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Abstract. The ascending genome size in Gossypium is assumed to be D, A, B, E
and F, and C. Feulgen cytophotometry revealed that mean value of DNA content
for each genome was D=10.95, B=13.88, F=14.31, E=18.24, A =18.66, and
C=20.30, and that there is a close relationship of genomic chromosome size and
DNA content. Evidence suggests that the five genomes with large chromosomes
arose from a D genome-like progenetor by large scale, saltatory replication of
repetitive DNA distributed uniformly through the ancestral genome. Corresponding
adjustment in recombination units did not accompany the two-fold divergence in
DNA value of the two homoeologous A and D genomes in the allotetraploid species.
(Summary see p. 323.)

Introduction

Thirty-two diploid species (2n =2x =26) and five tetraploid species
{2n=4x=>52) are currently recognized in the genus Gossypium. On the
basis of cytotaxonomic relationships, the diploid species have been
classified into six genome groups which have been designated A through
F (Beasley, 1942; Phillips and Strickland, 1966). The tetraploid species
are made up of two genome groups, the A and the D.

Measurements of the total complement of somatic chromosomes have
been reported in only two species, the amphidiploid G. barbadense (A,
and D), genomes) and the diploid G. arboreum (A, genome) (Skovsted,
1934). He reported the average size of the chromosomes of the D}, genome
to be 1.25 . and of the Ay, genome to be 2.25 1. From his measurements
of the 26 chromosomes of G. arboreum, we calculated an average length
of 2.61 y for this A genome species. The approximate 1:2 relationship
for the D and A genome chromosomes is evident in the haploid of G,
hirsutum (Fig. 1) and in the F;A,D; hybrid (Fig. 2). An examination of
the somatic metaphase plates recorded by Skovsted (1935) for both
parents and the hybrid of G. sturtianum (C genome) and G. dawidsonit
(D genome) shows that the C genome chromosomes are 2-3 times larger
than the D genome chromosomes.

Cytological studies of pollen mother cells have been reported on
almost all species, either individually or in hybrid combination, and
they revealed that each genome group has chromosomes of a charac-
teristic size and that all species in the same genome group have chromo-
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Tigs. 1 and 2. Metaphase I in PMCs of haploids of G. hirsutum and the F; A,Dy

hybrid. Fig. 1 has 2 AD bivalents and 11A and 11D univalents. Fig. 2 has 3 AD

bivalents and 10A and 10D univalents. Note that the 4 chromosomes are approxi-
mately twice the size of the D chromosomes

somes of similar size. Katterman and Ergle (1970) have summarized
this information as relative meiotic chromosome size for the six diploid
genomes, which is 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 the A genome; (3) the B genome
species have large chromosomes 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. An examination
of MI plates in a number of publications reporting chromosome associa-
tions in species hybrids shows that the most pronounced difference in
chromosome size is between the D genome on one hand and the A, B, C,
E and F genomes on the other.

Katterman and Ergle (1970) made a quantitative determination, by
the diphenylamine method, of the DNA content of species in the genus
and reported a reasonably good relationship between chromosome size
and DNA content; however, several major discrepancies were noted.
The DNA was isolated from decorticated seed and they assumed that
cell and nuclear size were constant in the genus. Recent studies show
that cell and nuclear size varies with genome size in Gossypium
(Edwards, 1973; Edwards and Endrizzi, 1973). Such variation could
have contributed to the discrepancies they noted. Until the present
report, additional studies, more definitive in methodology, have not
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been made to determine a more exact relationship between DNA content
and chromosome size within Gossypium.

The present study reports the relative DNA content of representative
Gossypium species and of a haploid and two hybrids as determined by
the Feulgen cytophotometric technique. These data are utilized to deter-
mine the relationships between DNA content and genomic chromosome
size in Gossypium. Some of the current concepts of chromosome structure
are discussed in light of this relationship. This information is then dis-
cussed in relation to the gene linkages in the duplicate linkage groups
of the amphidiploid species.

Materials and Methods

Plant Materials and Technique

Species selected for study included two representatives of each diploid genome
group, except the F' genome which has only one species, and two of the five tetra-
ploid species. One further exception to selecting two representatives from each
diploid genome group is noted in the C genome. Three representatives of this genome
group were selected because Fryxell (1971) has raised the question whether G. bickiz
and G. australe belong in the C genome. A haploid of the tetraploid G. hirsutum, an
F, hybrid of G.arboreum (A,) X G. raimondii (D), and the colchicine doubled
derivative of the F, hybrid, 2(A,D;), were also studied. The haploid and the hybrids
were included primarily as additional reference points for assessing the reliability
or accuracy of the DNA determinations. Table 1 lists the species and forms examin-
ed. Five selected plants of each species or type, cultured in six inch clay pots in a
glass house, were utilized for the collection of root tips.

Standardized procedures, developed with preliminary tests, were followed
throughout the study. Root tips from control plants, G. herbaceum var. africanum, and
one other type were collected and processed in the same vial. Fixation was in
Cornoy’s 3:1 aleohol-acetic acid for one day at room temperature, hydrolized in
5N HCI at 20 4-0.25° C for 70 minutes, and stained by the Feulgen method. The
root tips were softened in 5% pectinase for 3 hours before squashing. Prepared
slides were assigned a random number randomly arranged to eliminate any possible
bias during the readings.

Hydrolysis

Hydrolysis is one of the key steps in obtaining optimal binding of the Feulgen
dye. Fox (1969) reported maximum Feulgen binding in Vicia faba root tips after
about 40 minutes hydrolysis in 5N HCI at 20° C.

Gossypium herbacewm var. africanum root tips were hydrolyzed in 8N HCI
at 20 4-0.25° C for various times from 10 to 90 minutes to determine the optional
hydrolysis time for maximum Feulgen binding of the Gossypium material. Maximum
dye binding first occurred at about 40 minutes and the plateau of staining was
maintained through the final hydrolysis time of 90 minutes. Differences between
hydrolysis times were examined by means of Duncan’s New Multiple-Range Test,
and significant differences of means were detected at the 0.05 level for 10, 20, 30
and 40 minutes. Results showed no statistical differences at hydrolysis times be-
tween 40 and 90 minutes. An F test was performed to examine differences between
root tips within each of the eight hydrolysis times and no statistical differences
were found, indicating that cells in root tips from different plants of the same
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species have approximately 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.

Cytophotometry

It has been recognized for sometime that within a single population, cells with
chromosomes in a condensed state give lower Feulgen-DNA values than do cells
with chromosomes in a less condensed state (Swift, 1950; Halkka, 1965; Garcia,
1970). Endrizzi (1962) has reported that the different genomes of Gossypium may
exhibit differential coiling of their chromosomes. A more accurate comparison,
therefore, would be obtained from interphase cells where the chromatin is in a
dispersed state. However, problems exist in measuring interphase cells because
one cannot distinguish between cells in the G1(2C), S(replication), and G2(4C)
stages. It was therefore decided to take a population 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: (1) there are no differences in DNA
content in root tips from the same plant or from different plants of a species, as
suggested by the tests of G. herbacewm and reported above under Hydrolysis;
(2) cells undergoing replication occurred in approximately equal numbers throughout
the experiment and were not present in such abundance as to skew the 2C distribu-
tion 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. The data showed
that this method of selection 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). This method uses the fact that the normal density
can be transformed to be log-linear in the values x assumed by its random variable.
The midpoints, «, of class intervals (z — A/2, x4 %/2) are plotted on the abscissa
against Alog.y where y(z) is the observed probability density in the class interval
centered at z and Alog,y is equal to log,y(x+ A)-log.y(»). For a distribution
composed of purely gaussian components, this function plots against » as a set of
connected straight lines of negative slope forming angles ©; with the abscissa.

The mean of any particular gaussian component is given as the a2 intercept
of the corresponding line plus /2, and the variance is given by (dA cot ©/b)—(h%/12),
where d and b denote the relative scales for Alog.y and x respectively.

In general, any particular straight line is expected to fit most closely where
the frequency or density is large. When, as was the case of this experiment, there
are only two gaussian components, the classes with high and low x values contain
considerable information in determining the 2C and the 4C distribution.

In order to plot the 2C distribution, Alog,y was determined for each midpoint
value and these points were used to fit a line by least squares to obtain the abscissa
intercept and slope of the fitted line.

The method of Bhattacharya (1967) also permits the estimation of the number
of observations in each class interval as well as the total number of observations
associated with the 2C and the 4C distributions. This separation is necessary in
order to proceed with any of the statistical separation of means techniques.

For each species, 75 cells were selected arbitrarily 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. Measurements were made on a Barr
and Stroud Integrating Microdensitometer, type GN2, at a wavelength of 560 nm.
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Results and Discussion
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 Fig. 3 and 4. Each column
of a histogram represents an interval of 2.0 and the Feulgen-DNA values
are midpoints of selected intervals. All ¥eulgen-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 histogram, which represents the 2C
distribution of Feulgen-DNA values. The method of separating the left-
hand distribution is that outlined by Bhattacharya (1967). The unad-
justed Feulgen-DNA means and standard deviations obtained from
this method are shown below in Table 1.

In addition to the unadjusted Feulgen-DNA means, Table 1 shows also the
adjusted Feulgen-DNA means for all species. The standard deviation is the same
for the adjusted and unadjusted means of each species. The approximate mean
value of all control means was 18, and therefore all controls were given the arbitrary
mean value of 18.00. This selection of an arbitrary mean has no influence on the
statistical separation of means. The value of each species was adjusted the same
amount as its control by determining A X asX 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 for any particular processing of root tips both the
species mean and control mean are affected to the same degree and in the same
direction by the same uncontrollable variables.

In order to indicate the presence of uncontrolled variation over and beyond
expected statistical variation of the control species, G. herbacewm var. africanum,
a separation of means at the 0.01 confidence level using the Scheffe procedure was
done. The Scheffe method is appropriate in this instance because of its firm theo-
retical grounding and the fact that we are not interested in finding as many real
differences as possible; but rather we are interested in assuring that if differences
are found, they are real. Thus, there were 16 different replications of the control
over different Feulgen batches, 5N HCI batches, fixative batches, etc. A measure
of the variance of these control means was then 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 1 and are based on pair-wise comparison error rates using the least signifi-
cant difference or LSD test at the 0.01 confidence level. Because of the large
number of observations, a separation of means from distributions of unequal
variance which accounts for the adjustment of means procedure previously described,
can be accomplished without difficulty, since the ratio of the difference of any pair
of means divided by the estimated standard deviation of this difference can be
assumed to be normally distributed. Thus the LSD test can be made using tables
of the normal distribution. The z values for the LSD tests give valid probability
statements under the assumption that the variance between control means is an
accurate measure of the treatment variance of the uncontrollable variable men-
tioned above. The z value was computed as (X, — X)~(X, — X,)/|/V,+ 4V, where
X, and X, are the control means and X, and X, are the species means. ¥, is the
variance of the difference of species means and V, is a pooled variance associated
with any control mean.
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Feﬁlgen-DNA values {arbitrary units)

Fig. 3. Feulgen DNA values (arbitrary units) of interphase nuclei of diploid species
of Gossypium

DNA Content in the Genus Gossypium

The relative DNA values for the species range from a high of 26.83
in the tetraploid, G. hirsutum, to a low of 10.38 in the diploid, G. raimondiz
(Table 1). This represents more than a two-fold difference in DNA
values. Within the diploid genomes, . sfocksit has the highest relative
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Feuigen-DNA values (arbitrary units)

Fig. 4. Feulgen DNA values (arbitrary units) of interphase nuclei of tetraploid,
haploid, and diploid species or forms Gossypium

DNA content with 21.46 and G. raimondii the lowest with 10.38, which
is a two-fold difference.

A comparison of intragenomic values reveal that the DNA content of
gpecies within a genome group, with one major exception, are very
similar. 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. sturtionum
(2C,) is not significantly different from G. australe (2C,), and G. australe
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Table 1. Feulgen-DNA values of 2C cells of 17 species and forms of Gossypium.
Separation of adjusted Feulgen-DNA means based on pair-wise comparisons using
the LSD test at the 0.01 confidence level

Species Genome Adjusted Unadjusted Standard
Feulgen-DNA  Feulgen-DNA  devia-
means means tions

Doubled Hybrid  2(A,D;) a 26.97 26.93 2.51

G. hirsutum 2(AD), a 26.83 27.29 3.31

G. barbadense 2(AD), a 26.56 27.61 4.01

G. stocksii 2K, d 21.46 19.27 2.58

Q. sturtionum 2C,; d 21.45 23.86 2.28

G. australe 2C, df 20.61 21.43 2.59

G, arboreum 24, fe  19.32 16.89 2.90

G. bickit 2C, fg  18.83 19.12 2.35

Haploid (AD), g 18.55 16.84 2.24

G. herbaceum 2A, g 18.00 19.78 2.78

G. somalense 2E, k 15.02 16.80 2.58

G. anomalum 2B, kl 14.46 14.83 2.53

Q. longicalyx 28, kl 14.31 13.83 2.31

Hybrid A,D; 1 13.35 14.96 2.05

G. triphyllum . 2B, 1 13.29 16.65 2.62

G. thurberi 2D, p 11.52 13.54 1.90

Q. raimondii 2D, p 10.38 9.63 2.23

is not significantly different from @. bickis (2C,), but G. sturtianum is
significantly different from Q. bickii. This suggests, that as a group,
these three C genome species are quite similar in DNA content and are
members of the C genome species group. The twe T genome species show
a wider divergence of DNA content than any of the >ther genomes, and
are significantly different from each other. Gossypium stocksii (2E,) has
about 1.4 times as much DNA as G. somalense (2E,). Since there is only
one F genome species no comparison is possible in this genome.

An intergenomic comparison is also possible for most of the genomes
because of the similarity of DNA content within genomes. The exception
to this similarity is in the H 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. kirsutum 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 1.4:1. The haploid plants
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used in this experiment have been analyzed cytologically and each
contains the expected number of 26 chromosomes. The 1.4:1 ratio
observed is a discrepancy since a 2:1 relationship would be expected
to exist. At the present time no suitable explanation can be given. 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.

The two natural allotetraploid species, 6. hersutum and G. barbadense,
and the synthetic 2(A,D;) hybrid have the same DNA content—26.83,
26.56, and 26.97, respectively. Cytogenetic data have established that
the A and D genomes of the natural allotetraploids are more similar to
the genomes of G. herbacewm (2A,) and G. raimondit (2D;) than to other
diploid genomes in the A and D groups. Adding the DNA values of these
two species gives a value of 28.38 which is almost the same as that
determined for the allotetraploids, indicating that there has been little
change, if any at all, of the DNA content of the two genomes of the
allotetraploids since the origin of the tetraploid cottons.

When the hybrid, A,D;, is compared to its doubled derivative,
2(A,D;), the 1:2 relationship is very evident. The doubled hybrid has
2.04 times as much DNA as the F; hybrid. When the means of G. arboreum
(2A,) and G. 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(A,D;) hybrid and the A,D; hybrid,
respectively.

DNA Content and Relative Chromosome Size
of the Diploid Genomes

Since the length of the chromosomes of only two species has been
meagured, 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 the visual observations by cotton
cytologists and reported by Katterman and Ergle (1970) and the few
meagurements of Skovsted (1934), can be used as a guide for a general
comparison. In the relative classification of Katterman and Ergle, 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.”

The C genome is considered to have very large chromosomes, and
this is reflected to a large extent in relative DNA content (see Table 1).
They have the highest Feulgen-DNA average of the six diploid genomes.
However, Q. stocksit, a species from the E genome which is considered
to have large chromosome as opposed to the very large chromosomes of
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C genome species, 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 chromo-
somes. One of the A genome species, . arboreum, has a higher DNA
content than G. bickii, the C genome species with the least amount of
DNA of three species tested, 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 signifi-
cantly different from them. However, G. somalense (2E,) has signifi-
cantly less DNA than either of the A species. Skovsted (1935) noted that
root-tip chromosomes of the two A genomes species and 2E; are of the
same size, but his drawings indicate that the latter may be slightly
larger.

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. The two B genome
species have significantly less DNA content than the two A species.
These results are in agreement with Skovsted’s (1935) observation that
the somatic metaphase chromosomes of 2B, are somewhat smaller than
the chromosomes of the two A genomic species.

The D genome species have small chromosomes, and this is reflected
in the DNA content of the D genome species. These two species have
less DNA than any of the other species and are significantly different
from them, though not different from each other. The significant differ-
ence of the DNA content of the D genome from all other diploid genomes
was expected since the chromosomes of the D genome are one-half to
one-third the size of the chromosomes of the other genomes.

Variation of DNA content occurs within a genome group, and some
of the genome groups overlap each other in DNA content. The over-
lapping includes species in the A, B, C, E, and I genomes, which is not
surprising since these five genomes have “large” chromosomes with the
relative classification of moderately large, large, and very chromosomes.

The Feulgen-DNA values given in Table 1 show that chromosome
size is related to DNA content in the genus Gossypium. This indicates
that differences in chromosome size can be accounted for by differences
in DNA content. Therefore, the proposal by Endrizzi (1962) that differ-
ences in chromosome size in the genus Gossypium are due to differential
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condensation of chromosomes is untenable. However, exact measure-
ments of chromosome length and volume are needed to rule out the
possibility that some degree of differential condensation does occur
which may account for some of the visual differences in relative chromo-
some size noted in squash preparations of pollen mother cells.

DNA Content and Chromosome Structure

The unineme theory of the chromatid is the widely held view of
chromosome structure (Thomas, 1971; Callan, 1972; Rees and Jones,
1972 ; Huberman, 1973). Tt is assumed in the present discussion that each
chromosome in the species of Gossypium consists of a single double helix
of DNA. Among the different genomes of Gossypium there is no indi-
cation of DNA increases by whole strand doubling since the DNA. content
does not fall into an orderly series of increases. The genome groups of the
diploid species cover a range of DNA values which is best explained as a
reflection of longitudinal increases or decreases in DNA content.

The classic studies by Britten and Waring (1965) and Britten and
Kohne (1967, 1968) indicated that the genomes of eukaryotic organisms
probably evolved by a continuing process of addition andjor amplifica-
tion of repeated sequences of DNA. Numerous studies by other workers
with different organisms have since verified their observations, all of
which indicate that large populations of repeated DNA sequences, in
some cases as high as 80-90% of the DNA, exist universally in the
genomes of eukaryotes above the fungi (Britten and Kohne, 1969;
Britten and Davidson, 1971; Bostock, 1971 ; Rice, 1972). This repetitive
DNA can have a wide variety of distribution in the genomes of different
organisms (Eckardt, 1972) and can be grouped into three general cate-
gories: (a) localized in the centromeric heterochromatic region of the
genome, (b) distributed at multiple sites in the genome, and (¢} distrib-
uted in a more generalized or symmetrical pattern through the genome.

We believe that the data in Gossypium best fit the hypothesis that
the difference in the amounts of DNA between the different genome
groups is the result of amplification of the highly repetitive sequences
that are distributed throughout the whole genome (Edwards and End-
rizzi, 1973). The data that support this contention are discussed below.

With the use of the Wagner Divergence Index for determining
phylogenetic relationships, Fryxell (1971) noted that the species exhibit-
ing the least evolutionary advancement occur in the D genome group.
He pointed out that his phenetic analysis conforms in broad outlines to
views in species relationships derived from cytogenetic data in species
hybrids. On the basis of these findings, we may reasonably assume that
the amount of DNA in the D genome is representative of the ancestral
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content of the genus; and that the other five genomes with the larger
chromosomes evolved from a D genome-like progenitor by amplification
of the repeated sequences.

Chromosome measurements of Skovsted (1934) and observations by
Mursal (1973) of paired and unpaired chromosomes at Metaphase I of
haploids of the 2(AD) allotetraploid species and that of F, of the G.
arboreum-raimondsi hybrid (A,D;) reveal that the chromosomes of the
A genome are about twice the size of the D genome chromosomes (see
Fig. 1 and 2). It is also noted that a range in chromosome size, though
not differentially great, can be seen within each genome. Bivalents,
associated predominantely by a single chiasma in one arm, are frequently
seen at Metaphase I, primarily in the A,D; hybrid where a complete
complement of 13 bivalents may occur. The bivalents are asymmetrical
and it is apparent in these bivalents that A and D chromosomes of
corresponding rank size are paired (Endrizzi and Phillips, 1960; Mursal,
1973). Mursal (1973 and personal communication) has made extensive
studies of diakinesis and pachytene in these two plant forms, and at
diakinesis he observed the same pattern of chromosome size association.
In pachytene, Brown (1961) and Mursal have recorded a surprisingly
high amount of AD pairing, an amount much greater than what is
reflected at the subsequent Metaphase I stage. Mursal informs us that
pairing appears to be initiated at the telomeric ends and frequently may
extend throughout the length of both chromosomes. In these cases, one
of the chromosomes in the pair may show one or more loops, suggesting
that it contains a greater length of DNA. In many of the AD bivalents
pairing or synapsis may be incomplete and extend over only a short
length of the chromosome. A difference in length of the associated mem-
bers is frequently seen in these incompletely paired bivalents. Tn Lolium
and Alliwm, very similar observations were reported by Rees and Jones
(1967) and Jones and Rees (1968) in the bivalents of the F, hybrids
between species with large differences in chromosome size and DNA
content. These differences seen at pachytene are inconsistent with a
model of chromosomes behavior based on the polynemic hypothesis
with a two-fold increase in DNA helices (Rees and Jones, 1972).

The mean DNA value per genore in Gossypium was estimated to be
C=2030, A=18.66, E=18.24, F=14.31, B=13.88, and D=10.95.
On the assumption that these mean values embody the actual pattern of
evolutionary change in the quantitative amounts of DNA between
genomes, it is then apparent that the range of DNA values is best
explained as a reflection of longitudinal increases in DNA content.

The size variation of chromosomes between genomes is not unique to
Gossypium, in fact, it is a common phenomenon that has accompanied
divergence and speciation of many diploid species within genera of higher
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plants (Rees, 1972; Rees and Jones, 1972). One example of many that
parallels the situation in Gossypium is provided by the genus Lathyrus
where there is about a three-fold difference in genome size between the
diploid species (Rees and Hazarika, 1967). As in Gossypium, chromosome
size in Lathyrus is closely correlated with nuclear DNA content. An
increase in the proportion of repetitive DNA in species with higher DNA
content has been observed in several conifers by Miksche and Hotta
(1973). Species in several other genera of the Malvaceae have variations
in. chromosome size comparable to that in Gossypium and could reflect
a similar pattern of chromosome evolution.

The results presented in Gossypium are consistent with a model which
states that the increase of genomic DNA content in the species evolved
by a process of amplification of existing sequences of repetitive DNA
throughout the entire genome.

On the assumption that the D genome represents the ancestral
amount of DNA, the other five genomes would then have arisen from a
D genome-like progenitor by large scale, saltatory replication of the
existing repeated sequences that were distributed uniformly throughout
the ancestral genome. With this model, the repetitious DNA in the five
genomes, A, B, C, K, and F, would differ from each other on a much
smaller scale.

Fryxell’s (1971) phenetic analysis shows that the D genome species
exhibiting the most primitive characters are followed in order of diver-
gence by a species in the B genome. This is in agreement with the cyto-
photometric data of DNA content and the visual estimates of chromo-
some size, which rank the B genome chromosome in between the D and
the A, C, E, ¥ genomes for these characters. These data suggest that
the B genome arose directly from a D genome-like ancestor. From this
point on, the origin of the A, C, E, F genomes would be pure conjecture
since several schemes can be devised for their evolution beginning with
the D and/or B genomes.

It has been proposed that the extra DNA may have a regulatory
function affecting patterns of organization and activity at cellular and
higher levels, leading to the final phenotype of the organism (Britten
and Davidson, 1969, 1971 ; Britten, 1972). It is our contention that the
amplification of the repetitive DNA played a major role in genomic
evolution and speciation in the genus Gossypium.

One would predict that the increase in chromosome length due to
amplification of repeated sequences distributed uniformly through the
genome would increase the distance between the unique sequence, i.e.,
the functional genes. Rees (1972) in fact has discussed this point and
states that there is no direct evidence in any species for an adjustment
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Table 2. Homoeologous linkage maps of Gossypiuwm hirsutum

A Le, 32 Yo, 4 Cl, 16 R,

D Dw 29 Yg, 14 R, i5 Cly

A Bw, 15 Gl 32 Ne, a
D Bw, 20 Gl 38 Ne, a
A LL 381 ) Lp,

D L°  32.6P . Lp,°

& Gene order according to Kohel (private communication).

b The 32.6 map units may be under estimated since it was determined in a trans-
location heterozygote and it is the amount of recombination between L° and the
breakpoint which is located in the short arm near the centromere (Wilson and
Kohel, 1970).

¢ Preliminary linkage data suggest that Lp, is to the right of the centromere.

o = Centromere.

in linkage as a result of amplification of DNA. We believe that the
amphidiploid G. hirsutum provides an excellent example of this kind.
The amphidiploid is composed of the A and D genomes in which the A
genome chromosomes have about twice as much DNA as the D genome
chromosomes.

Ten linkage groups have been established in both the A and D
genomes of G. hirsutum and six involve homoeologous chromosomes
(Kohel, 1972; and Endrizzi, unpublished data). The six linkage maps
are shown in Table 2. Each pair of homoeologs consists of an A and a
D chromosome that have been identified in a series of cytogenetic tests
involving monosomes, telosomes, translocations and species hybrids.
Visual observation of these chromosomes as monosomes andjor telo-
somes at MI revealed that the A chromosomes are approximatelytwice
the size of their D chromosome homoeolog.

Except for the inverted position of the R, locus and the associated
difference in map distance, the gene order and map distance within the
three sets of homoeologs are very similar. Some small differences in
map distances are evident, but they do not in any way reflect the two-
fold difference in chromosome size and DNA content that was observed
between the two homoeologous groups. The difference in some cases
may be real; however, it is well known that the amount of crossing-over
in a given region is not absolutely fixed but is variable from one experi-
ment to another due to the nmormal statistical variations in random
sampling, population size, and fluctuations in environmental conditions.
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In addition to the duplicate loci in the linkages given here, other
duplicate loci are known in G. hirsutum and some of these involve homoe-
ologous linkages but have not been worked out as yet.

The above results suggest that the two-fold difference in DNA con-
tent, and concomitant chromosome size that occurred in the divergence
of the A and D genomes which later were combined to form the allo-
tetraploid G. hirsutum, was not accompanied by a corresponding adjust-
ment in recombination units; in fact, the amount of recombination be-
tween loci has changed very little, if any at all. This may not be surprising
in view of the recent evidence for the presence of recombination genes
(rec) whose effects are strictly localized in specific regions of the chromo-
somes (Smith, 1966; D. G. Catcheside, 1968; Thomas and Catcheside,
1969; Smyth, 1971; Catcheside and Corcoran, 1973). This coupled with
the hypothesis for the existence of specific sequences of nucleotides in
DNA molecules, or recognition loci, that respond in some manner to
the rec gene product and the recombinases (Angel, Austin, and Catcheside,
1970; D. E. A. Catcheside, 1970; Catcheside and Austin, 1971; Sobell,
1972), suggest that the DNA incisions initiating recombination are site
specific and independent of any repetitive DNA sequences.

Such specificity of control of recombination would readily explain
the lack of change in genetic map distances between duplicate loci in
homoeologous chromosomes even though there is a two-fold difference in
their DNA content. The evidence suggests that the increase in DNA con-
tent of the genomes of Gossyprum occurred by amplification of the repet-
itive sequences throughout the genome, while at the same time the
unique sequences, including the recognition sites of recombination
remain unchanged and constant in each genome.

Summary

The relative DNA content for representative species of each of the
six diploid genomes, for two tetraploid species, an A,D; hybrid and its
doubled derivative, and a haploid of one of the tetraploid species in the
genus Gossypium was determined by Feulgen cytophotometry.

All species in the same diploid genome group have chromosomes of
similar size, but each genome group has chromosomes of a characteristic
size. The ascending genome size based on visual estimates is as follows:
D, A B, Eand F, and C.

The intragenomic values revealed that the DNA content of species
within a genome group, with one exception, are very similar. The mean
value of DNA content for each genome was D=10.95, B=13.88,
F=1431, E=1824, A=18.66 and C=20.30. Intergenomic compari-
sons show some deviation of the means of the genomic DNA value and

22 Chromosoma (Berl.), Bd. 47
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relative genomic size based on visual comparisons, but for the most part
there was a close relationship of genomice chromosome size and DNA
content.

The haploid and its tetraploid counterpart had a ratio of relative
DNA content of 1:1.4, rather than the expected of 1:2.

The F;A,D; hybrid and its doubled derivative 2(A,D;) had a 1:2
ratio of relative DNA values. The added DNA values of G. arboreum
(2A,) and @. raimondic (2D;) and half this value are very close to the
DNA values obtained for 2(A,D;) and A,D, hybrids, respectively.

The evidence suggests that the chromosomes of Gossypium are uni-
nemic and that the DNA content of I genome represents the ancestral
amount of DNA. It is presumed that the other five genomes with large
chromosomes arose from a D genome-like progenitor by large scale,
saltatory replication of repeated sequences of DNA that were distributed
uniformly throughout the ancestral genome. The amplification of the
repetitive DNA is assumed to have played a major role in genomic
evolution and speciation in the genus Gossypium. A comparison of the
linkage relationships of genes in homoeologous linkage groups with the
two-fold difference in DNA content of the chromosomes of the A and D
genomes of the allotetraploid G. Airsutum showed that a corresponding
adjustment in recombination units did not accompany the two-fold
divergence in DNA values of the two homoeologous genomes.
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