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Abstract

Karyotype characterizing the phenotypic aspects of the chromosome complement represents structural and functional organiza-
tion of the nuclear genome. Its constancy ensures transfer of the same genetic material to the next generation, while variation
enables ecological differentiation and adaptation. Superimposition of karyotype information onto a phylogenetic framework has
immense utility in elucidating direction of evolutionary change and delineation of taxonomic hierarchy. This article attempts to
provide an illustrated description of the chromosomal features that are useful in discerning differences and affinities between
species and taxa. A detailed account of experimental parameters useful in chromosome identification and evaluation of karyo-
type asymmetry is furnished citing suitable examples. In addition to various karyotypic indices, special emphasis is given to
the quantitative parameter of “chromosome dispersion index (DI)” that promises phylogenetic differentiation of closely related
karyotypes, since most genera of herbaceous angiosperms display interspecific differences in chromosome size and symmetry,
if not number. Karyo-evolutionary trends involve both change in chromosome number, morphology/karyotype symmetry, ploidy
and total haploid length. The pattern of DNA addition/deletion across the chromosome complement has been found to be variable.
Such change in DNA is either equally shared by all the chromosomes or is proportionately shared commensurate to chromosome
size, leading to differential pace of change in karyotype asymmetry across the taxa. The large data accumulating on chromosome
number over the years offer opportunities to utilize them as additional tools in taxonomy. The basic chromosome number (ancestral
haploid number) in angiosperms has been suggested as n=7, and an ancestral 1C of 1.73 pg, which is characteristic of the major
groups with slight deviation in certain orders. The average ‘holoploid genome size’ i.e. 1C, for the Angiosperms is inferred to
be 5870 Mb/6.0 pg. However, the 1C-value data available for ca.10800 species of Angiosperms reveal genome size diversity
ranging from 61 Mb/0.0648 pg in the carnivorous plant Genlisea tuberosa (Lentibulariaceae) to 1,49,000 Mb/152.23 pg in Paris
Jjaponica (Melanthiaceae) suggesting over 2400 fold variation across the angiosperms; and 230 fold variation within the family
(0.66 pg in Schoenocaulon texanum vs. P. japonica with highest C value). Metaphase chromosome size is estimated to range from
the shortest~0.3 um in Genlisea aurea, and at family level from ~0.8 pum in Chamaelirium luteum to~30 um in Paris japonica.
Chromosome number ranges from n =2 to 320 across the angiosperms, at family level from n=4 to 120 in the Brassicaceae, and
at genus level from n=2 to 45 in Brachyscome (Compositae).The evolution has mostly been at the diploid level. It is generally
believed that the chromosome size of monocots is larger than dicots and the chromosome size of temperate plants is larger than
tropical plants. For a broader sense and larger scale understanding, the evolutional conception of karyotype is principally based
on the thoughts that: (i) symmetrical karyotype is more primitive than asymmetrical ones, (ii) longer chromosomes are primitive
than shorter ones, (iii) median centromeres with chromosome arms of equal length are more primitive than chromosome arms
of unequal length, (iv) low basic numbers had given rise to higher ones, and the taxa with variable chromosome number are
considered young and still in evolutionary flux, (v) species with one NOR site per haploid genome are considered advanced than
multiple NOR sites, (vi) ancient species had less heterochromatin (repetitive DNA), the primitive species accredited heterochro-
matin, followed by gradual shedding of excess heterochromatin with evolutionary specialization.
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However, discovery of ancient episodes of Whole Genome Duplication (WGD) events said to have happened as an escape
to the 5th mass extinction at the end of Cretaceous as a survival strategy has opened newer possibilities. A new thinking
is beginning to emerge that concomitant with the climate change happening at a fast pace in the Anthropocene, it is likely
that if global climate undergoes major change in coming centuries then auto-polyploidization could be the important player

leading to increase in chromosome number.

Keywords Chromosomes in speciation - Chromosome evolution and climate change - Cytotaxonomy - Evolutionary
cytogenetics - Karyosystematics - Karyotype concept - Sex chromosomes - Smallest and largest chromosome

Introduction

The word “Chromosome” introduced in a review in 1888
by German anatomist Heinrich Wilhelm Gottfried Waldeyer
has survived one full century, because it succinctly defines
what early cytologists were able to see with the most mod-
ern instrument of their time, a light microscope [127]. The
German proposal of the word ‘chromosome’ by Waldeyer
in 1888 [122] was translated in English by William B. Ben-
ham which reads as ‘I must beg leave to propose a sepa-
rate technical name ‘ chromosome’ for those things which
have been called by Boveri ‘chromatic elements’, in which
there occurs one of the most important acts in karyokinesis,
viz. the longitudinal splitting. They are so important that
a special and shorter name appears useful. If the term I
propose is practically applicable it will become familiar,
otherwise it will soon sink into oblivion’—cited in Zacharias
[127]. With the advancement of our knowledge on super-
chromosomal organization, we now know that about 4 cms.
long DNA fiber is compacted to form a chromosome 1 um
in diameter and 10 um in length [64], with estimated 1 um
long continuous string of B DNA equivalent to 3.27 kb [19].
Further, there is a critical upper limit to chromosome size
that a cell can tolerate i.e. the longest chromosome arm must
not exceed half of the average length of the spindle axis at
telophase [94], and also there is lower limit which should
be > 1% of the host genome to ensure proper kinetochore
function during anaphase necessary for meiotic stability
[90].

At metaphase, the chromosomes are so highly condensed
(nearly 10,000 fold) that their morphology can be easily
studied under the light microscope. Phenotypes of the chro-
mosome complement technically denoted as "karyotype’ are
not just another taxonomic character like number of petals/
leaf shape, etc. but quite important in discerning evolution-
ary patterns. But their use has not been rigorous and calls
for an integrated approach combining tools of comparative
cytogenetics [2]. The commonly used diagnostic chromo-
somal landmarks used in comparative analyses are chromo-
some number, size, symmetry, position of centromere, sec-
ondary constriction and heterochromatic regions.
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Cytological indices based on chromosome number and
form have long been recognized as definitive species char-
acter, providing an exceedingly useful tool in the hands
of the taxonomists to define species relationships. Cyto-
taxonomic data have provided meaningful insights into
the evolutionary relationships within natural groups of
species to reinforce conclusions based on morphological
criteria. Chromosomal diversification within genera has
been a focal point of plant evolutionary studies, primar-
ily because: (i) chromosomal change imparts partial or
complete barrier to interspecific gene exchange, and (ii)
chromosomal traits could provide clues to species interre-
lationships [reviewed in 40]. Raven [81] provides an exten-
sive account of chromosome numbers in angiosperms in
accordance with the classificatory system of Cronquist.
Based on a probabilistic approach to haploid chromo-
some number (n) changes along a phylogeny embracing
more than 10,000 taxa, and genome size sampling over
5,000 taxa from the Plant DNA C-values database (https
:/Icvalues.science.kew.org/search/angiosperm), Carta et al.
[8] underscores an ancestral haploid chromosome num-
ber for angiosperms of n=7, and ancestral 1C=1.73 pg.
Carta et al. [8] further suggest that WGD did not occur for
the first 30 million years, instead 57% nodes experienced
genome downsizing and prominent pattern of chromo-
somal reduction by dysploidy. As such, the WGDs were
concentrated only towards the tips of the tree. It is further
inferred that in the absence of chromosome fusion and
genome downsizing during post-polyploid diploidization,
both chromosome numbers and genome sizes in plants
would be dramatically higher than they are today [17].

Heslop-Harrison [25], Heslop-Harrison and Schwar-
zacher [26] and Weiss-Schneeweiss and Schneewiiss [126]
provide comprehensive account on plant genome organiza-
tion including amplification/loss of DNA sequences and
mechanism of chromosome change and diversity in chro-
mosome number and structure. In addition to variation in
chromosome number and morphology of the convention-
ally stained karyotype, Lavania and Sharma [47], Greilhu-
ber [21] provide an exhaustive account of patterns in linear
distribution and amount of constitutive heterochromatin by
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various techniques to unravel phylogenetic affinities between
species and genera.

While discussing the subject of chromosome evolution
it may be worth pointing out that habitat divergence plays
a driving role in speciation. Severe environmental fluc-
tuations and/or stress may bring about unreduced gamete
formation in germline or mitotic errors in somatic tissues,
enabling the establishment of new genomic states. However,
fixation of any such variation should involve mechanisms
that produce reproductively isolated lineages. This could
be realized either through polyploidy enabling alteration
in genomic constitution involving chromosome duplication
and/or numerical/structural chromosome alterations or by
hybridization/homoploidy. Polyploidy may lead to stable
genomic states owing to their tolerance to post-polyploid
genetic modification. Although, interspecies hybridization
is often maladaptive but can also promote speciation through
generation of homoploid hybrids (i.e. hybridization with-
out polyploidy) enabling reproductive isolation of evolving
hybrids. However, homoploidy as a speciation mechanism
is considered only as a minor contributor in evolution, but
polyploidy, more particularly autopolyploidy stands apart
as a major evolutionary force owing to its wide occurrence
and short generation time. Therefore, polyploidy/autopoly-
ploidy shall continue to be effective speciation mechanism to
sustain habitat disturbance emanating from rigors of climate
change [44].

Levin [52] argues that in future the autopolyploid spe-
ciation shall be the main type of plant speciation because
production of unreduced gametes that facilitates autopoly-
ploidization is positively correlated with nutrient, humid-
ity, temperature variation and high levels of herbivory, a
situation likely to be encountered under climate change
regime. Allopolyploidy on account of greater ecological
tolerance and greater invasive potential would be another
form of speciation. But its frequency of occurrence shall
be second most important because it involves the additional
step of participation of more than one species in its forma-
tion and subsequent stabilization, as well as formation of
chromosomal rearrangements. Visualizing the likely pattern
of speciation vis-a-vis climate changes in the next 500 years,
Levin [52] opines that if global climate undergoes major
changes, then these major changes will inevitably lead to
an increase in the number of plant chromosomes. This in
effect could increase the current proportion of polyploids
in angiosperms to 35-50%, and an overall proportion up to
50% of the Earth’s plant species as polyploids. It is argued
that euploidization in herbaceous plants is 40-70 times more
likely than aneuploidization, and evolution of short-statured
herbaceous plants is more likely in response to major cli-
matic changes in future. This is consistent with the incidence
of chromosome changes occurring during in vitro passage
of sub-cultures akin to stressed environment [44]. However,

Gao et al. [20] argue that plant extinction shall excel plant
speciation in Anthropocene (i.e. the present era influenced
by anthropogenic interventions) except in protected facilities
such as cities, polar regions and botanical gardens where
new plant species might be acceleratingly formed through
autopolyploid speciation and hybridization.

From phylogenetic viewpoint the cytological data fea-
turing chromosomal details constitute an important aid to
decipher the differences and affinities, more particularly in
the related taxa. The area is treated under cytotaxonomy or
karyosystematics. This has been the focus of this article with
examples drawn for Angiosperms. The subject is dealt here
under 2 major heads: (A) Principles of karyosystematics,
(B) Applications as an aid in solving systematic problems.

A. Principles of Karyosystematics

Concept of “Karyotype” and chromosome markers
of linear differentiation

The commonest form of the plant nuclear chromosome is
the one with localized centromere, which is usually at the
site of the major (i.e. primary) chromosomal constriction.
To a cytotaxonomist, the localized centromere provides the
all-important marker to classify chromosomes on the basis
of the sizes of the two arms of a chromosome marked by the
position of the centromere. For a classical cytologist, the
conventionally stained chromosome preparations from root-
tips comprise the hallmark of essential information on the
chromosome complement of individuals. The first necessity
in any chromosome study, therefore, is a view of the chromo-
somes based on preparations of the highest possible quality.

Lewitsky 1931 [57] proposed the term ‘karyotype’ to
define the phenotypic appearance of a somatic chromosome
complement. Three terms namely, karyotype, karyogram
and idiogram are often used for description and identifica-
tion of chromosomes. Karyotype analysis is usually based
on chromosome measurements with maximum chromo-
some condensation with clearly discernible primary and
secondary constrictions for optimum analysis. Occasion-
ally conventional staining may not distinguish chromosomes
of similar morphological features. In such situation linear
differentiation based on C-, N-, Q-banding, Fluorescence
In Situ Hybridization (FISH) could facilitate differentia-
tion. Further for small chromosome Pachynema (Pachytene)
stage could be better for differentiation, see [107] for more
details. A description of the karyotype of a species includes:
(i) chromosome number, (ii) total length of chromosome
complement (genome size), (iii) absolute and relative sizes
of chromosomes within the complement, (iv) symmetry of
chromosome complement that takes into account the posi-
tion of centromere of each chromosome, (v) number and
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position of non-centromeric constriction (i.e. secondary
constriction/satellite), (vi) distribution of heterochromatic
segments. Karyotype characteristics are generally species
specific, although in certain instances variation in chromo-
some size is known to be occurring relating to ontogenetic
development (e.g. in Allium fistulosum L., the chromosomes
are usually much shorter in the pollen than in the root tips,
and in Papaver rhoeas L., the chromosomes from leaf mer-
istems are about the half the length and half the thickness
of the metaphase chromosomes in root tips [30]. The karyo-
type can be studied from somatic metaphase in root-tips,
shoot-tips, pollen mitosis, pachytene of meiosis, etc., but
the preferred and standard karyotyping is based on mitotic
metaphases from root-tips of comparable age. The chro-
mosome complement of an individual is diagrammatically
represented as ‘idiogram’ that defines both the number and
morphological features of the chromosomes. The standard
way of displaying the chromosomes of an individual is to
line up the chromosomes in pairs (in diploids) in decreasing
order of size starting with the largest and with the short arm
pointing to the top.

The study of chromosome constitution of related taxa
provides a means of determining the degree of similarity of
karyotypes and the nature of mechanisms that have brought
about any detectable changes. The attendant karyomorpho-
logical features to construct a karyotype for a given species
involves a description of the position of primary (centro-
meric) and secondary (non-centromeric) constrictions, rela-
tive arm lengths and total chromosome sizes. On the basis
of the position of centromere, the individual chromosomes
can be categorized as metacentric (V-shaped), submetacen-
tric (L-shaped), telocentic (i-shaped) and acrocentric (rod-
shaped). Levan et al. 1964 [50] proposed a classification of
chromosomes based on relative ratio between the two chro-
mosome arms differentiated by the position of centromere.
Chromosome form based on position of centromere and
relative arm ratio is summarized in the Table 1 below, in
accordance to the classification of Levan et al. [50].

Further based on absolute chromosome length, the indi-
vidual chromosomes within the complement could be cat-
egorized into various groups denoted by symbols: A, B, C,
D, .....etc.. Citing example of the genus Papaver where the
length of metaphase chromosomes across the species ranges
from over 1 pm to 8 pm [49], the chromosomes within the
genus could be grouped into various classes based on indi-
vidual chromosome length i.e. A=more than 7 pm—up
to 8 pm, B=more than 6 pm up to 7 pm, C=more than
5 pm up to 6 pm, D=more than 4 pm up to 5 pm, E=more
than 3 pm up to 4 pm, F=more than 2 pm up to 3 pm, and
G=more than 1 pm up to 2 pm. However, to differentiate the
chromosomes falling in the same class with respect to size,
the position of centromere is the decisive factor to delineate
the chromosome order in the karyotype i.e. chromosomes
with increasing difference in the two arms shall be placed
in descending order in the karyotype. Using above param-
eters, a representative idiogram drawn from arbitrary data
for chromosome arm length (as given in Table 2) is shown in
Fig. 1a. The karyotype formula derived from the data shown
in Table 2, could be depicted as follows:

Karyotype formula for the idiogram in Fig. 1a: 1AMsc +
1AM+ 1Bm + 1Bsm + 1Csmst + 1Est+ 1FT 4+ 1Gt. Here
sc and st depict secondary constriction and satellite,
respectively.

However, there are several other chromosomal indices
based on centromere position, such as arm ratio, centromere
index, total form index etc. that are in vogue for classifying
the chromosomes.

Huziwara 1962 [29] gives a simple equation to define
Total Form (TF) % of the Karyotype, where:

TF % =Total sum of short arm length/Total sum of chro-
mosome length X 100.

i.e. for the data given in
TF%=15.25/44.5x100=34.27%

Arano 1963 [1] introduced another karyotype symmetry
index Ask% considering the sum of long arm as opposed to
above, where:

Table 2,

Table 1 Morphological

i i . Position of centromere Arm ratio* Chromosome designation Nota-
classification of somatic tion
chromosome form according to Long / short arm  Long arm: Short arm symbol
Levan et al. 1964 [50]

Median (sensu stricto) 1.0 4.00: 4.00 Metacentric M
Median region 1.7 4.01: 3.99-to-5: 3 nearly metacentric m
Submedian 3.0 5:3 -to-6:2 submetacentric sm
Subterminal 7.0 6: 2 -to-7: 1 subtelocentic st
Terminal region 00 7: 1 -t0-7.99: 0.01 acrocentric T
Terminal (sensu stricto)  strictly terminal telocentric t
Secondary constriction sc
Satellite body st

*for the sake of explanation and clarity, the ratios given here are shown by taking an example of chromo-

some length=8 pm
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Table2 Arbitrary data on Chromosome length and morphology Serial order of the chromosomes in the idi-

chrom.osome: arm measurements ogram with decreasing size

to depict an idiogram (as shown

in Fig. la) 1 2 3 4 5 6 7 8
Short arm (um) 341 4 3 2 1254025 05 025 0.0
Long arm (um) 4 4 4 45 45 35 275 2
Total length (um) 8 8 7 65 6 4 3 2
Chromosome class based on absolute chromosome length A A B B C E F G
Chromosome form based on position of centromere M M m sm sm st T t

Explanatory note: Whereas, the Chromosome nos. 1 and 2 fall in the same class ‘A’ with respect to size,
but here the chromosome no. 1 that has secondary constriction (sc) shall be placed first even when the two
arms are equal, At the same time the chromosome nos. 3 and 4 that are placed in the same class ‘B’ on
account of total chromosome length, but no. 3 is placed before no.4, because the chromosome with larger
differences in the two arms shall be placed in the lower order

Fig. 1 a. Idiogram showing rep-
resentative karyomorphological I—_—| |
features, b. Linear differentia- —

tion of morphologically similar

chromosomes by banding ol
pattern [40]

Ask % =Total sum of long arm length/Total sum of chro-
mosome length x 100.

i.e. for the data given in Table 2, Ask% =29.25/44.5%
100=65.73%

Subsequently, to evaluate Karyotype Asymmetry, Greil-
huber and Speta [22] developed two indices: (i) Index of
Karyotype Asymmetry, and (ii) Index of Chromosomal Size
Resemblance, that were later called as Syi Index and Rec
Index, respectively by Venora et. al. [120]. The Syi value
indicates the ratio of the mean length of the short arms
against the mean length of the long arms in the chromosome
complement. The Rec Index expresses the mean of the ratios
of the length of each chromosome to that of the longest one.

Syi Index =Mean length of the short arms/Mean length
of the long arms X 100.

i.e. for the data given in Table 2, Syi Index=15.25/29.25
x100=51.14%

Rec Index =Mean length of each chromosome (CL)/
Mean length of the longest chromosome (LC) -+ Haploid
number of chromosome set () X 100;

in short-CL/LC +n x 100.

i.e. for the data given in Table 2, Rec Index=44.5/8+8
x100=69.53%

Some more formulations have also been advanced-see
Table 6.

w_ OgmEE -

D-

U LR

With the advent of chromosome banding techniques
reviewed in [41, 47], it has been made possible to realize
further differentiation of chromosomes in the form of dark
staining heterochromatin and light staining euchromatin
segments. This provides supplementary linear chromosome
markers in addition to the conventional primary and sec-
ondary constrictions. Thus, the otherwise similar looking
chromosomes could be distinguished further because of their
banding patterns (Fig. 1b). With such details of chromosome
morphology, it is possible to describe the extent of the dif-
ferences and similarities between the karyotypes. Consider-
able amount of diversity is encountered in the karyotypes
across the taxa, that can form the basis of scoring taxonomic
relationships. Mentioned below are the major components
of karyotype variation having value in understanding chro-
mosomal diversification and speciation, that can supplement
the taxonomic data.

(a) Variation in chromosome number
Chromosome number is the simplest stable karyotype
parameter not influenced by external conditions, age and

developmental phases. Of course, incidences of occurrence
of additional ‘B’ chromosomes are reported in certain taxa
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[34]. As such, occurrence of variation in chromosome num-
ber across the taxa offers substantial information about the
genome of the species and constitutes a valuable parameter
in the hands of cyto-taxonomists [23]. The basic chromo-
some number (ancestral haploid number) in angiosperms
has been suggested as n=7, and an ancestral 1C of 1.73 pg,
which is characteristic of major groups with slight deviation
in certain orders [8].

Chromosome numbers are extraordinarily variable in
angiosperms, ranging from n=2 to n=320 [87]. Many gen-
era and families exhibit huge variation in base number of an
array of magnitude (The Chromosome Count database—
http://ccdb.tau.ac.il/) and chromosome size. At family level
Brassicaceae has been found to exhibit highest range of vari-
ation in chromosome number varying from n=4 to n=120
[61, 123]. At genus level highest variation is recorded in
Brachyscome from n=2 in B. dichromosomatica to n=45 in
B. radicata [65]-Fig. 2c—d. In angiosperms, highest recorded
chromosome number is n=320 in Sedum suaveolens
Kimnach (Crassulaceae) for dicots and n =298 in Voanioala
gerardii J.Dransf. (Palmae) for monocots [31], and for other
land plants it ranges up to n=720 in a fern Ophioglosum
reticulatum [37]. So far, no plant taxon has been described

with n=1 (although reported in animals: in ant-Myrmecia
pilosula and threadworm -Parascaris univalens), but n=2
is known in six angiosperms, dicots-Haplopappus gracilis
(Nutt.) Gray (syn.Xanthisma gracile (Nutt.)D.R.Morgan &
R.L.Hartm.) (Asteraceae), Brachyscome dichromosomatica
C.R.Carter (Asteraceae), and monocots -Ornithogalum
tenuifolium Delaroche (syn. Albuca virens (Lindl.) J.C.
Manning & Goldblatt. (Liliaceae), Zingeria biebersteini-
ana (Claus) P. Smirnov (Poaceae), Colpodium versicolor
(Stev.) Schmalh (Poaceae) [10], and Rhynchospora tenuis
Link (Cyperaceae) [9]-the latter with holocentric chromo-
somes. Such variation in chromosome number might have
occurred via inversion, interchange, fission, fusion, deletion,
duplication and genomic multiplication that are encountered
as the processes of evolutionary changes [26, 126]. All this
is succinctly described here.

(i) through mere genomic multiplication i.e. autopol-
yploidy (Medicago sativa, Solanum tuberosum,
2n=4x=48) or after intercrossing between the two
related taxa followed by amphidiploidization i.e.
allopolyploids e.g. Triticum aestivum (2n=6x =42),
and their combination. In both the situations the

”\

20 pm

Range of chromosome size within family (Melanthiaceae)

’ \Paris Jjaponica. B.

(largest =30um; 2n=8x=40; 1C=152.23 pg.)

Range of chromosome no. within genus (Brachyscome)

B. dlchromosomatlca
(2n=4)

% Y LN -
/ ! 3%
RS N sy

-, 7 ’
' 4
’ D.
10pm . 4" radicata
EERTTTTETE

(2n=90)

Fig.2 Showing range of variation in chromosome size and number.
a-b. chromosome size within the family (Melanthiaceae): shortest
0.8 um in Chamaelirium luteum () vis-a-vis largest 30 um in Paris
Jjaponica (b); C-D. chromosome number within the genus, Brachy-
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scome (Compositae): lowest 2n=4 in B. dichromosomatica (c) vis-a-
vis highest 2n=90 in B. radicata (d). Figures reproduced from: a-
Tanaka 2020 [118], b- Pellicer et al. 2010 [74], c. Levin 2002 [51]. d.
Murray et al. 2013 [65]
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(ii)

(iii)

(@iv)

related species could be arranged in a polyploid
series exhibiting change of certain base numbers.
The base number is denoted by ‘x’ whereas the
gametic number by ‘n’.

through multiple translocations: Stebbins [113] has
described progressions leading to an increase and
decrease of chromosome number without a change
in genome size through two translocations arising in
single plant followed by production of n+ 1 and n —
1 gametes. In contrast to Stebbins’ model, Schubert
and Rieger [95] propose that new numbers may arise
from the crossing of two plants each with a unique
translocation followed by the production of n+ 1 and
n— 1 gametes.

through structural alterations between the chromo-
somes via Robertsonian fusion or centric fission [33].
Robertsonian fusion is a process wherein two non-
homologous acrocentric chromosomes each break at
the centromere. This is followed by the fusion of the
long chromosome arms and the fusion of the short
chromosome arms, resulting into a long metacentric
and short metacentric chromosome. Fusion of gam-
etes carrying both chromosomal novelties produces
a homozygote with original chromosome number
but altered karyotype. Frequently, the fusion chro-
mosome incorporating the short arms of the broken
chromosomes is lost, thus yielding a homozygote
whose base number is one less than the original.
However, the sums of the total number of long arms
remain the same. Progressive fusions can produce a
steady decline in chromosome number—see, Levin
[51]. Fissions involve chromosome breakage at the
centromere. They are most likely to occur in chro-
mosomes with two relatively long arms. Each fis-
sion will increase the base number one by one—for
more details see, Levin [51]. Fissions are associated
with heterochromatin rich metacentric chromosomes,
whereas fusions tend to occur preferentially between
chromosomes with less heterochromatin [36]. The
species alliance of Gibasis linearis (Commelinaceae)
shows most species with 2n=12, but one has 2n=10,
having an additional metacentric in its basic set. This
relationship is suggestive of Robertsonian fusion.
Similarly, within G. schiedeana (syn. G. pellucida
(M. Martens & Galeotti) D.R. Hunt, there are dip-
loids (2n=10, x=5) and tetraploids (2n=16, x=4)
whose chromosome sets show a Roberstsonian rela-
tionship [32]. Thus, three different base numbers,
namely x =4,5,6 exist in Gibasis.

by intergenomic interchanges involving hybridization
and chromosomal rearrangements between hybrid-
izing genomes via aneuallopolyploidy. In the genus
Papaver (Papavaraceae) a range of chromosome

)

(vi)

numbers are found viz. 2n=12, 14, 22, 28, 42 and
44 [49]. Whereas most species support 2n number
representing a polyploid series of 2n= 14, 28 and
42, with a base no. of x =7, but certain species have
2n=12, 22 and 44. The occurrence of 2n=12 in such
situation is supposed to have taken place by simple
Robertsonian translocation (i.e. by fusion between
two acrocentric chromosomes to give way to one
metacentric chromosome) as also supported by the
presence of a pair of large metacentric chromosomes
in Papaver pavoninum [49], but the occurrence of
2n=22, P. somniferum or 2n=44, P. setigerum, is
difficult to interpret. It is presumable that in such
situation a deviant chromosome no. of 2n=22 may
have arisen from a triploid hybrid followed by chro-
mosome fission and / or other structural changes
emanating from interspecific hybridization between
two ancestral species having 2n=14 and 2n=28.
Although, such incidences are not so common, but
unique means of speciation involving interspecies
introgression and chromosomal alterations.

by non-disjunction assisted aneuploid series: Non-
disjunction of chromosomes at anaphase may give
way to aneuploidy. Many genera have a series of
chromosome numbers generated by the addition or
subtraction of single chromosome. Levin [51] has
provided a reasonable account about the occurrence
of such aneuploid series over a range of taxa. Inci-
dence of ascending and descending aneuploid series
both have been reported in literature, for more details
see Levin [51]. The examples of occurrence of more
bizarre aneuploid series worth mentioning are Clay-
tonia virginica L. (Montiaceae) with 2n=12, 14,
17-20, 22, 24, 26, 28, 30-32, 34, 36, 41, 48, 72 [54,
55, 89], representing both ascending and descending
series, with original x =8. Descending aneuploidy
occurs in the genus Calycadenia (Asteraceae) hav-
ing n=4-7 [5]. Among the species growing in India,
the somatic chromosome number in Nymphaea alba
(Nymphaeaceae) ranges between 48 and 160, in N.
rubra between 42 and 112, and in Sprekelia formo-
sissima (Amaryllidaceae) between 27 and 180, for
more details see, Koul [39].

by aneusomaty via participation of variant nuclei in
the formation of daughter shoots in asexual species:
In several asexually reproducing species, mostly
belonging to monocot families viz. Agavaceae, Helle-
boreae, Liliaceae, Amaryllidaceae, Araceae, Zingib-
eraceae, Dioscoreaceae etc. where vegetative repro-
duction is either obligatory or profuse, their somatic
tissues / shoot apex often represent a chromosome
mosaic, where in addition to the normal karyotype,
varying complements occur regularly although with
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lesser frequency. This was first reported in Caladium
bicolor (Araceae). Such chromosome mosaicism is
genotypically controlled and most arise out of non-
disjunction and partial endoreduplication. Participa-
tion of variant nuclei in the formation of new daugh-
ter shoots leads to the origin of an individual with a
hereditary constitution quite different from the parent
one, suggesting a new means of speciation in obligate
asexuals [98, 100, 101].

(b) Karyotype symmetry: an index
of variation in chromosome size
and diversity in karyo- morphology

Chromosome size

As mentioned under the introduction there is a critical
lower and upper limit of chromosome size for normal devel-
opment and meiotic stability. The lower limit is determined
such that it ensures proper functioning of kinetochore [90],
and the upper limit is confined to the largest chromosome
arm that should not exceed half of the average length of spin-
dle axis at telophase to realize meiotic stability [94]. Based
on a survey conducted on 856 angiosperm species, Levin
and Funderberg [53] opined that in general the chromosome
size of monocots is larger than dicots and the chromosome
size of temperate plants is larger than tropical plants. The
length of shortest to largest chromosome at metaphase in
Angiosperms is known to vary from~ 0.3 to~30 um, and
more precisely from ~0.2—0.4 um in Genlisea aurea (Len-
tibulariaceae) [18] to 30 um in Paris japonica (Melanthi-
aceae) [74]. At the family level largest range in chromosome
size is reported in Melanthiaceae from ~ 0.8 um in Chamae-
lirium luteum [118] to~30 pm in Paris japonica—the spe-
cies with the largest known eukaryotic genome [74]. This is
depicted in Fig. 2a-b.

Karyotype symmetry and biomodal karyotype

In order to elucidate karyotypic differentiation vis-a-vis
evolutionary specialization, Stebbins [113] defined the terms
symmetric and asymmetric karyotypes. Whereas symmet-
ric type is characterized by mainly metacentric and sub-
metacentric chromosomes of approximately equal size, the
asymmetric ones depict shift in centromere position towards
telomere i.e. intrachromosomal and /or addition or deletion
of chromatin in chromosome arms affecting differences
in size between the largest and smallest chromosomes i.e.
interchromosomal. Subsequently, Stebbins [115] provided
the classification of karyotypes into 12 categories, ranging
from an extreme symmetrical to an asymmetrical karyotype,
based on relative proportions of chromosome morpho-types
in a given karyotype (Table 3). Accordingly, the karyotypes
which consist of chromosomes essentially similar in size and

@ Springer

Table 3 Classification of karyotypes according to their degree of
asymmetry, as proposed by Stebbins [115]

Ratio between largest and small-
est chromosome in the comple-

Proportion of chromosomes with
arm ratio<2: 1

ment

0.0 0.01-05 0.51-099 1.0
<2:1 1A 2A 3A 4A
2:1-4:1 1B 2B 3B 4B
>4:1 1C 2C 3C 4C

The above classification of Stebbins to denote symmetry of karyotype
has been deduced from the observations taken on actual karyotypes,
recorded in real terms in certain species*. Here the notational letters
A, B, C depict the class of asymmetry in increasing order, and numer-
als 1-4 are prefixed to represent further asymmetry within the given
class of asymmetry in the increasing order

* 1A, Aegilops mutica; 2A, A. heldreichii; 3A, Crepis sibirica, 4A,
C. capillaris; 2B, C. mungieri (syn. C. frasai); 3B, C. neglecta; 4B,
Hypochaeris brasiliensis (syn. H. chillensis); 2C, Muscari monstro-
sum;, 3C, Delphinium consolida; 4C, Aloe zebrina

all with median or submedian centromeres may be called
“symmetric”’, whereas those with chromosomes differing
greatly in size and/or partly with subterminal or termi-
nal centromeres are called “asymmetric”. It is possible to
arrange the closely related species in an evolutionary order
in a given taxa based on the class of karyotype symmetry.
The prevailing concept is that during evolution karyotype
has undergone change from symmetry to asymmetry with
evolutionary specialization. Diversification in chromosome
morphology may arise by alteration in chromosome symme-
try through intra-genomic translocations, pericentric inver-
sions, fusion / fission, that may or may not affect alteration
in genome size.

Whereas, differences in genome size may arise either by
accretion or deletion of redundant DNA or genomic dupli-
cation, there are instances of incidence of special form of
asymmetry characterized by presence of two distinct sets of
chromosomes of contrasting size in a chromosome comple-
ment i.e. ‘biomodal karyotype’—what could be called as
‘together but different’. Such biomodal karyotypes may orig-
inate either by fusion for the formation of large chromosome
set and by fission for the small set, or differential accumula-
tion of repetitive sequences, or by allopolyploid combination
of species sporting different chromosome sizes [4]. Such
bimodal karyotypes are common in monocot families such
as Asphodelaceae (Aloe, Haworthia, Gasteria), Agavaceae
(Agave, Yucca) [126].

Quantitative differentiation of closely related karyotypes
within the same class of asymmetry

In certain instances, it may be possible that closely related
species may not show significant differences in their karyo-
types despite having clear distinction between the species on
exo-morphological account. In such situations, there remains
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Table4 Length of short and long chromosome arms (um) of Papaver bracteatum (2n=14)

Chromosome Chromosome Chromosome Chromosome Chromosome Chromosome Chromosome All Chromo-

1 2 3 4 5 6 7 somes

Short Long  Short Long  Short Long Short Long Short Long Short Long Short Long Mean S.D
2.70 5.00 2.25 4.00 2.00 4.00 2.70 3.04 2.25 2.96 1.25 3.20 1.51 2.32 5.6 1.267

Note: Based on the above measurements the chromosome size falling at serial order no. 4 ( in a 07 chromosome complement) is the median
chromosome, and the short arm of chromosome no. 2 ( and also 5 in this particular case) falls at the median position for its size among the 07

short arms

aneed to further differentiate closely related karyotypes fall-
ing within the same class of karyotype asymmetry, to erect
affinities from evolutionary view point between the closely
related species. The following measures may be useful to
differentiate the closely related karyotypes:

(i) Chromosome ''Dispersion Index" i.e. DI: Lavania
and Srivastava [48] developed an index called Chromo-
some “Dispersion Index” depicting statistical gradient of
centromere position within the karyotype to facilitate dif-
ferentiation of closely related karyotypes falling within the
same “asymmetry” class of Stebbins.

The “Dispersion Index” could be calculated from the fol-
lowing equations:

(1) Centromeric gradient (CG) =Length of median short
arm/Length of median chromosome X 100

(2) Coefficient of variation (CV) for chromosome
length =S.D./Mean x 100

(3) Dispersion Index (DI) =Proportionate measure of CG
with respect to CV

For the sake of convenience of the readers and chromo-
some workers this is explained by taking the example of
Papaver bracteatum for which karyomorpholgical details
are provided in Lavania and Srivastava [49], and the same
is reproduced above in the Table 4.

From the above example the values for Dispersion Index
(DI) could be estimated as follows:

Length of median short arm

Cent ic Gradient (CG) =
entromeric Gradient (CG) Length of median chromosome

2.25
x 100 574 x 100 =39

Coefficient of variation (CV) for chromosome length

= 5D 100 =127 . 100 = 22.62
Mean 5.6

Dispersion Index (DI)=Proportionate measure of CG
with respect to CV i.e. 22.62% of 39.2=28.87.

The inferences for this Index were based on detailed
examination of chromosome morphology of 21 species of
Papaver having established affinities from exo-morpho-
logical and phytogeographical viewpoint. The criterion of
“Dispersion Index” has been utilized effectively to differen-
tiate closely related karyotype asymmetry in an evolution-
ary order, facilitating development of species cladogram of
Papaver [49].

(ii) Asymmetry Index i.e. AI: Paszko [73] provides two
coefficients of variation (CVs) to evaluate intrachromosomal
and interchromosomal asymmetry:

(1) CV,y index i.e. Coefficient of variation (CV) of the
centromeric index (centromeric index is the ratio of the
length of the short arm to that of the total chromosome
length). This evaluates differences in centromere position for
each chromosome in the karyotype and provides a measure
of intrachromosomal asymmetry.

(2) CV(, index i.e. Coefficient of variation (CV) of chro-
mosome lengths. This gives a measure of interchromosomal
asymmetry as it reflects how variable the chromosome sizes
are in the karyotype. In fact this index is exactly the same as
already given by Lavania and Srivastava [48, 49] for estimat-
ing Coefficient of variation (CV) for chromosome lengths.

wherein Asymmetry Index (AI)=(CV x CV)+100.

In both cases, the larger the value the greater the asym-
metry in the karyotype.

For the sake of convenience of the readers and chromo-
some workers this is explained taking again the example of
Papaver bracteatum for which karyomorpholgical details are
provided in Table 4 above. As per the requirement of Paszko
[73], the same value are modified, and are given below in
Table 5, in order to estimate the values of Al

Based on the values given in Table 5, the values for CV
and CV; could be estimated as follows:

Coefficient of variation (CV) for Centromeric Index i.e. CV

_ S.D. of Centromeric Index i.e. 0.099

= - - x 100 = 26.47
Mean of Centromeric Index i.e. 0.374
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Table5 Chromosome measurements for short arm/total chromosome length (i.e. Centromeric Index), and length of individual chromosome in
um of Papaver bracteatum (2n=14)—as re-formatted from the data given in Table 4

Chromosome Chromosome Chromosome Chromosome Chromosome Chromosome Chromosome  All-CI All-CL

1 2 3 4 5 6 7 SD/mean  S.D./mean
x 100 x 100

CI CL CI CL CI CL (I CL CI CL CI CL CI CL 1.267/5.6  0.099/0.374 x 100
x 100

0482 7.7 0402 625 0357 60 0482 574 0402 521 0223 445 0270 3.83 2262 26.47

Abbreviations: Cl=Centromeric Index (centromeric index is the ratio of the length of the short arm to that of the total chromosome length),

CL =Chromosome length of individual chromosome

Coefficient of variation (CV) for chromosome length i.e. CV
_ S.D. of Chromosome length i.e. 1.267

= x 100 = 22.62
Mean of Chromosome length i.e. 5.6

wherein Asymmetry Index (AI)=(CV XCV)+100
=(22.62%x26.47)+100=5.987.

In addition to TF %, Ask%, Syi and Rec Index discussed
above under the section on ‘Concept of Karyotype’, and
the Dispersion Index [48] explained above having specific
significance in differentiating closely related karyotypes
within the same group of Karyotype Asymmetry categories

of Stebbins [115], many other parameters to estimate Kar-
yotype Asymmetry have since been published. These are
briefly outlined here to update the reader on this topic.
Romero-Zarco [88] provided another alternative method
by using quantitative and graphic representation based on
Intra-chromosomal and Inter-chromosomal—Asymmetry
Index. Further in order to accurately characterize variation
in intrachromosomal asymmetry Zuo and Yuan [130] termed
such asymmetry estimate as ‘Heterogeneity of the Centro-
meric Index’. A detailed discussion on the different Indices
to estimate karyotype asymmetry is available in Paszko [73],

Table 6 Different methods of evaluating karyotype asymmetry*

Reference Asymmetry evaluation methods

Stebbins [115] Intrac  Proportion of chromosomes with arm ratio<2:1 1.00=1; 0.99-0.51=2; 0.50-0.01 =3; 0.00=4

Bimod Largest/smallest: <2:1=A; 2:1-4:1=B;>4:1=C

Huziwara [29] Intrac  TF% =total sum of short arm lengths/total sum of chromosome lengths
Bimod
Arano Intrac  Ask% =length of long arms in chromosome set/total chromosome length in set
(11 Bimod
Greilhuber and Speta Intrac  Sy;=(mean length of the short arms/mean length of the long arms) x 100

[22] Bimod Rec=(Yi=1nCLi/LC)/nx 100Rec=(Yi=1nCLI/LC)/nx 100 (CL;=the length of each chromosome;
LC=the length of longest chromosome; n=the number of analysed chromosomes)

Romero- Zarco Intrac  Al=1-Yni=1biBinAl=1- Y i=1nbiBin (b ;=the average length for short arms in every homologous
[88] chromosome pair or group; B ;=the average length for long arms in every homologous chromosome pair
or group; n=the number of homologous chromosome pairs or groups)
Bimod A,=s/x (s=standard deviation of the chromosome length; x=the mean of chromosome length)
Lavania and Srivastava [48] Intrac Centromeric gradient (CG)=Length of median short arm / Length of median chromosome X 100
Bimod Coefficient of variation (CV) for chromosome length=S.D. / Mean x 100

Dispersion Index (DI) = Proportionate measure of CG with respect to CV

Watanabe et al. [124] Intrac A=) ni=1Bi—biBi+binA =Y i=1nBi—biBi+bin (B ;=the length of long arm of each chromo-
some; b ;=the length of short arm of each chromosome, n =the haploid chromosome number)
Bimod
Paszko Intrac  CV=(S ¢rfx o) X 100 (S ;=the standard deviation of the centromeric index; x -;=the mean centromeric

[73] index)
Bimod CV =A,x100 (A, is proposed by Romero—Zarco [88]
Al=(CV xCV)/100

Note:- Intrac: intrachromosomal asymmetry, bimod: bimodality
* Reproduced from Zuo and Yuan [130] with minor modifications

Readers may consult original source reference for details to estimate values as per specific requirement
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Zuo and Yuan [130]. All such parameters have been recently
used collectively in analysis to differentiate Musa varieties
by Dehery et al. [12]. A summarized account of all such
indices has been provided by Zuo and Yuan [130]. These
are given here through Table 6 for the benefit of advanced
learners.

Most genera of herbaceous angiosperms display inter-
specific differences in chromosome size and symmetry, if
not number. Two most studied genera that depict desperate
karyotypes with vast variation in chromosome size, sym-
metry and base chromosome number are Crepis, Xx=3 to 6
[15], and Brachyscome, x=2 to 9 [124]. In Brachyscome,
mean level of chromosome symmetry varies from 0.09 to
0.50 (a value of zero indicates perfect symmetry i.e. both
chromosome arms have the same length); the value increases
as the centromere moves toward one end of the chromosome,
reaching its maximum near 0.5 when centromeres are near
the ends of the chromosomes, for more details see Levin
[51]. Application of karyotypic features are of immense util-
ity in such situation to elucidate phylogenetic affinities and
direction of evolutionary change.

(c) Variation in NOR regions

Normally, one pair of chromosomes in a somatic chromosome
complement contains additional sites of constriction other than
the site of centromere. This additional constriction is called
as secondary constriction (i.e. noncentromeric constriction),
which is generally located in the subtelomeric regions of one
of the chromosome arms (usually short arm), or at times in the
terminal region (in the form of a satellite body). These sec-
ondary constriction sites are also rich in ribosomal DNA and
are responsible for organization of the nucleolus. Therefore,
the secondary constriction sites are also called as nucleolar
organizer region (NOR) in a broad sense. Of course the accu-
racy of NOR sites could be judged only after specific silver
staining techniques/or more recently by in situ hybridization
based localization with ribosomal RNA specific DNA probes.
It is observed that most of the diploid species have one pair of
ribosomal DNA site (i.e. NOR) in a somatic complement [63],
although some diploids may have multiple sites [45]. The data
on the occurrence of number of secondary constrictions and
NOR sites has been utilized to establish phylogenetic affini-
ties in family Apiaceae [24] and Plantago [104]. Taxa with
one nucleolar chromosome per haploid genome are presumed
to be advanced over those exhibiting nucleolar chromosome
plurality [39].

(d) Linear differentiation

The power of karyotype analysis expanded in late 1960s
with the development of banding techniques [41]. In addi-
tion to conventional chromosome markers that morpho-
logically differentiate chromosomes longitudinally on the
basis of the position of centromere (primary constriction),
secondary constriction, relative arm ratio, the techniques
of chromosome banding provide further linear differentia-
tion of chromosomes, facilitating differentiation between
the morphologically similar chromosome linkage groups
within the karyotype (Fig. 1b). Lavania and Sharma [47],
Greilhuber [21] provide an exhaustive account on the distri-
bution of heterochromatin banding patterns over a range of
plant taxa with respect to application of chromosome band-
ing as a tool in plant taxonomy. A representative example
is depicted in Fig. 3.This “new karyosystematics” has its
impact mainly at the infrageneric level and, at any rate, in
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Fig.3 Giemsa C-banded idiograms in Lathyrus species: A. L. angu-
latus, B. L. clymenum, C. L. aphaca, D. L. articulatus, E. L. cicera,
F. L. hirsutus, G. L. ochrus, H. L. odoratus, 1. L. sativus, J. L. spha-
ericus, K. L. tingitanus, L. L. latifolius, M. L. maritimus, N. L. syl-
vestris, O. L. tuberosus. Note—Here the species are arranged in phy-
logenetic order following morphological criteria and breeding habit.
The banding pattern is species specific showing definitive change in
C-patterns with evolutionary specialization i.e. gradual reduction /
diminution in C-bands from intercalary to telomeric bands, adopted
from Lavania and Sharma [46, 47]
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Fig.4 a. Somatic chromosomes of Aloe vera (2n=14) showing
bimodal karyotype, 4 pairs of large chromosomes+ 3 pairs of small
chromosomes; b. DAPI stained Fluorochrome-banding in Aloe vera
showing localization of heterochromatin in centromeric region; c.
Localization of r-DNA sites in Papaver somniferum by FISH—note
presence of three such pairs suggesting multi-genomic origin of
opium poppy; d. FISH based localization of telomere specific repeti-

the “diffuse” zone, where it becomes difficult to separate
by traditional karyological and other methods [21]. 1980s
brought even more powerful tool of fluorescence in situ
hybridization by which it is possible to identify genomes,
chromosomes and chromosome segments [42] on account of
localization of homologous DNA sites on the chromosomes
when hybridized in situ by specific DNA probes i.e. FISH
or even total genomic DNA i.e. GISH [79] (Fig. 4). Further,
even the micro-structural diversity within the chromosome
complement that may be occurring at the population level
in the hot spot areas could be linearly delineated by in situ
hybridization of the target chromosome complements with
the total genomic DNA of a reference species, e.g. rice or
Arabidopsis DNA [43].

(e) Repetitive sequences in evolution
of chromosome structure

The structure and shape of chromosome could be altered

by chromosome rearrangements, including insertion, dupli-
cation, deletion, fusion, inversion and translocation [91].

@ Springer

tive DNA families on somatic chromosomes of rye; e. Cytological
differentiation of wheat and rye chromosomes in the synthetic hybrid
Triticale (tetraploid wheat x diploid rye) differentiated by genomic
in situ hybridization with rye specific DNA probe: all rye chromo-
somes show red hybridization signals in the telomeric region. Figure
’c’ is reproduced from Lavania and Srivastava [49]

Information available in Plant DNA C-value Database (https
://cvalues.science.kew.org/) and on genome sequencing
clearly suggests that there has been huge accumulation of
repetitive DNA sequences over time leading to changes in
genome size [75, 77]. Such changes have played multiple
generative roles in structural chromosomal repatterning in
shaping the karyotype in plants [26, 58, 126]. The repetitive
DNA sequences frequently constitute cytologically detect-
able heterochromatic regions that can be microscopically
discerned to elucidate pattern of change. Therefore, it is
desirable that interpretation of karyotype evolution must
consider chromosomal structural constraints [93], and the
degree to which persistent epigenetic chromatin alterations
are based [92].

(f) Repetitive elements in formation of sex
chromosomes

Separate sexes and sex chromosomes are rare in plants.
Even in dioecious plants heterogametic sex chromosomes
are not common unlike animals where they are distinctly
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Fig.5 Localization of satellites on metaphase chromosomes of
Rumex acetosa using FISH. The name of the satellite or number of
satellite cluster is inside each figure, reproduced from Hobza et al.
[27]

manifested. The Y chromosome is a unique part of the
genome that does not recombine over some or most of its
length, and represents male limited transmission [3]. The
main stages of Y chromosome evolution are manifested by
establishment of the sex determining region, local suppres-
sion of recombination, accumulation of repeats, degenera-
tion of genes and shrinkage by deletions [27]. In plants sex
chromosomes have been identified in 40 species but het-
eromorphic sex chromosomes have been detected in just 19
species. Papaya is unique for its trioecious sex chromosomes
system with XX female, XY male, and XYh hermaphrodite
[59, 128]. Even plants with homomorphic sex chromosomes
reveal structural changes in non-recombining regions and
accumulation of repeats that are absent in autosomes and
have no homology with other plant species. It has been
observed that the chloroplast DNA has frequently accumu-
lated on the Y chromosomes in plants, possibly by nuclear
insertion colonizing the non-recombined regions. Further,
accumulation of satellite DNA that exhibit discrete chro-
mosomal localization has been shown to be accompanying
evolution of sex chromosomes in some species with hetero-
chromatic sex chromosomes — most prominent example is of
Rumex acetosa where heteromorphic regions are formed by
tandem repeats that are clearly distinguishable—see Fig. 5,
and further details in Hobza et al. [27].

(g) Meiotic behaviour

Where polyploidy is a major source of specialization, the
karyotype analysis becomes quite limiting to determine
chromosomal changes responsible for evolutionary diver-
gence, although dense genetic maps / chromosome mark-
ers such as heterochromatin bands and knobs discernible at
pachytene could be of some help. Therefore, study of mei-
otic behaviour of chromosomes is highly desirable part of
karyotype analysis for it is this which discloses the structural
homologies whilst the consequences reflect on the relative
degree of genic similarities of chromosome sets. It is from
these observations that we can be confident of the presence
and nature of structural heterozygosities, hybridity and
polyploidy.

It goes without saying that examination of hybrid meio-
sis is of special value in comparing karyotypes of distinct
entities for it is only when these are brought together into
the same cell that we can assess their structural and genic
homologies. But it also becomes apparent that the effective-
ness of such an analysis depends very largely on the degree
of relatedness of the individuals concerned. Naturally, when
they are long separated in evolution, hybridization may not
be possible and the benefits of hybrid meiosis are unavail-
able. Even, where there is no such barrier, mechanisms of
change are detectable only when they are in relative terms
simple. There is no difficulty in spotting the similarity or
differences on account of interchanges or inversions.

(h) DNA content/genome size

Initial surveys conducted on nuclear DNA content in
angiosperms revealed the occurrence of DNA variation
raging from IC value of 0.16 pg (157 Mb) in Arabidopsis
thaliana, 2n =10 [7] to 63.7 pg in Fritillaria assyriaca,
2n=24 [6]. The DNA estimates available at that time were
mainly based on feulgen microdensitometry. The technol-
ogy has since been far refined making use of flowcytom-
etry. The C-value data base is now available for ca.10800
species of Angiosperms (https://cvalues.science.kew.org/).
An array of genome size diversity with 1C value ranging
from 61 Mb/0.0648 pg in the carnivorous plant Genlisea
tuberosa (Lentibulariaceae) -to-1,49,000 Mb/152.23 pg
in Paris japonica (Melanthiaceae) suggesting over 2400
fold variation across the angiosperms is revealed [77]. In
dicots highest estimates for DNA amount of 1C=102.9 pg
is recorded for Viscum album 2n =20 (Santalaceae) [129],
thus depicting 1600 fold variation over Genlisea tuber-
osa. However, a strong skewed distribution is observed
in genome size towards small and very small genomes
in Angiosperms. Accordingly, the average ‘holoploid
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genome size’ i.e. 1C, for the Angiosperms considering
the modal value is =5870 Mb/6.0 pg, and the mean value
is 5020 Mb/5.132 pg [75]. Further, in terms of variation
in genome size within the genus and family, it is found
to be 25 fold in the genus Genlisea i.e. from 0.065 pg
in G. tuberosa—to-1.76 pg G. lobata—a record holder

genus for the smallest genome size [18], but in the fam-
ily that sports largest genome size i.e. family Melanthi-
aceae there is 230 fold variation within the family ranging
from 0.66 pg in Schoenocaulon texanum (2n=2x=16) to
152.23 pg in Paris japonica (2n=8x =40). At the 1Cx
(i.e. monoploid *X”), this drops down to c. 86-fold in Paris

Table 7 Record holders for variation in chromosome number/size, and nuclear DNA amounts in Angiosperms

S.no Character state Lowest Highest Remarks
1 Ancestral (basic) haploid chro- n=7
mosome number
2 Ancestral haploid nuclear DNA 1C=1.73 pg
amount
3 Average ‘holoploid genome size’ 1C=6.0 pg
ie. 1C 5870 Mb
4 Chromosome number across n=2 n="720%* *is in the Fern, Ophioglossum
plant kingdom reticulatum
5 Chromosome number across n=2 n=320 160 fold variation
angiosperms — dicots Haplopappus gracilis, Brachy- Sedum suaveolens
scome dichromosomatica (Crassulaceae)
(Compositae)
6 Chromosome number across n=2 n=298 149 fold variation
angiosperms — monocots Ornithogalum tenuifolium, (Lili- Voanioala gerardii (Palmae)
aceae), and three other genera
7 Family with several basic x=5 x=8,10,11,12,15,17 Melanthiaceae
numbers
8 Chromosome number within n=4 n=120 Brassicaceae
family Physaria bellii G. A. Mulligan;  Cardamine concatenata

and 8 other spp. of Physaria;
Stenopetalum velutinum F. Mull.
Stenopetalum decipiens E. A.

Shaw
9 Chromosome number within n=2
genus Brachyscome dichromosomatica
C. R. Carter
10 Chromosome number within 2n=27
species
11 Metaphase chromosome size 0.3 um
across angiosperms (Genlisea aurea)
Lentibulariaceae
12 Metaphase chromosome size 0.8 um
within family (Chamaelirium luteum)
13 Metaphase chromosome size 0.3 um
within genus (Genlisea aurea)
14 Nuclear DNA amount within 1C=61 Mb
genus Genlisea tuberosa
15 Nuclear DNA amount across 1C=61 Mb/0.0648 pg
angiosperms Genlisea tuberosa &
G. aurea (Lentibulariaceae)
16 Nuclear DNA amount across 1C=0.0648 pg
angiosperms — dicots Genlisea aurea(2n=46)
(Lentibulariaceae)
17 Nuclear DNA amount across 1C=0.66 pg
angiosperms - monocots / fam-  Schoenocaulon texanum
ily i.e. Melanthiaceae (2n=2x=16)

(Michx.) O. Schwarz

; (Syn. Dentaria laciniata Muhl.

ex Willd.)

n=45 Brachyscome

Brachyscome radicata Hook. (Compositae)

2n=180 Sprekelia formosissima (Ama-
ryllidaceae)

30 pm 100 fold variation

(Paris japonica)

Melanthiaceae

30 um 37 fold variation

(Paris japonica) (Melanthiaceae)

4.0 um 13 fold variation

(Genlisea violacea) Genlisea

1C=1440-1700 Mb 25 fold variation

Genlisea violacea Genlisea

1C=1,48,851 Mb/152.23 pg 2400 fold variation
Paris japonica (Melanthiaceae)

1C=102.9 pg 1600 fold
Viscum album (2n=20) (Santa-  variation

laceae)
1C=152.23 pg 230 fold overall variation
Paris japonica but
(2n=8x=40) 86 fold at 1Cx level
56.59 pg. P. forrestii

(2n=2x=10)
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forrestii (2n=2x=10) with 1C=56.59 pg. [76]. Large-
scale variations have been reported for species within the
same genus: fourfold in Lathyrus [67], fivefold in Papaver
[109], sevenfold in Vicia [80], ninefold in Crepis [35], and
25 fold in Genlisea [18]. Perennials have been found to
contain more nuclear DNA than annuals suggesting that
there occurs reduction in DNA amount with the course
of evolutionary specialization. A summarized account
of record holders for DNA amounts, as well as chromo-
some number and size is given here in Table 7 as a ready
reckoner.

In terms of molecular organization, the DNA composition
of various species could be analyzed by determining the con-
tent of unique, moderately repetitive and highly repetitive
nucleotide sequences to supplement the karyotypic affinities.
Further, autologous DNA: DNA hybridization could deci-
pher the nucleotide homologies in the given species. Data to
such effect have been effectively utilized for Lathyrus to elu-
cidate the species affinities in Lathyrus [70] and Scilla [13].

(i) Polyploid complexes

Polyploid evolution has been a source of considerable inter-
est and controversy. Numerous reviews have discussed the
aspect of polyploidy as a speciation mechanism [56]. It is
estimated that polyploid state is present in upto 80% plants,
representing 2—4% of speciation events in flowering plants
and 7% in ferns [62, 72]. Polyploidy may originate either
through repeated cycles of endoreduplication/unreduced
gamete formation, and/or intergenomic hybridization fol-
lowed by amphidiploidization to ensure stabilization of
allopolyploids. As such, there is no direct way to measure
the pattern of chromosome change based on karyological
data, except to get an idea about the incidence of polyploid
series in a given taxa. Therefore, the most accurate way to
determine the origin of polyploidy is to analyze related dip-
loids and polyploids, to undertake extensive crosses between
potential ancestors, and finally to cross the synthetic and
natural ones.

However, the advent of the molecular cytogenetic tech-
nique of Genomic in situ hybridization (GISH) that was
first demonstrated in synthetic cereal hybrids for iden-
tification for parental genomes has made direct insights
in our understanding about origin and evolution of poly-
ploid genomes. It is now possible to directly visualize the
component genomes in a synthetic or natural polyploid
on a microscope slide by GISH techniques [42, 79], see
Fig. 4. Application of GISH and chromosome painting has
unraveled origin of polyploid genomes and unequivocal
identification of genomic ancestry, as well as identifica-
tion of individual chromosomes using chromosome spe-
cific probes [126].

Karyotype diversity and evolutionary trends

Joint studies of chromosome complements and DNA con-
tents have helped our understanding of how increases and
decreases in genome size are distributed among chromo-
somes -see Levin [51]. Observations recorded over a range
of species in: Vicia [80], Lathyrus [68, 69], Papaver [49,
109], explicitly suggest that the changes in nuclear DNA
amounts within the genera are typically achieved by equal
changes (increase / decrease) i.e. small chromosomes acquire
or shed same amount of DNA as large chromosomes, with
an exception of Aloe (Asphodelaceae) that has a bimodal
karyotype (Fig. 4 a) composed of four long and three short
chromosomes [51]. Therefore, in order to elucidate signifi-
cance of karyomorphological changes in speciation, it is
important to know whether there are patterns of karyotype
evolution within genera. Stebbins [115, 116] provides evi-
dence that there are patterns, although they are not universal.
In some genera, increasing specialization has been achieved
by reduction in genome size with a shift from perennial to
annual growth habit or a shorter growing season, such as:
Crepis [35], Artemisia [66], Lathyrus [46, 85], Papaver [49],
Asphodelus [14], Allium [71], Helianthus [105], Ranunculus
[108], Podolepis [38], Arachis [106]. Conversely, increas-
ing genome size ostensibly has accompanied the shift to
the annual habit or shorter growing season in Lolium [86],
Anthemis and Anacyclus [66]. In some genera, ecological
shifts also have been associated with changes in chromo-
some number, e.g. the shift from perennial to annual habit in
arid land races appears to have been accompanied by reduc-
tion in chromosome number in Calotis [111, 112], Podolepis
[38], for further details, see Levin [51].

Evolutional conception of Karyotype

The evolutionary trends in the karyotype also involve sym-
metry. Lewitsky who proposed the karyotype concept noted
that chromosomes become more asymmetrical with evo-
lutionary specialization in Helleboreae (Ranunculaceae).
Taking cues from Lewitsky’s observations, Stebbins [115]
contended that in Asteraceae the development of asymmetric
karyotypes is associated with entrance into pioneer habitats
and often with a shift from the perennial to annual habit.
Accordingly, Stebbins [115] proposed that increasing asym-
metry might be achieved through natural selection for an
accumulation of adaptive clusters of linked genes on one
chromosome arm, which would tend to lengthen that arm
at the expense of other. Levin [51] proposed an alternative
hypothesis for an increasing asymmetry based on associ-
ated decline in genome size. Taking cues from the data of
Srivastava and Lavania [109] on DNA content of individual
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chromosome arms within the karyotype over the range
of species in Papaver, Levin [51] has proposed “if same
amount of DNA was removed from both chromosome arms,
asymmetrical chromosomes would become more asymmetri-
cal. A correlate to this would be that increasing genome size
would be accompanied by greater chromosome symmetry”.
This is consistent with the observations recorded across the
family Liliaceae (sub-groups—Tricyrtis, Lilioideae and
Tulipeae) wherein an increase in genome size is accompa-
nied by decreasing size differences between chromosomes
of the karyotype i.e. a more symmetrical karyotype [78].
A third pattern of ‘unequal increase’, between longer and
shorter chromosome arms leading to an overall increase in
karyotype asymmetry with increase in genome size has been
noted in species with large chromosome size, e.g. Fritillaria
and Tulipeae [78]. Further, pericentric inversions and/or dif-
ferential translocation of DNA between larger and smaller
chromosomes without change in chromosome number, and
Robertsonian fissions and fusions accompanied by changes
in chromosome number are the other means that could lead
to change in karyotypic symmetry without change in genome
size—reviewed by Schubert [91]. Such changes serve as
valuable resources to elucidate karyo-evolution occurring
on account of structural / numerical chromosome variation
in certain situations.

As such, no universal patterns could be surmised. Never-
theless, the knowledge of the karyotype could certainly be
utilized as an adjunct to solve taxonomic hierarchy. Based
on comparison of karyotypes of known relative antiquity as
determined from classical taxonomy, a larger scale under-
standing is developed on evolutional conception of kary-
otype. In a broad sense this is based on the idea that: (i)
symmetrical karyotype is more primitive than asymmetri-
cal ones, (ii) longer chromosomes are primitive than shorter
ones, (iii) median centromeres with chromosome arms of
equal length are more primitive than chromosome arms of
unequal length, (iv) low basic numbers had given rise to
higher ones, and the taxa with variable chromosome number
are considered young and still in evolutionary flux, (v) spe-
cies with one NOR site per haploid genome are considered
advanced than multiple NOR sites (vi) ancient species had
less heterochromatin (repetitive DNA), the primitive spe-
cies accredited heterochromatin followed by gradual shed-
ding of excess heterochromatin with evolutionary speciali-
zation. Further, during the process of shedding of excess
heterochromatin, the intercalary heterochromatin is dis-
pensed earlier, followed by telomeric fraction, as surmised
by Lavania and Sharma [47] based on the application of
cytological data taken in conjunction with other morpho-
logical taxonomic parameters, applied over several plant
taxa of relatively known antiquity-representative example
is shown in the Fig. 3. Accordingly, Lavania and Sharma
[47] have postulated that “during the course of eukaryotic
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evolution, especially plants, ancient species were practically
devoid of heterochromatic excess DNA and the mechanism
of DNA amplification and replication vis-a-vis geo-climatic
conditions brought them accumulation of additional genetic
elements. Once the particular taxon has attained more than
the optimum amount of repetitive DNA through progres-
sive increase, there is a tendency of gradual shedding of
additional heterochromatic segments”.

B. Application of karyological data as an aid
to systematic problems:

Tremendous variation in chromosome number found in
Angiosperms is said to have contributed remarkable diver-
sity and evolution of the flowering plants [116]. Chromo-
some form and number characterizing the chromosome
complement-the Karyotype, represents the highest level of
structural and functional organization of the nuclear genome;
and its constancy ensures the transfer of the same genetic
material to the next generation [110, 116]. Dobigny et al.
[16] have critically analysed the various methods employed
in chromosome analysis to score conventional and molecular
cytogenetic information and underpinned the significance
of chromosome change as a character and its absence or
presence as a character state. They emphasized the need to
first posit an ancestral karyotype as a common character and
then apply its utility to reconstruct phylogeny in a group of
species from a cladistics perspective.

Accumulation of large data on chromosome number and
morphology has provided the possibility to utilize them as
additional tools in taxonomy. Sharma [99] projected the
importance of chromosomes in taxonomy, and Cronquist
[11] duly recognized the significance of chromosome mor-
phology in solving problems of taxonomic dispute. The
basic chromosome number in angiosperms has been sug-
gested as x =7, which is characteristic of major groups with
slight deviation in certain orders, and evolution has mostly
been at the diploid level [84, 114]. Liliaceae is a major
exception where basic number is suggested as x =8 [78].
Simultaneously, on the basis of high chromosome numbers
in some of the perennial woody species of the Annoniflorae
and Hamamelidiflorae, it is claimed that polyploidy was pre-
sent in some of the ancestral forms of the surviving families,
though not so prevalent in the basal order of Dillenidae [82,
84]. Valuable Cytotaxonomic data have been generated on
the orders Helobiales, Butomales, Commelinales, Eriocaula-
les, Bromeliales, Zingiberales, Liliales, Graminales, Orchi-
dales, Palmales, Arales, Cyperales and Juncales, Iridales,
Typhales, Amaryllidales, Agavales, from among monocots
and Rosales, Leguminales, Araliales, Urticales, Cucurbi-
tales, Malvales, Apocyanales, Rubiales, Verbenales, Lami-
nales, Geraniales, among dicots from India—for detailed
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account see [39, 102, 103]. Peruzzi et al. [78] have made
extensive analysis on chromosome diversity and evolution in
Liliaceae from phylogenetic perspective based on extensive
literature survey featuring karyo-morphometric parameters
across 217 species belonging to all genera in Liliaceae sensu
the APG (Angiosperm Phylogeny Group) superimposing the
karyological data onto a phylogenetic framework.

As such analysis and interpretation of considerable
information available on the chromosome evolution has
been presented by various workers against a background of
taxonomic classification in which assignment of status of
taxa is based on their phylogeny. Examples given below are
based on classificatory system popular at that time. Sharma
[102] has provided exhaustive analysis on the evolution of
monocotyledons in the background of classificatory system
given by Hutchinson [28]. Some of the important examples
dealing with cytological applications in plant systematics
worth mentioning are:

(1) Family Ranunculaceae has been classified into three
subfamilies i.e. Helleboreae, Anemoneae and Clema-
tideae by the classical taxonomists, on the basis of
occurrence of number of carpels and the number
of ovules per carpel. But karyotype studies suggest
the separation of genera of this family only in two
groups: (a) with small chromosomes and prominent
heterochromatic centromeres with x =6, e.g. Hydras-
tis, Coptis, Aquilegia of Helleboreae, and Thalictrum
and Anemone of Anemoneae, and (b) with large
chromosomes having x=6, 7 or 8, e.g. members of
Clematideae, Anemoneae and remaining 9 genera of
Helleboreae [100].

(i) Engler and Prantl considered the three genera Pan-
danus, Typha and Sparganium constituting the Pan-
danales, as the ancient progenitors of derived mono-
cots. But Hutchinson separated them into two groups
based on aquatic and terrestrial habit comprising
Typha and Sparganium in the former and Pandanus
in the latter. But karyomorphological evidences do
not support such splitting since all the three genera
consist of almost similar looking small chromosomes

with x=15 [100].

Engler and Prantl grouped the primitive orders
Alismatales and Butomales under Helloboreae.
Although, cytological evidence, especially for the
genus Alisma confirms its primitive nature in view of
its large chromosomes with symmetrical karyotype
and low base number x =5, with potentiality of giv-
ing rise to all the other orders of monocotyledons, but
this is not true for all the members of Butomales. For
example there are certain genera such as Hydrocharis
in Hydrocharitaceae of Butomales showing extreme
size differences in the chromosome complement. The

(iii)

@iv)

)

(vi)

(vii)

size difference is so extreme that it finds parallel only
in Agavaceae [96].

Engler and Prantl included Liliaceae and Amaryl-
lidaceae under an advanced series Lilifloreae. These
families were distinguished on the basis of superior
(Liliaceae) and inferior (Amaryllidaceae) ovary by
them, whereas Hutchinson considered inflorescence
as an important distinguishing character thus created
a new order Agavales on the basis of occurrence of
long spicate inflorescence coupled with arborescent
habit out of members of Liliales (e.g. Agave, Yucca,
Dracaena and Funkia) and of Amaryllidales (e.g.
Polianthes). Hutchinson’s contention of Agavales
has been supported by cytological data [100]. Since
all of them possess extremely bimodal asymmetri-
cal karyotype with x =30. However, the cytological
data suggest the placement of Dracaena in Liliaceae
under Ophiopogoneae, for lack of bimodal karyo-
type.

Ophiopogon is regarded as an intermediate step in
the evolution from the Liliales to Juncales by Hutch-
inson [28], notwithstanding the fact that Juncales,
Bromeliales, and Commelinales have been derived
directly from the Asphodeloideae by Takhatajan
[117]. In Juncus there are different series of chromo-
some numbers, the predominant ones being 8 and 9,
and in Luzula it is x=3. If Ophiopogon is considered
as the progenitor of Juncales, it is difficult to visual-
ize the evolution of the long chromosomes of Luzula
with diffuse centromere from the medium sized ones
with localized centromere of Ophiopogon. Further
studies on chromosome evolution may suggest that
the Juncales, Cyperales and Restionales may have a
common ancestry as proposed by Cronquist [11]. In
Hutchinson’s system Graminales is an offshoot from
Juncales with basic chromosome sets of n=35 and 10.
Occurrence of primitive form of karyotypes in Rus-
caceae has facilitated its differentiation from Aspara-
gaceae and Liliaceae. Ruscaceae differs from Lilia-
cae in having united stamens, with highly specialized
morphology. In Asparagus, though root-stock is rhi-
zomatous, vegetative structure is reduced to a spiny
cladode. In Ruscaceae too, slightly woody nature
is seen and the branchlets are very much modified
and flattened. The basic chromosome numbers are
also related, being x = 10 in Asparagaceae as 2n=20
in Ruscaceae. This family has been merged within
Liliaceae by Cronquist [11] and in Asparagaceae by
Takhtajan [117]. The more primitive karyotypes of
Ruscus justify its inclusion in a tribe more primitive
than, but allied to the Asparagaceae [102].

Weins [125] has provided cytological evidence for
separation of Viscaceae from Loranthaceae. While
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Loranthaceae is unified by the existence of single
base number x =9, whereas Viscaceae is character-
ized by a series of aneuploid numbers ranging from
x=10-14.

(viii) An exhaustive account on chromosome evolution in

Liliaceae is provided by Peruzzi et al. [78]. Superim-
posing karyomorphometric features in a phylogenetic
frame work they have reconstructed the most likely
patterns of chromosome evolution for the 217 species
representing 15 genera in the family Liliaceae. Using
13 different parameters to measure karyotype asym-
metry they underscore the significance of change in
chromosome form and number in elucidating phylog-
eny. For further details, see Peruzzi et al. [78].

(ix) Karyotype analysis has shown the role of chromo-
somal alterations in the evolution of two separate
lines within the Commelinaceae, one with x =6 and
long chromosomes, and the other with higher num-
bers and shorter chromosomes, but Callisia fragrans
comprises of an intermediate type with a mix of both
long and short [97], suggesting the significance of
chromosome analysis in discerning species differen-
tiation.

(x) Presence of chromosome polymorphism i.e. different
numbers in the two individuals of the same popu-
lation, incidence of reverse trend from asymmetry
to symmetry in some cases on account of fission of
chromosomes followed by fusion, and occurrence of
polysomaty in vegetatively propagating plants have
opened newer possibilities to understand speciation
from cytotaxonomic perspective.

(xi) Various chromosome indices developed over time
have facilitated discerning affinities between closely
relate species. Lavania and Srivastava [49] have
effectively utilized parameter of ‘Chromosome Dis-
persion Index (DI)’ to quantitatively differentiate
closely related karyotypes falling in a given class of
asymmetry. Superimposing such data on morpho-
phylogenetic framework, they were able to develop
a karyotype assisted cladogram in the genus Papaver.
This is considered as the first case of its kind on the
application of karyotypic data in cladistics.

Concluding remarks

The present authors, long associated with the teaching of
graduate students, have often been receiving queries from
the students of plant systematics about the description of
their findings in the perspective of chromosome analysis
from taxonomic and species differentiation angle. There-
fore, we teamed-up to address the curiosities of the stu-
dents and young teachers to provide hands on information
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and ready reckoner in the area as well as generate interest
for the outliers in subject of plant sciences in its general
outreach. As such the present article provides an overview
of the chromosome change in evolutionary perspective
detailing out study tools and state of art in the area.

Some key events that shaped the area of plant chromo-
some analysis from cytotaxonomic perspective vis-a-vis
chromosome change and karyotype differentiation are: (a)
formulation of karyotype concept in systematics by Lewit-
sky, 1931 [57], (b) nomenclature of chromosomes on the
basis of centromere position by Levan et al., 1964 [50], (¢)
concept of karyotype symmetry by Stebbins, 1971 [115], (d)
chromosome morphology and number in resolving prob-
lems of taxonomical disputes, defined as ‘Cytotaxonomy’
by Sharma, 1964 [99], followed by their acceptance in the
classificatory system by Cronquist, 1968 [11], (e) impor-
tance of chromosome number in evolutionary differentiation
of taxa by Raven, 1975 [81] in accordance to the prevail-
ing classificatory system. Further, the two classic books: (i)
Chromosomal evolution in higher plants by Stebbins, 1971
[115], and (ii) The role of chromosomal change in plant
evolution by Levin, 2002 [51], provided a great deal of
analytical treatment from systematic and evolutionary per-
spective. This projected the significance of chromosome
change at a very high pedestal from an evolutionary view
point; although both the authors had reasonably diverse
views in terms of evolutionary patterns. Side by side efforts
were made to draw relationship between species and genera
based on chromosome form vis-a-vis karyotype symmetry.
However, a need was felt to differentiate the closely related
karyotypes falling within the same class of asymmetry. To
address this a new parameter of ‘Chromosome Dispersion
Index’ was developed by Lavania and Srivastava, 1992 [48]
taking into account the dispersion of centromere within the
karyotype using the statistical gradient. Subsequently there
was a wave to develop a series of indices to delineate intra-
chromosomal and bimodal symmetry by various authors.
Therefore, a need was felt to deal with all these indices in
one place for their possible use by researchers suiting to
their specific requirement to deduce karyotype affinities. The
science of chromosome identification has much progressed
since then providing additional means for linear differen-
tiation of chromosomes far beyond the initial markers of
primary and secondary constriction. Intervention of banding
techniques, Fluorescence In Situ Hybridization, comparative
DNA: DNA hybridization, and lately the DNA systematics
have added new dimensions to comparative cytogenetics.
An up-to-date account on chromosome number and DNA
amount is now available at one place in the form of The
Chromosome Counts Database (CCDB: http://ccdb.tau.
ac.il/), and The Plant DNA C-values database: http://cvalu
es.science.kew.org/.
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This article is an attempt to provide an overview of these
developments with the hope that readers would find this
useful for general and specific understanding of the subject
area as well as to help advance their knowledge further by
developing over this foundation.
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