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ABSTRACT
The relative DNA content was determined by Feulgen
cytophotometry for 17 representative species and forms of
the genus Gossypium.

DNA content has a positive relation

ship with reported relative chromosome sizes of the diploid
genome groups.

Nuclear and cell volumes were determined

for each of the 17 species and forms.

Nuclear and cell

volumes are positively correlated for all species and
forms.

DNA content is positively correlated with nuclear

volume and with cell volume.

It is proposed that dif

ferences in DNA content of the genomes in Gossypium are
best accounted for as longitudinal increases.

xi

INTRODUCTION

The wild species and commensal and feral forms of
the genus Gossypium are distributed world-wide, primarily
in the regions of the tropics and sub-tropics where they
are confined almost entirely to arid habitats.

Thirty-two

diploid species (2n=2x=26) and five tetraploid species
(2n=4x=52) are currently recognized in the genus.

Two

diploid species and two tetraploid species of Gossypium
are cultivated for their fiber and seed.

Because of their

economic importance, a considerable amount of research
has been conducted with both the cultivated and wild
species.

On the basis of cytotaxonomic relationships,

the diploid species have been classified into six genome
groups.

Cytological studies show that all species in the

same genome have chromosomes of similar size as determined
by common chromosomal staining techniques, such as acetocarmine squashes,

The six genome groups are designated

A through F.
The relative chromosome sizes for the diploid
Gossypium species are reported by Katterman and Ergle
(1970) as follows:

(1) the C genome species have very

large chromosomes; (2) the E and F genome species have
large chromosomes which are slightly larger than those of
1

2
the A genome; (3) the B genome species have large chromo
somes and some are slightly larger than the A genome;
(4) the A genome species have moderately large chromosomes;
and (5) the D genome species have small chromosomes.

They

also report that the chromosomes of C genome species are
about two or three times larger than chromosomes of D
genome species.

The tetraploid species are made up of

two genome groups, the A and the D. Table 1 lists the
species with their genome designations and world distribu
tions.
A large body of information has been published on
the taxonomy, cytogenetics, cell biochemistry, distribu
tion, origin and evolution of the species in Gossypium.
The genus lends itself quite well to a study of the DNA
content per genome and the relationships between DNA con
tent and chromosome, nuclear, and cell size since (1) cytotaxonomic relationship of species is fairly well under
stood, (3) both diploid and tetraploid species occur, and
(3) the size of chromosomes between genome groups varies,
Katterman and Ergle (1970) reported a biochemical study for
the quantitative determination of the DNA content.

Addi

tional studies, more definitive in methodology, have not
been made to determine the exact relationship between DNA
content and the chromosome size within the genus Gossypium.
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Table 1.

Species of the genus Gossypium with genome
designations and distribution.

Genome Distribution

Species

Diploid Species (2n-•2x-26)
G. herbaceum L.

2Aj

Old World Cultigen

G. arboreura L,

2A2

Old World Cultigen

G. anomalum Wawr. ex
Wawr. & Peyr.

2B2

Africa

G. triphyllum (Harv. ex
Harv. & Sond,) Hochr.
G. barbosanum Phill. & Clem.

Africa

2B2

Cape Verde Islands

2B3

G. capitis-viridis Mauer

2B4

Cape Verde Islands

G. sturtianum Willis

2C^

Australia

G. sturtianum var,
nandewarense (Der.) Fryx.

2C

G. robinsonii F. Muell.

1_

•n

2C2

Australia
Australia

G. australe F. Muell.

2C3

Australia

G. bickii Prokh.

2C4

Australia

G. costulatum Tod.

2C5

Australia

G. populifolium (Benth.)
Muell. ex Tod.

2Cc
6

Australia

G. cunninghamii Tod.

2Cj

Australia

G. pulchellum (Gardn.)
Fryx.

2C8

G. timorense Prokh.

2C9

Australia

G. thurberi Tod.

2D2

Mexico, Arizona

G. armourianum Kearn.

2D2-•1

Australia

Mexico
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Table 1, (Continued)
Genome Distribution

Species
G. harknessii Brandg.
G• davidsonii Kell.
G. klotzschianura Anderss.
G. aridum (Rose & Standi.)
Skov.
G. rairaondii Ulbr.

2D2-2
2D3-d
2D3-k

2D4

2D5

Mexico
Mexico
Galapagos Islands
Mexico
Peru

G. gossypioides (Ulbr.)
Standi.

2D6

G. lobatum Gentry

2D?

G. trilobum (Moc. & Sess. ex
DC.) Skov, emend, Kearn.

208

G. laxum Phill.

2D9

Mexico

G. stocksii Mast, ex Hook.

2E2

Arabia

G• somalense (Gurke) Hutch.
G • areysianum (Defl.) Hutch.
G. incanum (Schwartz) Hillc.
G. longicalyx Hutch. & Lee

2E2
2E3

2E4
2F1

Mexico
Mexico
Mexico

Africa
Arabia
Arabia
Africa

Tetraploid Species (2n=4x=52)
G. hirsutum L.

2(AD)x

New World Cultigen

G. barbadense L.

2(AD)2

New World Cultigen

G. tomentosum Nutt. ex Seem.

2(AD)3

Hawaii

5
Table 1. (Continued)
Species

Genome Distribution

G. caicoense Condorcet,
Hermogenes ex Imre

2(AD).

Brazil

G, darwinii Watt

2(AD)

Galapagos Islands

Source:

Southern Cooperative Series Bulletin 139, Sep
tember 1968.
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In the present study the relative DNA content of
representative Gossypium species and of a haploid and two
hybrids was determined by the Feulgen cytophotometric
technique.

Nuclear and cell volumes of the selected species

were also determined.

These data were then utilized to

determine (1) whether DNA content, nuclear volume and cell
volume were related and (2) whether the total DNA content
of the chromosomes in each genome is associated with
chromosome size.
It has been postulated that some of the chromosome
differences of genomes are due to differential condensation
of the chromosomes (Endrizzi 1962).

The relationship of

DNA content to chromosome size will give some indication of
the validity of this theory.

A knowledge of the differences

in DNA content between species may be useful in determining
the feasibility of transferring genes from one species to
another on the basis of similarity of DNA content.

The

regression equations of DNA content to nuclear volume and
to cell volume could be used to estimate:

(1) the nuclear

volume, (2) the cell volume, or (3) the DNA content of a
given species if one or two of these characters are already
known.

In their biochemical determination of DNA content,

Katterman and Ergle (1970) assumed that cell size was con
stant in the genus Gossypium.

Knowledge on the range of

7
cell yoluines in the species and differences between species
could be helpful in planning future experiments where cell
volume is a factor.

LITERATURE REVIEW
Factors Affecting Feulgen Cytophotometry
Feulgen cytophotometry is one of the widely used
methods for comparing the relative amounts of DNA in species
of both plants and animals.

This method does not give an

absolute amount of DNA, but rather a relative amount since
it is dependent upon the amount of Feulgen's dye which is
bound to the DNA (Mayall 1967).

In turn the amount of

bound dye is a direct reflection of the amount of DNA
present in the cell of the organism, provided optimal
conditions for dye binding exist.

The relative amounts of

DNA in two or more species can thus be compared by com
paring the amount of dye which binds under optimal condi
tions in each organism.

Optimal conditions for the Feul

gen's reaction are of utmost importance in order to make
the cytophotometric study valid.
Feulgen cytophotometry is a relatively new method
in quantitative cytochemistry and there are a number of
ideas on what the optimal conditions might be to achieve
the best results.

It is relevant to explore some of these

ideas on optimal conditions in this review.

However,

preliminary to a discussion of these conditions is an
8
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understanding of the basics of the Feulgen chemical reaction,
and the basic methods of using a cytophotometer.
Preparation of biological material for staining
by the Feulgen method requires a number of steps.

The

material to be stained is collected and placed in a fixative.
After fixation, the material is taken through several
washes and alcohol baths preparatory to hydrochloric acid
hydrolysis (see "Materials and Methods" section for de
tails). The HCl acid hydrolysis removes the purines from
the DNA, thus exposing the aldehydic functions of the deoxyribofuranose sugars (Deitch 1966).

When Schiff's reagent

is added to this apurinic acid it reacts with the exposed
aldehydes to form the typical red-violet or magenta color
of the Feulgen® s reaction.
The Schiff's reagent is prepared from basic fuchsin
and sulfurous acid.

The basic fuchsin, or triaminotri-

phenylmethane chloride, is converted into a colorless
compound, leucosulfonic acid, by adding sulfurous acid in
the quimoid nucleus of the fuchsin.

Then sulfur dioxide

is added to the leucosulfonic acid to form the Schiff's
reagent.

For more detailed reviews on the Feulgen reaction

the reader is referred to Swift (1953), Leuchtenberger
(1958), Kasten (1960) and Thompson (1966).
Excellent reviews on the basic principles of microspectrophotometry can be found in Leuchtenberger (1958).,

Mendelsohn (1966)f and Atkin (1970).

An integrating micro-

densitometer was employed in this investigation, and there
fore its basic method of obtaining a reading of the amount
of dye bound in the cell will be briefly reviewed.

The

microspectrophotometer employs a microscope to enlarge the
material so that readings are taken from individual cells.
The light source is a 75-watt tungsten filament, and by use
of the Kohler principle the field lens images the lamp
filament in the plane of the substage diaphragm.

The

field stops, which are matched to the objective being used,
are located on a rotating disk.
The specimen is viewed by means of a binocular
viewer which incorporates a retractable prism.

When making

a measurement, the prism is moved out of the way and the
light passes up through one of several fixed stops to a
scanner.

The series of fixed stops are used to close down

around the specimen and isolate it from the rest of the
field so that a single cell can be measured.

After the

light passes through the scanner it falls on a photomultiplier where the intensity is measured.
The scanning mechanism is located at about the
second image plane.

It consists of an aperture formed by

the intersection of two slits which are 0.2 jtim in width.
One slit is located on a plate and is moved across the
field by a cam-operated mechanism.

The other slit traverses
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the length of the first slit by being positioned on a
rotating disk.

The scanning spot travels across the cell

area 90 times, or in other words, makes a series of 90
straight lines.

These lines partially overlap so that the

entire area is read.
The final cell reading is obtained by reading a
clear area next to the cell and subtracting this number from
the reading of the cell.

Both the clear area and the cell

reading should be positive and within the range of the
meter.

This is accomplished by setting the clear reading

close to zero by using a graded neutral filter to control
the amount of light.
With this understanding of the Feulgen reaction and
of the methods involved in cytophotometry a discussion of
some of the factors involved in obtaining optimal conditions
for Feulgen reaction is possible.

Atkin (1970) points out

that the intensity of the Feulgen's reaction depends on a
number of factors, some of which may be difficult or im
possible to control.

Some of the factors involved are the

type of fixative used, the time of hydrolysis, the pH of
the Schiff's reagent and the time of exposure to the
Schiff's reagent.

And in addition Deitch, Wagner and

Richart (1968) advise that even the SC>2 content of the
Schiff reagent or length of time in alcohol, wash or
bleach can have an effect on its intensity, but of decided
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importance are the type of fixative and hydrolysis pro
cedures used (see also Kasten 1960, and Richards 1966).
Most of the above factors affecting the Feulgen reaction
can be controlled by adherence to rigid procedures and
schedules.

However, the choice of fixative and hydrolysis

procedures is of prime concern.
There are a number of different methods of fixation
of biological material, but only a few of these methods
have proven satisfactory for Feulgen cytophotometry.
McLeish and Sunderland (1961) used two different fixatives
in their classic study of cytophotometry of plant cells of
ten different species of dicotyledons and monocotyledons.
They employed both acetic alcohol (1:3) and 4 per cent
neutral formaldehyde as fixatives followed by hydrolysis
in 1 N HC1 at 60° C.

They found under this hydrolysis

condition that fixation of plant materials in formaldehyde
gave results which were reproducible, and that fixation
in acetic alcohol gave results that were not reproducible.
These same species were used by Sunderland and McLeish
(1961) to determine absolute amounts of DNA per cell by
chemical methods in order to test the reliability of their
Feulgen cytophotometry.

In order to compare absolute amounts

of DNA per cell with the amounts of Feulgen stain per cell
they took the DNA and Feulgen values of their standard,
Vicia faba, to be unity and expressed the remaining species

as ratios to this standard.

When, these values were ex

pressed as a ratio no significant differences were observed
between the two methods; and furthermore, there were no
significant differences after fixation in acetic alcohol
or formaldehyde.
Greenwood and Berlyn (196 8) examined the effects
of five fixatives on the intensity of the Feulgen stain.
They used tissue slices from Pinus laiabertiana and in each
case fixation was followed by hydrolysis in 1 N HC1 at
60° C.

The five fixatives tested were:

(1) FAA: formalin,

10; acetic acid, 5; ethanol, 50? I^O, -34; (2) Carnoy's
No. 2: acetic acid, 1; ethanol, 6; chloroform, 3; (3) GRAF
III:

1% chromic acid, 3; 10% acetic acid, 2; formalin,

1; I^O, 4; (4) 10% formalin which had heen adjusted to pH 7
with 1 N NaOH; and (5) 4% glutaraldehyde in a 0.15 .M
phosphate buffer.

They found that Carnoy's fluid gave the

best staining results, but that both it and FAJ\ caused
shrinkage of the cytoplasm and nucleus .

On the other hand

they found that cell morphology was very well preserved
after fixation with GRAF III, glutaraldehyde, and 10%
formalin.

Carnoy's fluid, FAA. and 10% formalin were found

to produce very similar hydrolysis curves, and glutaralde
hyde and GRAF III were found to have depressed absorption
peaks.

It was concluded that FAA., glutaraldehyde and GRAF

III have very serious deficiencies for use in Feulgen
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cytophotometry and that the use of formalin was also
questionable.

Carnoy^s fluid gave the best staining results

and in their estimation was highly superior to the other
four fixatives.
Two types of fixatives were used by Deitch, Wagner
and Richart (1968);

Methanol-formalin-acetic acid (mixed

85:15:5), and 10% neutral buffered formalin.

They obtained

the least variable results and the longest plateau of peak
values in 5N HCl hydrolysis after fixation in 10% neutral
formalin.

Saurer (1969) examined the effect of fixation on

the intensity of the Feulgen reaction using various types
of fixatives,

Hydrolysis was carried out in 6N HCl for 8

minutes at room temperature.

He found that tissues fixed

in acetic alcohol (1:3) had DNA values between 13% and 90%
of those fixed in 4% formalin, and recommended formalin as
the better fixative.

However, it should be pointed out that

his results are questionable because of the short, suboptimal hydrolysis time of 8 min at a high normality.

It

has been shown that at room temperature and high normality
maximal dye binding does not occur until after about 40 min.
hydrolysis (Decosse and Aiello 1966, Deitch, Wagner and
Richart 1968, Fox 1969, and Fand 1970).
Using primary root meristems of Vicia faba, Fox
(1969) examined four fixatives:

(1) 1:3 acetic alcohol;

(2) Carnoy's solution (6 ethanol: 3 chloroform: 1 acetic

acid); (3) modified Fleraming's solution; and (4) 4% neutral
buffered formaldehyde.

He demonstrated that acetic alcohol

gave the least variable results and found no significant
difference in DNA values after fixation ranging between
one day and 13 weeks in acetic alcohol.

This finding was

contrary to Deitch, Wagner and Richart (1968), and he ex~
plained it on the basis that these workers had used room
temperature for 5N hydrolysis which may have a great deal
of variability,

On the other hand he used a constant

temperature of 20° C for the 5N hydrolysis.
Hydrolysis is one of the most important steps in
obtaining optimal dye binding in the Feulgen reaction
(Fox 1969, Decosse and Aiello 1966, Deitch, Wagner and
Richart 1968, Fand 1970).

Hydrolysis is usually carried

out in hydrochloric acid, but different normalities and
temperatures have been used.

Good results have been ob

tained with 1 N HCL at 60° C (for examples see McLeish and
Sunderland 1961, Rees and Walters 1965, Grant 1969, and
Chooi 1971) and this is the conventional method.

However,

in 1954 Itikawa and Ogura recommended that hydrolysis be
carried out at room temperature in 5 N HC1 for reasons of
convenience.

Visually they observed that results were

comparable to hydrolysis in 1 N HC1 at 60° C.

Jordanov

(1963) also made a qualitative study of hydrolysis in 1- N
and 5 N HC1.

He noted that hydrolysis in 5N HC1 resulted
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in a more intense staining and further that the period of
maximal staining extended over a longer period of time than
did hydrolysis in 1 N HCl.
A number of quantitative, cytophotometric studies
have been performed to test the difference between 5 N HCl
hydrolysis at room temperature and 1 N HCl hydrolysis at
60° C.

Decosse and Aiello (1966) used normal human lympho

cytes which had been fixed in a mixture of 85% methyl
alcohol, 10% formalin, and 5% glacial acetic acid.

They

concluded that there was no difference in stain intensity
between the two methods at their optimal hydrolysis times.
However, they observed that hydrolysis in 5 N HCl gave an
interval of 120 minutes of stable peak values as opposed
to a rather brief peak value using 1 N HCl,

Using HeLa

cells, endometrial gland cells and lymphocytes, Deitch,
Wagner and Richart (1968) also found that 5 N HCl hydrolysis
produces a plateau of stable peak values.

In addition,

they showed that Feulgen values may be from 5-30% higher
after 5 N hydrolysis.
Fox (1969) confirmed the value of hydrolysis with
5 N HCl in plant material.

Using an integrating micro-

densitometer he examined the amount of Feulgen staining
in primary root meristems of Vicia faba following fixation
in one of several fixatives and hydrolysis in 1 N HCl at
60° C or 5 N HCl at 20° C.

He found that hydrolysis in
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5 N HC1 at 20° C was superior in that it gave a plateau
of peak Feulgen values from 40 minutes to 80 minutes
(hydrolysis times were not carried fceyond 80 minutes),
and values significantly higher by about 20%.
Fand (1970) examined three aspects of hydrolysis
using human pituitary imprints fixed in alcoholic formalin:
(1) hydrolysis in 1 N HC1 at 60° C vs. 5 N HC1 at room
temperature; (2) 5 1SI hydrolysis at varying times and tem
peratures; and (3) varying acid strength at different tem
peratures and times.

Measurements were made on an inte

grating microdensitometer.

She concluded that 5Ttt hydrolysis

gave maximal staining over a much longer time span and
yielded mean values ranging from 5.2% to 17.5% higher than
1 N hydrolysis.

She also found that hydrolysis at 3.5 N

HCl at 37° C for 15-20 minutes gave maximum DNA values which
were highly reproducible.
Fixation and hydrolysis techniques which produce
a plateau of maximum, stable peak values enables one to
select a hydrolysis time which will be optimal for all
species under study (Fox 1969) and which will give maximum
values that are not subject to error due to small changes
in environmental variables (Fand 19 70).
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Relationship of DNA to Chromosome,
Nuclear and Cell Sizes
The relationship of DNA content to chromosome
length or volume is somewhat complex and is found to vary
in different groups of plants.

There are quite a number

of studies in this area and only a few of these relating
to plants and pertinent to the present study will be re
viewed here,,
A study which is relevant to the one undertaken
here is that by Katterman and Ergle (1970).

They compared

DNA content with relative chromosome size in the genus
Gossypium,

They determined DNA content by the diphenylamine

procedure in three tetraploid species and in 15 diploid
species from the six diploid genomes.

They reported DNA

content in milligrams of DNA per gram of defatted seed
embryos, and made the assumption that one gram of defatted
seed embryos contained the same number of nuclei in all
species examined.

They found that the DNA content increased

as the relative chromosome size increased.
Bhaskaran and Swaminathan (1960) compared DNA
content and chromosome length in a diploid, Triticum
monococcum, an allotetraploid, T. dicoccum, and an allohexaploid, T. aestiyum.

They found that DNA content is

constant per unit chromosome length in this allopolyploid
series of wheat.

Although a positive relationship usually

exists, such an exact linear relationship between DNA
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content and chromosome length as observed in wheat seems
to be more of an exception rather than the rule (Martin and
Shanks 1966, Nirula, Bhaskaran and Swaminathan 1961, Collins,
Legg and Anderson 1970).

This was evident in the studies

by Rothfels et al. (1966) who compared total chromosome
length with DNA content in 22 diploid species of the
Ranunculaceae.

The total chromosome complement length

increased with DNA content but not on a strict linear
basis.

The length seemed to be best related as the 1.5

root of DNA content; however, the reason for this was
unclear.
In addition to the above comparison of DNA content
with chromosome length a number of studies have compared
DNA content with chromosome volume.

Rees et al. (1966)

compared DNA content with chromosome volume in the genus
Lathyrus and the genus Vicia.

It was found that as the

\

total chromosome volume increased so did the DNA content,
although there was not an exact linear relationship.
Similar results were obtained by Jones and Rees (1968)
who found a positive regression between DNA content and
chromosome volume for a number of Allium species.

Baetcke

et al. (1967) found a positive correlation between DNA
content and chromosome volume for 30 species of higher
plants.

Rothfels and Heimburger (1968) examined species

of the Sundew family (droseraceae) for DNA content, and
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did not find a comparable relationship between DNA content
and chromosome size.

They observed a 60 to 80 fold range

of DNA values as compared to a 1000 fold range in chromosome
sizes.
Pegington and Rees (1970) examined DNA content in
relation to chromosome volume and chromosome length using
various diploid, tetraploid, and hexaploid species in the
Triticinae.

They found that DNA content was linearly

related to chromosome volume, but not to chromosome length,
the chromosomes of the hexaploid being shorter than its
diploid and tetraploid ancestors.

They concluded that this

shortening is not a reflection of diminution of DNA content,
but a reflection of reorganization of the chromosomes.

The

Avenae (oats) also show a linear relationship between DNA
content and chromosome volume in its diploid, tetraploid
and hexaploid species (Bullen and Rees 1972).
In general, nuclear size is found to increase with
an increase in DNA content (Sparrow and Miksche 1961,
Van't Hof and Sparrow 1963, and Miksche 1967).

Baetcke

et al. (1967) compared DNA content to nuclear volume as
part of a study to explain the sensitivity of higher plants
to ionizing radiation.

They examined 30 species from a

wide variety of genera of plants from both the monocots
and dicots.

They found a positive correlation between

the DNA content and interphase nuclear volume, but also
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noted some exceptions.

They noted that Helianthus annuus

contained almost three times as much DNA as Gladiolus
sp. HV mansoer and yet the nuclear volume of both was
approximately the same.

Another exception was seen in

Allium cepa and Tradescantia paludosa which both contained
about the same amount of DNA, but the nuclear volume of
T. paludosa was about 1.5 times larger than that of
A. cepa.
Grant (1969) examined euploid taxa of birch with
five levels of increasing chromosome numbers from 28 to 84
and found that as nuclear diameter increased DNA content
increased except for an 84 chromosome species of Betula
papyrifera.

This species had a smaller nuclear diameter

and a greater amount of DNA than the 70 chromosome species
of Betula papyrifera.
Alvarez (1968) examined the relationship of nuclear
size with respect to increased DNA in 2C, 4C, 8C and higher
cells in Vanda sanderiana.

He found that there was a good

correlation up to the 8C levels, but above the 8C level
correlation was very poor.

References comparing DNA content to cell size are
few in number.

However, these articles report a definite

increase in cell sirso with an increase in DNA content.
When cell size is measured in the erythrocytes of birds,
reptiles, amphibia and fish and compared to DNA content in
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these organisms it can be seen that there is an increase
in one with an increase in the other (Vialli 1957, Commoner
1964).

Darlington (1965) reports that as polyploid levels

(i.e., x, 2x, 3x, 4x, etc.) are increased in various plant
species there is also an increase in cell volume.
Polynemic and Uninemic Chromosome Structure
As a general trend, the evolution and increasing
complexity of organisms from lower to higher forms is
accompanied by an increase in the amount of DNA (Holliday
1970, Rees and Jones 19 72) .

However, within many groups of

higher plants and animals a great diversity of amounts of
DNA exists.

One would expect that closely related organisms

with similar morphological characteristics and biological
functions 'would require about the same amount of DNA, but
numerous examples exist which show related species to con
tain widely divergent amounts of DNA.
ferred to as the C-value paradox.

This has been re

McLeish and Sunderland

(1961) found the lupine and lily to show a 60 fold dif
ference in DNA content.

Baetcke et al. (1967) found a 60

fold range of DNA values in the Sundew family and Rothfels
et al. (19 66) found a 40 fold range of DNA values in the
Ranunculaceae.

Other examples of wide ranges can be found

in tables of DNA values such as those contained in Callan
(1972) and Rees and Jones (1972).
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There are two basic hypotheses of the structure of
the chromosome which would account for these wide dif
ferences in DNA Content.

One hypothesis is that the chromo

some is polynemic, or contains a few or many strands (DNA
double helices) which are identical copies.

The other

hypothesis is that the chromosome is uninemic, or consists
of a single strand (DNA double helix), and that the DNA
is duplicated longitudinally.
These two hypotheses have, in essence, become two
"schools of thought," and each school has tried to prove
themselves correct and the other wrong.

The "proofs" for

polyneme and unineme have been the subject of much dis
cussion, and some authors feel that at the present level
of understanding neither hypothesis can be entirely dis
counted (Prescott 1970, Ris and Kubai 1970, and Rees and
Jones 1972).

It has been suggested that some eukaryotes

are uninemic while others are polynemic (Ris and Kubai
1970, and Holliday 1970).

This review will cover the most

often quoted proofs for each side with a short discussion
of each.
The experiments which tend to indicate that the
chromosome is polynemic are:

(1) the occurrence of iso-

labeling in autoradiography of somatic metaphase chromosomes;
(2) light microscopic observation of half-chromatids and
quarter-chromatids; (3) unraveling of the chromosome to
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reveal more than one strand; (4) demonstration that the
chromosome is functionally bipartite; (5) half-chromatid
aberrations produced in pre-S cells; (6) delayed expressions
of effects of incorporated isotopes; (7) orderly series of
DNA increases for related species; and (8) halving DNA
content while maintaining constant chromosome number.
When chromosomes are labeled with tritiated thymidine
and then scored for label in the second postlabeling mi
tosis most of them contain label in only one chromatid.
However, some of these chromosomes contain isolabeling or
label in identical areas of both chromatids.

Isolabeling

has been interpreted to indicate at least two labeled
strands which have separated from each other in these areas
(LaCour and Pelc 1958, Peacock 1963, Darlington and Hague
1969).

Callan (1972) does not find isolabeling to be a

serious threat to unineme because of the lack of sufficient
resolution in whole cell autoradiography.

DuPraw (1968)

believes that isolabeling can be explained in terms of
unineme if the packing of the chromosome is such that
sister chromonemata can lie alongside each other.
Half-chromatids in anaphase chromosomes have been
observed with the light microscope, and these have been
taken to indicate at least a binemic chromosome (Kaufmann
1948, Wolff 1969).

Quarter-chromatids have been observed

in metaphase chromosomes by Gimenez-Martin, Lopez-Saez,
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and Gonzalez-Fernandez (1963).

These observations of half-

chromatids cannot be attributed to an artifact of fixation
since Bajer (1965) has shown them in motion pictures of
living chromosomes.

Electron microscopy, however, has not

revealed any half or quarter-chromatids (Kihlman 1971), but
has revealed structures which might be interpreted as halfchromatids but which do not represent a true subdivision of
the chromatid (Comings and Okada 1970).
Metaphase chromosomes have been treated with various
chemicals to unwind the coils, and this has revealed at
least two strands in each chromatid (Brooke et al. 1962,
Trosko and Wolff 1965, Wolff 1969).

This evidence is taken

to indicate at least a binemic chromosome structure.
Wolff (1969) has interpreted anaphase bridges in
the first postmeiotic mitosis, which were observed by
McClintock (1938), as evidence that the chromatids are
functionally bipartite.

These bridges were presumably the

result of fusion of sister half-chromatids which were broken
at meiotic anaphase.
When chromosomes are irradiated in prophase or early
metaphase, sidearm anaphase bridges are sometimes formed
(Sax and King 1955, Peacock 1961, Fox 1966).

Wolff (1969)

points out that the subunits can be followed into the sidearm bridges, thus showing that there are at least two
chromonemata in the anaphase chromatid.

Comings (1970).
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has shown that these sidearm bridges can also be explained
on the basis of a uninemic chromosome, and Kihlman (1971)
presents evidence that they are really masked chromatid
exchanges.
If pre-S cells are irradiated at the end of

they

are found to produce chromatid aberrations as if they con
sisted of a binemic structure (Wolff and Luippold 1964,
Monesi, Crippa and Zito-Bignami 1967).

Since chromosome

aberrations are produced prior to the end of G^f Wolff
(1969) postulates that chromatid aberrations are not pos
sible until the subunits loosen from one another in prepara
tion for replication.

Prescott (1970) points out that these

results may be incorrect because of the inability to pre
cisely time the start of DNA synthesis at different sites
of the chromosome.
Wolff (1969) cites two examples of delayed expression
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of mutations caused by incorporation of P , and notes that

this would only be possible if the chromosome were func
tionally multistranded.
A polynemic chromosome is suggested in studies in
which the DNA content of closely related species increases
in an orderly series (Martin and Shanks 1966, Rothfels
et al. 1966, and Rothfels and Heimburger 1968).

This series

would be possible if each chromosome were to undergo a
whole strand doubling, tripling, etc.

However, Rees and
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Jones (1972) cite examples where DNA content does not in
crease in an orderly series in closely related species,
and Prescott (1970) believes that these increases could
also be explained on the basis of interstitial additions
such as those found by Keyl (1965).
Holliday (1970) cites an example of treating sea
urchin eggs to prevent DNA synthesis, and then removing
the block to allow them to divide.

This results in nuclei

with half the normal amount of DNA, but with a full comple
ment of chromosomes,

He points out that this would be

difficult to explain if each chromosome were uninemic.
There are also a number of lines of evidence which
tend to indicate that the eukaryotic chromosome is uninemic:
(1) semiconservative distribution of label in chromosomes;
(2) the frequency of twin sister and single sister chromatid
exchanges; (3) analysis of sister chromatid reunions;
(4) kinetics of digestion of lampbrush chromosomes; (5) lon
gitudinal redundant DNA; and (6) radiation sensitivity of
chromosomes,
When tritiated thymidine is incorporated into
chromosomes during DNA synthesis the following raetaphase
shows label in both chromatids, and at the second metaphase
one chromatid is labeled and the other is not (Taylor, Woods,
and Hughes 1957, Walen 1965, and Cave 1966).

The exceptions

to this were discussed under polyneme as isolabeling.

This
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labeling phenomenon indicates a semiconservative distribu
tion of chromosomes and is taken as evidence which indi
cates that the chromosome is probable uninemic (Prescott
1970, Kihlman 1971, Thomas 1971, and Callan 1972).

However,

semiconservative distribution of chromosomes is also com
patible with polynerae if a mechanism exists to separate
ail the old strands from all the new ones (Wolff 1969,
Holliday 1970).
Taylor (1958) found that if chromosomes were
labeled during the S phase, colchicine applied to prevent
segregation, and then allowed to go through another S
phase without label, that tetraploid metaphases could be
scored for the frequency of twin sister and single sister
chromatid exchanges.

If only units which are restricted

by polarity requirements are present, such as is the case
in a DNA double helix, there would be two single sister
chromatid exchanges to one twin sister chromatid exchange.
If polarity did not exist the expected ratio would be 10:1.
Taylor (1958) and Herreros and Gianelli (1967) found this
ratio of 2:1 to exist.

On the other hand Walen (1965)

found a ratio of 4:1 and Wolff (1969) cites an example
where the ratio is 10:1.
Brewen and Peacock (1969) examined the polarity
requirements of chromosomes by an analysis of sister chroma
tid reunions,

Cells were labeled with tritiated thymidine
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during the S-phase and then irradiated to produce isochromatid breaks which could then produce sister chromatid
reunions.

The cells were treated with colchicine, and

allowed to go through another S phase without label.

The

tetraploid metaphase chromosomes which had undergone a
sister chromatid reunion appeared as mirror image dicen
trics,

If there are no polarity requirements one would

expect as many of these dicentrics to show a label switch
in the center of the chromosome as those with no label
switch.

Of the 137 dicentrics

scored, 105 showed no

label switch and the rest were attributed to sister chromatid
exchanges since most of them showed switch points which
were not in the center of the chromosome.

This indicated

that the unit of breakage and reunion was probably a DNA
double helix.
If lampbrush chromosomes are subjected to tryptic
digestion and then viewed with the electron microscope they
show the lateral loop axis to be 20 to 30 A thick and the
interchromomeric axis to be 30 to 50 A thick.

These dimen

sions are the sizes of one and two DNA double helices
respectively (Miller 1965), and thus constitute good evi
dence that the lampbrush chromosome is uninemic.
Gall (1963) examined the lateral loop axis and the
interchromomeric axis of lampbrush chromosomes in the newt
by use of the kinetics of digestion by pancreatic
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deoxyribonuclease.

He found that the lateral loop axis was

broken with two-hit kinetics and the interchromomeric axis
with four-hit kinetics.

This demonstrates that the lateral

loop axis probably consists of a single DNA double helix
and the interchromomeric axis of two such helices.

Wolff

(1969) says that the experiments with lampbrush chromosomes
provide the strongest evidence for unineme but suggests
that perhaps the lampbrush chromosomes represent a reduc
tion in DNA content, and would therefore not be indicative
of the true nature of the eukaryotic chromosome.
When the C-value paradox was discovered, the theory
of polyneme was proposed to explain it and in this way
changes in DNA content could be accounted for by whole
strand doubling (Rothfels et al. 1966, Wolff 1969, Thomas
1971).

Uninemists, on the other hand, maintained that DNA

differences could be explained on the basis of a longi
tudinal redundancy (Holliday 1970, Thomas 1971, Callan
1972).

There is good evidence that DNA differences can be

accounted for by a longitudinal redundancy.

Keyl (1965)

has found that differences in DNA content between two sub
species of the genus Chironomus can be accounted for by DNA
increases in specific bands, and not whole strand doubling.
Britten and Kohne (1968), using DNA reassociation techniques,
discovered that certain segments of eukaryotic chromosomes
are repeated hundreds of thousands of times, while others

are unique or contain about one copy.

Ris and Kubai (1970)

believe that these unique sequences are the best evidence
against polyneme, and Laird (1971) feels that his technique
precludes the possibility of even two identical sequences
in the unique DNA.

Rae (1972) remains somewhat more

cautious about the unique DNA and advises that it possibly
represents one sequence, but more knowledge is needed on the
parameters of DNA reassociation.

Callan (1972), using DNA

fibre autoradiography, has compared the replicon lengths
and DNA replication rates of Xenopus laevis and Triturus
cristatus, two related species.

Triturus cristatus has

about 10 times more DNA than X. laevis, and replicon length
times replication rate indicates that the T, cristatus
genome is 10 times longer than X. laevis.

Callan takes

this as an indirect indication that these chromosomes are
uninemic.

One further type of experiment which indicates

longitudinal redundancy in DNA is pachytene analysis of
hybrids of closely related species.

Loops appear in pachy

tene bivalents and these are taken to indicate that certain
sections of the chromosome are duplicated and do not have an
equivalent region in their homoeologue with which they can
pair (Rees et al. 1966, Jones and Rees 1968, and Rees and
Jones 1972).
It has been found that plants with high DNA values
are much more sensitive to radiation than are those plants

with low DNA values (Sparrow and Evans 1961, Baetche et al.
1967),

Holliday (1970) interprets this to indicate longi

tudinal multiplicity rather than lateral multiplicity
because a single long strand would be more sensitive to
radiation, whereas multistranded chromosomes would be more
resistant since a break in one of these strands probably
would not break the chromosome, and could be repaired.

MATERIALS AND METHODS
Species and Hybrids Examined
Each genome group in the genus Gossypium has a
characteristic chromosome size.

Katterman and Ergle (1970)

report that the C genome has the largest chromosomes,
followed by E and F with chromosomes of near equal size;
then B, A, and finally D with the smallest chromosomes.
The largest chromosomes (C genome) are about two to three
times the size of the D genome chromosomes.

There has been

a need to determine if these differences in chromosome size
represent real differences in DNA content or if they merely
reflect differences in organization (Endrizzi 1962),
The intent of the present study is to examine the
different diploid genomes, the tetraploid group, a haploid,
and two hybrids for differences in DNA content and to relate
this information to general chromosome size, nuclear size
and cell size.

Species selected for study included two

representatives of each diploid genome group, except the
F genome which has only one species, two of the four
tetraploid species, a haploid of the tetraploid G. hirsutum,
an F^ hybrid of G. arboreum (A£) x G. raimondii (D^), and
the doubled derivative of the F^ hybrid, 2(A2D5) (see Table
2 for a listing of species and forms examined).
33

One further
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Table 2.

Analyzed species and forms of the genus Gossypium
and source of material.

Species

Genome

Source of Material

G. hirsutum

2(AD)x

Texas Marker 1

G. barbadense

2(AD)2

Pima strain 3-79

Haploid

(AD)x

AZ357, 6401 Acala
AZ404, Glandless 38-6-A

Hybrid

A2d5

Texas A & M Univ.

Doubled Hybrid

2(A2D5)

North Carolina State Univ

G. herbaceum

2A1

G304

G. arboreum

2A2

Texas 447

G. anomalum

2B1

Texas A & M Univ.

G. triphyllum
G. sturtianum
G. australe

2B2

2C±
2C3

Texas A & M Univ.
Texas A & M Univ.
Texas A & M Univ.

G. bickii

2C4

Texas A & M Univ.

G. thurberi

2D1

Santa Catalina Mt,, Ariz.

G. raimondii
G. stocksii
G. somalense
G. longicalyx

2D5

2E±
2E2
2F1

Texas A & M Univ.
Texas A & M Univ.
Texas A & M Univ.
Texas A & M Univ.
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exception to selecting two representatives from each dip
loid genome group is noted in the C genome.

Three repre

sentatives of this genome group were selected because
Fryxell (1971) has raised the question whether G. bickii
and G, australe belong in the C

genome.

Growth and Care of Plants
The species used for this experiment were grown in
a greenhouse.

The seeds were acid delinted, scarified,

and planted in a soil mixture in six inch clay pots.
plants of each species were grown.

Five

They were watered

daily and fed Rapid Grow fertilizer twice per week.

Root

tips were available in sufficient numbers for study after
about two months.
In Feulgen cytophotometry there are many "variables
which cannot be easily controlled (see "Literature Review"
for a discussion of these variables).

This problem becomes

especially acute when many species are to be compared since
they cannot all be examined at the same time.

Therefore a

control species must be included for comparison each time a
different species is run (McLeish and Sunderland 1961,
Chooi 1971, Iiyama and Grant 1972).

Gossypium herbaceum

var. africanum (2A^) was selected as the control species
and root tips from this species were placed in the same
vial as the species being compared in order to give both
identical treatment.

In a few cases where species had

died or for some other reason had to be replanted, the
control was also replanted so as to have the root tips
from plants of the same age and development.

Collection and Fixation
Randomly selected root tips were collected between
8:00 A.M. and 10:00 A.M. and placed directly into the fixa
tive in a 100 ml, wide mouth, glass jar.

Root tips were

obtained by removing the clay pot and cutting off actively
growing roots.

Root tips of the control species and the

species being tested were placed in the same jar.

The two

sets of tips were made separable by cutting the tested
species two centimeters or longer in length and cutting
those from the control one centimeter or less.

The

fixative consisted of three parts 100% ethyl alcohol to one
part glacial acetic acid.

The root tips were allowed to

fix for one day at room temperature and were then changed to
a new jar of fixative to make them as clean as possible for
proper flattening under the coverslip.
After fixation the root tips were taken through two
changes of 100% ethanol and then through an alcohol series
to distilled water.
Hydrolysis
Hydrolysis is one of the key steps in obtaining
optimal binding of the Feulgen dye.

Fox (1969) obtained
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optimal staining in Vicia faba root tips after fixation in
3:1 acetic alcohol followed by hydrolysis in 5 N HC1 at
20° C.

This procedure gave a hydrolysis curve in which

the maximum Feulgen binding occurred after about 40 minutes
hydrolysis and maintained a plateau of maximum staining
until 80 minutes hydrolysis (hydrolysis times were not
carried beyond 80 minutes).
Gossypium herbaceum var. africanum was tested to
see if it would respond in a similar manner to that re
ported for V. faba by Fox (1969).

Root tips were collected

at random, fixed for one day, hydrolyzed for various times
from 10 minutes to 90 minutes, and stained in Schiff's
reagent for one hour.

Cytophotometric readings were ob

tained from 10 telophase cells on each of four root tips,
or 40 readings for each of the eight hydrolysis times
tested.

The results are shown graphically in Figure 1 as

a hydrolysis curve.

A maximum dye binding first occurred

at about 40 minutes and the plateau of staining was main
tained through the final hydrolysis time of 90 minutes.
When differences between hydrolysis times were tested, the
F test showed significance at the .01 level.

Differences

between hydrolysis times were examined by means of Duncan's
New Multiple-Range Test.

Results showed no statistical

differences at hydrolysis times between 40 and 90 minutes
(Table 3).

An F test was performed to examine differences
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Figure 1.
africanum.

Hydrolysis Curve for G. herbaceum var.

Root tips were fixed in 3:1 acetic alcohol and hydrolyzed
for different lengths of time in 5 N HC1 at 20 C. Each
Feulgen stain value is the mean of 40 cytophotometric
readings taken from telophase cells. Note that a maximum
Feulgen binding first occurs after 40 minutes of hydrolysis,
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Table 3.

Separation of hydrolysis time means by Duncan's
New Multiple Range Test.
Separations based on p >.05. Each Feulgen stain
value is the mean of 40 cytophotometric readings
taken from telophase cells.

Hydrolysis
Time in
Minutes
10
20
30

Feulgen
Stain
Mean
10.650

a
b

13.300

c

16.075

40

d

18.125

50

de

18.350

60

def

18.250

70

defg

18.875

90

defgh

19.450
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with.in each of the eight hydrolysis times and no statistical
differences "were found, indicating that cells in root tips
from different plants of the same species have approxi
mately the same amount of dye bound to the DNA.
Since 70 minutes was a median, optimal time for
hydrolysis, this was selected as the hydrolysis time for
all species.

The temperature was maintained at 20+ .25° C

by placing the root tips in a 100 ml glass jar in a constant
temperature water bath.

A short shaking stage was applied

to the root tips about half way through the hydrolysis
period.
Feulgen Staining
After hydrolysis the roots were washed in distilled
water at 20° C for 60 minutes.

After Feulgen staining

they were taken through three changes of SC>2 water of 10
minutes each and washed thoroughly in distilled water.
Schiff's reagent was prepared by adding one gram
of basic fuchsin (obtained from Pharmaceutical Laboratories,
National Analine Division, Allied Chemical Corporation,
New York, New York) and two grams of sodium metabisulfite
to 200 ral of 0.15 N HC1.

This solution was slowly stirred

in a stoppered flask on a magnetic stirrer until it was
completely dissolved and then allowed to sit overnight in
the dark.

It was then decolorized with one gram activated

charcoal by shaking for exactly one minute and filtering
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through #1 filter paper.
pH of 2,4.

This reagent was found to have a

Schiff's reagent was prepared every four weeks

as needed and stored in the refrigerator in 60 ml, amber
colored, glass-stoppered bottles with almost no air-space.
Slide Preparation for Cytophotometry
After the washing process the root tips were
softened in 5% pectinase for three hours (Miksche 1967,
Grant 1969), thoroughly washed again and then stored in
distilled water until the slides were made, usually no
more than a half hour.

This treatment in pectinase was

necessary to insure adequate dispersion of cells and proper
flattening of nuclei.
When a slide was to be made, a root tip was placed
on a paper towel to remove the excess water.

Approximately

the first half millimeter of root tip was excised with a
spear-shaped dissecting needle and chopped in a small drop
of glycerine on a slide.

The coverslip was immediately

added and allowed to settle for 5 to 10 minutes.

The

slide was then inverted, and pressed on a paper towel to
flatten the cells and remove excess glycerine.

The edges

of the coverslip were sealed with clear fingernail polish.
Since the cytophotometer was not equipped with a crushing
condenser, the nuclei were thoroughly flattened by pressing
all parts of the coverslip with a pencil eraser wrapped in
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lens cleaning tissue.

This method proved to be satis

factory in producing flat, well-dispersed nuclei.
The slides were then assigned a random number be
tween 10 and 99 and randomly arranged so that control
slides could not be distinguished from slides of the species
being compared.
Cytophotometry
It has been recognized for some time that within a
single population, cells with chromosomes in a condensed
state give lower Feulgen-DNA values than in cells with
chromosomes in a less condensed state (Swift 1950, Halkka
1965, Garcia 1970).

It has been shown by Garcia (1970)

that as the chromatin becomes progressively more condensed
the Feulgen-DNA values show a concommitant decrease that may
be on the order of 20% lower.

These results suggest that

if different organisms exhibit different degrees of con
densation of chromosomes their Feulgen-DNA values estimated
at the condensed state would reflect some degree of error
in relation to each other.

For similar results and dis

cussion see Noeske (1971) and Gottlieb-Rosenkrantz and
O'Brien (1971).
There is good reason to believe that the different
genomes of Gossypium may exhibit differential coiling of
their chromosomes (Endrizzi 1962).

Since prophase, meta-

phase, anaphase, and telophase cells would reflect this
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differential coiling, a more accurate comparison would be
obtained for this genus from interphase cells where -the.
chromatin is in a dispersed state.

However, problems exist

in measuring interphase cells because one cannot distin
guish between cells in the G1(2C), S(replication) and
G2(4C) stages,

It was therefore decided to take a popula

tion of cells from which the 2C cells could be separated
by statistical methods.

In order to measure a population

of such cells, two major assumptions were made:

CI) there

are no differences in DNA content in root tips from the
same plant or from different plants of a species, as evi
denced by the tests of G. herbaceum var - africanum and
reported under the "Hydrolysis" section of "Materials and
Methods;" (2) cells undergoing replication occurred in
approximately equal nunibers throughout the experiment and
were not present in such abundance as to skew the 2C dis
tribution from normal.

This assumption appears to be quite

valid as evidenced by the normal distributions of the 2C
curves throughout the experiment.
The cells included in this population were all
interphase-like and selected at random.

An exception to

random selection occurred when some 4C cells were excluded
from measurement when they were found in groups.

In this

case after several cells in a group had been verified
cytophotometrically as AC no further measurements were made
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for this group.

The data showed that this method of selec

tion gives a fairly normal distribution of 2C cells, but a
more irregular distribution of S and G2 cells.

The 2C

distribution was the one of interest however, and this could
be separated from the second distribution by the method of
Bhattacharya (1967),
For each species 75 cells were selected at random
from each of seven root tips, giving a total of 525 cells.
In each case the control consisted of 75 cells from each of
three root tips, giving a total of 225 cells.

Measure

ments were made on a Barr and Stroud Integrating microdensitometer, type GN2, at a wavelength of 560 nm.
Volume Measurements
Root tips were collected in separate wide mouth,
100 ml jars in 3:1, ethyl alcohol, acetic acid fixative and
stained by the Feulgen method as outlined above.

After

staining in Schiff1s reagent the root tips were blotted
on a paper towel and approximately the first half milli
meter was excised and chopped in propiocarmine stain plus
hematoxylin.

This procedure gave nuclei and cells whose

dimensions were measured with little difficulty since the
Feulgen's stain produced very dark nuclei and the propio
carmine stain plus hematoxylin produced a darkened cytoplasm
surrounded by the cell wall.

Before the coverslip was added

a small amount of highly ground, purified sand was added
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to prevent flattening of the cells by the coverslip.

Im

mediately after adding the coverslip the edges were sealed
with parafin by the use of an angled dissecting needle.
Measurements were made on individual cells and nuclei under
a lOOx oil immersion objective by use of a Leitz filar
micrometer fitted to a Leitz Laborlux microscope.

In order

to measure the volumes of nuclei and cells it was assumed
that each approximated the shape of a prolate spheroid,
The formula of a prolate spheroid is 4/3ira b2, where a
and b represent the major and minor semiaxes respectively
(Sunderland and McLeish 1961, Westwood, Batjer and
Billingsley 1967).

RESULTS
Feulgen-DNA Values for all Species
The populations of Feulgen-DNA values for: each of
the 17 species are illustrated as histograms and shown in
Figures 2 to 18.

Each column of a histogram represents an

interval of 2.0 and the Feulgen-DNA values are midpoints
of selected intervals ,

All Feulgen—DNA values in these

figures are unadjusted for the control.
The mean and standard deviation for each species
were obtained from the left-hand section of the lnistogram,
which represents the 2C distribution of Feulgen-DNA values.
The method of separating the left-hand distribution is that
outlined by Bhattacharya (1967).

These are shown in Table 4

as unadjusted Feulgen-DNA means.

The method. of Bhattacharya

(1967) relies on the fact that the normal distribution in
creases logarithmically.

The midpoints (x) of class

intervals (h) are plotted on the abscissa against A logey,
where A logeY is equal to logey(x+h) - logey(x).

This

gives a graph of a straight line with a negative slope
which makes some angle 0 with the abscissa.

The straight

line is fit most closely where the frequency is large-

The

mean is given as the x intercept plus h/2 , and the -variance
is given by tdh cot0/b) - (h 2/12) , where d and b denote the
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Histogram of Feulgen-DNA Values of

The histogram represents a total of 525 cytophotometric
readings from seven randomly selected root tips, The
unadjusted 2C mean is 19.12 + 2.35.
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The histogram represents a total of 525 cytophotometric
readings from seven randomly selected root tips. The
unadjusted 2C mean is 13.54 ± 1.90.
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G. stocksii, 2E^.

Histogram of Feulgen-DNA Values of

The histogram represents a total of 525 cytophotometric
readings from seven randomly selected root tips. The
unadjusted 2C mean is 19.27 ± 2.58,
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Histogram of Feulgen-DNA Values of

The histogram represents a total of 525 cytophotometric
readings from seven randomly selected root tips. The
unadjusted 2C mean is 16.80 ± 2.58.
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Table 4.

Feulgen-DNA values of 2C cells of 17 species and
forms of Gossypium.

Species

Unadjusted
Feulgen-DNA
Genome ' Mean

G. hirsutum

2(AD)x

27.29

26.83

3.31

G. barbadense

2(AD)2

27.61

26.56

4.01

(AD)x

16.84

18.55

2.24

14.96

13.35

2.05

2(A2D5)

26.93

26.97

2.51

G. herbaceum

2A1

19.78

18.00

2.78

G. arboreum

2A2

16.89

19.32

2.90

G. anomalum

2B1

14.83

14.46

2.53

16.65

13.29

2.62

Haploid
Hybrid
Doubled Hybrid

G. triphyllum

A2D5

2B2

Adjusted
Feulgen-DNA
Mean

Standard
Deviation

G. sturtianum

2C±

23.86

21.45

2.28

G. australe

2C3

21.43

20.61

2.59

G. bickii

2C4

19.12

18.83

2.35

G. thurberi

2D1

13.54

11.52

1.90

9.63

10.38

2.23

19.27

21.46

2.58

16.80

15.02

2.58

13.83

14.31

2.31

G. raimondii
G. stocksii
G. somalense
G. longicalyx

2D5

2E±
2E2
2F1

65

relative scales for A logey and x respectively, and h is
the class interval.
For these data A logey was determined for each mid
point value and these points were then used to fit a line
by least squares.

Each point was weighted according to

its frequency, f, by plotting it as f number of points.
In addition to the unadjusted Feulgen-DNA means,
Table 4 shows also the adjusted Feulgen-DNA means for all
species.

The standard deviation is the same for the ad

justed and unadjusted means of each species.

The approxi

mate mean value of all control means was 18, and therefore
all controls were given the arbitrary mean value of 18.00.
The value of each species was adjusted the same amount as
its control by determining

A X as X of the species minus

X of the control and adding this value to 18.00.

The

Feulgen-DNA means are adjusted to their control on the
assumption that both the species mean and control mean are
affected to the same degree and in the same direction by
uncontrollable variables such as different Feulgen batches,
etc.

This is discussed in the "Literature Review" under

"Factors Affecting Feulgen Cytophotometry," and in the
"Materials and Methods" section under "Growth and Care of
Plants.11
Table 5 shows the unadjusted means and their
standard deviations of the control species, G. herbaceum

Table 5-

Separation of G. herbaceum var. africanum means
Scheffe's test at the .01 confidence level.

idy

Genome which
was run with
Control

Unadjusted
Feulgen-DNA
Mean

Standard
Deviation

2B2

a

21.36

2.04

2C2

ab

20.41

1.90

H
*cO

abc

20.02

2.42

bed

19.78

2.78

(A2D5)

bede

19.61

2.26

2(AD)2

bedef

19.06

3.22

18.82

1.96

ro
O
bJ

2E2

cdefg

2(AD)x

efgh

18.46

2.37

2B:l

efgh.i

18.37

2.27

efghij

18.29

1.78

fghijk

17,96

1.75

fghijkl

17.53

2.50

17.25

1.79

16.29

3.31

15.81

2.01

15.58

2.73

2C4

2(A2D5)
2F1

2D5
(AD)J_
2E1
2A2

hijklm
lmn
mno
nop

var. africanum.

In effect, this represents 16 different

replications of the control over different Feulgen batches,
5N HC1 batches, fixative batches, etc.

A measure of the

variance of these control means can then be assumed to be
an estimator of the treatment variance of all species had
they been replicated a like number of times.
The separations of the adjusted Feulgen-DNA means
of all species are presented in Table 6 and are based on
pair-wise comparisons using the least significant dif
ference or LSD test at the .01 confidence level.

The z

value for the LSD test was computed under the assumption
that the variance between control means is an accurate
indicator of the treatment variance of the uncontrollable
variables mentioned above.
(*1

" *cl>

_

*2 " *c2>

/ 'V1

are the control means, and
and ^2

are

The z value was computed as
+ 4V2' Where

and

*cl

ana

*c2

are the means, and

the variances of the two species under com

parison.
Nuclear and Cell Volume Measurements
Table 7 and Table 8 show the means, standard devia
tions and ranges of the 17 species for the measurements of
nuclear volume and cell volume respectively.

Each mean is

taken from 40 measurements made from two different plants.
The measurements from each plant consisted of five readings
from each of four different root tips.

The standard

68

Table 6.

Separation of adjusted Feulgen-DNA means based
on pair-wise comparisons using the LSD test at
the .01 confidence level.

Adjusted
• Feulgen-DNA
Means

Species

Genome

Doubled Hybrid

2(A2D5)

a

26.97

G. hirsutum

2(AD^

ab

26.83

G. barbadense

2(AD)2

abc

26.56

G. stocksii

2E2

d

21.46

G. sturtianum

2C2

de

21.45

def

20.61

G. australe

2C3

G. arboreum

2A2

fg

19.32

G, bickii

2C4

fgh

18,83

(AD)X

ghi

18.55

G. herbaceum

2A^

ghij

18.00

G. somalense

2E2

k

15.02

G. anomalum

2B1

kl

14.46

klm

14.31

Haploid

G. longicalyx
Hybrid
G. triphyllum
G. thurberi
G. raimondii

2F1
A2D5
2B2

2D^
2D5

lmn

13.35

lrano

13.29

P

11.52

pq

10.38
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Table 7.

Nuclear volume measurements of 17 species and
forms of the genus Gossypium.

Mean
(Xl0~^cm3)

Standard
Deviation
(X10~7cm3)

Range
(Xl0_7cm3)

Species

Genome

G. hirsutum

2(AD)X

11.28

4.98

3.56-28.2

G. barbadense

2(AD)2

10.07

4.76

4.73-30.14

Haploid

(AD)2

6.84

2.82

3.35-16.00

Hybrid

A2D5

5.43

3.44

1.39-20.66

Doubled Hybrid

2(A2D5)

7.05

2.90

3.53-16.02

G. herbaceum

2A1

6.75

3.07

2.25-14.83

G. arboreum

2A2

4.65

1.30

2.88-7.89

G. anomalum

2B1

5.26

2.35

1.92-14.83

G. triphyllum

2B2

7.03

2.14

3.10-12.54

G. sturtianum

2C±

9.54

3.35

4.98-17.99

G. australe

2C3

7.04

2.37

3.41-13.39

G. bickii

2C4

10.03

3.14

4.84-18.23

G. thurberi

2D2

5.57

2.10

2.97-13.82

G. raimondii

2D5

6.38

3.60

2.67-19.73

G. stocksii

2E1

10.07

4.38

2.53-19.61

G. somalense

2E2

6.10

2.77

2.54-17.56

G. longicalyx

2F1

7.00

3.45

3.14-16.36
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Table 8.

Cell volume measurements of 17 species and for^is
of the genus Gossypium.

Genome

G. hirsutum

2(AD)X

50

G. barbadense

2(AD)2

Haploid

(AD)2

Doubled Hybrid
G. herbaceum

A2D5

2(A2D5)
2A1

17.45

25.73-109.01

36.60

13.39

19.78- 84.79

36.56

14.78

13.85- 81.73

22.48

11.77

8.62- 59.16

39.97

15.81

19.80-103.50

32.52

13.64

10.77- 48.97

•

Hybrid

Range
(X10~'cm3)

o
o

Species

Mean__
(X10
cm^)

Standard
Deviation _
(X10
cm^)

G. arboreum

2A2

26.18

9.46

10.77- 58.87

G. anomalurn

2B1

28.26

10.37

5.06- 44.39

32.32

10.90

16.21- 52.61

51.30

29.90

16.87-188.37

31.42

11.58

15.42- 63.55

G. triphyllum
G. sturtianum
G. australe

2B2

2C±
2C3

G. bickii

2C4

42.29

19.13

22.44-124.34

G. thurberi

2D1

25.16

6.48

13.00- 40.07

31.37

11.66

11.40- 54.61

42.08

16.06

10.42- 80.37

26.84

8.41

11.38- 48.77

36.71

13.30

12.63- 64.34

G. raimondii
G. stocksii
G. somalense
G. longicalyx

2D5

2E1
2E2
2F1
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deviations and ranges are given so that a comparison can
be made of the variation in each species.
Table 9 shows the separation of nuclear volume means
at the .05 confidence level by Student-Newman-Keuls' test,
and Table 10 shows the separation of cell volume means at
the .05 confidence level by the same test.
The correlation of nuclear volume with cell volume
for ..each individual species and over all species was per
formed and is reported in Table 11.

The levels of sig

nificance and mean nuclear and cell volume measurements
are also shown.

This correlation for individual species

is possible because each time a measurement was made of a
prophase nucleus, the cell surrounding the nucleus was
measured and recorded as a cell measurement for the species.
Figure 19 shows the nuclear volume plotted as the independent
variable against the cell volume, with a regression line
fitted to the data.
Relationships of DNA with Nuclear and Cell Volumes
Table 12 shows the Feulgen-DNA values with nuclear
volume measurements and cell volume measurements.

The

table has the Feulgen-DNA values arranged in descending order
so that the relationship of DNA to nuclear and cell volumes
can be more readily seen.

DNA is plotted as the independent

variable against nuclear volume in Figure 20.

DNA is also
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Table 9.

Separation of nuclear volume means by StudentNewman-Keuls' Test at the .05 confidence level.

Mean

Species

Genome

G. hirsutum

2(AD)^

a

11.28

G. barbadense

2(AD)2

ab

10.07

G. stocksii

2E2

ab

10.07

G. bickii

2C,
4

ab

10.03

G. sturtianum

2c1

ab

9.54

Doubled Hybrid

2(A2D5)

ab

7.05

G. australe

2C3

ab

7.04

ab

7.04

ab

7.00

G. triphyllum
G. longicalyx

2B2
2F1

Haploid

(AD)x

ab

6.84

G. herbaceum

2h1

ab

6.75

G. raimondii

2DC
o

ab

6.38

G. somalense

2e2

ab

6.10

G. thurberi

2d±

ab

5.57

Hybrid

a2d5

ab

5.43

G. anomalum

2b1

ab

5.26

G. arboreum

2a2

b

4.65
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Table 10.

Separation of cell volume means by StudentNewman-Keuls1 test at the .05 confidence level.

Species

Genome

G. sturtianum

2C±

a

51.30

G. hirsutum

2(AD^

ab

50.00

G. bickii

2C4

abc

42.29

G. stocksii

2E1

abc

42.08

Doubled Hybrid

2(A2d5)

abc

39.97

abc

36.71

G. longicalyx

2F1

Mean

G. barbadense

2(AD)2

abc

36.60

Haploid

(AD)x

abc

36.56

G. herbaceum

2Aa

abc

32.52

abc

32.32

G. triphyllum

2B2

G. australe

2C3

be

31.42

G. raimondii

2D5

be

31.37

G. anomalum

2B1

c

28.26

G. somalense

2E2

c

26.84

G. arboreum

2A2

c

26.18

G. thurberi

2D1

c

25.16

c

22.48

Hybrid

A2D5

74
Table 11.

Correlation of nuclear volume with cell volume
for individual species, and over all species.
Correlation coefficients were tested by a t
test. The .05 confidence level is indicated
by *, and the .01 confidence level is indicated
by **.

Nuclear
Volume
(X10~7cm3)

Cell
Volume
(Xl0~^cm^)

Correlation
Coefficient

Species

Genome

G. hirsutum

2(AD)x

11.28

50.00

.606**

G. barbadense

2(AD)2

10.07

36.60

.870**

Haploid

(AD)1

6.84

36.56

.817**

5.43

22.48

.817**

Hybrid

A2D5

Doubled Hybrid

2(A2D5)

7.05

39.97

.455*

G. herbaceum

2A1

6.75

32.52

.794**

G. arboreum

2A2

4.65

26.18

.631**

G. anomalum

2B1

5.26

28.26

.586**

7.03

32.32

.308

G. triphyllum

2B2

G. sturtianum

2C±

9.54

51.50

.492*

G. australe

2C3

7.04

31.42

.385*

G. bickii

2C4

10.03

42.29

.597**

G. thurberi

2D±

5.57

25.16

.543**

6.38

31.37

.549**

G. raimondii

2D5

G. stocksii

2EX

10.07

42.08

.643**

G. somalense

2E2

6.10

26.84

.582**

7.00

36.71

.745**

G. longicalyx
Over all species

2F1

.659**
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Figure 19. Nuclear Volume Means and Cell Means for
the 17 Representative Species and Forms of the Genus
Gossypiura.
A regression line is fitted to the points, and the regres
sion equation is Y = 8.0855 + 3.6054 X.
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Table 12.

Feulgen-DNA values, nuclear volume measure
ments, and cell volume measurements for 17
species and forms of Gossypium.

Adjusted
Feulgen-DNA
Value

Nuclear
Volume
(X10~^cm3)

Cell
Volume
(X10~7cm3)

Species

Genome

Doubled Hybrid

2(A2D5)

26.97

7.05

39.97

G. hirsutum

2(AD)x

26.83

11.28

50.00

G. barbadense

2(AD)2

26.56

10.07

36.60

21.46

10.07

42.08

G. stocksii

2E!

G. sturtianum

2CX

21.45

9.54

51.30

G. australe

2C3

20.61

7.04

31.42

G. arboreum

2A2

19.32

4.65

26.18

G. bickii

2C4

18.83

10.03

42.29

Haploid

(AD)x

18.55

6.84

36.56

G. herbaceum

2A1

18.00

6.75

32.52

15.02

6.10

26.84

14.46

5.26

28.26

14.31

7.00

36.71

13.35

5.43

22.48

13.29

7.03

32.32

11.52

5.57

25.16

10.38

6.38

31.37

G. somalense
G. anomalum
G. longicalyx
Hybrid
G. triphyllum
G. thurberi
G. raimondii

2E2

2Bl
2F1
A2D5
2B2

2D]_
2D5

12.0-1
1.0-

e 10.0-
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Figure 20. Feulgen-DNA Means and Nuclear Volume
Means for the 17 Representative Species and Forms of the
Genus Gossypium.
A regression line is fitted to the points, and the re
gression equation is Y = 2.8193 + .2514 X.

plotted as the independent variable against cell volvane
in Figure 21.
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Figure 21. Feulgen-DNA Means and Cell Volume Means
for the 17 Representative Species and Forms of the Genus
Gossypium.
A regression line is fitted to the points, and the regres
sion equation is Y = 15.7208 + 1.0447 X.

DISCUSSION
DNA Content in the Genus Gossypium
The relative DNA content of the different genomes
is given in Table 6.

The relative DNA values range from a

high of 26.83 in the tetraploid species, G. hirsutum, to a
low of 10.38 in the diploid species, G. raimondii.

This

represents more than a two fold difference in DNA values.
Within the diploid genomes, G. stocksii has the highest
relative DNA content with 21.46 and G. raimondii the lowest
with 10.38, which is a two fold difference.
A comparison of intragenomic values reveals that
the DNA content of species within a genome group, with one
major exception, are very similar.
The intergenomic comparisons can also be seen from
Table 6.

The A genome species have similar amounts of DNA

and are not significantly different from each other.

The

same is true for both the B genome and the D genome species.
In the C genome species, G. sturtianum (2C^) is not sig
nificantly different from G. australe (20^), and G.
australe is not significantly different from G. bickii
(2C^), but G. sturtianum is significantly different from
G. bickii.

This suggests, that as a group, these three

C genome species are quite similar in DNA content.
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The
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two E genome species show a wider divergence of DNA content
than any of the other genomes, and are significantly dif
ferent from each other.

Gossypium stocksii (2E-^) has

about 1.4 times as much DNA as G. somalense (2E2)•

Since

there is only one F genome species no comparison is pos
sible in this genome.
An intergenomic comparison is also possible for
most of the genomes because of the similarity of DNA con
tent within genomes.

The exception to this similarity is

in the E genome where the two species have a wide divergence
of DNA content.

With this point in mind, the relative DNA

content of each genome can be illustrated as a mean of the
species within the genome groups.

The C genome would have

the highest value with a mean of 20.30, followed by the
A genome with a mean of 18.66, the E genome with a mean of
18.24, the F genome with a mean of 14.31, the B genome
with a mean of 13.88, and the D genome with a mean of 10.95.
The comparison of G. hirsutum and its haploid is
also possible.

G. hirsutum has a relative DNA content of

26.83, and its haploid has a relative DNA content of 18.55,
or a ratio of 1:1.4.

The haploid plants used in this ex

periment have been analyzed cytologically and each contains
the expected number of 26 chromosomes.

The 1:1.4 ratio

observed is a discrepancy since a 1:2 relationship should
exist.

At the present time no suitable explanation can
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be giyen.

This discrepancy cannot be resolved without

further experimentation where the two sets of plants would
be run together, one as the control for the other.

This

further test was not possible in the present experiment
since plants had been discarded before this relationship
was noted.

To avoid imposing personal bias on the experi

ment, "expected" relationships were not examined until the
means had been determined by use of the computer.
When the

hybrid,

*~s

comPare<^

to its doubled

derivative, 2{A^D^), the 2:1 relationship is very evident.
The doubled hybrid has 2.04 times as much DNA as the F^
hybrid.

When the means of G. arboreum (2A2) and (3.

raimondii (2D,-) are added, a value of 29.60 is obtained,
and half this value is 14.85.

These values are quite close

to the mean values of 26.97 and 13.35 obtained for the
2(A2D^) hybrid and the A2D^ hybrid respectively.
DNA Content and Relative Chromosome
Size of the Diploid Genomes
There are no published measurements of the chromo
some sizes of the diploid species of Gossypium, so a precise
comparison between DNA content and chromosome size cannot be
made.

However, the relative chromosome sizes of the diploid

genomes which are based on visual observations by cotton
cytologists and reported by Katterman and Ergle (1970) can
be used as a guide for a general comparison.

In this
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relative classification the C genome is considered as having
"very large chromosomes," the E, F, and B genomes as having
"large chromosomes," the A genomes as having "moderately
large chromosomes," and the D genome as having "small
chromosomes,"

Most of the information -they report is made

in comparison to the A genome.
The C genome is considered to have very large
chromosomes, and this is reflected to a large extent in
relative DNA content (see Table 6).

They have the highest

Feulgen-DNA average of the five genomes ,

However, G,

stocksii, a species from the E genome which is considered
to have large chromosomes, has a higher mean value than any
of the C genome species, though not significantly different
than the two highest C genome species.

The A species are

considered to have moderately large chromosomes.

One of

the A genome species, G. arboreum, has a higher DNA content
than one of the C genome species, G, bickii, but is not
significantly different from it.
The E genome species have chromosomes which are
considered large, slightly larger than A genome species,
Gossypium stocksii (2E^) has a higher DNA content than either
of the A genome species, and is significantly different from
them.

However, G, somalense (2E2) has significantly less

DNA than either of the A species.
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The F genome species is considered to have large
chromosomes / slightly larger than the A genome species.
The relative chromosome size is poorly reflected in the DNA
content of this species because it has less DNA than either
of the A genome species, and is significantly different
from them,
The B genome species are considered to have large
chromosomes , some slightly larger than those of the A
genome species.

Of the two B genome species selected for

this experiment both have less DNA content than the two A
species and are significantly different from either A
species,
The D genome species have small chromosomes, and
this is reflected in the DNA content of the two D genome
species selected for this experiment.

These two species

have less DNA than any of the other species and are sig
nificantly different from them, though not different from
each other.
When all the species in the genus are examined it
may be found that there is even a wider range of DNA values
within some genome groups,

In addition to the species

examined, the B genome group has two additional species,
the C genome group 7, the D genome group 8, and the E
genome group has two additional species.
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There is variation of DNA content within a genome
group, and some of the genome groups overlap each other in
DNA content.

However, this may be an indication that a

single category of chromosome size for each genome group
is insufficient.

To resolve this question, quantitative

measurements of chromosome length and volume are needed.
It can be seen in Table 6 that chromosome size is
related to DNA content in the genus Gossypium.

This in

dicates that differences in chromosome size can be accounted
for by differences in DNA content.

Therefore, the pro

posal by Endrizzi (1962) that differences in chromosome
size in the genus Gossypium are due to differential con
densation of chromosomes in untenable.

However, exact

measurements of chromosome length and volume are needed
to rule out the possibility that some degree of differential
condensation may occur.
Nuclear Volume and Cell Volume
in the Genus Gossypium
Table 7 shows the nuclear volume measurements and
Table 8 shows the cell volume measurements for the 17
species and forms of the genus Gossypium.

It is evident

that the prophase nuclear and cell volumes can exhibit
variation within the same species.

Gossypium arboreum

(2A2) has the least amount of variation in nuclear volume
as evidenced by its small standard deviation and its small
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range.

On the other hand, such species as G. hirsutum

[2(AD)^] and G. barbadense [2(AD)2] have a large standard
deviation and a large range in nuclear volume.

In cell

volume measurements G. thurberi (2D^) has the smallest
standard deviation and one of the smallest ranges, and G.
sturtianum (2C-^) has the largest standard deviation and
range.
When nuclear volume differences between species
were tested by an F test they were found to be significant
at the .05 confidence level.

Table 9 shows the separation

of nuclear volume means, and it can be seen that only the
largest mean, G. hirsutum [2(AD)^], is different from the
smallest mean, G, arboreum (2A2).
Cell volume was also tested between species by
means of an F test, which showed significance at the .01
confidence level.

As shown in the separation of means in

Table 10 only the two largest means of G. sturtianum (2C^)
and G. hirsutum [2(AD)^J are significantly different from
any means smaller than them.
Table 11 shows the correlation coefficients for
nuclear and cell volumes of the 17 species and forms of
the genus Gossypium.

All species and forms show a signifi

cant correlation except G. triphyllum (2B2)•

Since all the

other species and forms show a significant correlation it
is assumed that G. triphyllum may also have a significant
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correlation, but the number of observations is too low to
test its somewhat low correlation coefficient.

The means

of cell and nuclear volumes for the 17 species and forms
are plotted in Figure 19 to give a visual demonstration of
the relationship of these two characters.
DNA Content and Nuclear and Cell Volumes
in the Genus Gossypium
It is not possible to determine if DNA content is
correlated with individual measurements of nuclear volume
or cell volume in the present study because DNA was de
termined independently of the other two characters.

How

ever, a correlation coefficient can be determined for the
means of Feulgen-DNA content with nuclear and cell volume
of the 17 species and forms.

The correlation coefficient

for DNA content and nuclear volume is .660 and for DNA
content and cell volume is .660, and both are significant
at the .01 confidence level.

Table 12 shows the Feulgen-

DNA means listed in descending order with the corresponding
nuclear volume means and cell volume means.

Figures 20

and 21 show these means plotted as points on a graph with
a regression equation fitted to the points for DNA content
with nuclear volume and DNA content with cell volume
respectively.
If it is assumed that nuclear volume is a function
of DNA content, a regression equation can be determined.
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This assumption says that if you have an increase in DNA,
which is within the nucleus, then the nucleus must also
increase in size.

The same assumption can be made for DNA

content and cell volume to obtain the regression equation
for these two characters.
Such regression equations can be used to predict
the expected nuclear volume or cell volume with a given
amount of DNA.

Another use of these regression equations

is to obtain the deviations of the expected values of
nuclear volume and cell volume.

This gives an indication

of which species have the greatest deviation from a linear
increase of nuclear volume or cell volume with DNA content.
Table 13 shows these predicted nuclear volumes for
each species, and the amount of deviation from the pre
dicted volumes.

Most of the species and forms do not de

viate too far from the predicted values, but some species
such as G. arboreum (2A2) and the doubled hybrid show a
smaller nuclear volume than would be expected, and such
species as G. hirsutum [2(AD)^] and G. bickii (2C^) show a
larger volume than would be expected.
The predicted cell volumes and deviations from
these predicted volumes are shown in Table 14.

Most species

and forms show a fairly consistent range of deviations
between about 2 and 7.

However, G. arboreum (2A2) shows a

much smaller cell volume than would be expected, and
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Table 13.

The predicted nuclear volume as a function of
DNA content.
The predicted nuclear volumes are obtained from
the regression equation Y = 2.8193 + .2514 X,
where Y is nuclear volume and X is Feulgen-DNA
content.

Measured
Nuclear
Volume
(Xl0~7cm3)

Predicted
Nuclear
Volume
(X10 7cm3)

Deviation
from
Predicted
Means

Species

Genome

G. hirsutum

2(AD)1

11.28

9.57

+ 1.71

G. barbadense

2(AD)2

10.07

9.50

+

.57

Haploid

(AD)x

6.84

7.48

-

.64

5.43

6.18

-

.75

Hybrid

A2D5

Doubled Hybrid

2(A2D5)

7.05

9.60

-

2.55

G. herbaceum

2A2

6.75

7.35

-

.60

G. arboreum

2A2

4.65

7.68

-

3.03

G. anomalum

2BX

5.26

6.46

-

1.20

7.03

6.16

+

.87

9.54

8.21

+ 1.33

7.04

8.00

-

G. triphyllum
G. sturtianum
G. australe

2B2

2C±
2C3

.96

G. bickii

2C4

10.03

7.55

+ 2.48

G. thurberi

2D^

5.57

5.72

-

.15

6.38

5.43

+

.95

G. raimondii

2D5

G. stocksii

2E1

10.07

8.22

+ 1.85

G. somalense

2E2

6.10

6.60

-

.50

7.00

6.42

+

.58

G. longicalyx

2F1
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Table 14.

The predicted cell volume as a function of DNA
content.
The predicted cell volumes are obtained from the
regression equation Y = 15.7208 + 1.0447 X, where
Y is cell volume and X is Feulgen—DNA content.

Measured
Cell
Volume
(X10~^cm^)

Predicted
Cell
Volume
(X10~'cm.-3)

Deviation
from

Species

Genome

G. hirsutum

2{AD)1

50. 00

43.75

+ 6.25

G. barbadense

2(AD)2

36. 60

43.47

-

36. 56

35.10

+ 1.46

22.48

29.67

-

7.19

Haploid
Hybrid

(ad) 2
A2D5

Means

6.87

Doubled Hybrid

2(A2D5)

39.97

43.90

—

3.93

G. herbaceum

2Al

32.52

34.52

—

2.00

G. arboreum

2A2

26.18

35.90

—

9.72

G. anomalum

2B1

28.26

30.83

-

2.57

32.32

29.60

+ 2.72

51.30

38.13

+13.17

31. 42

37.25

—

G. triphyllum
G. sturtianum
G. australe

2B2

2CX
2C3

5.83

G. bickii

2C4

42. 29

35.39

+ 6.90

G. thurberi

2DX

25.16

27.75

-

G. raimondii

2D,.
z>

31. 37

26.56

+ 4.81

G. stocksii

2e x

42.08

38.14

+ 3.94

G. somalense

2E2

26. 84

31.41

—

36.71

30.67

+ 6.04

G. longicalyx

2f1

2,59

4.57
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G. sturtianum (2^) shows a much larger cell volume than
would be expected.
DNA Content and Chromosome Structure
in the Genus Gossypium
At the present state of knowledge neither polyneme
nor unineme can be proven as the sole mechanism of DNA
increase or decrease.

This point has been demonstra.ted in

the "Literature Review" under "Polynemic and Uxiinemic
Chromosome Structure."
both theories.

There is very good evidence for

Most of the evidence for polyneme and uni

neme is indirect.

However, unineme is emerging as the

better alternative to explain increases in DNA (Holliday
1970, Ris and Kubai 1970, Prescott 1970, Kihlman 1971,
Thomas 1971, Rees and Jones 1972 , Callan 1972) The direct evidence of Miller (19 65) that the
lampbrush chromosome of the newt is uninemic and the evi
dence of a linear redundancy presented under "Polynemic
and Uninemic Chromosome Structure" constitute some of the
best evidence that the chromosome is uninemic and that
increases in DNA are best accounted for as longitudinal
increases rather than as lateral increases.
In the genus Gossypium there is no indication of
DNA increases by whole strand doubling since the DNA con
tent of the species does not fall into an orderly series
of increases.

In fact, the diploid species cover a full

range of DNA values.

In light of the above information

this range of DNA values is best explained as a reflection
of longitudinal increase in DNA content.

SUMMARY
The relative DNA content was determined cytophotometrically for two tetraploid species, 12 diploid species,
a haploid and two hybrids of the genus Gossypium.

Gossy-

pium herbaceum var. africanum was used as a control for each
species and form.

Root tips were collected in 1:3 acetic

alcohol, hydrolyzed in 5 N HC1 at constant temperature and
stained in Schiff's reagent.

A population of 525 cells was

measured cytophotometrically for each species or form.
The mean and standard deviation of the 2C distribution of
cells were determined by statistical methods and the mean
was adjusted to the control.

The relative DNA content in

the genus Gossypium ranges from a high of 26.97 in the
doubled hybrid [2(A2D^)] to a low of 10.38 in G. raimondii
(2D^).

Of the diploid genome groups, the C genome has the

highest average value, followed by A, E, F, B, and D.
DNA content and relative chromosome size were found
to be positively related in the diploid genomes.

The F

genome species was an exception in that it is reported to
have large chromosomes, but did not reflect this in its
DNA content.

It was found that there is a variation in

DNA content within a genome group, and some genome groups
were found to overlap each other in DNA content.
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Nuclear and cell volumes were measured for the 17
species and forms.

A positive correlation between nuclear

volume and cell volume was found for each species and form.
With the exception of G. triphyllum (2B2), all correlation
coefficients for the species and forms were statistically
significant.

It was postulated that the correlation coef

ficient of G, triphyllum would also be significant with a
larger sample.
DNA content was found to be positively correlated
with nuclear volume and cell volume for the 17 species and
forms of Gossypium.

Regression equations were obtained

for DNA content and nuclear volume, and for DNA content
and cell volume.

These regression equations were used to

determine the deviations of the species or forms from the
regression line.
It has not been firmly established whether the
eukaryotic chromosome is uninemic or polynemic in structure.
However, unineme is emerging as the better alternative.
On this basis, it was postulated that a longitudinal in
crease in DNA could account for DNA differences in the
diploid species of Gossypium.
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