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Abstract:
The theory of pivotal-differential evolution states that one genome of polyploid wheats remains stable
(i.e., pivotal) during evolution, while the other genome or genomes may become modified (i.e.,
differential). A proposed mechanism for apparent modification of the differential genome is that
different polyploid species with only one genome in common may exchange genetic material. An
alternative explanation is that, the differential genomes are variable due to variability imparted by
diploid progenitors. In this study, we analyzed a set of sympatric and allopatric accessions of tetraploid
wheats of genomic constitution UM and UC. The U genome of these species is from Triticum
umbellulatum. and is considered to be the pivotal genome. The M and C genomes, from T. comosum
and T. dichasians. respectively, are considered to be the differential genomes. Variation in structure
among homologous low copy DNA fragments was analyzed using "sequence-tagged-site" primer sets
in the polymerase chain reaction (PCR), followed by digestion with restriction enzymes. Genetic
similarity matrices based on shared restriction fragments showed that sympatric accessions of different
U genome tetraploid species did not tend to share more restriction fragments than allopatric accessions.
Thus, no evidence for introgression was found. Analysis of the diploid progenitor species showed that
the U genome was less variable than the M and C genomes. Additionally, comparison of diploid and
tetraploid species with genome-specific primer sets suggested a possible multiple origin for T.
triunciale and T. machrochaetum. respectively. Thus, our results suggest that the differential nature of
the M and C genomes in these species may be due to variability introduced by the diploid progenitors,
and not due to frequent introgression events. 
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ABSTRACT

The theory of pivotal-differential evolution states that 
one genome of polyploid wheats remains stable (i.e., pivotal) 
during evolution, while the other genome or genomes may become 
modified (i.e., differential). A proposed mechanism for , 
apparent modification of the differential genome is that 
different polyploid species with only one genome in common may 
exchange genetic material. An alternative explanation is that, 
the differential genomes are variable due to variability 
imparted by diploid progenitors. In this study, we analyzed 
a set of sympatric and allopatric accessions of tetraploid 
wheats of genomic constitution UM and UC. The U genome of 
these species is from Triticum umbellulatum. and is considered 
to be the pivotal genome. The M and C genomes, from T. 
comosum and T. dichasians. respectively, are considered to be 
the differential genomes. Variation in structure among 
homologous low copy DNA fragments was analyzed using 
"sequence-tagged-site" primer sets in the polymerase chain 
reaction (PCR), followed by digestion with restriction 
enzymes. Genetic similarity matrices based on shared 
restriction fragments showed that sympatric accessions of 
different U genome tetraploid species did not tend to share 
more restriction fragments than allopatric accessions. Thus, 
no evidence for introgression was found. Analysis of the 
diploid progenitor species showed that the U genome was less 
variable than the M and C genomes. Additionally, comparison 
of diploid and tetraploid species with genome-specific primer 
sets suggested a possible multiple origin for T.' triunciale 
and T. machrochaetum. respectively. Thus, our results suggest 
that the differential nature of the M and C genomes in these 
species may be due to variability introduced by the diploid 
progenitors, and not due to frequent introgression events.
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INTRODUCTION

Evolution of polyploid wild wheats in the U-genome 

cluster has been analyzed by morphological (Zohary and Feldman 

1962; Feldman 1965a, 1965b) and cytological studies (Feldman 

1965c; Kimber and Yen 1988a, 1988b; Yen and Kimber 1990). The 

theory of pivotal-differential evolution (Zohary and Feldman 

1962) has been proposed to explain patterns of relationship 

for these species. The theory states that one genome of the 

polyploid wild wheats, the "pivotal genome", remains stable or 

unchanged during evolution. .The other genome in the polyploids 

may become modified and is referred to as "differential".

The U genome cluster is composed of seven tetraploid 

species of UM, UC and US genome combinations (Kimbef and 

Feldman 1987). Based on chromosome pairing analysis between 

tetraploids and putative diploid progenitors, Feldman (1965c) 

suggested that the U-genome from the diploid T. umbellulatum 

is the unchanged or pivotal genome. The M, C and S genomes 

from T. comosum. T. dichasians and Ti soeltoidies. 

respectively, were designated differential genomes. The 

frequency of chromosome pairing between tetraploid species and 

their putative genomic donors is less frequent within the 

differential genome group compared td the pivotal group 

(Feldman 1965c).
The theory of pivotal-differential evolution states that 

the unpaired genome has been modified since the original

I
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polyploidization. The pivotal genome has acted as a buffer to 

ensure hybrid fertility while genetic exchange can occur 
between -the differential genomes. This exchange of genetic 

information was proposed as a cause1 of the modified nature of 

the differential genome (Zohary and Feldman 1962). 

Observations that hybrids are often present where different 

species are found sympatrically supports the theory (Zohary 

and Feldman 1962; Feldman 1965a, 1965b). Also, morphological 

characters that are predominantly found in one species are 

sometimes found in other sympatric species, indicating the 

possibility of lateral gene flow (Zohary and Feldman 1962; 

Feldman 19:65a) . Therefore,, gene flow among the U genome 

tetraploids is proposed to have resulted in a stable U genome 

and modified differential genomes.

Talbert et al. (1993) examined repetitive DNA sequences 

specific for the U and M genome, respectively, to address 

aspects of pivotal-differential evolution in the U genome 

cluster. In particular, investigation of sympatric and 

allopatric accessions of four UM tetraploid species did not 

show repetitive DNA similarities among sympatric accessions of 

different species. This result did not support the concept 

that continual exchange was occurring. Additionally, diploid 

T. nmbe.l I ulatum (U genome) accessions were similar regarding 

hybridization patterns observed with repetitive DNA clones, 

while diploid T. comosum (M genome) accessions were much more 

variable. These results raised the possibility that the
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apparent differential nature of the M genome in the tetraploid 
may be due to variability inherent in the diploid, rather than 
variation induced after polyploidization.

The development of sequence-tagged-site polymerase chain 

reaction (STS-PCR) in wheat offers an approach for wheat 

genome analysis targeting low copy DNA sequences. STS-PCR is 

an enzymatic amplification of a mapped DNA fragment flanked by 

a pair of oligonucleotide primers. This technique was first 

developed for human genome analysis (Olson et al. 1989) and 

has been successfully incorporated into various aspects of 

cereal research (Talbert et al. 1994, Chee et al. 1993, . 

Tragroonrung et al. 1992).

For this paper, studies were conducted to test aspects of 

pivotal-differential evolution in U genome wild wheats. 

Specifically, we investigated the prevalence of introgression 

among different tetraploid species within the U genome 

cluster. Our hypothesis was that if introgression is a common 

event, accessions of different species from the same location 

(sympatric) should share more DNA fragments than the same 

species in different locations (allopatric).. We also 

determined the relative levels of diversity among diploid 

accessions of T. umbellulatum. T. comosum and T. dichasians. 

and examined the possibility that diversity within the diploid 

species was analogous to that found in the tetraploids. Our 

results suggest an alternative explanation for the 

differential nature of the M and C genomes in the U-genpme tetraploids.
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LITERATURE REVIEW

Evolution of Wild Wheat

The current understanding of the phylogenetic history of 

Triticum (Aeqilop) species is that a common diploid ancestor 

diverged into many diploid species, followed by subsequent 

hybridizations to form the polyploid species (Kimber and 

Feldman 1987). Meiotic pairing analysis demonstrates that 

almost every diploid species has a distinct genome and the 

polyploids consist of two or more different diploid genome 

combinations. The common ancestor of diploid Triticum species 

probably arose from a species with a basic chromosome number, 

of seven, which may now be extinct.

The diploid Triticum species have diverged considerably 

from one another. As a result, homeologous chromosomes no 

longer pair regularly at meiosis in interspecific hybrids. 

Therefore, although natural hybridization between diploid 

species occurs, the hybrids are completely or almost 

completely sterile (Kimber and Feldman 1987). Over 

generations of divergent evolution, the diploids have become 

genetically isolated from each other.

The polyploids, in contrast, are genetically less 

restricted. Hybrids between different polyploid species are 

often encountered whenever they are found sympatrically 

(Zohary and Feldman 1962). A wide range of morphological 

intermediates between different polyploids growing together in
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one mixed stand is a common phenomenon (Kimber and Feldman 
1987). Based on morphological evidence, Zohary and Feldman 

(1962) have suggested that some polyploid species are 

genetically interconnected through genetic intregression and 

thus cannot be viewed as separate entities. Other
i

researchers, however, suggest that introgression is of little 

importance in this plant group (Talbert et al. 1993). In 

either case there is no doubt that the ability to tolerate 

polyploidy in Triticum is a contributor to the evolutionary 

success of this species;
r

The advantages of polyploid over diploid species is 

reflected by the geographic and ecological distribution of the 

two groups. The diploid species have a narrow range of 

ecological niches. As a result, they each have their 

distinctive morphological characters such as spikelet shape 

and seed dispersal mechanisms due to different modes of 

adaptative specialization (Zohary and Feldman 1962). 

Conversely, the polyploids have a wide range of intermediate 

forms. They have a greater ability to invade and colonize new 

or disturbed habitats than the diploid progenitors.

One distinct feature of the polyploids is the presence of 

a common (unaltered) genome and one or more different 

(modified) genomes. Based on chromosome pairing analysis, the 

shared genome is determined to be the unaltered one and is 

easily identified by pairing with a known diploid species. 

The differential genomes, on the other hand, are unique to a
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given polyploid species. They are altered and therefore do 
not pair well with the diploid progenitors. The evolutionary 
significance of such a genomic structure is explained by the 

pivotal-differential evolution theory.

Pivotal-differential Evolution 

. Based on morphological and cytogenetic studies the 

polyploid Triticum species are divided into three natural 

clusters (Zohary and Feldman 1962). The species of each 

cluster share one common genome and differ in their other 

genome or genomes. The three, clusters include I) species 

sharing the U genome of T-.. umbellulatum. 2) Species sharing 

the D genome of T. tauschii. and 3) species sharing the A 

genome of T. monococcum.
The U-genome cluster has a wider distribution than the D- 

and A-genome clusters. This is hypothesized to be influenced 

by the ability of these species to exchange genetic material 

through interspecific hybridization (Zohary and Feldman 1962) . 

Considerable, evidence suggests the occurrence of hybridization 

between U genome tetraploids (Feldman 1965a; Zohary and 

Feldman 1962). For instance, hybrids were found in mixed 

population of T. pereorinus (UM genome) and T . kotschvi (US 

genome) in southern Judea in Israel. Also, T. pereqrinus, T . 

ovaturn. T. macrochaetum and T. triunciale were found growing 

together along with hybrids in northern Israel (Kimber and 

Feldman 1987).



7
Zohary and Feldman (1962) proposed the pivotal- 

differential evolutionary hypothesis for polyploid species in 

the U genome cluster. According to the theory, the pivotal 
and differential nature of the polyploid genomes are due to 

extensive hybridization between U genome tetraploids with a 

different second genome. For example, if T . macrochaetum (UM 

genome) is crossed with T. triunciale (UC genome), the 

offspring produced will have a common U genome and a modified 

genome due to the recombination of the M and C genomes. .This 

type of genomic structure is thought to play an important role 

in the; relatively high rate of successful hybridization within 

tetraploid species. The pivotal genome facilitates 

hybridization by acting as a genetic buffer to ensure 

fertility in the resulting hybrids, while recombination can 

occur between the differential genomes.

Introgression Studies

Introgression is considered to be important in providing 

plant populations with enhanced evolutionary flexibility, 

extending a species gene pool (Anderson 1948), producing novel

gene combinations (Lewontin and Birh 1966) , and a means of
-

gene dispersal (Potts and Reid 1988). Attempts to detect 

introgression have been carried out by many researchers using 

various experimental techniques.

Taxonomic classification was first used to study 

introgression. This method involved observation of
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distinctive morphological characters in one plant population 
and comparison of their intermediacy between one species and 
another (Anderson 1947). Morphological comparison has been 

quite successful in identifying introgression events. 

Anderson and Hubrieht (1938) , studying intraspecific variation 

in herbarium material, have shown a strong introgression of 

Tradescantia canaliculata into T. occidentalis and T. 

bracteata♦ Introgression of morphological characters was 

observed in the Aeailoos-Triticum group (Zohary arid Feldman 

1962; Feldman 1965a; Vardi 1973).
There are three potential problems associated with 

morphological comparison. Firstly, morphological characters 

can be affected by environmental fluctuations and stage of 

development (Monte et al. 1993). Secondly, it is difficult to 

determine if character intermediacy results from introgression 

or recent common ancestry. This is especially perplexing in 

species like Zea (Doebley 1984) and Triticum (Kimber. and 

Feldman 1987) where a large amount of natural variation 

exists. Third, the occurrence of hybrids does not necessarily 

lead to genetic exchange, due to the fact that the hybrids 

produced may be noncompetitive with the parental types or 

reproductively sterile (Doebley et al. 1984).

Isozyme comparison has been a useful tool for some 

introgression studies. It has been employed to assess the 

prevalence of introgression in Zea (Doebley et al. 1948) and 

Cvorioedium (Klier et al. 1991). This technique is not
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informative for many intregression studies, because of limited 
numbers of isozyme loci and lack of polymorphism.

The best approach to study genetic introgression is 

through the analysis of the genetic material itself, the DNA 

molecule. The development of molecular techniques for DNA 

analysis provides a new means for evolutionary genetic 

.studies. Molecular, data obtained from RFLPs and DNA 

sequencing have proven to be powerful for investigation of 

introgession (Keim et al. 1989; Brubaker et al. 1993). Data 

from RFLPs is independent of environmental influences and has 

permitted clear documentation of interspecific gene flow among 

sympatric accessions of Gossypium species (Brubaker et al. 

1993).
Chloroplast, mitochondria (Ogihara and Tsunewake 1988; 

Doyle et al. 1992) or nuclear DNA may be evaluated by RFLP 

analysis (Kleinhofs et al. 1993; Anamthawat-Jonsson and 

Helsop-Harrison 1992). Using chloroplast DNA, Murai and 

Tsunewaki (1986) found that T. triunciale originated at least 

twice, from reciprocal crosses of T. dichasians and T . 

umbellulatum. Keim et al. (1989) , using nuclear DNA determined 

the unidirectional introgression of genes from 'a Populus 

species population in the Weber Canyon, Utah.

The development of sequence-targeted-site PCR (STS-PCR) 

primers in various plant species offers a simpler approach for 

genome analysis than RFLP analysis and allows a more thorough
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investigation. STS-PCR is an enzymatic amplification of a 

mapped DNA fragment flanked by a pair of oligonucleotide 
primers (Saiki et al. 1985; Mullis and Faloona 1987). The 

amplification product is often a homogeneous DNA fragment that 

can be digested with restriction enzymes (Tragoonrung et al.

1992; Talbert et al. 1994) or sequenced (Wang et al. 1987) to
r

detect polymorphisms. STS-PCR offers advantages over RFLP 

analysis. These include more rapid and simpler analysis, no 

need to use radioactive reagents and analysis of larger sample 

size at one time. The latter advantages permit analysis of 

more representative samples of the population being studied, 

increasing the reliability of the studies.
One misconception concerning molecular techniques, like 

RFLPs and PCR, is that they allow comparison of only a very 

small amount of DNA relative to the total genomic material 

(Kimber and Yen 1990; Wang 1992). This argument states that 

comparison involving a single locus in sequence analysis or a 

six base pair sequence in RFLP studies is not representative 

since only a very small proportion of the genome is being 

analyzed. Proponents of this argument fail to acknowledge 

that a RFLP characteristic of a single locus can be 

representative of a segment of the chromosome or even a 

chromosome arm. This is due to the fact that large 

chromosomal segments are likely to be inherited as a unit 

(Rick and Tanskley 1988; Rogowsky et al. 1991) due to linkage. 

For instance, two genes which lie close to one another on the
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chromosome are seldom recombined and are transmitted together 

from a parent to its progeny - the principle behind a linkage 
map construction (Paterson et al. 1991). Thus, if many DNA 

markers are employed, provided they are widely spaced across 

the whole genome, analyzing small segments of the DNA 

sequences approximates analysis of the entire genome as a 

whole.
(
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MATERIALS AND METHODS

Plant Materials

Species, accessions and collection sites of. the plant 

materials used are listed in Table I. Accessions of different 

species were collected from mixed stands in Turkey by Metzger 

and Kimber (Kimber and Yen 1988a). Availability of this 

collection allowed direct comparison between sympatric and 

allopatric accessions between and within species. Barley 

(Hprdeum vulgare) was included in the analysis as an outgroup 

species. Diploid accessions used in the genetic diversity 

studies were either from the Kimber collection. University of 

Missouri, or from Harold Bockelman, USDA National Small Grain 

Collection, Aberdeen, Idaho (Table 2) . All plants were grown 

in the greenhouse and total plant DNA was isolated from.young 

leaves as previously described (Talbert et al. 1992).

DNA Sequencing

Genomic clones of the D genome T. tauschii that were 

kindly provided by Dr. B. Gill were used to develop the STS- 

PCR primers. The RFLP clones were sequenced at both ends by 

the dideoxy chain termination method (Sanger et al. 1977) 

using Sequenase (United States Biochemical, Cleveland, Ohio) 

following the manufacturer's protocol. Approximately 20 

basepairs in length at both ends of sequenced clones were 

chosen based on GC content to design the oligo primers.
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Table I. List of wild wheat accessions analyzed for 
__________introgression studies___________________ ____ _____
Location Species Genome Accession

28 T. macrochaetum UM TP 15
T . triunciale UC TW 103

30 T . macrochaetum UM TP, 16
T . triunciale UC TW 105

58 T. columnare UM TY 23

72 T . macrochaetum UM TP 19
T. triunciale UC TW 116

157 T . macrochaetum UM TP 37
T. triunciale UC TW 185

159 T . macrochaetum UM TP 38
T. triunciale UC TW 187
T . neglecta UM TN 76

208 T . neglecta UM TN 77
■ T . qvatum UM ■ TO 49

209 , T . columnare UM TY 25
T . ovatum UM TO 52

212 T . macrochaetum UM TP 48
T . ovatum UM TO 53



Table 2. Diploid accessions analyzed for low copy DNA variation by STS-PCR.
accessions Trlticum Origin accessions Triticum Origin.
T.umbl = TU 35 umbellulatum Turkey T.com21= PI 542176 comosum Turkey
T .umb2 = TU 37 .Turkey T.com22= PI 542175 Turkey
T.umb3 = TU 43 Turkey T.dic23= PI 276970 Japan
T.umb4 = PI 227339 Iran T.dic24= TF 5 dichasians Crete
T.umbS = PI 542370 Iran T.dic25= TF 6 Crete
T.umb6 = PI 428569 USSR T.dic26= TF 8 Turkey
T.umb7 = Cl 29 Unknown T.dic27= TF 11 Turkey
T.umbS - PI 116294 Germany T.dic28=. TF 12 Turkey
T;umb9 = PI 226500 Iran T.dic29= TF 19 Turkey
T.umblO= PI 226616 Iran T.dic30= TF 20 Turkey
T.umbll= PI 298906 Iraq T.dic31= TF 21 Turkey
T.umbl2= PI 298907 , ■ USSR T.dic32= TF 22 - Turkey
T.coml3= TC 2 comosum Turkey T.dic33= TF 24 Turkey
T.coml4= TC 6 Turkey T.dic34= TF 25 Turkey
T :comlS= TC 9 Turkey T.dic35= TF 26 Turkey
T.comlS= TC 12 Turkey T.dic36= PI 298887 Turkey
T.coml7= TC 14 _ Turkey T.dic37= PI 254863 Iraq
T .comlS= TC 15 , Turkey T.dic38= PI 551121 Grace
T.comlS= TC 16 Turkey T.dic39= PI 564195 Turkey
T.com20= Cl 38 . Japan

Note: PI, Cl and TF accessions are from National Small Grains Collection, USDA^ARS, Aberdeen, Idaho. 
Additional accessions with TC and Tu designations come from a collection of Triticum species collected by 
L . Metzger and Kimber(Kimber and Yen 1988a).
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STS-PCR Primers and Reaction Conditions 

STS-PCR primers used were from two sources: I) primers 
developed from mapped RFLP clones of the D genome diploid T. 

tauschii (Talbert et al. 1994; Chen et al. 199-) , and 2) 

primers developed from the Montana State University barley 
mapping project (Tragroonrung et al. 1992). Also, one 

additional primer set, primer set pTAG 546, was synthesized on 

the basis of published sequences of moderately repetitive, 

dispersed and highly variable genomic sequences in wheat (Liu 

et al. 1992) . The sequences of the pTAG primers are (5' TO 3') 

TCTCATCCATGAACGCATG and AGTGCAACAGTACAGACTCC. PCR

amplification was performed using the protocol of Chen et al. 

(199-).

Table 3. STS-PCR primer sets used for both diploids and 
tetraploids analysis.___________________________
Chromosome Primer set

I Pst 340, D14
2 D18, LPWG 178, G5, H9, Fll
3 WG HO, G36
4 Pst 316, WG 464, G10, E9, 

TB 19-20, D21, B5, F8
. 5 G44, Pst 319, HS
6 ABG 458, G43, D17, ABG 20,
7 Al, D2, D15, WG 686
ND F19, pTAG 546, KV 29-30

Chromosomal location were from either Talbert et al. 1994, 
Chen et al. 199-, Gill et al 1991, or Kleinhofs et al. 1993. 
Primer set sequences were previously published in Chen et al. 
(199-) and Talbert et al. (1994).
ND = Not Determined
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Electrophoresis

PCR products of 25 ul were digested with 2 units of the 
four-base-cutter restriction enzymes HinfI and HhaI . Either 

RsaI . HaeIII or undigested products were also analyzed^ if 

results with HinfI or HhaI were unclear. Digested PCR

products were separated on a 7% polyacrylamide gel at 200 V 

for 1.5 hour. The gel was.stained with ethidium bromide and 

DNA fragments was visualized under UV light.
I

Statistical Analysis

Data was recorded as the presence (I) or absence (0) of 

restriction fragments for each accession. A genetic 

similarity (CS) matrix based on JaccardzS similarity 

coefficient was constructed for both the diploid and 

tetraploid species. Similarity coefficients were used to 

determine the number of restriction fragments shared between 

tetraploid accessions. The data matrices were then subjected 

to cluster analysis using the computer program NTSYS-PC (ver. 

1.80 J. Rohlf 1993).
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RESULTS

Introqression Among Tetraplold Species 

A total of 50 primer sets were used for PCR amplification 

in 5 tetraploid species, consisting of 18 different accessions 

(Table I). Although the primer sets were selected for their 

ability to amplify mapped low copy sequences in wheat (T. 

aestryum), only 33 primer sets produced readable results with 

the U genome wild wheats (Table 3) . From those 33 primer 

sets, a total of 368 restriction fragments were scored. On 

the average, sympatric accessions of different species shared 

51.7% of the restriction fragments while alldpatric accessions 

of different species shared 51.3 % of the restriction

fragments (Table 4) . For example. Table 4 shows that 

sympatric accessions of T. macrochaetum (TP) and T. triunciale 

(TW) shared 50.2% of restriction fragments while allopatric 

accessions of these same species shared 50.5%. In no case 

were the differences between sympatric and allopatric 

accessions statistically significant (P < .05). Allopatric 

accessions of the same species shared 71.0 percent of. 

restriction fragments (Table 4). Thus, genetic similarities 

based on shared low copy DNA sequences is not suggestive of 

frequent introgression among tetraploid species.
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Table 4. Mean genetic similarities of sympatric and

allopatric tetraploid accessions calculated from 
data matrix of shared restriction fragments.

Species compared Svmoatric Allonatric
different different same
species species species

TPs and TWs .502 .505 -

TPs and TOs .621 .610
TPs and TNs . .479 .485 -

TWs and TNs .500 .493 -

TNs and TOs .495 .487 •- .
TOs and TYs . .506 .497
TPs - - . 688
TWs - - .759
TNs - - .703
TOs - - .793
TYs - - . 606
Mean genetic
similarities .517 .513 .710

Cluster Analysis

The greatest genetic similarity (GS) in pairwise 

comparisons among tetraploid species was 88.6% for accessions 

TO 49 and TO 52 and the lowest GS was 42.3% for accessions 

TN77 and TW103 (data not shown). Cluster analysis divided the 

24 accessions into 8 distinct groups (Figure I). Of the 8 

groups, 4 groups were composed of the 5 tetraploid species T. 

triunciale. T. machrochaetum. T. ovaturn. T. columnare and 

T.nealecta. Three groups were formed from diploid accessions
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Figure I. Cluster analysis of three diploid (TU, TC, TE) and 
five tetraploid (TP, TO, TW, TN, TY) Triticum species from 
Turkey collected by L. Metzger and Kimber (see Table I) . 
Barley was used as an outgroup. The phenogram has a 
cophenetic correlation (r) of 0.974.
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of T . umbeIIuIaturn. T. comosum. and T. dichasians. 

respectively. Barley, which was used as a reference species 

in the analysis, represents the eighth group. With the 

exception of T. neglecta and T. columnare. all accessions 

maintained species integrity. Accessions did not group to 

location.
One primer set (primer set Al) indicated a possible 

introgression event whereby one accession of'T. triunciale 

contained a fragment otherwise specific to T. macrochaetum. 

Figure 2 shows an 805 bp fragment which is absent in all the 

T. triunciale (UC genome) accessions except TW 116. 

Conversely, the fragment was present in all accessions of T. 

machrochaetum (UM genomes) . As indicated in figure I, for all 

other restriction fragments, TW 116 grouped consistently with 

T. triunciale. In that this type of observation is consistent 

with an introgression event (Kiem et al. 1989; Brubaker et al. 

1993; Doebley 1990), we were interested in determining the 

origin of the anamolous fragment. Thus, we amplified DNA from 

a larger collection of U, M, and C diploid accessions with 

primer set Al. The presence of this fragment in some 

accessions of T. umbellulatum (U genome) and T . dichasians (C 

genome) indicated that the 805 basepairs fragment was not 

necessarily introgressed into T . triunciale. An alternative 

explanation is that the fragment was contributed by a diploid 

ancestor.
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a b c d e f g h i j k

I

8 05 bp

Figure 2. PCR products of primer set Al separated on a 7% 
acrylamide gel. The samples were digested with Hha I 
restriction enzyme. Lanes a to f represent]?, machrochaetum 
(a: TP15; b: TP16; c: TP19; d: TP37; e: TP38; f: TP48) and T . 
triunciale (g: TW116; h: TWlO3; i: TW105; j: TW185; k: TW187)
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Genetic Diversity of the Diploid Progenitors

Results 1 with the tetraploid species indicated that 

introgression may not explain the differential nature of the 

M and C genome in the UM and UC tetraploid. An alternative 
explanation is that the M and C genome diploids are themselves 

more variable than diploid U genome, and that multiple 

hybridization events would lead to variable genomes in the 

tetraploids. To test this hypothesis, we analyzed 39 

accessions of the diploid species T. umbelIuIaturn (U genome), 

T. comosum (M genome) and T. dichasians (C genome).

Figure 3 shows the phylogram constructed from a matrix 

based 344 restriction fragments. A cophenetic correlation (r) 

of 0.987 was obtained. All the 39 accessions of the three 

species maintain species integrity. Variation exist within 

accessions of the three species. T. umbellulatum has a mean 

GS of 0.80 with the standard deviation of 0.058. And T. 

dichasians has a mean GS of 0.71 with the standard deviation 

of 0.091. Whereas, T. comosum has a GS of 0.68 and a standard 

deviation of 0.190. These results indicate that there is 

less variation within accessions of T. umbellulatum as 

compared to T. comosum and T. dichasians. Paired t-test 

comparisons show that the differenced in average genetic 

similarity among the three species are statistically 

significant (P < .05). Average genetic similarity for 

accessions within T. comosum and T. dichasians, respectively, 

were not significantly different. This result was clearly
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Figure 3. Phylogenetic tree showing the relationship among 
accessions of the three diploid Triticum species. The U, M 
and C genomes are represented by T. umbellulatum (T.umb), T . 
comosum (T.com) and T. dichasians (T.dic), respectively. The 
accessions in each lane are listed in Table 2. The phenogram 
has a cophenetic correlation (r) of 0.987.
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reflected on the phylogram in that accessions of both T . 

comosum and T . dichasians were more widespread and point to 

the generalization that T. umbellulatum was the less diverse 

species of the three.

Evidence for Multiple Origin of the Tetraploids 

Data with diploid and tetraploid species suggested that 

gene flow among tetraploids is low, and that diploid M and C 

accessions were more diverse than the U accessions. Thus, one 

explanation for the differential nature of M and C genomes in 

the tetraploids is multiple hybridization events leading to 

tetraploid UM and UC species, respectivelyi In search of 

evidence for multiple origin of the tetraploid wild wheats, we 

were fortunate to identify seven primer sets that 

preferentially amplified to only, one or two of the three 

genomes. These primer sets allowed direct comparison between 

individual genomes in the tetraploids with those of the 

diploid (Figure 4). For instance, results obtained with the 

M-genome specific primer set D17 are shown in Figure 4, Panel 

I. In this case, the restricted PCR products of T. 

macrochaetum (UM genomes) produced three patterns (lanes a - 

f) and two of those were present in accessions of diploid T.

(lanes g - q). Analogous results were obtained with 

primer set G43, which amplifies sequences in the U arid M 

genomes. Amplification of T. triunciale (UC genome) with G43 

produces only a U genome DNA fragment. Figure 4, Panel 2 has
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a restriction analysis of PCR products for G43 showing three 
different banding patterns in T . triunciaIe (lanes a - e) , 
two of which were present in T. umbellulatum (lanes f - n). 

Thus, results with primer sets G43 and D17 support a multiple 

origin for T . triunciale and T . macrochaetum, respectively. 

Of the other genome-specific primer sets tested, three did not 

show polymorphism within the tetraploids. For the other two 

primer sets, variation in the tetraploids did not correspond 

with that observed in any of the diploid accessions analyzed. 

This suggests divergence of the genome in the tetraploid and 

that of the diploid after hybridization.

v
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Figure 4. Polyacrylamide gel of PCR products analyzed for polyphyletic origin of 
the tetraploid wild wheats. Panel I. Hha I digested PCR products of primer set D17 
for T . macrochaetum (lane a: TP15; b: TP16; c: TP19; d: TP37; e: TP3 8; f: TP4 8) and 
T . comosum (lane g: TC2; h: TC6; i: TC9; j: TC12; k: TC14; I: TC15; m: TC16; n: 
CI38 • O- PI542176; p: PI542175; g: PI276970). Panel 2. Dde I digested PCR products 
of primer set G43 for T . triunciale (lane a: TW103; b: TW105; c: TW116; d: TW185; 
e: TW187) and T. umbellulatum (lane f: TU35; g: TU37; h: PI227339; i: PI542370; j: 
PI428569; k: PI226500; I: PI226616; m: PI298906; n: PI298907).



27
DISCUSSION

The theory of pivotal-differential evolution in wild 

wheats was first suggested by morphological comparisons 

(Zohary and Feldman 1962; Feldman 1965a) and later supported 

by chromosome pairing analysis (Feldman 1965c; Kimber and Yen 

1988a, 1988b). Species within the U genome cluster are 

closely related and crossing among these species can occur, 

both artificially and naturally (Vardi 1973; Feldman 1965b; 

Kimber and Yen 1988b). However, previous studies with 

repetitive DNA suggests that although interspecific crosses 

may have occured, introgression of genetic material across 

genome may be rare (Talbert et al. 199,3) . Similar 

observations were made in maize (Doebley 1984). Despite the 

frequent occurrence of hybrids between sympatric maize and 

teosinte, isozyme analysis has shown that introgression among 

these two species was less common than expected. The low 

level of genetic introgression, despite the high frequency of 

hybridization, indicates the presence of barriers preventing 

or reducing gene flow. This may be due to either genetic 

incompatibility or an inability of the hybrids to compete with 

the parental types. Thus, these results suggest that the 

occurrence of hybrids does not necessarily lead to genetic 

exchange.

In this study, we analyzed 368 restriction fragments 

generated by digestion of STS-PCR products for a set of U



genome tetraploid accessions. Sympatric accessions of 

different species did not tend to share more restriction 

fragments than allopatric accessions (Table 4) This is 
contrary to expectation if relatively free exchange of genetic 

material occurs between these species as suggested by the 
theory of pivotal-differential evolution (Zohary and Feldman 

1962; Feldman 1965a, 1965b, 1965c). We would have expected a 

skewness of GS toward sympatric accessions of different 

species. The present data indicates genetic exchange across 

species is not common among these species.
Genetic diversity analysis of the three diploid 

progenitors, i.e., T. umbellulatum. T . comosum and T. 

dichasians, shows that T. umbellulatum genotypes were less 

diverse than the other two diploid species (Figure 3). 

Although accessions of T. umbellulatum were collected from a 

more diverse region (Table 2) , they represent the least 

diverse group based on genetic similarity. Similar results 

were obtained with repetitive DNA in that the M genome diploid 

T. comosum is more variable than the U genome diploid T . 

umbellulatum (Talbert et al. 1993). Evidence for multiple 

origins of T. triunciale and T. machrochaetum, respectively, 

were observed with two genome-specific primer sets. 

Interestingly, multiple origins for tetraploid T. triunciale 

is indicated by the fact that both U- and C-type cytoplasm are 

found in this species (Tsunewaki 1988). Thus, one hypothesis 

is that the "pivotal" nature of the U genome in the tetraploid
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may have been due to the lack of diversity within the U genome 

progenitor, T . umbellulatum. which would lead to the U genome 

being more similar among different tetraploids. Additionally, 

the U genome in tetraploid would be more likely to be similar 
to any particular U genome diploid which might be used to make 

hybrids for chromosome pairing analysis (Feldman 1965c; Kimber 

and Yen 1988a). \

(
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SUMMARY

Two explanations for the observation that the U genome of 

UM and UC tetrapltiids is more conserved than the M and C 

genome have been presented. First, Zohary and Feldman (1962) 

proposed that the occurrence of freguent and continual 

introgression events among different tetraploid species with 

a U genome in common resulted in the production of modified 

genome. Second, Talbert et al. (1993) indicated that the 

diploid progenitors of M and C are more diverse, and more than 

one origin of the tetraploids would lead to more variability 

of these genomes. Such a multiple origin is suggested by 

primer set D17 and G43 in this study and also by chloroplast 

DNA restriction fragment data of Tsunewaki (1988). Our data 

from low copy DNA seguences suggest that gene flow among 

tetraploid is low, and that T. umbelIua!turn diploid accessions 

are less variable than.T. comosum and T . dichasians. Thus, 

our results are compatible with the hypothesis that the 

differential nature of the M and C genome may be due to 

variability within the diploid progenitors.



31
REFERENCES

Anamthawat-Jonsson, K. , and Heslop-Harrison, J.S. 1992. 
Species specific DNA sequences in the Triticeae. 
Heridatas. 116: 59-54.

Anderson, E. 1948. Hybridization of the habitat. Evoltion. 
2: 1-9.

Anderson, E., and Hubricht, L. 1938. The evidence of 
introgressive hybridization. Am. Jour. Bot. 25: 396-402.

Brubaker, C.L., Koontz, J.A., and Wendel, .J.F. 1993.
Bidirectional cytoplasmic and nuclear introgression. into 
the new world cottons, Gdssvnium barbadens and G. 
h iT-.qntiim (Malvaceae). Am. J. Bot. 80: 1203-1208.

Ghee, P.W., Pederson, L., Matejowski, A., Kanazin, V., and 
Blake, T.K. 1993. Development of polymerse chain 
reaction for barley genome analysis. Am. J . Brewing 
Chem. 51:93—96.

Chen, H.B., Martin, J.M., Lavin, M., and Talbert, L.E. 199-. 
Genetic diversity in hard red spring wheat based on 
molecular markers. Crop Sci., in press.

Doebley, J.F. 1984. Maize introgression into tebsinte - A 
reappraisal. Ann. Missouri Bot. Gard. 7i: 1100-1113.

Doebley, J.F., Goodman, M., and Stuber, C.W. 1984. Isozymic 
variation in Zea (Gramineae). Syst. Bot. 9(2): 203-218.

Doebley, J.F. 1990. Molecular evidence for gene flow among 
Zea species. BioScience 40:443-447.

Doyle, J.J., Davis, J.I., Soreng, R.J., Garvin, D., and
Anderson, M.J. 1992. Chloroplast DNA inversions and 
the origin of the grass family (Poaceae). Proc. Natl. 
Acad. Sci. U.S.A. 89: 7722-7726.

Feldman, M. 1965a. Further evidence of natural hybridization 
between tetraploid species of Aegilops section 
Pleionathera. Evolution 19: 162-174.

Feldman, M. 1965b. Chromosome pairing in differential genome 
of tetraploid Aegilops species. Evolution 19: 562-568.

Feldman, M. 1965c. Fertility of interspecific Fl hybrids and 
hybrid derivatives involving tetraploid species of 
Aegilops section Pleionathera. Evolution 19: 556-562.



32
Gill, K. S., Lubbers, E. L., Gill, B. S., and Muthukrishnah, 

S . 1991. A genetic linkage map of Triticum tauschii
(DD) and its relationship to the D genome of bread 
wheat. Genome 34:362-374.

Keim, P., Paige, K. N., Whitman, T.G., and Lark, K. G. 1989. 
Genetic analysis of an interspecific hybrid swamp of 
populus: occurrence of unidirectional integration.
Genetics 123: 557-565.

Kimber, G., and Feldman, M. >1987. Wild wheat. University of 
Missouri Press, Columbia, Mo., USA.

Kimber, G., and Yen, Y . 1988a. Analysis of pivotal-
differential evolutionary patterns. Proc. Natl. Acad. 
Sci. U.S.A. 85: 9106-9108.

Kimber, G., and Yen, Y. 1988b. . Hybrids involving wheat 
relatives and autotetraploid Triticum pyatum. Genome 32: 
1—5.

Kimber, G., and Yen, Y . 1990. Genome analysis of diploid
plants. Proc. Natl., Acad. Sci. U.S.A. 87: 3205-3209.

Kimber, G., Sallee, P.J, and Feiner, • M.M. 1987. The 
interspecific and evolutionary relationships of Triticum 
pyatum. Genome 30: 218-221.

Kleinhofs, A., Kilian, A., Saghai Maroof, M.A., Biyashev,
R.M., Hayes, P., Chen, F.Q., Lapitan, N., Fenwick, A., 
Blake, T.K., Kanazin, V., Ananiev, E., Dahleen, L.,
Kudrna, D., Bollinger, J., Knapp, S.J., Liu, B.,
Sorrells, M., Heun, M., Franckowiak, J.D., Hoffman, D., 
Skadsen, R., and Steffenson, B.J. 1994. A molecular, 
isozyme and morphological map of the barley (Hprdeum 
yulgare) genome. Theor. Appl. Genet.

Klier, K., Leoschke, M. J., and Wendel, J . F . 1991.
Hybridization and introgression in White and Yellow 
Ladyslipper Orchids fCvorinedium canadium and C. 
pubescence). J. of Heradity. 82(4): 305-318.

Lewontin, R. C., and Birch, J ; B. 1966. Hybridization as a 
source of variation for adaptation to new environments. 
Evolution. 20: 315-336.

Liu> Y.-G., Ikeda, T.M., and Tsunawaki, K. 1992. Moderately 
repeated, dispersed and highly variable (MRDHV) genomic 
sequences of common wheat usable for cuItivar 
identification. Theor. Appl. Genet. 84: 535-543.

Monte, J.V., McIntyre, C.L., and Gustafson, J.P. 1993.



33
Analysis of phylogenetic relationships in the Triticeae 
tribe using RFLPs. Theor. Appl. Genet. 86: 649-655.

Mullis, K.B., and Faloona, F. 1987. Specific synthesis of 
DNA in vitro via a polymerase chain reaction. Meth. 
Enzymol. 155: 331-350.

Murai, K. and Tsunewaki, K. 1986. Molecular basis of genetic 
diversity among cytoplasmic of Tritium and Aeqilops 
species. IV. ctDNA variation in Ae. triuncialis. 
Heredity. 57: 335-339.

Ogihara, Y. and Tsunewaki, K. 1988. Diversity and evolution 
of the chloroplast DNA in Triticum and Aegilops as 
revealed by restriction fragment analysis. Theor. Appl. 
Genet. 76: 321-332.

Olson, M., Hood, L., Cantor, C., and Doststein, D,. 1989. A
common language for physical mapping of the human genome. 
Science 254: 1434-1435.

Paterson, A. H., Tanskley, S. D., and Sorrells, M. E . DNA 
markers in plant improvement. In: Advances in agronomy. 
Sparks, D . C.. 1991. Academic Press, Inc. San Diego, CA. 
Vol. 46, pp. 40-90.

Potts, B . M., and Reid, J. B. 1988. Hybridization as a 
dispersal mechanism. Evolution. 42(6): 1245-1255.

Rohlf, F.J. 1993. NTSYS-PC, version 1.80. distributed by 
Exeter Software, Setauket, NY.

Rogowsky, P.M., Guidet, F.L.Y., Langridge, P., Shepherd, K.W. , 
and Koebner, R.M.D. 1991. Isolation and
characteriz ation of wheat-rye recombinants involving 
chromosome arm IDS of wheat. Theor. Appl. Genet. 82: 537- 
544.

Saiki, R.K., Scarf, S., Faloona,'F., Mullis, K.B., Horn, G.T., 
Erlich, H.A., and Arnheim, N . 1985. Enzymatic
amplification of beta-globin genomic sequences and 
restriction site analysis for diagnosis of sickle-cell 
anemia. Science 230: 1350-1354.

Sanger, F.S., Nicklen, S., and Coulson, A.R. 1977. DNA
sequencing with chain termination inhibitors. Proc. Natl. 
Acad. Sci. U.S.A. 74: 5463-5467.

Talbert, L.E., Blake, N.K., Chee, P.W., and Blake, T.K. 1994. 
Evaluation of ”sequence-tagged-site" PCR products as 
molecular markers in wheat. Theor. Appl. Genet. 87: 789- 
794.



34
Talbert, L.E., Kimber, G., Magyar, G.M., and Buchanan, C.B. 

1993. Repetitive DNA variation and pivotal-differential 
evolution of wild wheats. Genome 36: 14-20.

Talbert, L.E., Moylan, S.L., and Hansen, L.J. 1992. 
Assessment of repetitive DNA variation among accessions 
of hexaploid and tetraploid wheat. Crop Sci. 32: 366-369.

Tragoonrung, S., Kanazin, V., Hayes, P .M .,and Blake, T.K. 
1992. Sequence-tagged-site- facilitated PCR for barley 
genome mapping. Theor. Appl. Genet. 84: 1002-1008.

Tsunewaki, K. 1988. Cytoplasmic variation in Triticeae and 
Aeailops. Proc. Int. Wheat Genet. Symp., 7th. pp. 53-62.

Vardi, A. 1973. IntrogreSsion between different polyploid 
levels in the wheat group. Proc. Int. Wheat Genet. Symp., 
4th. pp. 131-141.

Wang, C., Dowling, C.E., Saiki, R.K., Higuchi, R.G., Erlich, 
N.A., Kazazin, H.H. 1987. Characterization of beta- 
thalassaemia mutations using direct genome sequencing of 
the amplified single copy DNA. Nature, 330: 384-386.

Wang, R.C. 1992. Genome relationship in the perennial 
Triticeae based on diploid hybrids and beyond. Hereditas. 
116: 133-136.

Yen, Y., and Kimber, G. 1990. The U genome in Triticum 
ovatum from Turkey. Cereal Res. Commun. 18: 13-19.

Young, N.D., and Tanskley, S.D. 1989. RFLP analysis of the 
size of chromosomal segments retained around the Tm-2 
locus of tomato during backcross breeding. Theor. Appl. 
Genet. 77: 353-359.

Zohary, D., and Feldman, M. 1962. Hybridization between
amphiploids and the evolution of polyploids in the wheat 
(Aegilops - Triticum) group. Evolution, 16: 44-61.



APPENDIX



36
Table 5. Data matrix of the tetraploid accessions based on 368 

restriction fragments.

TPlS TW103 TU37 TW105 TP16 TP19 TWl 16 TP37
TP15 1.000
TW103 0.482 1.000
TU37 0.510 0.491 1.000
TWl 05 0.525 0.741 0.531 1.000
TP16 0.781 0.495 0.526 0.514 1.000
TP19 0.687 0.466 0.531 0.484 0.748 1.000
TWl 16 0.537 0.756 0.516 0.752 0.508 0.494 1.000
TP37 0.738 .0.537 0.550 0.542 0.765 0.718 0.545 1.000
TWl 8 5 0.500 0.786 0.512 0.852 0.514 0.459 0.744 0.534
TWl 8 7 0.497 0.730 0.509 0.756 0.495 0.464 0.750 0.539
TP38 0.693 0.487 0.487 0.497 0.755 0.685 0.525 0.748
TN76 0.500 0.500 0.503 0.529 0.488 0.439 0.497 0.527
TN77 0.476 0.423 0.442 0.472 0.481 0.444 0.438 0.484
TY25 0.488 0.529 0.500 0.534 0.512 0.515 0.537 0.497
TP48 0.611 0.485 0.543 0.511 0.626 0.583 0.514 0.682
T053 0.561 0.444 0.462 0.460 0.595 0.552 0.478 0.660
TC09 0.327 0.296 0.264 0.318 0.352 0.342 0.291 0.354
TC12 0.370 0.292 0.311 0.292 0.404 0.441 0.301 0.424
TC13 0.279 0.439 0.305 0.406 0.309 0.270 0.424 0.289
BARLEY 0.114 0.130 0.135 0.127 0.136 0.141 0.116 0.130
T049 0.545 0.440 0.494 0.478 0:648 0.574 0.473 0.662
T052 0.569 0.453 0.529 0.492 0.652 0.599 0.487 0.699
TY23 0.539 0.519 0.517 0.575 0.544 0.494 0.542 0.576
TU35 ’ 0.484 0.420 0.826 0.488 0.500 0.503 0.473 0.533
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Table 5. CONTINUED

TWl 8 5 TW187 TP38 TN76 TN77 TY25 TP48 TOS3
TWl 8 5 1.000
TWl 8 7 0.727 1.000
TP38 0.506 0.486 1.000
TN76 0.520 0.500 0.479 1.000
TN77 0.450 0.455 0.465 0.703 1.000
TY25 0.508 0.540 0.494 0.766 0.653 1.000
TP48 0.486 0.484 0.619 0.503 0.503 0.491 1.000
TOB3 0.459 0.465 0.649 0.491 0.476 0.446 0.621 1.000
TC09 0.301 0.307 0.357 .0.316 0.298 0.311 0.310 0.327
TC12 0.290 0.309 0.438 0.311 0.322 0.314 0.428 0.442
TC13 0.413 0.410 0.297 0.321 0.290 0.324 0.307 0.279
BARLEY 0.123 0.117 0.122 0.119 0.114 0.114 0.129 0.120
T049 0.470 0.468 0.662 0.459 0.495 0.466 0.594 0.767
TOB2 0.476 0.481 0.646 0.483 0.516 0.506 0.628 0.724
TY23 0.576 0.554 0.527 0.603 0.556 0.606 0.550 0.530
TU35 0.479 0.485 0.480 0.447 0.420 0.455 0.526 0.484

TC09 TC12 TC13 BARLEY' TC49 T052 TY23 TU35
TCO 9 I 1.000
TC12 I 0.508 1.000
TC13 I 0.279 0.300 1.000
BARLEY I 0.139 0.118 0.085 1.000
TC49 I 0.331 0.418 0.305 0.137 1.000
TC52 I 0.315 0.399 0.313 0.128 0.886 1.000
TY23 0.293 0.320 0.292 0.126 0.533 0.556 1.000
TU35 I 0.240 0.313 0.266 0.121 0.527 0.553 0.490 1.000
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Table 6. Data matrix of the diploid accessions based on 344 

restriction fragments

T.umbl T.umb2 T .umb3 T.umb4 T.umbS T.umb6 T.umb7 T .umb8
T.umbl | 1.000
T .umb2 I 0.937 1.000
T.umb3 | 0.759 0.785 1.000
T .umb4 I 0.773 0.797 0.831 1.000
T.umbS I 0.699 0.708 0.761 0.82J5 1.000
T.umb6 I 0.711 0.734 0.819 0.803 0.801 1.000
T.umb7 | 0.784 0.809 0.861 0.869 0.812 0.829 1.000
T.umb8 | 0.690 0.712 0.781 0.835 0.833 0.769 0.849 1.000
T.umb9 | 0.766 0.791 0.825 0.878 0.807 0.824 0.850 0.829
T.umblO I 0.745 0.755 0.800 0.866 0.771 0.787 0.824 0.739
T.umbll I 0.706 0.729 0.785 0.837 0.770 0.799 0.866 0.889
T.umbl2 | 0.711 0.734 0.791 0.857 0.788 0.805 0.873 0.927
T.coml3 I 0.300 0.296 0.290 0.293 0.297 0.282 0.297 0.287
T.coml4 I 0.333 0.329 0.325 0.326 0.329 0.316 0.331 0.321
T.comlS | 0.278 0.282 0.275 0.316 0.312 0.291 0.298 0.319
T.comlS I 0.358 0.362 0.351 0.349 0.345 0.340 0.357 0.346
T.coml7 I 0.359 0.355 0.344 0.343 0.339 0.325 0.350 0.339
T.comlS | 0.361 0.358 0.346 0.345 0.341 0.327 0.352 0.341
T.com!9 I 0.359 0.355 0.344 0.343 0.339 0.325 0.350 0.339
T.com20 | 0.302 0.306 0.301 0.318 0.329 0.315 0.323 0.321
T.com21 I 0.359 0.355 0.344 0.343 0.339 0.325 0.350 . 0.339
T.com22 I 0.357 0.353 0.342 0.341 0.337 0.324 0.348 0.337
T.com23 I 0.291 0.287 0.265 0.299 0.302 0.281 0.303 0.293
T.dic24 | 0.273 0.269 0.285 0.303 0.306 0.292 0.299 0.313
T.dic25 | 0.295 0.284 0.286 0.303 0.322 0.301 0.292 0.306
T.dic26 | 0.264 0.260 0.268 0.287 0.297 0.276 0.282 0.296
T.dic27 j 0.257 0.253 0.267 0.286 0.289 0.268 0.282 0.287
T.dic28 j 0.246 0.235 0.227 0.261 0.271 0.243 0.256 0.269
T.dic29 | 0.238 0.228 0.227 0.259 0.269 0.242 0.254 0.260
T.dic30 j 0.242 0.238 0.230 0.263 0.273 0.246 0.258 0.271
T.dic31 | 0.236 0.225 0.224 0.257 0.266 0.239 0.25.1 0.257
T.dic32 | 0.251 0.247 0.240 0.273 0.283 0.256 0.269 0.282
T.dic33 | 0.254 0.250 0.272 0.290 0.293 . 0.272 0.286 0.299
T.dic34 I 0.266 0.261 0.277 0.295 0.291 0.277 0.292 0.298
T.dic35 | 0.257 0.253 0.246 0.279 0.296 0.268 0.274 0.302
T.dic36 j 0.269 0.265 0.259 0.291 0.294 0.267 0.287 0.301
T.dic37 j 0.266 0.255 0.249 0.281 0.298 0.264 0.277 0.290
T.dic38 | 0.277 0.273 0.267 0.286 0.297 0.275 0.281 0.295
T.dic39 I 0.267 0.263 0.256 0.289 0.299 0.271 0.285 0.298
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Table 6. CONTINUED

T.umb9T .umblOT .umbllT .umbl2T .coml3T .coml4T .comlST .coml6
T.umb9 I 1.000
T.umblO | 0.862 1.000 ■
T.umbll | 0.778 0.768 1.000
T.umbl2 | 0.784 0.761 0.959 1.000
T.coml3 J 0.307 0.323 0.281 0.282 1.000
T.coml4 J 0.341 0.349 0.314 0.316 0.796 1.000
T.comlS I 0.315 0.308 0.304 0.306 0.527 0.556 1.000
T.comlS J 0.358 0.384 0.337 0.340 0.653 0.712 0.555 1.000
T.coml? | 0.352 0.376 0.331 0.333 0.578 0.699 0.471 0.844
T.comlS | 0.354 0.378 0.333 0.335 0.583 0.691 0.475 0.852
T.coml9 | 0.352 0.376 0.331 0.333 0.578 0.699 0.471 0.844
T.com20 I 0.341 0.349 .0.306 0.308 0.746 0.761 0.664 0.664
T.com2I | 0.352 0.376 0.331 0.333 0.578 0.699' 0.471 0.844
T.com22 | 0.349 0.373 0.329 0.331 0.574 0.694 0.468 0.836
T.com23 | 0.321 0.329 0.287 0.288 0.841 0.759 0.558 0.620
T.dic24 | 0.272 0.295 0.321 0.315 0.268 0.312 0.327 0.329
T.dic25 I 0.287 0.303 0.306 0.301 0.336 0.373 0.344 0.403
T.dic26 I 0.263 0.286 0.304 0.298 0.282 0.327 0.316 0.327
T.dic27 I 0.270 0.285 0.295 0.290 0.258 0.301 0.314 0.333
T.dic28 I. 0.244 0.260 0.270 0.264 0.269 0.306 0.303 0.322
T.dic29 I 0.237 0.265 0.268 0.262 0.251 0.293 0.340 0.333
T.dic30 I 0.247 0.262 0.272 0.267 0.248 0.291 0.321 0.331
T.dic31 I 0.234 0.262 0.265 0.259 0.249 0.290 0.335 0.329
T.dic32 I 0.257 0.272 0.282 0.277 0.275 0.319 0.342 0.362
T.dic33 I 0.267 0.282 0.299 0.294 0.270 0.313 0.335 0.338
T.dic34 | 0.264 0.287 0.306 0.3.00 0.284 0.329 0.336 0.356
T.dic35 I 0.277 0.271 0.288 0.282 0.265 0.309 0.331 0.351
T.dic36 I 0.275 0.291 0.301 0.295 0.287 0.331 0.346 0.376
T.dic37 | 0.265 0.287 0.291 0.285 0.261 0.303 0.333 0.344
T.dic38 | 0.262 0.285 0.296 0.290 0.281 0.318 0.299 0.364
T.dic39 I 0.266 0.288 0.299 0.293 0.269 0.313 0.310 0.347
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Table 6. CONTINUED

T.coml7T .comlST .coml9T .com20T .com21T. com22T .com23T .dic24
T.coml? I ■1.000
T.comlS I 0.990 1.000
T.coml9 I 1.000 0.990 1.000
T.com20 | 0.565 0.569 0.565 1.000
T.com21 | 1.000 0.990 1.000 0.565 1.000
T.com22 | 0.990 0.981 0.990 0.561 0.990 1.000
T.com23 | 0.550 0.554 0.550 0.770 0.550 0.545 1.000
T.dic24 I 0.323 0.325 0.323 0.320 0.323 0.321 0.307 . 1.000
T .dic25 I 0.375 0.377 0.375 0.355 0.375 0.373 0.316 0.597
T.dic26 I 0.312 0.314 0.312 0.327 0.312 0.310 0.322 0.813
T.dic27 I 0.319 0.321 0.319 0.300 0.319 0.317 0.280 0.638
T.dic28 | 0.308 0.310 0.308 0.305 0.308 0.306 0.309 0.621
T.dic29 I 0.327 0.329 0.327 0.301 0.327 0,325 0.288 0.696
T.dic30 I 0.325 0.327 0.325 0.290 0.325 0.323 0.270 0.659
T.dic31 | 0.323 0.325 0.323 0.297 0.323 0.321 0.277 0,672
T.dic32 I 0.355 0.357 0.355 0.318 0.355 0.353 0.297 0.669
T.dic33 I 0.331 0.333 0.331 0.329 0.331 0.329 0.308 0.707
T.dic34 I 0.349 0.351 0.349 0.329 0.349 0.346 0.316 0.629
T .dic35 | 0.335 0.338 0.335 0.308 0.335 0.333 0.280 0.677
T.dic36 | 0.368 0.370 0.368 0.340 0.368 0.365 0.310 0.742
T.dic37 | 0.338 . 0.340 0.338 0.302 0.338 0.335 0.282 0.648
T.dic38 I •0.338 0.340 0.338 0.301 0.338 0.336 0.271 0.672
T.dic39 I 0.340 0.342 0.340 0.321 0.340 0.338 0.291 0.761
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Table 6. CONTINUED

T.dic25T .dic26T .dic27T .dic28T .dic29T .dic30T .dic31T
T.dic25 I 1.000
T.dic26 | 0.580 1.000
T.dic27 | 0.606 0.646 1.000
T.dic28 | 0.627 0.669 0.669 1.000
T.dic29 I 0.624 0.651 0.772 0.715 1.000
T.dic30 I 0.602 0.615 0.822 0.677 0.888 1.000
T.dic31 | 0.615 0.629 0.803 0.704 0.965 0.922 1.000
T.dic32 | 0.648 0.664 0.836 0.731 0.904 0.928 0.888
T.dic33 | 0.597 0.648 0.742 0.659 0.774 0.750 0.748
T.dic34 I 0.635 0.598 0.705 0.661 0.724 0.713 0.698
T.dic35 I 0.656 0.646 0.685 0.697 0.730 0.734 0.719
T.dic36 I 0.664 0.707 0.762 0.719 0.780 0.815 0.782
T.dic37 | 0.629 0.643 0.808 0.721 0.905 0.863 0.890
T.dic38 I 0.611 0.626 0.602 0.610 0.633 0.635 0.623
T.dic39 | 0.654 0.643 0.752 0.694 0.785 0.852 0.817

T.dic33T.dic34T.dic35T.dic36T.dic37T.dic38T.dic39
T.dic33 I 1.000
T.dic34 | 0.875
T.dic35 I 0.701
T.dic36 | 0.779
T.dic37 | 0.752
T.dic38 I 0.617
T.dic39 I 0.769

1.000
0.638 1.000
0.713 0.748 1.000
0.744 0.695 0.802
0l567 0.783 0.648
0.702 0.738 0.852

1.000
0.625 1.000
0.762 0.678 1.000

dic32

1.000
0.807
0.769
0.746
0.861
0.929
0.645
0.819
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