figure 4: Nuclear 1C DNA amount in extracted tetraploid wheat (2n = 4x = 28) having the B and A genomes of hexaploid wheat T.
aestivum, and in tetraploid T. turgidum subsp. durum (2n = 4x = 28; genome BBAA) (data from [19]). No significant difference exists
between the 1C DNA amounts of the two taxa.
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Furuta et al. [70] found that the D genome of the newly
synthesized T. aestivum contains 4.39 pg DNA, 14.4% less
than in Ae. tauschii. It is assumed that the B and A genomes
underwent genome downsizing already at the tetraploid level
and, therefore, did not change further at the hexaploid level.
Likewise, Ma and Gustafson [83] described a differential
decrease in DNA amount in the constituent genomes of a
newly synthesized allopolyploid. They found in octoploid
triticale a greater loss of DNA sequences from the rye genome
than from the wheat ones.

The results described above are in accord with those of
Leitch and Bennett [10] who found that genome downsizing
characterizes wide groups of allopolyploids. Recent studies,
for example, Vaio et al. [91] in allotetraploid Paspalum
species, Johnston et al. [92] in Brassicaceae allopolyploid
species, Vogel et al. [15] in Triticeae allopolyploid perennial
species, and Pires et al. [13] in allotetraploid, Tragopogon mis-
cellus, also show that genome downsizing in allopolyploids
is a very prevalent phenomenon. Thus, genome downsizing,
being a general response to allopolyploid formation, may
represent an overall trend in allopolyploid evolution across
the angiosperms [10].

4. Genome Size in Autopolyploids

Two types of autopolyploids are recognized in the Trit-
iceae: “typical” and “cytologically diploidized” autopoly-
ploids. Typical autopolyploids, represented by the tetraploid
cytotype of Hordeum bulbosum L., are characterized by
multivalent pairing at meiosis, four to five multivalents per
meiocyte [93–95], and, consequently, multisomic inheri-
tance. The formation of multivalents during meiosis is often
associated with partial sterility. Thus, typical autopolyploids
are prevalent among perennial species having the capacity
for vegetative propagation in addition to the sexual one.
Cytologically diploidized autopolyploids, represented by the
tetraploid cytotype of Elymus elongatus (Host) Runemark
[=Agropyron elongatum (Host) P. Beauv.], exhibit exclusive
or almost exclusive bivalent pairing at meiosis in spite
of the fact that originally they contained two or more
homologous genomes [96–98]. The cytologically diploidized
autopolyploids, being more fertile than the typical ones,
are prevalent among annual species. The genus Hordeum
contains several species that include tetraploid cytotypes
exhibiting exclusive bivalent pairing at meiosis [99]. These
cytotypes are either cytologically diploidized autopolyploids
or segmental allopolyploids [16, 100, 101]. Many of these
species are annuals lacking vegetative reproduction.

The nuclear DNA amount in diploid and tetraploid
cytotypes of Hordeum bulbosum was determined [20]. It was
found that this typical autopolyploid contains the expected
additive DNA amount (see [20, Table 1]). Similarly, Vogel
et al. [15] and Jakob et al. [16] found that the nuclear
DNA amount of this autotetraploid cytotype does not
deviate significantly from the expected additive value of
its parental diploid cytotype. Likewise, the typical autote-
traploid cytotype of Dactylis glomerata and autopolyploids of
the genus Festuca (all exhibit multivalent pairing) contained

the expected additive DNA content of their parental species
[102]. Also tetraploid cytotypes of Allium species [103],
newly induced autotetraploid Brassica plants [104], and
an induced autotetraploid line of Festuca pratensis [105]
showed no significant difference between the expected addi-
tive amount and observed DNA content. Similarly, Ozkan
et al. [17], studying genome size in two newly formed
autotetraploid accessions of Arabidopsis thaliana, found that
they contained the expected additive amount of nuclear
DNA. From the above it can be concluded that typical
autopolyploids have the expected additive nuclear DNA
amount of their parental diploids. The fact that no genome
downsizing has occurred in these taxa indicates that the
homology between the homologous chromosomes of the
constituent genomes is maintained, thus facilitating pairing
between all homologous chromosomes and consequently
formation of multivalents at meiosis.

In contrast to the additive value of genome size in
typical autopolyploids, nuclear DNA amount in cytologically
diploidized autotetraploids exhibits considerable genome
downsizing. The nuclear DNA amount was determined in
diploid and autotetraploid cytotypes of E. elongatus and
in diploid and autotetraploid cytotypes of several Hordeum
species [20]. Evidently, the tetraploid cytotypes contained
much less DNA than the expected additive amount of the
diploid cytotypes (Figures 5 and 6). The nuclear DNA
amount in a newly synthesized autotetraploid line of E. elon-
gatus was found to be significantly smaller than the expected
additive value of the diploid parental plant (Figure 5).
Comparison of the nuclear DNA amount in the synthetic
and the natural autotetraploid cytotypes of E. elongatus
showed small and non-significant difference between them
(Figure 5), thus indicating that genome downsizing in this
autopolyploid was reproducible and occurred immediately
after polyploidization and there were no further changes in
genome size during its life history.

The cytologically diploidized autotetraploid H. murinum
subsp. murinum and the segmental allotetraploid H. mur-
inum subsp. leporinum also had significantly less nuclear
DNA than the expected value (Figure 6). Similar results
were obtained by Raina et al. [106] who described decrease
in DNA amount in newly synthesized autotetraploid Phlox:
DNA amount was decreased by 16.7% in C0 and by 25% in
C2 generation. The loss was the outcome of equal reduction
in all of the chromosomes. Rapid DNA loss in the first and
second generations was associated with increased seed set
and also helped in the establishment and stabilization of the
autotetraploid [106].

The cytologically diploidized autotetraploids studied
here form exclusively bivalents at meiosis [97–99, 107,
108]. The shift from potentially multivalent pairing towards
bivalent type of pairing in these autopolyploids presumably
was brought about by instantaneous elimination of DNA
sequences that are involved in homology recognition and
initiation of meiotic pairing from two out of the four
homologous chromosomes in each set of four, several
sequences from one pair and other sequences from the
second pair. Indeed, Dvorak [109] noticed that the two
genomes of the tetraploid cytotype of E. elongatus appeared
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Expected E. elongatus 4 x

Synthetic E. elongatus 4 x
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Figure 5: Expected and observed nuclear 1C DNA amount in natural and synthetic autotetraploid Elymus elongatus and in the diploid
parental plant of the synthetic autotetraploid (data from [20]).
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H. murinum subsp. glaucum 2 x

Expected H. murinum 4 x

H. murinum subsp. leporinum 4 x

H. murinum subsp. murinum 4 x

Figure 6: Expected and observed nuclear 1C DNA amount in diploid and natural autotetraploid subspecies of Hordeum murinum (data
from [20]).

to be a modified version of the diploid genome. Since the
two genomes are slightly diverged, pairing between fully
homologous chromosomes, that is, intra-genomic pairing,
leads to bivalents at meiosis and disomic inheritance [109].

The data presented here indicate that the bivalent
pattern of pairing exhibited by the tetraploid cytotypes of
E. elongatus, H.murinum subsp. Murinum, and H. murinum
subsp. leporinum may have resulted from instantaneous
elimination of DNA sequences—several sequences from one
of the genomes and others from the second genome—
thus augmenting the divergence between the homologous
chromosomes of the different genomes. A gene system,
determining diploid-like meiotic behavior, may be super-
imposed on sequence elimination, taking advantage of
the divergence between the homoeologues of the different
genomes, and, consequently, allowing strict pairing between
the same partners with the resultant disomic inheritance.
Fixed heterozygosity caused by disomic inheritance was seen
in the segmental allopolyploid H. murinum subsp. leporinum
[110–113] and in the cytologically diploidized autotetraploid
H. murinum subsp. murinum [114, 115]. Thus, this group
of autopolyploids benefit from full fertility and permanent
fixing of heterozygosity between alleles of the partly diverged
genomes.

In summation, genome downsizing in autopolyploids
might bring about their cytological diploidization, facili-
tating their rapid and successful establishment in nature,

increasing their competition with the parental species, and
improving their adaptability to new environments. The
decrease in DNA content occurs immediately after autopoly-
ploidization with no further changes in DNA amount during
the life of the autopolyploids or the segmental allopolyploids.

The cytologically diploidized autotetraploid H. marinum
subsp. gussoneanum represents another type of autopoly-
ploids, that is, cytologically diploidized autopolyploids with
no reduction in nuclear DNA amount [20]. The nuclear
DNA amount of this autotetraploid cytotype found by Vogel
et al. [15], Jakob et al. [16], and Eilam et al. [20] did not
deviate significantly from its expected additive value. Since
no significant changes in DNA amount were found in this
tetraploid cytotype, it is assumed that the four partners
in each chromosome group have remained homologous.
However, this taxon forms exclusively bivalents at meiosis
[99]. The bivalents may be formed at random between the
four partner homologous chromosomes, that is, different
partners in different cells, and, consequently, multisomic
inheritance prevails. Alternatively, the bivalents are formed
always between the same partner homologues with the
resultant disomic inheritance. While multisomic inheritance
is characteristic of autohexaploid Phleum pratense (2n =

6x = 42) which forms 21 bivalents at meiosis but displays
hexasomic inheritance [116, 117], and of Lotus corniculatus
(2n = 4x = 24), which forms 12 bivalents at meiosis
and has tetrasomic inheritance [118], disomic inheritance,
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inferred from isozyme studies, is the mode of inheritance in
H. marinum subsp. gussoneanum [114, 119].

5. Biological Significance of
Genome Downsizing in Allopolyploids and
Cytologically Diploidized Autopolyploids

Feldman et al. [24], Ozkan et al. [65, 77], Levy and Feldman
[120, 121], and Feldman and Levy [25, 26] suggested that
rapid and nonrandom elimination of low-copy, noncoding
DNA sequences from one of the two homoeologous pairs in
tetraploids and from two homoeologous pairs in hexaploids
further augments the differentiation of homoeologous chro-
mosomes at the polyploid level and leads to cytological
diploidization. Such elimination, which presumably also
involved sequences having a role in homology recognition
and initiation of meiotic pairing, provides the physical
basis for the diploid-like meiotic behavior of allopolyploid
Aegilops and Triticum species. As was found by Ozkan and
Feldman [122], the extent of DNA elimination in newly
formed allopolyploids was positively correlated with the
frequency of bivalent pairing and with seed fertility. Diploid-
like meiotic behavior sustains disomic inheritance, which,
in turn, maintains favorable intergenomic combinations and
permanent heterosis between homoeoalleles. Thus, cyto-
logical diploidization might facilitate rapid and successful
establishment of the young polyploid in nature, increase
its competition with the parental species, and improve its
adaptability to new environments.

The low-copy, noncoding sequences that most of which
are chromosome specific tend to cluster in several specific
regions in each chromosome arm of hexaploid wheat [123].
These regions, being perhaps the only homologous-specific
regions in every chromosome pair, may play an important
role in processes of pairing initiation at early stages of
meiosis [24]. Indeed, recent data (G. Grafi, B. Liu, F. Han,
C. Melamed-Bessudo, and M. Feldman, unpublished) indi-
cate that chromosome-specific sequences possess polycomb
response elements (PREs) that bind specifically premeiotic
proteins. It is speculated (G. Grafi, B. Liu, F. Han, C.
Melamed-Bessudo, and M. Feldman, unpublished) that
meiotic pairing is initiated by complexing the PREs of the
chromosome-specific sequences with premeiotic proteins.

In addition, rapid elimination of low-copy, coding
sequences may reduce the dosage of alleles from four to
two when extra dose has a negative adaptive value as well
as may regulate gene expression, thus leading to improved
intergenomic interactions [25, 26]. Rapid nonrandom elim-
ination of repetitious sequences may bring about a greater
harmony in the function of the different genomes of the
allopolyploid [81]. Likewise, Pai et al. [71] suggested that
elimination of chromosomal material from allopolyploid
wheat might have been an important factor in the conversion
of the allopolyploid species of wheat into functional diploids.
Elimination of repetitive sequences may reduce negative
nucleotypic effects of increased DNA amount as well as
reducing the biochemical costs associated with this extra
DNA [10].
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