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ABSTRACT 
(Cai Qinyin) 

l 
Genetics 

CHARACTERIZATION OF THE GENOME IN TIMOTHY 

(PHLEUM PRATENSE L.): POLYPLOID 

PHYLOGENETIC RELATIONSHIPS AND 

VARIATION 

NATURE, 

PROTEIN 

The genome constitution and phylogeny ofhexaploid timothy (Phleum pratense L., 

2n = 42) have been studied with C-b~ding aIld gen<~me-specific QNA techniques. The 

cultivated species and two diploid wild relatives P. alpinum '(2n = 14) and P. bertolonii 

(2n = 14) were karyotyped. In P. pratense t two sets of seven chromosomes could not be 

distinguished from eaeh other either in gross morphology or in C-banding patte11lB and 

the third set was found to be differenf l.ed from them. Two genomes, A and B, wc re 

established in this species presumably with the genome formula of AAAABB. The 

banded ksryotype in P. alpinum was close to the A genome and that of P. bertolonii 

was analogous to the B genome, which suggests these wild species were the genome 

donors of P. pratense. To reinforce this, a molecular assay was performed with genome­

specific probes. Eight clones specifie to the genome of P. alpinum and thirteen specifie 

to the genome of P. bertolonii we'fe respectively isolated from the genomic DNA 

libraries of P. alpinum and P. bertolonil. Three P. alpinum-specific ~equences and three 

P. bertolonii-specific sequences were used as probes to hybridize the DNA of P. pratense 

on 8lot blot and Southem blot. AlI the three P. bertolonii-specific probes and two of the 

three P. alpinum specifie probes exhibited cross-hybridization to P. pratense DNA. This 

has confirmed tl .. e allopolyploid origin ofhexaploid P. pratense. In addition, phenotypic 

variations of seed storage proteins were investigated within the cultivatcd P. pratense 

with SDS-PAGE analysis. A total of 44 protein monomers were detected in mature seed 

extracts from 19 cultivars oftimothy. The protein banding patterns were differentiated 

among all the examined cultivars except for two pairs. Such differentiation maltes it 

possible to identify the timothy cultivars. 
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Résumé 
(Cai Qinyin) 

LA CONSTITUTION GÉNOMIQUE DE LA FLÉOLE DES PRÉs, 

(PHLEUM PRATENSE): LA POLYPLOïDIE, LA 
LA VARIATION DES PATRONS PHYLOGÉNÈSE ET 

D'ÉLECTROPHORÈSE DE PROTÉINE 

La. constitution génomique et la phylogénèse de la fléole des prés (Phleum pratense L' f 2n 

= 42) ont été étudiées par l'analyse des profils de bandes C et le séquençage de l'ADN spécifique 

aux différents génomes. Les caryotypes de 'l'espèce cultivée, P. pratense et de deux espèces 

sauvages apparentées, P. alpinum (2n = 14) et, P. benolonii (2n = 14) ont été examinés. En ce 

qui concerne l'espèce F. pratense, on a trouvé que deux séries de sept chromosomes étaient 

identiques tandis qu'une troisième série était différente des deux premières, sur la base de la 

morphologie et de la distribution des baD.des C. Ces séries réfèrent à deux génoMes. A et B et 

l'espèce hexaploïde se voit ainsi conférer la formule génomique AAAABB. La morphologie des 

chromosomes ainsi que les profils de bandes C permettent d'associer les chromosomes de P. 

alpinum au génome A et les chromosomes de P. bertolonii au génome B. Ces données suggèrent 

que P. alpinum serait l'espèce donnatrioo du génome A de P. pratense. tandis que P. bertolonii 

serait l'espèce donnatrice du génome B de P. pratense. Afm d'appuyer cea dOMéeS, des sondes 

spécifiques aux génomes A et B furent développées. Huit clones spécifiques de P. alpinum et 

treize clones spécifiques de P. bertolonii furent isolés à partir des banques génomiques de P. 

alpinum et de P. bertolonii. Trois séquences spécifiques de P. alpinum et trois séquences 

spécifiques de P. bertolonii furent utilisées comme sondes lors d'hybridation de P. pratense selon 

les techniques de slot blot et de Southern. Les trois sondes spécifiques de P. bertolonii et deux 

des trois sondes spécifiques de P. alpinum ont montré une hybridation croisée de P. pratense. Ces 

données confirment l'origine allopolyploïde de P. pratense. De plus, les variations des protéines 

de réserve de graines de P. pratense ont été examinées par une analyse de SDS-PAGE. 44 

protéines monomériques ont été détectées dans les extraits de graines matures des dix-neuf 

cultivars. Les profils de bandes des protéines etaient différentiables à l'exception de deux paires 

de cultivars. Cette différentiation rend possible l'identification des différents cultivars de P. 

pratense utilisés dans cette etude. 
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Contribution to original knowledge 

To the best of the allthor's knowledge, all three techniques: Giemsa C-

banding of chromosomes, genome--specific sequence analysis and SDS-PAGE 

analysis of seed storage proteins used in this study have not previously been 

applied on studies of timothy (Phleum pratense L.). The study presented in 

this the'sis has resulted in the following original findings: 

1. The chromosomes in cultivated timothy (P. pratense) and two wild xelatives 

P. alpinum and P. bertolonii were successfully banded with the C-banding 

procedurte. The distinguishable banding patterns permit identification of 

individual chromosome pairs and particular genomes in these species. 

2. Two gleDomes, A and B, comprising the karyotype of P. praten:le were 

establishE!d based on the C-banding patterns. 

3. The cytological evidence was presented ta show that P. pratense is a 

allohexaploid with the genome formula of AAAABB. 

4. Two partial genomic libraries which represented the genome ofP. alpimlm 

and the genome of P. bertolonii respectively were constructed and were 

screened by colony hybridization using total genomic probes. Eight P. alpinum 

genome-specifie and 13 P. bertolonii genome-specifie clones were isolated from 

these two libraries. 

5. AlI the genome-specifie clones were characterized including stringency of 
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the hybridization epecificity, copy-number range and insert size. 

6. Three P. alpinum-specific clones and three P. bertolonii-specific clones were 

used as probes to hybridize the DNA samples from four Phleum species 

involving P. pratense in 810t blot and Southem blo!.,. It was di8covered that 

two P. alpinum-specific and three P. bertolonii-specific probes could hybridize 

to P. pratense DNA. 

7. The evidence from chromosome analysis and molecu1ar analysis were 

presented to confirm that one genome in F. pratense may come from P. 

alpinum and the other may be donated by P. bertolonii. 

8. The seed storage proteins from 19 timothy cultivars were SDS-PAG~­

analyzed. A total cf 44 protein bands were detl~cted and phenotypic variation 

of the protein monomers were found between the cultivars. 

9. A parameter, proportion of differentiated proteins (Pp) was presented to 

quantitatively evaluate the differentiation between cultivars. 

10. The information from protein analysis was presented to support the 

identification of the cultivars in timothy. 

v 
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Fonvard 

This the sis is submitted under the form of three manuscripts according 

to the conditions outlined in the Guidelines Concerning Thesis 

Preparation which arc as follows: 

"The candidate has the option, subject to the approval of their 

Department, of inc1uding as part of the thesis the text, or duplicated 

published text, of an original paper or papcrs. 

Manuscdpt-style theses must stil1 conform to ail other reqll1remcnts 

explained in the Guidelines Concerning Thesis Preparation. Additional 

material (procedural) and design data as weB 8,S d~scnptlOn of eqUlpment) 

must be provided in sufficicnt detall (cg. in appf'ndices) to allow c1ear and 

precise judgement to be made of the importance and orif~inality of the 

research reported. The thesis should be more tha n a mere collpctioTl of 

manuscripts published or to be published. It must include a general abstract, 

a full introduction and literature review and a final ovpral1 conclusion. 

Connecting texts which provjde logical bridges betwecn ditrprenl manuscripls 

are usuaily desirable in thè interest of cohesion. 

ft i8 acceptable for theses to include, as chapler, authentic copies ofpapers 

already published, provided these are duplicated c1parly and bound as an 

integral part of the thesis, In such instances, connecting t(>xts are mandatory, 

and supplemenlary explanatory malerial is always necessHry. Pholographs 

or other materials which do not duplicat.e weB must 1)(' mcJuded In thcir 

original form. 

While the inclusion of manuscripts co-authored by the candidate and 

others is acceptable, the candidate is required to make an explicit statement 

in the thesis of who contributed to such work and to what extent, and 

supervisors must attest to the accuracy of the c1aims at the Ph.D. Oral 
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Defense. Sinee ~hc task of the examiners is made more difficult in these cases, 

it is in the candidate's interest to make the responsibilities cf authors 

perfectly clear." 
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M.R. Bullen, the candidate's research supervisor. 

Dr. Bullcn ~'ls rcsponsib1e for the administrative aspect of the research, 
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sugge~tion for preparation of the manuscripts. 

The candidate was responsible for aIl design and operation of 

experimental procedure, as weIl as for analysis and presentation of results. 

The manuscripts wcre written entirely by the candidatp-. 

The first ma nuscript was published in Genome (Appendix II). The second 

manuscript will be submitted for pub1ication to Theoretical and Applied 

GeneticM, and the third one has been accepted by the Canadian Journal 

of Plant Science. 
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General introduction 

Timothy (P. pratense L.) is an important forage crop grown either in 

monoculture or in mixture with legurnes, particularly alfalfa (Medicagù saliva 

L.) (Berg and Hill 1983). This spedes was brought andcr cultivation in North 

America and it has b8en widely grown throughout the cool, tl'mperate 

regions of the world. Timothy is grown prirnarily for hay. It IS gcneral1y 

found, however, in mixture for pasture (Childers and Hanson 1 HR5). 'l'he data 

from feeding trials (Grant a:;)d Burgess 1978) indicatcd that its silal~e was 

equal to corn silage for milk production when [cd as the only forage tn 

dairying cows. Therefore, in SOIlle arcas like Hokkaido Island ln .Japan, 

timothy i8 used as the principal forage in the dairying industry. ln S'pite of 

the increase in the importance of other forage grasses and lcgumcR, timothy 

remains the most important cultivatecl grass of eastern C,lllada (Lemieux 

1986). 

There are at Ieast 10 species which arc formally recognized in the genus 

Phleum. Only P. pratense is of major economic importance. [nvestigations 

aimed at the improvement of this cultivated speCIeS wcrc begun during the 

early years of the present century (Nath 1967). The progrpss in the C()l~lerClal 

development of this cultivated species has been rather disapT,ointing. Onlya 

limited number ofnew, improved cultivars oftimothy are available. Il ~hould 
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be recognized that although the genus Phleum as a whole has considerable 

potential, programs designed to increase the agronomie usefulness of tirnothy 

have generally been limited to conventional breeding and selections within 

the species. It has been found that sorne wild species bear desirable 

characteristics such as hi~her seed set, higher content of storage proteins, 

rust resistance and frost resistance (Nath 1967). If some of these 

characteristics could be combined with the cultivated form of timothy, the 

quality of timothy cultivars might be greatly impl'oved. The receilt successful 

development of a new timothy cultivar by interspecific hybridization between 

cultivated timothy and the wild species P. alpinum reported in Soviet Union 

( Turkina 1985) has opened up broad prospects for utilization of wild 

resources in Phleum to improve the cultivated timothy. However, we are far 

away from our goal in this aspect. More studies of timothy, especially on its 

genetic basis, are required before efficient exploitation of the genetic resources 

in cultivated timothy as weIl as in the wild species of Phleum. 

The knowledge of the genornes in timothy (P. pratense) inc1uding its 

constitution and phylogenetic relationships will be useful not only in 

theoretical studies but also in the practical breeding program of timothy. In 

addition, information about genetic variations in this species would be also 

useful. However, the genome structure of P. pratense is still poorly understood 

and most of the genette variability in this cultivated species is still unknown. 

The main task of my study was to characterize the genome of P. pratense 
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including its constitution aIld phylogenetic relationships. In addition, it was 

to examine the genetic ,;ariation in order to understand the origin and 

evolution of this forage species and also to provide useful information for 

timothy breeders. The content of the study under the titlc of this thesis 

includes the following two aspects: 

1. Cytcgenetic and molecular study to characterize the genomes in 

Phleum pratense and its wild relatives 

P. pratense is recognized as a hexaploid (2n ::: 6x ::: 42) (Gregor and 

Sansome 1930, NordenskiOld 1945). In the earlier studies on timothy, the 

nature of this polyploid was extensively studied through interspecific 

hybridization and observation of chromosomal behaviour in meiosis. Two 

hypotheses about the nature and origin of the genome in P. pratense were 

proposed. One considered it originated as an allohexaploid from the diploid 

species P. bertolonU (2n = 14) Ot was named P. nodosom or diploid P. 

pratense in the earlier literature) and the tetrapJoid form of P. alpinum (2n 

= 4x = 28); The other hypothesis proposed was an autohexaploid developed 

from P. bertolonii. 

The evidence supporting the first assumption mainly came from t.he 

studies reported by Gregor and Sansome (1930), Gregor (1931), Müntzing 

(1935) and Müntzing and Prakken (1940). Gregor and Sansornc (1930) 

successfully obtained triploid hybrids (2n ::: 21) from diploid P. bertolonii and 
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tetraploid P. alpinum (2n = 28). Through chromosome doubling, some 

hexaploid plants were obtained from these hybrids. One ofthem proved cross­

fertile with hexaploid P. pratense. Müntzing (1935) and Müntzing and 

Prakken (1940) analyzed the meiotic chromosomal behaviour in the 

pentaploid hybrids between hexaploid P. pratense and diploid P. bertolonii. 

They found that the typical MI configuration in these hybrids was 14 n + 7 

1 and 15 TI + 6 1. They suggested the genome formula in P. pratense as 

NNA1A1A2A2, in which Al and A2 were very likely identical and the pairing 

between them was as frequent as that between Al and Al and between A2 

and A2. Levan (1941) reported that the cytology of haploid plants of P. 

pratense was characterized by a MI configuration of 7 n + 7 1. In comments 

on Levan's study on the ''haploid'' plants of P. pratense, Stebbins (1950) 

suggested that the genome formula in hexaploid P. pratense should he 

AAAABB in which the A genome and B genome might come from P. bertolonii 

and P. alpinum respectively. 

The second assumption, an autopolyploid origin, was proposed by 

Nordenskiôld (1941, 1945). The evidence which was considered te support this 

assumption was mainly derived from the cytological, morphologieal and 

compatibility investigation of Phleu,m species by Nordenskiôld as weIl as by 

Myers(1941, 1944). In comparison of the meiotic chromosomal behaviour 

between triploid P. bertolonii (2n = 21) and "haploidtl P. pratense (2n = 21) 

and triploid hybrids (2n = 21) of diploid P. bertolonii x tetraploid P. alpinum, 
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Nordenskiôld (1941) noted that meiosis in the triploid P. bertolonii and that 

of "haploid" P. pratense seemed to mutually correspond more closely than 

with the triploid hybrid P. bertolonii X tetraploid P. alpinum. The typical MI 

configuration of "haploid" P. pratense was 7 II + 7 1 and very few trivalents 

were observed. Meiosis of the triploid P. bertolonii showed a high frequency 

of bivalents and univalents with a rather low frequency of trivalents, 

although the latter was more frequent than in haploid P. pratense. However, 

chromosome pairing in the triploid hybrids between P. bertolonii and 

tetraploid P. alpinum appeared to be more irregular. In addition to trivalents, 

bivalents and univalents, associations of four chromosomes were observed. 

AIso, P. bertolonii was morphologically similar to the cultivated P. pratense. 

Moreover, the data from interspecific hybridization experiments indicated 

that P. bertolonii seemed to be more compatible with P. pratense than P. 

alpinum and other species such as P. commutatum. The hybrids between P. 

bertolonii and P. pratense frequently behaved normally, including high 

viability, high fertility and normal chromosome pairing in meiosis. However, 

the beha viour of the other hybrids inc1uding those between P. pratense and 

P. alpinum were frequently abnormal including low viability, high sterility 

and irregular chromosome pairing in meiosis. These facts made Nordenskiold 

believe that aIl three chromosome sets in haploid P. pratense were 

homologous and the s};-ecies must have developed from P. bertolonii. 

Very few studies related to the genome of P. pratense and interspecific 
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relationships among Phleum species have been reported Binee the 19608. 

Although most people now tend to agree with the explanation of P. pratense 

as an autohexaploid, no definite conclusion can be made. It is very difficult 

to prove the polyploid nature of P. pratense and the genome relationships in 

Phleum using the conventional methods including meiotie cytologieal, 

morphological and compatibility analysis. The chromosomal behaviour in 

meiosis is usually eonsidered as an important clue for identification of the 

polyploid nature in plants. In the case of Phleum speeies, however, it has 

provided no solid proof of genome constitution sinee chromosome pairing in 

meiosis of Phleum species feiled to positively respond to the ploidy levels even 

in the synthesized autopolyploid (Nordenskiold 1949). Validity of the 

evidence based on the compatibility analysis among Phleum species can be 

questioned, since the abnormality of the hybrids between P. alpinum and P. 

pratense may be attributed to the unbalanced genome structure of the 

asymmetric hybrids rather than to laek of genome homology between the two 

parents. 

Because of the uncertainty in the literature, the author decided to embark 

on a pro gram that would cytogenetically and molecularly characterize the 

polyploid genome of P. pratense and thus aid in verifying the hypotheses 

about the nature and phylogeny of this polyploid. The strategy of this study 

involved application of two new advanced techniques: Giemsa C-banding 

analysis and genome-specifie sequence analysis. 
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The Gie~8a C-banding technique is a particu1ar chromosome staining 

procedure to visualize the distribution of constitutive heterochromatin in the 

chromosomes. Plant chromosomes are rich in constitutive heterochromatin 

which represents the permanent condensed regions of chromosomes and 

consists mainly of arrays of highly r~peated late-replicating DNA sequences 

(App1e1s et al. 1978; Bedbrook et al. 1980; Jones and Flave1l1982). The 

polymorphic distribution patterns of heterochromatin in chromosomes often 

makes it possible ta recognize individual chromosomes and thus to identifY 

a particular genome as weIl as to cytologically characterize the genome 

simi1arities. Consequently, this is an extremely useful to01 for testing models 

of genome evolution in plant species. Various C-banding procedures have been 

applied to study genome evolutions in crop planta such as wheat (Gill and 

Kimber 1974; Endo and Gill 1984), barley (Fernandez and Jouve 1984; Linde­

Laursen et al. 1989), rye (Lelley et al. 1978; Figueiras et al. 1990) and peanut 

(Cai et al. 1987). This has resulted in a dramatic increase in data which has 

contributed to the understanding of the origin of the genome and the 

evolution of various species. Nevertheless, validity of this technique depends 

on a high content of polymorphism of heterochromatin in chromosomes. This 

ra1sed the question whether this technique was feasible in Phleum speeies. 

The definite answer was given by a cytologieal experimt nt where the 

chromosomes from three Phleum speeies involving P. pratense and four other 

forage species: Lotus corniculatus, Dactylis glomerata, Medicago sativa and 
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Poa pratensis were stained with the C-banding method (Cai and Bullen, 

unpublished). The result obtained from this experiment suggested that the C­

banding technique is weIl suited for genome study in Phleum, as the C-

banding patterns in its species were much more polymorphie when compared 

to other forage species. 

Genome-specifie sequence analysis is a new molecular approach which 

has been actively used in genome studies in recent years. Genome-specific 

sequences are defined as the DNA sequences that are exclusively homologous 

to a particular genome and its derivatives. The specificity ofDNA sequences 

to genomes is an evolutionary product. 1t is well known that genome 

differelltiation mainly results from DNA sequence variation a..'ld structural 

rearrangement of chromosomes. Higher differentiation between genomes 

implies higher heterogeneity between their DNA sequences. However, some 

sequences which have been highly differentiated from distant related genomes 

still remain homologous between close relatives. These sequences can thus be 

used as genome markers or genome-specifie probes to indicate genome 

relationships between species. Genome-specifie DNA sequences have been 

successfully isolated in the following genera of higher plants: Triticum 

(Metzlaff et al. 1986; Raybum and Gill 1986), Hordeum (Junghans and 

Metzlaff 1988), Secale Bedbrook et al. 1980; Guidet et al. 1991), Brassica 

(Hosaka et al. 1990), Oryza (Zhao et al. 1989), Beta (Schmidt et al. 1990), Avena 

(Fabijanski et al. 1990), Actinidia (Crowhurst and Gardner 1991), and 
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Solanum (Pehu et l.ù. 1990). They have been used as probes for identifying 

somatic cell hybrids (Saul and Potrykus 1984; Pehu et al. 1990), for detecting 

hybrid addition lines (Schmidt et al. 1990), and for studying genome evolution 

(Rayburn and Gill 1985, 1987; Hosaka et al. 1990; Anamthawat-Jonsson et 

al 1990; Fabijanski et al. 1990), as well as for identifying chromosome 

translocation (Lapitan et al. 1986 and Le et al. 1989). Genome-specific probes 

are also effective when they are used 10 identify genomes in polyploïds 

and to test the models of progenitor-derivative relationships. 

The obje~tives of the present study are: (i) to characterize the karyotype 

of hexaploid P. pratense including chromosome morphology and C-banding 

pattern and thus to determine whether there are distinctive genomes in this 

polyploid species; (ü) to evaluate the genome relationships between cu1tivated 

P. pratense and two wild speeies P. alpinum and P. bertolonii which were 

thought to be possible ancestors of timothy on the basis of karyotyping data; 

(iii) to identify and isolate the genome-specifie sequences from two possible 

progenitor species P. alpinum and P. bertolonii; and (iv) to further test the 

model ofprogenitor-derivative relationship between P. pratense and the wild 

species using genome-specifie probes. 

n. Investigation of genetic variations within the cultivated species P. 

pratense wi~h SDS PAGE electrophoresis 

Understanding the genetic variability in P. pratense has practical 
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significance on timothy breeding. Phenotypic differences not only allow for 

so]ection of hybrids but aIso permit identüicai.ion of genotypes or cultivars. 

Phenotypic variations have been observed in timothy for plant morphology 

inc1uding plant height, leaf and stem peculiarities, as weIl as head type and 

glume size (Powell and Hanson 1973). Although variations of plant 

morphology may provide sorne useful mark ers for genetic selection and for 

discrimination of cultivars in timothy, only a limited number of variations can 

be morphologically expressed and they are easily influenced by the 

environment. Thus it is very difficult to identify the genotypes or cultivars in 

this species depending on morphological observation. Recently, phenotypic 

variations have also been observed in this species for sorne chemical 

characters and physical property such as erude prote in (CP) and in vitro dry 

matter digestibility (IVDMD) (Berg and Hill 1983, Surprenant et al. 1990), 

IVDM decline (McElroy and Christie 1986), packed volume (PV), water 

retention (WR) and water solubility (WS) (Surprenant and Michard 1988), 

and yield (Faris 1970). Unfortunately, most ofthese characters are quantitive 

traits and thus can not serve as effective markers for genetic selection and 

identification of genotypes. 

Genetic diversity in seed storage proteins are considered to be an 

important source of variation. About 80% of seed proteins serve as storage 

function. These inc1ude gbbulins of dicotyledons and prolamines of 

monocotyledons (Konarev et al. 1987). The storage proteins in seeds usually 
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represent a large number of gene products which arc considered to be stable 

quality markers. SDS polyacrylamide gel electrophoretic (PAGE) analysis of 

seed storage proteins has bcen demonstrated to be very us('ful for visualizing 

phenotypic variations in natural and cultivatcd populations. ft has Hw 

advantage oyer morphological observation and other conventional mpthods in 

that it can visualize the phenotypic variations before the full devplopment of 

plants. Thus, it is a powerful tool for identification of cultivars in crop plants. 

In view of these considerations, it was decided to undertake a survey of secd 

storage protein variations in cultivated timothy. The mam objective of this 

phase of research was to evaluate the phenotypic vanability in cultivated 

populations oftimothy (P. pratense), whkh might make it possible to identify 

the commercial cultivars in this species. 

The results of the whole study including the ab ove two aspects are 

presented as the main body of the present thesis and in the fonn of three 

manuscripts for publication. The first manuscript presents the karyotypic and 

C-banding data for three Phleum species, P. pratense, P. alpinum and P. 

bertolonii. The focus is on the polyploid nature of P. pratense and the genetic 

relationship with the two diploid species bascd on the C-bandcd karyotyplc 

data. The second manuscript presents the findings of molccular cxperirnents 

associated with genome-specifIe sequence analysis in the Phleum species. The 

experiments include construction of the genomic DNA libraries, identification 

and isolation of genome-specifie clones from the genomic DNA libraries and 

" 
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'- s]ot and Southern hlot analysis of genome homology using genome-specifie 

probes. This work has initiated DNA manipulation in Phleum species with 

the attempt to verify the primary conclusion drawn in the cytogenetic study 

prescnted in the first manuscript. The third manuscript presents the 

electrophoretic data of seed storage pro teins among the cultivars oftimothy. 

The emphasis in this manuscript is on the evaluation of phenotypic 

differences between cultivars to identify the genotypes in this species. 
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Abstract 

In an attempt to know the phylogeny of timothy (P. pratense), the 

cultivated species and two wild relatives, P. alpinum and P. bertolonii, were 

karyotyped with conventional and Giemsa C-banding methods. In the 

hexaploid P. pratense (2n = 6x = 42), two sets of seven chromosomes were 

indistinguishable from each other both in morphology and in banding 

patterns and the third set of seven was found to be differentiated from them. 

Two genomes, A and B were tentatively established. The banded karyotype 

in diploid P. alpinum (2n = 2x = 14) was close to the A genome which was 

tetraploid in P. pratense and the karyotype in P. bertolonU (2n = 2x = 14) was 

analogous to the B genome in P. pratense, which suggests these species were 

the genome donors of P. pratense. 

Key words: chromosome, genome, allopolyploid, Giemsa C-banding. 
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Résumé 

Dans le but de connaitre la phlogénèse du P. pratense, la Fléole des prés, 

les caryotypes Giemsa de l'espèce cultivée et deux espèces sauvages, P. 

alpinum et P. bertolonii ont été examinés. Les bandes C obtenues ainsi que 

la longueur et les rapports des bras des chromosomes ont conduit à 

l'identification des génomes de ces espèces. En ce qui concerne l'espèce 

hexaploïde P. pratense (2n = 6x = 42), on a trouvé que deux groupes de sept 

chromosomes étaient identiques tandis qu'un troisième groupe de sept 

chromosomes était différent des deux premiers, sur la base de la morphologie 

et de la distribution des bandes C. Le caryotype de l'espèce dipl(jïdl~ P. 

alpinum (2n = 2x = 14) est proche de génome A (tétraploïde chez P. pra!ense) 

tandis que le caryotype de P. bertolonii (2n = 2x = 14) ressemble au génome 

B de P. pratense. 

Mots clés: chromosome, génome, allolyploïde, Bandes C, coloration 

de Giemsa. 
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Introduction 

Timothy (Phleum pratense L.) is an important forage crop, widely grown 

in cool, tempcrate regions of the world including North America and Europe. 

In the gerlUs Phleum, of which at least 10 species have been positively 

identified while another 10 may have specifie rank, only the species, P. 

pratense is of major economic importance (Nath 1967). 

The cultivated species, P. pratense almost always appears in the literature 

as a hexaploid. with a basic chromosome number of seven. The phylogenetic 

relationship between this species and the wild species of Phleum was a 

frequent subject of study during the period 1930-1954. Few investigations 

have been published in the last two decades. Most of the studies on 

phylogenetic relationships in Phleum species were concentrated on 

interspecific hybridization. A series of investigations on the fertility of 

interspecific hybrids and chromosomal behavior in meiosis of pollen mother 

cells in P. pratense and in interspecific hybrids have been reported (Müntzing 

1935, Müntzing and Prakken 1940, Nordenskiold 1941, 1945). From these 

studies came hypotheses about the nature and origin of the polyploid genome 

in P. pratense. One hypothesis saw the cultivated P. pratense as an 

allohexaploid containing two distinct genomes which were p.roposed to come 

from P. alpinum and P. nodosom, renamed P. bertolonii, (Müntzing and 



23 

Prakken 1940, Levan 1941 and Stebbins 1950). A second hypothesis 

considered the species to be an autopolyploid of P. nodosom (Myers 1944, 

Nordenskiold 1945, Wilton and Klebesadcl 1973). The latter point of vicw 

seems ~() be generally accepted. The authors believe, however, that a definitc 

conclusion can not be drawn because of a lack of conclusive evidence from 

cytology and genetics. 

The detailed karyotypes of P. pratense and it~ relatives have been poorly 

understood. Wilton and Klebesadel (1973) reported the chromosonle 

morphology (length, arm ratios) ofthreePhleum species including P. pratense 

and showed that the three genomes in P. pratense had similar chromosomal 

morphology thus supporting the autopolyploid nature. Only in two out of the 

three species could they make statistical comparisons as cytological 

preparations were difficult ta obtain in the third taxon. The information was 

limited in this study as banding was not yet availahle in the genus. 

Joachimiak (1981) showed the fIrst banding with a Phleum using the Hy 

(hydrochloric acid) technique on the diploid P. boehmeri. While of interest, 

this technique did not prove to be a practical way to prepare banded 

karyotypes that could be readily repeated (Bullen, unpublished). The objective 

of this study was to obtain the C-banded karyotypes of P. pratense and two 

wild species which appear to he genome donors. Confirming the genome 

dOllors would contribute to the understanding of the origin and evolution of 

the polyploid genome of timothy. 
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Materials and methods 

Threc species of Phleum: P. pratense, P. alpinum ssp. rhaeticum, and P. 

bertolonii, were used for this study. P. pratense is a cultivated species and the 

other two are esscntially wild. These species and accession numbers are listed 

in Table 1. Specimens will be deposited in the Herbarium of McGill 

University. 

The plants were gr(,wn in a growth chamber with a photoperiod of 16 

hours, light intensity of 94 J.1EM·2s·1 and a temperature 18°C (day) and 12°C 

(night). To carry out the pretreatment of the root tips, the roots still attached 

to the rest of the plant, were immersed in 0.002 M 8-hydroxyquinoline 

solution for three hours. One cm root tips were cut and fixed in 2:1 

methanol:glacial acetic acid for 12 hours. For the conventional chromosome 

observation, the root tips were hydrolyzed in 0.2 N HCI at 600 e for 6 min. The 

slides were made and stained following the method described by Cai and 

ehinnappa (1987). For the Giemsa C-banding of the chromosomes, the tixed 

root t.ips were hydrolyzed in 0.1 N Hel at 60°C for 9 min and then squashed 

in 45% acetic aeid. The slides were dried at room temperature for four days. 

Subsequently, the dried slides were denatured in 5% barium hydroxide at 20° 

e for three min and then incubated in 2x..'3SC solution at 600e for one hour, 

stained with 4% Giemsa in 1/15 M phosphate buffer (pH 6.8). The 
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chromosomes were observed and photographed using a Leitz Ortholux II 

microscope. Ten cells with weIl spread metaphase chromosomes for each 

accession were used for analysis and construction of idiograms. 

Results 

The karyotype and C-banding pattern in P. pratense 

The three accessions from P. pratense listed in Table 1 were karyotyped. 

The somatic cells in aIl three accessions, M44, M35 and M46, wcre shown to 

have 42 chromosomes with the exception of two plants of M46 which were 

found to have more than 42 chromosomes. One plant was 2n = 44 and the 

other was 2n = 46. The number of 42 chromosomes was considered to be the 

hexaploid number in Phleum, logically consisting ofthree sets of seven. In aIl 

the accessions, hexaploid and diploid, B-chromosomes were often observed in 

low numbers, although sorne cells showed up to five per cell. The morphology 

of individual chromosomes in this species can be characterized by the data 

presented in Table 2 and by the photos and idiograms in Fig. 3a. As shown 

in Table 2, the chromosome size ranges from 3.80 to 7.72 )lm. Within the 

chromosome complement, 14 pairs of chromosomes are metacentric and the 

other 7 pairs are submetacentric. Two pairs of chromosomes (A6) were shown 

to have distinct satellites with long secondary constrictions. There were no 
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apparent differences in karyotype found between difIerent accessions apart 

from the two plants mentioned above. In addition to the chromosome 

morphology, the C-banding patterns of P. pratense chromosomes were 

examined. As shown in Fig. 1 and Fig. 3a, this karyotype contained distinct 

telomeric bands and centromeric bands as weIl as sorne intercalary bands. AlI 

the 42 chromosomes showed telomeric bands and centromeric bands. Among 

them 10 chromosomes contained intercalary bands and the satellited 

chromosomes showed the secondary constriction band. The telomeric bands 

seemed to be stable, but t,ne centromeric bands were slightly variable 

depending on the division stage of the celI. It was noted that sorne 

chromosomes showing centromeric bands in Metaphase were not banded in 

the centric region in prometaphase. 

In order to clarify the polyploid nature of P. pratense, the morphology and 

C-banding patterns of individual chromosome pairs were compared. 

Morphological similarity was found among sorne chromosomes. The similar 

chromosome pairs can be put into seven groups: Al, A2, A3, A4, A5, A6 and 

A 7, as shown in Table 2. Each group contains two ~,imilar chromosome pairs 

except two groups Al and A3 which aiso share a similar morpho]ogy with B2 

and B3 respectively. Not only the morphology but the C-banding patterns 

showed the similarity between corresponding chromosome pairs in these 

seven groups as weIl. As shown in Fig. 3a, except A4 (of P. pratense) where 

the telomeric bands on the long arms are different in band intensity, the 
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chromosome pairs in the other A groups show apparently similar banding 

patterns. However, the third set of seven chromosomes are mmüly 

distinguishable from them. These data imply that there are two homologot1s 

sets rather than three homologous sets consisting of seven chromosomes in 

P. pratense. The karyotype of this species may well be an allopolyploid of two 

different genomes, with one being tetraploid and the other diploid. Bascd on 

the karyotype data and C-banding patterns, two difTerent genomes ar(' 

tentatively n1med for P. pratense, the tetraploid as genome A and the diploid 

as genome B. In two cases, three chromosome pairs presumahly from the 

three genomes share a similar morphology. However, thcy ean he sorted out 

into genome A or B with the aid of distinct banding patterns. The C-banding 

patterns of individual chromosome pairs are described shortly using the 

following nomenclature: the lower case letter "p" i8 used to dcsignatc the 

chroIDesomes from P. pratense and the "a" is used for the chromosomes from 

P. alpinum and "b" to designate those from P. bertolonii. The detaHs of the 

pairs of chromosomes are: 

pAl - The chromosomes were banded on both ends as well as at the 

centromere. In addition, an intercalary band can be seen in the long arm. 

pA2 and pA3 - There were telomeric bands on both ends and a centromeric 

band. 

pA4, pAS andpA7 - The chromosomes were banded at the centromeric region 

and on the end of the long arm. In terms of the band intensity, the telomeric 
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bands in pA5 seemed to be different between homologous chromosome pairs. 

The band in one pair was much thicker than the other one. 

pA6 - These chromosomes were found to p!: distingt:.h,hable from others by 

having distinct satellites. In additiol1 to the telomeric and centromeric bands 

which were similar to pA4, pA5 and pA7, a secondary constriction band was 

revealed. 

The members of genome B showed the following C-banding patterns: 

pB 1 - This is the biggest chromosome pair in P. pratense karyotype. Telomeric 

bands on both end s, a centromeric band as ,vell as an intercalary band in the 

long arm were demonstrated. 

pB2 - This pair of chromosomes had the richest bands in the whole 

chromosome complement, including two telomel'ic bands, two intercalary 

bands, one on the short urm and the other on the long arm, as weIl as a 

centromeric band. 

pA3 - Two telomeric bands and one centromeric band were stably visuali.zed. 

In addition, one intercalary band could, in most cases, be seen in the short 

arm. 

pB4 and pB6 - The chromosomes were banded at the centromere and on both 

distant ends. 

pB5 - The chromosome pair contained a unique banding pattern, having an 

intercalary band in the short arm, a telomeric band on the long arm and a 

cenLromeric band. 
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pB7 - This chromosome pair had a similar morphology and banding pattern 

to pA7, containing a centromeric band and a telomeric band on the end of the 

long arm. 

The banded karyotypes in the wild species 

P. alpinum ssp. rhaeticum 

Both of the accessions from this species were found to be diploid, with 14 

chromosomes and in most cases one or two B chromosomes. In its 

chromosome complement, there were two submetacentric and five metaccntric 

chromosome pairs with the lengths ranging from 4.28 to 7.27 pm. In this 

investigation, one satellited chromosome pair (the sixth) was identificd for 

this species. The detailed karyotype data can be seen in Table 2. 

The karyotype of this species was further assaycd by the C-bunding 

technique. The banded chromosomes and the idiograms of the C-handing 

pattern are shown in Fig. 2a,3b. It can be seen from this figure that a11 the 

chromosomes in this species are banded at the ccntromcre and on eithcr or 

both ends of the chromosomes. Two chromosome pairs were found to hu ve 

intercalary bands which \\ 0re shown in the long arm in the first chromosome 

and in the short arm in the second. The tclomcric bands were distributed on 

two distant ends of the chromosomes in the following clu:omosornc pairs: uAI, 

aA2, aA3, and aA5 and only on the long arm end in aA4, and aA7. A 

secondary constriction band was revealed in the satel1itcd chromosome pair, 
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aA6. It should be pointed out that polymorphism of C-banding patterns 

betwcen the two homologous chromosomes was found in sorne chromosome 

pairs. In the aAl, one chromosome had telomeric bands on both ends, while 

its partner showed only a thin band on the short arm end. 111 the aA6, one 

chromosome had a telomeric band on the end of the satellite but its partner 

did not. This phenomenon was also reported in Allium (LoidI 1983, Cai and 

Chinnappa 1987). 

Comparison of the banded karyotypes between P. alpinum and P. pratense 

showed that the chromsome morphology and banding pattern of P. alpinum 

was quite similar to the chromosomes in A genome of P. pratense. Among the 

chromosome complement in P. alpiTi.um, the following chromosomes: aA1, 

aA3, aA4, aA6 and aA7 were respectively analogous to the pAl, pA3, pA4, 

pA6 and pA7 in the A genome of P. pratense. Slight differences in banding 

were found in another two chromosome pairs. Between the aA2 chromosome 

in P. alpinum and the pA2 in P. pratense, a short arm intercalary band was 

found in the former but not in the latter. Between the aA5 in P. alpinum and 

the pA5 in P. pratense, the former had a telomeric band on the short arm 

while the latter did not. These data suggest a close relationship between the 

genome of P. alpinum and the A genome in P. pratense. 

P. bertoloni i 

Like P. alpinum, P. bertolonii was found to be diploid with 14 
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chromosomes in aIl examined accessions. The karyotype data lS presented in 

Table 2. There were two chromosome pairs that were submetacentric and five 

metacentric. The sixth chromosome had a satellite. The C-banding treatment 

of the chromosomes revealed abundant heterochromatin in the P. bert%nii 

complement (Fig. 2b, 3c). As shown in Fig. 2b, 3c, the heterochromatin was 

mainly distributed in telomeric and centric regions, similar to the cases in P. 

alpinum, and P. pratense. AlI the chromosomes observed in this species were 

round to carry telomeric bands. Among them, five chromosome pairs (bB 1, 

bB~, bB3, bB4, and bB5) had two telomeric bands and the others had one 

telomeric band which was located in the long arm. In comparisoll with the 

telomeric bands, the centromeric band seemed to be thin and variable. 

Although in sorne cells which were in metaphase, aIl chromosomes were 

shown to have the centromeric band, in many cells, especially those in 

prometaphase, only two or three pairs of chromosomes were banded at the 

centromeres. Intercalary bands were round in four chromosome pairs. In the 

bBl and bB4, an intercalary band was present in the long arm. The bB2 

chromosome contained two intercalary bands located in the long and short 

arms respectively. The bB3 contained one intercalary band in the short arm. 

A secondary constriction band was found in the bB6 chromosome. 

Polymorphism of C-banding patterns between homologous chromosomes was 

round in the bB2 chromosome pair where one chromosome had an intercalary 

band in the short arm but the other did not. 
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The karyotypes and C-banding patterns were compared between P. 

bertolonii and P. pratense. The genome in P. bertolonii seemed ta match the 

genome B in P. pratense. In terms of chromosome morphology, including the 

lengths and arm ratio, aIl the chromosomes except one in P. bertolonii were 

sunilar to the six chromosomes in the genome B. The exceptional chromosome 

is the bB6 in P. bertolonii, which is distinguished from pB6 in P. pratense in 

that the former had a satellite while the latter did note The C-banding 

pattern revealed in P. bertolonii genome was to some extent similar to that 

shown for the B genome in P. pratense. Four chromosomes (bBl, bB2, bB3 

and bB7) in the former appeared to be the same banding patterns 8S the four 

members respectively, (pB!, pB2, pB3 and pB7) in the latter. When the bB4 

and pB4 were compared, both of them had one centromeric band and two 

telomeric bands and were only different in that the long arm of the former 

had an intercalary band while the other species did note Relatively greater 

variation in banding patterns between these two genomes occurred in the 

remaining two chromosomes. The bB5 in the P. bertolonii genome, was 

divergent from the pB5 of timothy as it had a telomeric band on its short arm 

while the latter had an intercalary band in the same arme The bB6 W8S 

different from pB6 in that the former had a ~~condary constriction band while 

the latter had a telomeric band in the short arme 
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Discussion 

The results with respect to the chromosome numbers in these three 

species mentioned above are in agreement with other reports (Wilton and 

Klebesadel 1973; Teppner 1980). However, the karyotypes observed in P. 

pratense seem to disagree with those reported by Wilton and Klebesadel 

(1973). The main difference is that they found three chromosome pairs with 

distinct satellites while only two pairs of satellitcd chromosomes were 

identified in this study. Differences in the appearance and number of 

satellites have been noted previously between biotypes in the grass family. In 

Triticum monococcum L. where six biotypes were analysed only two had 

satellites of the same appearance while the others were aIl different even 

varying in the number of pairs (Waines and Kimber, 1973). While there is 

competent sampling of the plant material in both the work of Wilton and 

Klebsadel and the present studies the number of biotypes studied is too small 

to draw any conclusions as what is a standard karyotype in respect to 

satellites for timothy. In li'igure 3a the shift in the configuration of the 

karyotype in respect to a satellite is illustrated. It is the bB6 from the diploid 

which does not show a satellite when incorporated into the hexaploid. The 

similar phenomenon has also been reported in wheat. The diploid Triticum 

monococcum L., which has one to two pairs of satellites depending on the 
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biotype (Waines and Kimber, 1973), contributes its A genome to the hexaploid 

wheat T. aestivum (Riley, 1965). However, the karyotype of the polyploid 

wheat, AABBDD, exhibts only two pairs of satellited chromosomes lB and 6B 

(Gill, 1987), with those of the A genome not being detected. While the 

mechanism is unknown it would be reasonable to suppose that part of the 

adaptation of the new polyploid cell would be to suppress some of the rDNA 

activity to the point that the end of the chromosome could no longer be 

recognised as a satellite. 

In addition, we found it difficult to assign the P. pratense chromosomes 

into three similar groups consisting of seven chromosomes in the way that 

Wilton and Klebesadel did. It is clear to us that two sets of seven 

chromosomes are very similar to the cOlTesponding chromosomes while the 

third set of seven is distinguishable from them. 

One of the two earlier hypotheses considered that P. pratense's origin was 

by way of allopolyploidy. In support of this concept, Gregor and Sansome 

(1930) obtained triploid hybrids (2n = 21) from crossing diploid P. pratense 

(2n = 14) with tetraploid P. alpinum (2n = 28). From this llrighly sterile 

triploid, four hexaploid plants were obtained, one of which proved cross-

fertile with the natural hexaploid P. pratense. This implied that P. pratense 

might be an allopolyploid of a diploid P. pratense (2n = 14) and tetraploid P. 

alpinum (2n = 28). Müntzing (1935) further concluded that the hexaploid P. 

( pratense (2n = 42) may be an allohexaploid at least involving the genome (N) 
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from P. nodosom. The genomic constitution in P. pratense was considered to 

be NNAABB (Müntzing 1935) or NNA1A1A2A2 where Al and A2 are 

sufficiently homologous to permit formation of bivalents between 

chromosomes of the two genomes (Müntzing and Prakken 1940). Levan (1941) 

studied haploid plants of P. pratense and found seven bivalents and seven 

univalents. Stebbins (1950) commented that since they typically form seven 

bivalents and seven univalents their genomic formula must be AAB and that 

of the diploid AAAABB. However, Nordenskiold (1941,1945 and 1949), based 

on her studies on hybrids between P. pratense and P. nodosom and P. 

alpinum, proposed her different point of view that hexaploid P. pratense was 

an autoploid developed from P. nodosom. The evidence supporting her 

hypothesis is that the artificially synthesized hexaploid plants of P. nodosom 

were found to have similar chromosomal behavior in meiosis to the hexaploid 

P. pratense and also they were cross-fertile with each other. It should be 

pointed out that diploid P. pratense (2n = 14) and P. nodosom used in earlier 

work might have been P. bertolonii. Aecording to Humphries (1980), diploid 

P. pratense could be assigned to P. pratense ssp. bertolonii. Besides diploid P. 

bertolonii (2n = 14), an autotetraploid of this species has been produeed for 

breeding purposes (Borg and Ellerstrom 1986). According to Wilton and 

Klebesadel (1973) and Borrill (1976), P. bertolonii was previously known as 

P. nodosom. The chromosome association and behavior in meiosis of pollen 

mother eells in hexaploid timothy were expected to be an important guide to 
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the polyploid nature of this species. The higher frequency of quadrivalents in 

the first division of meiosis in P. pratense reported by Myers (1944) seemed 

to support the allopolyploid genome structure of AAB inP. pratense. However, 

Nordenskiold (1945) reported very low frequency of quadrivalents and other 

mmtivalents formed in the meiosis of P. pratenese. This brought into question 

the contribution of the information from meiosis of hexaploid P. pratense to 

the understanding of polyploid nature of the P. pratense genome. 

In our study, the evidence from the analysis of C-banded karyotypes 

seems to support the earlier hypotheses proposed by Gregor and Sansome 

(1930), MÜDtzing and Prakken (1940) and Stebbins (1950). Our results show 

that two sets of seven chromosomes are very similar to each other for the 

corresponding individuals in karyotype morphology and C-banding pattern 

while another set of seven seems distinguishable. The two similar 

chromosome sets may belong to the same genome or highly homologous 

genomes. They have been designated as genome A. The other one May 

belong to a different genome, designated 8S genome B. Therefore, the genomic 

formula of P. pratense should be AAB. This result coincides with the earlier 

observation of meiosis in haploid P. pratense where seven bivalents and seven 

univalents were found (Levan 1941). 

The comparison of C-banded karyotypes between P. pratense and P. 

alpinum and betweenP. pratense andP. bertolonii in this study, implies that 

the genome A of P. pratense was donated by P. alpinum and the genome 
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B was donated by P. bertolonii. Almost aIl evidence from different 

investigations favors P. bertolonii as a progenitor of P. pratense, irrespective 

of whether P. pratense is considered an autohexaploid or an allohexaploid. 

Nevertheless, some evidence from earlier reports (Nordenskiold 1941 and 

1945) seems unfavorable for the candidate of P. alpinum as a progenitor. In 

these reports, the hybrids between P. pratense (2n = 42) and P. alpinum 

(unreduced gametes) were compared with the hybrids betwe~nP. pratense (2n 

= 42) andP. nodosom (P. bertolonii)(2n = 14 and 2n = 28). The result showed 

that the hybrlds from P. pratense-P. alpinum appeared abnormal, including 

low viability, sterility and irregular behavior of chromosomes in meiosis. In 

contrast, the hybrids from P. pratense-P. nodosom (P. bertolonii) behaved 

normally. Therefore, Nordenskiold concluded that P. alpinum is unlikely to 

participate in the formation of the genome in P. pratense. 

From our point ofview, the evidence from Nordenskiold's studies does not 

repudiate the hypothesis that P. alpinum is one of the progenitors of P. 

pratense. The reason is that if the genome constitution in P. pratense is 

indeed AAAABB (in which A from P. alpinum and B from P. bertolonii), the 

hybrid between P. pratense (hexaploid) and P. bertolonii (diploid) will have 

the genome pattern of AABB or AABBB (unreduced gamete in P. bertolonii), 

while the hybrid from P. pratense (hexaploid)-P. alpinum (diploid) will have 

AAAB or AAAAB (unreduced gamete in P. alpinum). In these terms, the 

results reported by Nordenskiold can readily be explained. The aberrant 
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results reported by Nordenskiôld can readily be explained. The aberrant 

behavior of the hybrid from P. pratense-P. alpinum might be attributed to it8 

unbalanced genome constitution, in which only one copy of the B genome 

existed. On the other hand, the hybrid from P. pratense-P. bertolonii 

possessed a balanced genome structure, which contained at least two copies 

of either A or B, and this might account for the its normal behavior in biology 

and cytoJogy. 

Apart from the chromosome observation and interspecific hybrid 

investigation in the early studies of Phleum species, some studies were also 

carrried out to test inheritance models of individual gene loci in the hexaploid 

P. pratense by using chlorophyll markers (Wexelsen 1941, Myers 1944, 

Nordenskiold ] 953, 1954, Nielsen and Smith 1959). These studies were 

considered promising in their ability to confrrm the polyploid nature of P. 

pratense. An autohexaploid would exhibit hexasomic segregation while an 

allohexaploid would exhibit disomic or disomic plus tetrasomic segregation. 

Unfortunately, too few loci were dealt with in these studies, 80 no conclusive 

evidence was obtained. 

In addition to the three species reported in this paper, P. hirsutum and 

P. montanum were also karyotyped. Although th(; ùanding was not optimised 

for these two species the preliminary evidence showed that their banding 

pattern seemed to be quite different from either the A or B genomes. At least 

one can conclude that there are more than two genomes in the genus. 
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While the study in this report has provided sorne important information 

on the genome constitution of P. pratense and its phylogenetic relationship 

with sorne wild relatives, further studies on the molecular aspect are required 

to reinforce the initial conclusions drawn in this study. In our ncxt research, 

the technique ofhyhridization of genome-specifie probes to the genomic DNA 

of the Phleum species will he used to clarify the phylogeny. 
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Table 1. List of species studied, their accession number, somatic 
chromosome number and source 

Species 

P. pratense 

P. alpinum 
ssp.rhaeticum 

P. bertolonii 

Accession 
No. 

M46 

M44 

M35 

M27 

M39 

M40 

M33 

M 16 

2n 

42 

42 

42 

14 

14 

14 

14 

14 

Source 

A§Cculture Canada 
te-Foy Research 

Station, Quebec. 
Amculture Canada 

la nt Research Center, 
Ottawa. 

Jardin Botanitue 
National de elgique, 
Meise. 

Botanischer Garten und 
Botansches museum, 
Berlin-Dahlem. 

Muséum N .. ltional d' 
Histoire Naturelle, 
Paris 

Muséum National d' 
Histoire Naturelle, 
Paris. 

Botanischer Garten und 
Botanisches Museum, 
Berlin-Dahlem 

Plant Gene Resources 
of Canada, Ottawa . 
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Table 2. The lengths (p) and arro ratios (US) of the chromosomes froro three Phleum species 

Genome designation 

Al A2 A3 A4 A5 A6 A7 

P. pratense 
Length 7.09±.51 6.49±.30 6.10±.37 5.67±.41 4.97±.35 4.54±.27· 4.28±.43 
LIS 1.18±.O5 1.22±.O9 1.38±.08 1.64±.20 1.52±.14 2.32±.43 2.81±.37 

Length 6.72±.29 6.28±.43 5.87±.53 5.34±.48 4.82±.35 4.24±.22' 3.80±.25 
LIS 1.23±.O7 1.14±.O7 1.44±.19 1.80±.18 1.82±.22 2.34±.28 2.72±.43 

P. alpinum 
Length 7.26±.79 6,47±.70 5.85±.59 5.70±.54 5.26±.43 4.46±.56' 4.28±.43 
LIS 1.28±.11 1.41±.11 1.34±.08 1.56±.16 1.49±.24 2.05±.19 2.72±.27 

BI B2 B3 B4 B5 B6 B7 

P. pratense 
Length 7.72±.47 6.52±.40 6.12±.38 5.60±.38 5.33±.39 5.05%.28 4.52:t '30 
LIS 1.53±.13 1.20±.07 1.55±.14 1.19±.20 1.13±.08 1.12±.08 2.85±.26 

P. bertolonii 
Length 7.62±.80 6.98±.80 6.40±.80 6.23±.78 5.79±.67 5.25±.62' 4.78±.34 
LIS 1.53±.11 1.17±.O8 1.51±.15 1.17±.10 1.17±.06 1.84±.26 2.77±.34 

* Not including the satellites LIS 



Fig. 1, The Giemsa C-banded mitotic chromosûmes of P. pratense (2n=42), 

2300x. 
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Fig. 2. The Giemsa C-banded mitotic chromosomes of two diploid Phleum 

species, P. alpinum (a) and P. bertolonii (b), 2300 x. 
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Fig. 3, The banded karyotypes and idiograrns of C-banding patterns for three 

Phleum species: (a) P. pr::ztense, where two of the A genornes and the one of 

the B genornes of this hexaploid are shown; (h) P. alpinum, where the A 

genome is shown; (c) P. bertolonii, where the B genorne is shown. For the 

nomenclature of the individual chromosomes, the lower case letters "p", "a" 

and lib" are used to designate the corresponding species (P. pratens(?, P. 

alpinum and P. bertolonii). 
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Analysis of genome-specifie sequences in Phleum species: 

Identification and use for study of genome relationships 
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Abstract 

Sau3AI "abot gun" cloning and colony hybridization with total genomic 

probes were used to isolate genome-specifie sequences in Phleum species. 

The total DNA isolated from diploid species P. alpinum and P. bertolonii 

was partially digested with Sau3A! and cloned using the plasmid pUC19 as 

a vector to an E. coli strain DH5amcr. A partial genomic DNA library 

consisting of 3030 colonies for P. alpinum and one consisting of 3240 colonies 

for P. bertolonii were constructed. 1230 colonies from the DNA library of P. 

alpinum and 1320 from that of P. bertolonii were respectively blotted ta 

membrane filters and hybridized to the total genomic probes from these two 

species. 24 colonies exhibiting signaIs specifie to the genome of P. alpinum 

and 34 specifie to the genome of P. bertolonii were isolated. Further dot blot 

analysis in four different stringencies confirmed 8 clones specifie to the 

genome of P. alpinum and 13 specifie to the genome of P. bertolonii. Most of 

these clones may carry highly or moderately repetitive sequences. Three 

clones from the genome of P. alpinum and seven fromP. bertolonii exhibited 

their genome specificity at the lowest stringency (hybridization in 50% 

formamide and washing at 55°C). Three highly repetitivc sequences specifie 

to P. bertolonii genome, and three high-copy-number sequences specifie to 

P. alpinum genome were used as probes to hybridize the EeoRI-digested 

DNA samples from four species, P. alpinum, P. bertolonii, P. pratense and 

P. montanum, on slot blot and Southern blot. The results from these 

hybridization experiments showed that aIl three P. bertolonii-speeific probes 
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and two of three P. alpinum-specific probes hybridized to the DNA of P. 

pratense, thus conflI'Illing the conclusion of the close relationships between 

the cultivated timothy and its two wild relatives which was drawn in our 

previous study using the C-banding technique. 

Key words: genome-specifie sequences, DNA hybridization, repetitive 

sequences, phylogeny, Phleum. 
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Introduction 

DNA hybridization with genome-specific probes is a new molecular 

approach for genome studies. DNA sequences specifie to a particular genome 

can serve as genome markers or genome-specifie probes which can be used 

to identify a particular genome type (Zhao et al. 1989), or to trace genome 

phylogenetic relationships (Hosaka et al. 1990). Hybridization of genome­

specifie probes to isolated DNA or to chromosomes in situ is believed to be 

reliable for genome characterization and the estimation of phylogenetic 

relationships of plant species (Junghans and Metzlaff 1988; Anamthawat­

J6nsson 1990). It is also effective when used to discriminate the polyploid 

nature in plants or to test the models of progenitor-derivator relationships 

(Crowhurst and Gardner 1991). As a consequence, it has become an 

extremely useful tool for the studies on the genetics, evolution and 

systematics ofplants. Genome-specifie, highly repeated sequences have been 

isolated from the following genera ofhigher plants: Triticum (Metzlaff et al. 

1986; Rayburn and Gill 1986), Hordeum (Junghans and Metzlaff 1988), 

Secale (Bedbrook et al. 1980; Guidet et al. 1991), Brassica (Hosaka et al. 

1990), Oryza (Zhao et al. 1989), Beta (Schmidt et al. 1990), Avena 

(Fabijanski et al. 1990), Actinidia (Crowhurst and Gardner 1991), and 

Solanum (Pehu et al. 1990). They have been used as probes to identify 

somatic cell hybrids (Saul and Potrykus 1984; Pehu et al. 1990), to detect 

hybrid addition lines (Schmidt et al. 1990) and to study genome evolution 

(Rayburn and Gill 1985, 1987; Hosaka et al. 1990; Anamtbawat-J6nsson et 

al. 1990; Fabijanski et al. 1990). The application of genome-specifie 

sequences has eontributed to genome studies in higher plants especially to 

genome diagnosis in plant breeding research (Schmidt et al. 1990). 
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Timothy (Phleum pratense L.) is an important forage crop, widely groW!' 

in cool and temperate regions of the world, including North America and 

Europe. At leaet 10 species have been recognized in the genus Phleum. Only 

P. pratense is of marked economic importance. The cultivated fonn of 

timothy has been recognized as a hexaploid (2n = 6x = 42)(Gregor 1931; 

Gregor and Sansome 1930). Earlier studies of timothy addressed two 

hypotheses about t.he genome constitution and the origin of P. pratense. One 

considered it originated as an allohexaploid from the interspecific 

hybridization between diploid speCles P. bertolonii and a tetraploid fonn of 

P. alpinum. (Gregor 1931; Gregor and Sansome 1930; Müntzing 1935; 

Müntzing and Prakken 1940; Stebbins 1950). The other hypothesis 

considered it to have originated as an autohexaploid that most likely was 

derived from diploid P. bertolonii (Nordenskiold 1941, 1945). Although the 

second hypothesis seems ta be generally accepted, no definite conclusion has 

been made because of lack of conclusive evidence both from cytology and 

from genetics. Our previous study using Giemsa C-banding technique has 

suggested that the hexaploid karyotype of P. pratense may consist of two 

genomes, A and B, with a genome formula of AAAABB; the A genome from 

P. alpinum and the B genome donated by P. bertolonii (Cai and Bullen 

1991). To verify this, a molecular study wi th genome specific probes has 

been initiated in Phleum species. This paper presents the process ofisolation 

of genome-specifie sequences from Phleum species and the results of genome 

analysis using sorne of the isolated genome-specifie sequences as probes. 
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Materials and methods 

Plant materials used in this study 

Nine accessions of plants from four species, P. pratense (four accessions), 

p. alpinum (two accessions), P. bertolonii (two accessions) and P. montanum 

(one accession) were used in this study. AlI these acr.essions are listed in 

Table 1. 

Isolation of plant total DNA 

The grass seeds were germinated and grown in a greenhouse at 

Macdonald Campus of McGill University for two weeks. Before isolation, the 

young plants were placed in the dark for 24 hours. Isolation of total DNA 

from these plants followed the procedure described by Ausubel et al. (1989) 

with some modifications. AlI solutions, plastic and glassware were 

autoclaved under about 7 Kg pressure for 18 min and the whole process of 

DNA isolation was performed at 4°C. The fresh tissue was harvested, frozen 

with liquid nitrogen and ground to a fine powder in a mortar and pestle. A 

volume of extraction buffer containing 10 M Tris-Cl (pH 8.0), 100 mM 

EDTA, 250 mM NaCI and 100 J1g1ml proteinase Kwas added to the frozen 

powder (4 mllg). 8ubsequently, 10% (wt/vol) sarkosyl was added to achieve 

a final concentration of 1 %. The solution was incubated at 55°C for one hour. 

The lysate was centrifuged in a 88-34 rotor at 7000 x g for 15 min, the 

supematant was moved to 3 volumes of 95% chilled ethanol, and nucleic 

acid precipitate was spooled out with a glass rod and resuspended in 10 ml 

TE buffer (10 mM Tris-Cl, 1 mM EDTA, pH 8.0). The DNA was extracted 

with an equal volume of phenol followed by pheno! : chloroform : isomyl 

alcohol (24 : 24 : 1) and precipitated again with 2.5 volumes of ethanol. The 
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DNA resuspended in TE buffer was purified by CsCI gradient (5.15 giS ml)­

ethidium bromide ,ùtracentrifugation in Beckman 41 STi rotor at 38000 x 

g for 48 hours. The DNA was collected and repeatedly extracted with 

isopropanol. The purified DNA was quantified in a Beckman DU-40 UV 

Spectrophotometer. 

Construction of partial genomic DNA libraries 

Total DNA from P. alpinum (M39) and P. bertolonii (M33) was used for 

this experiment. The plant DNA was digested with Sau3AI at 37°C for 40 

min and then purifie.d with the Gene Clean II Kit (Bio 101 Inc.) as suggested 

by the manufacturer. Plasmid pUC19 was used as a vector for DNA cloning. 

The plaamid was digested with BamHI at the same temperature, purified 

with the Gene Clean II Kit and dephosphorylated by treating the DNA with 

calf intestinal alkaline phosphatase (CIP). The Sau3AI-digcsted fragments 

of plant DNA were ligated to BamHI-digested, dephosphorylated PUC19 

with a insert-vector ratio of 2:1 (Sambrook et al. 1989). The ligated DNA 

mixture was used to transform an E. coli strain DH5amcr (J eBsee and 

Bloom 1988). Th~ recombinant colonies were idcntified on the agar plates 

with Ampicillin and X-gal. 

Colony hybridization 

The colonies bearing Phleum genomic DNA libraries were blotted to 

Hybon-N membranes (Amersham) on which the DNA was denatured in 

alkaline solv.t\on and fixed by UV irradiation as suggested by the 

manufacturer. The total DNA from P. alpinum (M39) and P. bertolonii (M33) 

was uBed as total genomic probes representing two different genome. The 

total genomic probes were prepared by completely digesting the DNA with 
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Sau3AI at 37°C for one hour and purified with the Gene Clean II. 'The 

probes were labclIed with [a-32p]-dCTP by nick translation using the Nick 

Translation Labelling System (BRL). The specific activity of the labelled 

DNA was calculated based on the data from counting of 3 )lllabelled DNA 

mixtl'xe in LS7500 scintillation counter (Beckman). The labelled probes were 

hybridized to the blotted colonies in the following procedure: The fixed 

colony DNA was prehybridized at 42°C in a solution containing 50% 

formamide, 0.25 M NaHPO" (pH7.2), 0.25 M NaCI, 7% (w/v) SDS, 1 mM 

EDTA and 10% (w/v) PEG-3000 for one hour, followed by hybridization 

overnight in the same but Cresh. new solution to which the labelled probes 

were added (5 ng/ml, about 1 x 106 cpm). Subsequently the membranes were 

washed for 15 min in each of the following steps: 2 X SSC + 0.1% SDS at 

room temperature, 0.5 X SSC + O.i % SDS at the same temperature and 

finally 0.1 X SSC +0.1% SDS at 60°C. lmmediately the filters were exposed 

to Hyperfilm TM-ECL (Amersham). 

Dot-blot analysÏ8 

AlI the clones isolated from colony hybridization were amplified and 

subject to dot-blot a:lalysis. The amplified recombinant plasmids were 

isolated with the alkaline lysis method of Bimboin and Doly (1979) and dot­

blotted to Zeta-Probe membranes (BioRad) using the Bio-Dot Microfiltration 

Apparatus (BioRad) as suggested by the manufacturer. 0.2 pg DNA was 

loaded for each sample. The probes and the hybridization solution used for 

this experiment were the same as those used in colony hybridization except 

for the concentration of formamide. To assess the genome specificity of the 

isolated clones, the dot-blotted plasmids were hybridized and washed under 

the following stringencies: hybridization in 50% formamide and washing at 
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55°C; hybridization in 50% formamide and washing at 65°C; hybridization 

in 60% formamide and washing at 55°C; and hybridization in 60% 

formamide and washing at 65°C. AlI hybridizations were performed at 42°C 

and the membranes were washed in the same procedure as in colony 

hybridization but changing the temperature in the last step. To determine 

whether sequence overlapping is involved between the clones, the dot-blotted 

plasmids were hybridized to various labelled probes from the isolated clones. 

The conditions of hybridization and washing were the same as in colony 

hybridization exeept the temperature in the last step of washing was 

changed to 65°C. 

Slot-blot hybridization 

DNA from aIl the plants listed in Table 1 was used for the slot-blot 

analysis. The plant DNA (50 ng for each) was slot-blotted to a Zeta-Probe 

membrane with the same procedure used in dot blotting. Three clones 

specifie to P. alpinu m, pPa07, pPa08, pPall and three P. bertolonit genome­

specifie clones, pPb27, pPb43 and pPb68 were used as probes for slot-blot 

hybridization. The inserts were exeised from these plas~nids by digesting 

them with EeoRI and HindIII and labelled with [a_32P]_dCTP by nick 

translation. They were used ta hybridize against slot blot. Slot-blot 

hybridization was performed with the same procedure as in colony 

hybridiza tian. 

Southem blot analysis 

Plant DNA was digested with EcoRI C5 units/llg) at 37°C for one hour 

and separated in 0.8% agarose gel in TAE buffer CSambrook et al. 1989). 

Suosequently the DNA samples were transferred to a Zeta-Probe membrane 
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in a transfer cell (BioRad) and then denatured and fixed as suggested by 

the manufacturer. AIl the probes and hybridization procedures used in this 

experiment were the same as used in slot-blot hybridization. 

Resu1ts 

Identification and analysis of genome-specifie sequences 

Isolation and cloning of Phleum DNA DNA was isolated from the 

Phleum plants (Table 1) through the procedure described abQve. The typical 

size of the DNAs obtained was estimated to he about 50 kbp. They were 

digested by different restriction endonucleaFles (data not shawn). This 

indicates that these DNAs can he used for molecular cloning ta construct a 

partial genomic DNA library. The DNA from diploid P. alpinum and P. 

bertolonii were partially digested with Sau3AI (1 unitlpg DNA) at 37°C for 

40 min. About 80% of the fragments generated ranged in size from 200 bp 

ta 3 kbp (Fig. 1). These DNA fragments were randomly inserted into the 

plasmid pUC19 at the BamHI site. By transforming the E. coli strain 

DH5amcr, a high frequency of recombinant colonies was obtained for the 

genomic library of P. alpinum (91%) and for the genomic library of P. 

bertolonii (93%) (Table 2). 

Screening the genomic libraries by colony hybridization In order to 

isolate the clones specific respectively ta the genome of P. alpinum and the 

genome of P. bertolonii from the two genomic libraries, total DNA from P. 

alpinum and from P. bertolonii was used as total genomic probes ta self- and 

cross-hybridize the colonies from these two genomic libraries. Hybridization 

signals were compared between self-hybridization and cross-hybridization 
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and any colonies showing signaIs only in self-hybridization but not in cross­

hybridization were recognized as genome-specifie clones. A total of 1230 

recombinant colonies from the genomic library of P. alpinum were 

hybridized with the total genomlic probe from P. alpinum and that frorn P. 

bertolonii respectively. 920 colonies gave detectable signaIs upon self­

hybridization with labelled total probe frorn P. alpinum. The rest of the 

colonies showed no detectable signaIs either in self-hybridization or in cross­

hybridization. The signal intensity was very high in 20% of those colonies, 

moderate in 35% of them and low in 45% of thern (Table 3). The colonies 

showing high-intensity signaIs may bear highly repetitive sequences and 

those giving middle-intensity or low-intensity signaIs may conta in sequences 

with moderate copy number or low copy number. In a cornparison of 

hybridization signaIs between self-hybridization and cross-hybridization, 

signal specificity in sorne colonies was found (Fig. 2). As indicated by the 

arrows in Fig. 2, two colonies show intense signaIs using total genomic probe 

of P. alpinum (Fig. 2a) but show no signaIs using the genomic probe of P. 

bertolonii (Fig. 2b). A total of 24 colonies exhibited hybridization specificity 

and they were isolated for further analysis. 

In screening 1320 colonies in the genomic library of P. bertolonii, 1035 

colonies gave hybridization signaIs upon self-hybridization. 25% of the 

hybridized colonies showed signaIs with high intensity, 36% with moderate 

intensity and 39% with low intensity (Table 3). Hybridization specificity 

could he readily identified in sorne colonies when their signaIs were 

compared between self-hybridization and cross-hybridization experiments. 

Fig. 3 shows the hybridization results of sorne colonies from the B-genornic 

library probed by labelled total DNA of P. alpinum (cross-hyhridization) and 

that of P. bertolonii (self-hybridization). As pointed by the arrows, four 
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colonies show intense hybridization to the genomic probe from P. bertolonii 

(Fig. 3a) but very weak hybridization to the genomic probe from P. alpinum 

(Fig. 3b), suggesting that these sequences bind preferentially to the genome 

of P. bertolonii. Through colony hybridization, a total of 34 colonies 

recognized to be specifie to P. bertolonii were isolated. 

Dot-blot analysis for genome specificit, AlI colonies isolated from the 

genomic libraries were subject to dot-blot analysis to determine whether 

these clones are really specific to a _genome and also 10 dete~ine in which 

level of stringency their genome specificity can be identified. Recombinant 

plasmids from selected colonies were isolated by the alkaline method of 

Birnboin and Doly (1979) and dot-blo1ted to duplicate Zeta-Probe 

membranes. 

The dot blot was hybridized with the total genomic probe from P. 

alpinum and that from P. bertolonii. The following four stringencies were 

used to characterize the genome specificity of aIl isolated clones: hybridizing 

in 50% formamide and washing at 55°C, hybridizing in 50% formamide and 

washing at 65°C, hybridizing in 60% formamide and washing at 55°C and 

hybridizing in 60% formamide and washing at 65°C. The results of dot-blot 

analysis of Home clones from the two genomic libraries are shown in Fig. 4 

and Fig. 5 respectively. A total of eight clones isolated were confrrmed 10 be 

specifie to P. alpinum (Table 4 ). Among them, three clones: pPa08, pPa24 

and pPa42 can he identified as genome-specifie at lower stringeneies of 

hybridization (in 50% fonnamide) and of washing (at 55°C). Upon 

hybridization under sueh stringency, pPa08 showed no signal to the genomic 

probe from P. bertolonii and the other two pPa24 and pPa42 gave extremely 

weak signaIs to this probe, in contrast to intense signaIs with the genomic 
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probe from P. alpinum. When washing stringency was raised by increasing 

the temperature to 65°C, aIl signaIs with pPa24 and pPa42 were lost in 

cross-hybridization to the genomic probe from P. bertolonii (Fig. 4). Another 

three clones: pPa16, pPa33 and pPa47 showed the,r genome specificity only 

at higher stringencies of hybridization (in 60% formamide) and of washing 

(at 65°C), implying that their genome specificity was relatively low. The 

genome specificity of the rest of the clones: pPa07 and pPa Il can be 

characterized as follows: pPa07 showed the signal specifie to the genomic 

probe from P. alpinum in the lower hybridizatlOn stringency (in 50% 

formamide) but higher washing stringency (65°C) and pPall showed the 

same feature at higher hybridization stringency but Iower washing 

stringency. 

Among the clones isolated from the genomic library of P. bertolomi, 13 

were confirmed to be specifie to P. bertolonii by dot blot analysis (Table 5). 

Out of theBe clones seven showed t11eir signal specificity identifiable at the 

lower st.ringency of hybridization and washing. Upon hybridization in 50% 

formamide and washing at 55°C, five clones: pPb03, pPb68, pPb69, pPb81 

and pPb82 gave signaIs unique to the total genomic probe from P. bertolonii. 

Another two pPb27 and pPb43 showed highly intensity signaIs to the same 

genomic probe but very weak signaIs to the genomic probe from P. alpinum 

(Fig. 5). Under this stringency, no other clones showed their genome 

specificity. Upon increasing the washing stringency to the higher lcvcl 

(65°C), however, another three clones: pPb08, pPb75 and pPb88 immedtately 

responded to l.his by showing hybridization exclusively ta the genomic probe 

from P. bertolonii. For the rest of the three clones, genome specificity could 

be identified only at higher hybridization stringency. Among thesc, onc clone 

pPb05 showed its hybridization specificity to the genomic probe of P. 
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bertolonii at the lower washing stringf.ncy and the other two: pPb70 and 

pPb78 showed their specificity only at the higher washing stringency. 

It was found that 16 clones isolated from P. alpinum genome and 21 

from the P. bertolonii genome were not really specifie to either of the 

genomes because they showed no hybridization specificity even in the higher 

hybridization stringency and the higher washing stringency. Their signal 

speeificity revealed in eolony hybridization may be attributed to copy­

number differences between species or to technical problems rather than to 

genome specificity. 

Analysis of genome-specifie clones The sizes of plant DNA inserts in the 

genome-specifie clones (Table 4 and 5) were determined by cornparing EcoRI 

and HindIII-digested plasmids after electrophoresis on 1.0% agarose gels 

(Fig. 6, 7). Three classes of relative sequence abundance in tllese clones were 

deduced from the signal intensities in dot blot hybridization. 

To determine whether the same or overlapping sequences were carried 

arnong sorne of these selected clones, an experiment was performed by cross­

hybridizing the dot-blotted plasrnid DNA ta various labelled insert prob~s 

from sorne ofthese clones. Within the group of P. alpinum-speeific clones, ah 

eight target DNAs were hybridized to the labelled insert probes from five 

clones. The results are presented in Table 6. Cross-hybridization signaIs 

were found between pPa07 and pPa24, between pPa08 and pPa47, and 

between pPa16 and pPa33. This indicates that overlapping sequences were 

involved in the inserts among these three pairs of plasmids. In the eross­

hybridization within the group of P. bertolonii-speeific clones, all13 isolated 

plasmids were doi-blotted as targets and hybridized to six labelled in sert 

probes (Table 7). As shown in Table 7, sequence overlapping was eonfirmed 
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between pPb03 and pPb68 and between pPb27 and pPb69. 

AnalYSis of genome relationships using genome-specific probes 

In order to examine genetic relationships between hexaploid P. pratense 

and the two diploid species P. alpinum and P. bertolonii. a slot blot and a 

Southem blot analysis were carried out using genome-specifie probes 

isolated from P. alpinum and P. bertolonii. Three P. alpinum genome­

specifie clones and three P. bertolonii genome-specifie clones (Fig. 8) were 

used as probes to sere en the DNA samples from four Phleum species, P. 

pratense, P. alpinum, P. bertolonii and P. montanum on slot blot and 

Southem blot. Among these species, tetraploid P. montanum (2n = 4x = 28) 

seemed to have a karyotype differentiated from the genomes of P. alpinum 

and P. bertolonii (unpuhlished) and it was used for these analyses as a 

control to highlight the genome specificity of the selected probes. The results 

from slot blot and Southern blot hyhridizations are presented he low .. 

Siot-blot hybridization Fig. 9 summarizes the results of slot-blot 

hybridizations. When aIl three P. bertolonii-speeific clones: pPb27, pPb43 

and pPb68 were used as probes, aU DNA samples from P. bertolonii and P. 

pratense showed hybridization signaIs. One sample (M39) from P. alpinum 

showed very weak signal with pPb43. The other sample (M27) from this 

species and the sample from P. montanum showed no detectable signaIs. 

This indicates that at least one part of the genome in P. pratense May be 

homologous to the genome inP. bertolomi. In the case ofhybridizations with 

the P. alpinum-specific probes, apart from the DNA samples from P. 

alpinum which showed intense signaIs to aIl these probes, the DNA samples 

from P. pratense showed hybridization to two probes, pPa08 and pPall but 



" 

66 

gave no signal to pPa07. P. bertolonii showed very weak signaIs to pPa11 

and no signaIs to the other two probes. P. montanum gave a weak. signal to 

pPaOB and no signals to the other two probes. These results indicate that 

the genome in P. alpinum is c10sely related to the genome in P. pratense. 

A possible explanation for lack of hybTidization between P. pratense DNA 

and pPa07 is that the related sequence may have been highly differentiated 

between these two species or may have been completely lost in P. pratense. 

Southem blot hybridization In Southern blot analysis, DNA sampI es 

from the four species, P. pratense, P. alpinum, P. bertolonii and P. 

montanum were digested by EcoRI, separated on agarose gel by 

electrophoresis, Southern blotted to the membrane filter Zeta Probe, and 

finally hybridized to the same probes as used in slot blot hybridization. The 

results ofhybridization with the three P. bertolonii-specific probes are shown 

in Fig. 10. In these hybridizations, besides P. bertolonii, the DNA samples 

from P. pratense exhibited strong hybridization signaIs to the probes, but no 

DNA from another two species, P. alpinum and P. montanum gave signaIs. 

Two probes, pPb27 and pPb43 seemed ta result in hybridization with a 

ladder pattern in the EcoRI-digested DNA samples (Fig.10a, b). The similar 

ladder pattern, was observed for the tandemly repeated, interspersed 

sequences (Zhao et al. 1989; Pehu et al. 1990). The ladder pattern was 

obvious in the P. pratense sampI es but not very clenr in the P. bertolonii 

samples. To confirm this, the DNA of P. bertolonii (M33) was digested by 

Sau3AI and then probed by the same two sequences (pPb27 and pPb43). As 

a result, very c1ear ladder pattern was observed vvith the Sau3AI-digested 

sample (Fig. Il). This ladder pattern may be attributed ta these probes 

which may be interspersed sequences. It is also possible that this ladder 
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pattern is eaused by imcomplete diggestion, 

Southem blot hybridization with the probe pPa07 (specifie to P. alpinum) 

confirmed the result in slot blot hybridization. Only P. alpinum exhibited 

hybridization and P. pratense did Dot hyhridize to this species. The 

hybridization with the other two P. alpinum genome-specifie probes, pPa08 

and pPal1 revealed signaIs both in P. alpinum and in P. pratense but no 

signals were apparent in other DNA samples (Fig. 12), suggesting that the 

DNA from P. pratense share DNA sequences with the P. alpinum DNA. 

Aecording to the banding pattern revealed in Southern blot hybridization, 

these two clones were unlikely to be an interspersed sequence. 

Both slot blot and Southem blot hybridizations confrrmed that the P. 

pratense DNA was closely related to the genome of P. alpinum and the 

genome of P. bertolonii in the diploid species. In contrast, the P. montanum 

DNA did not hybridize to the probes from these two genome, suggesting that 

its genome was highly differentiated from these two. 

Discussion 

Successful construction of species- or genome-specifie clones by "shot 

gun" cloning of Sau3AI-digested plant DNA and colony hybridization with 

total genomic probes has been reported in other genera of plants, e.g. 

Triticum (Metzlaff et al. 1986), Hordeum CJunghans and MetzlafT 1988) and 

Beta (Schmidt et al. 1990). In our paper, we describe the cloning, isolation 

and characterization of genome-specific sequences in Phleum species. Sau3A! 

"shot gun" cloning of Phleum DNA resulted ln a genomic library consisting 

of 3030 recombinant colonies for P. alpinum and a library consisting of 3240 

recombinant colonies for P. bertolonii. By screening 1230 recombinant 
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colonies of P. alpinum gcnome and 1320 of P. bertolonii genome through 

colony hybridization and further dot blot analysis using total DNA from 

these two species as probes, eight clones specifie to the genome of P. 

alpinum and 13 specifie to the genome of P. bertolonii were identified. The 

frequeney of genome-specifie clones detected in this work is much lower than 

that reported by Saul and Potrykus (1984) and Metzlaff et al. (1986) and 

slightly lower than that reported by Pehu et al. (1990). These differences 

may he attributed to differenees of genetic distances between speeies used 

in different studies rather than to teehnical problems. Distantly related 

speeies contain a larger proportion of sequences differentiated from one 

another than elosely related species. Thus more genome-specifie sequences 

are expeeted to be obtained in the distantly related speeies. In the case of 

Secale and Triticum (Metzlaff et al. 1986), a very high frequency of clones 

specifie to wheat (10%) was detected. However, only about one-third of that 

was detected between two potato species, Solanum brevidens and S. 

tubersum (Pehu et al. 1990). The species used in the latter case are 

taxonomical1y more closely related than those in the former. In the case of 

P. alpinum and P. bertolonii, the low frequency of genome-specifie clones 

identified in this study may imply that there is to sornE! extent close 

relationship between these two species. This seems to be in af;reement with 

the results from the earlier studies by interspeeific hyblidization and 

eytologieal observation ofhybrids (Nordenskiold 1945) which I~oncluded that 

P. bertolonii might be related to p. alpinum. 

Total genomic DNA has been used as probes for identification of genome­

specifie sequences. The rationale of detection of genome-spe:cific sequences 

using total genomic probes is that highly differentiated sequences between 

genomes is expected to result in a marked contrast of hybridization signaIs 
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between self-hybridization and cross-hybridization. In self-hybridization the 

signaIs are very strong while in cross-hybridization they are very weak or 

missed. Therefore, when comparing the signaIs shown between self- and 

cross-hyhridization, any cloned DNA exhibiting the signaIs specifie to self­

hybridization can he identified to be genome-specifie. A remarkable 

advantage of this strategy is that it permits the screening of many 

recombinant clones in one pair of hybridizations, thus making it possible to 

select genome-specifie clones more efficiently. Alternatively, hybridization of 

total DNA samples to random cloned probes may be used for isolation of 

genome-specific sequences. But it is too time consuming when compared 

with the former. 

One problem may occur with colony hybridization in that it 18 sometIrnes 

difficult ta localize the colonies with hybridization specificity on master 

plates by comparing the signaIs in X-ray films. To overcome ihiS problern, 

it is necessary to reduce the cell concentration added to an agar plate or a 

membrane filter. According to our study the suitablc number of colonies for 

each filter is 100-150. Another problem may occur with colony hybridization 

in that it is difficult to determine whether the hybridizatlOn specificity 

exhibited by the colonies is due to genome specificity of related sequences or 

to differences of copy numbers of the sequences. It is also difficult io 

characterize the stringencies of the hybridizatlOn specificity. To solve these 

problems, further analysis of the isolated clones with dot-blot hybridization 

in different stringencies is required. In this study, plasmids from aIl the 

isolated clones were dot-blotted and hybridized to the total genomlc probes 

in two stringencies, low in 50% formarnide and high in 60% formarnide, and 

washed in two stringencies, low at 55°C and high at 65°C. A combmatlOn of 

the hybridizat~on and washing stringencies represented four levels of 
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stringencies, from the lowest level: hybridization in 50% formamide and 

washing at 55°C to the highest: hybridization in 60% formamide and 

washing at 65°C. One-third of the clones were confirmed in this analysis to 

be genome-specifie and the others were eliminated for not exhibiting 

hybridization speeificity even at the highest level of stringency. Ten clones, 

3 from the A genome and 7 from the B genome, exhibited hybridization 

speeifieity at the lowest level of stringency. Fi ve clones, 3 from the A genome 

and 2 from the B genome, showed this feature only at the highest 

stringeney. The others were identified at the intermediated stringencies. It 

can be argued that the levels of stringencies of exhibition of hybridization 

specificity May inversely refleet the degrees of genome specificity of a 

particular sequence. The lower the stringency under whieh the hybridization 

specificity of a sequence can he identified, the higher degree of genome 

specificity the sequence should be. This argument is based on the faet that 

at lower stringency, hybridization is allowed between the single-strands with 

a relatively wide range of sequence differentiation whereas in high 

stringency, hybridization is on1y allowed between the single-strands with a 

narrow range of differentiation. Those clones ey..hibiting hyhridization 

specificity in the lowest stringency are considered to be highly genome­

specifie. 

Based on the hybridization intensity on dot blot (data not shown), most 

of the genome-specifie clones seleted in this study May carry highly or 

intermidiately repetitive sequences. Almost aIl the speeies- or genome­

specifie sequences reported for the other plants were repetitive sequences. 

Genome specificity seems easier to he identified in repetitive sequences 

compared to low- or single-copy sequences because the former gives higher 

contrast of signaIs hetween self-hybridization and cross-hybridization. In 
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addition, a larger proportion of intergenomic divergent sequences may be 

involved in repetitive sequences so that there are more opportunities to 

obtain genome-specifie sequences from them. Repetitive DNA sequences are 

an ubiquitous feature of eukaryotic genomes and comprise a high, varying 

proportion of the genomes in Most plants (Flavell et al. 1974; Walbot and 

Cullis 1985; Crowhurst and Gardner 1991). It has been concluded that 

repetitive DNA appears to evolve rapidly between genomes presumahly 

through amplification, divergence and transposition (Hake and Walhot 1980; 

Singer 1982; Zhao et al. 1989). Therefore it May be considered to be an 

important source of probes that are species-specific or genome-specifie. 

Repetitive DNA in plants is found in three possible arrangements: 

interspersed with single copy DNA, interspersed with repetitive DNA of 

different reiteration frequency, or in long uninterrupted similar repeats. 

Each of these pattern of repeats has been weIl characterized in sorne plants, 

especially in wheat and rye. Six repetitive sequence families have heen 

characterized in rye, inc1uding the 630-, 610-, 480- and 120-bp faroilies 

(Bedbrook et al. 1980), the 350-480 bp family (Appels and McIntyre 1985), 

the 5.3 H3 family (Appels et al. 1986) and the R173 family (Guidet et al. 

1991). In the case of Phleum, no repetItive DNA has been weIl characterized. 

Although Most of the gencme-specific sequences isolated in this study are 

proposed to be repeated sequences, no information regarding their lengths 

of units and definite copy numbers per genome is available. The Southern 

analysis with pPb27 and pPb43 suggests that the arrangement pattern of 

these two highly repetitive sequences may be interspersed. More studies are 

tequired to confu-m their arrangement pattern and further to characterize 

these sequences. 

This study has provided the first molecu\ar evidence for genome 



72 

relationships in Phleum. Three clones specifie ta P. alpinum and tlu'ee 

specifie to P. bertolonU were used as probes to hybridize to the DNA from 

four species, P. alpinum, P. bertolonU, P. pratense and P. montanum on slot 

blot and Southern blot. AlI three P. bertolonii-specific probes and two of the 

three P. alpinum-sfecific probes were shown to hybridize to the DNA of P. 

pratense, thus confirming that the polyploid genome in P. pratense was 

closely related to the genome of P. alpinum and the genome of P. bertolonii. 

This result coincides with those obtainf'd in our previous study by means of 

C-banding (Cai and Bullen 1991). Therefore, it can be concluded that P. 

pratense is an allohexaploid, involving two genomes. One genome may have 

come from P. alpinum and the other is most likely Jonated by P. bertolonii. 

In contra st to the case of P. pratense, none of the probes from P. alpinum 

and P. bertolonii were shown to hybridize to the DNA from P. montanum, 

except pPa08 which showed a weak hybridization signal. This suggests the 

genome distinctiveness between this speciGs and the two diploid species, P. 

alpinum and P. bertolonu. It should be pointed out that P. alpinum may 

share a cam mon genome with P. pra r: ., ?, there appears to be sorne 

sequence differentlatlOns between thes SpI des sinee one clone pPa07 

from P. alpinum can not hybridize to the... r. ratense DNA. The data of the 

C-banded karyotype of P. pratense (Cai and Bullen 1991) seerned to suggest 

that the genome formula In P. pratense was AAl\ABB. However, no evidenee 

ohtR'ned in t.he present study ean be considered ta support thlS conclusion. 

A possible way to c1arify the genome formula in this species lS ta ln situ 

hybridize the genome-specifie probes ta ils chromosomes. ThIS work has been 

attempted 111 OUI' laboratoI'Y but has not succeeded as yet. So no information 

has been obtm ned on this aspect. 

The gen0me-speclfie sequences isolated in this study have proven ta be 
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effective molecular markers in simple hybridization experiments to verify 

the close relationships between the cultivated timothy and two wild species, 

P. alpinum and P. bertolonii. The genÛ'me analyai~ V'oith these probes 

provides concrete evidence leading to a conclusion about the 6'enome 

constitution and evolution in timothy. These sequences may also be used as 

probes to test whether sorne other species in this genus haye close 

relationships to t.he hexaplaiti species P. pratense. Moreover, they may also 

be used as molecular markers in pradieal breeding to identify interspecific 

hybrids involying P. alpinum or P. bertolonii. 
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Table 1. List of species studied, their accession number, somatic 

chromosome number, and source 

Species Accession 

No. 2n Source 

P. pratense M35 42 Jardin botanique national 
de Belgique, Meise 

M46 42 Agriculture Canada, Ste-
Foy Research Station, 

Quebec 
MI03 42 The University of Guelph, 

Ontario 
MI04 42 The University of Guelph, 

Ontario 

P. alpinum M27 14 Botanischer Garten und 
Botanisches Museum, 
Berlin-Dahlem 

M39 14 Muséum national d'histoire 
naturelle, Paris 

P. bertolonii M33 14 Botanischer Garten und 
Botanisches Museum, 
Berlin-Dahlem 

M40 14 Muséum national d'histoire 
naturelle, Paris 

P. montanum M29 28 Botanischer Garten und 
Botanischer Museum, 

Berlin-Dahlem 
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Table 2. Cloning test of genomic DNA fragments from P. alpinum 

and P. bertolonii using pUC19 as a vector and transforming the E. 

coli strain DH5amcr 

Observed colonies 
DNAsource 

P. alpinum 

P. bertolonii 

Total 
No. 

3030 

3240 

* Ligated plasmid only. 

Recombinant 
No % 

2760 91 

3010 93 

Transformation frequency 

Ligated plasmid Contror 
with inserts 
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Table 3. The signal intensity· and specificity of the screened colonies bearing 

genomic libraries of P. alpinum and of P. bertolonii 

Screened colonies 
Genomic 
library 

Total 
No. 

P. alpinum 1230 

P. bertolonii 1320 

Signalled 
No. 

920 

1035 

Signal intensity 
Specifie 

High Middle Low No. 

No. % No. % No % 

185 20 325 35 410 45 24 

255 25 370 36 410 39 34 

* Three ranges of signal intensity were sorted based on sizes and intensity of spots 
in X-ray film. The intensity was finally tested by measurement of radioactivity 
of the probed DNA (50 ng each) from 30 colonies randomly sampled from each 
range and dot-blotted to a membrane. High inteusity: > 80 cpmlmm2

; Middle: 20-
80 cpmlmm2

; low: 5-20 cpm/mm2
• 



Table 4. The insert size, copy-number range, and stringeney of 

genome specificity of the isolated clones specifie to P. alpinum 

Clone 
Size of 
insert(Kbp) 

Range of 
copy number 

Stringency of 
genome specificity 

pPa07 0.85 High 

pPa08 0.15 Middle **** 

pPal1 2.50 High .* 

pPa16 4.55 Middle * 

pPa24 0.75 Low •• ** 

pPa33 0.70 High * 

pPa42 2.05 Low •••• 

pPa47 0.90 High 

DNA hybridization was carried at 42°C and in the following 

stringencies: 

** •• hybridization in 50% formamide and washing at 55°C; 

•• * hybridization in 50% formamide and washing at 65°C; 

** hybridization in 60% formamide and washing at 55°C; 

* hybridization in 60% formamide and washing at 65°C. 

81 
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Table 5. The insert size, copy-number range, and stringency of 

genome specificity of the isolated clones specifie to P. bertolonii 

Size of Range of Stringency of 
Clone insert(Kbp) copy number genome specificity 

pPb03 2.90 High •••• 
pPb05 1.60 Low •• 
pPb08 3.25 High ••• 
pPb27 3.20 High •••• 
pPb43 4.90 High •••• 
pPb68 0.65 High •••• 
pPb69 1.70 Middle ••• * 

pPb70 3.15 Middle * 
pPb75 1.10 Low • •• 
pPb78 9.30 Low • 
pPb81 0.18 Middle ***. 

pPb82 1.90 High **** 

pPb88 0.20 High .** 

DNA hybridization was carried at 42°C and in the following stringencies: 

.* .... hybridization in 50% formamide and washing at 55°C; *.. hybridization in 50% formamide and washing at 65°C; 

** hybridization in 60% formamide and washing at 55°C; 

hybridization in 60% formamide and washing at 65°C. 

82 
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Table 6. Cross-hybridization of P. alpinum-specific clones 

Probes 

pPa07 

pPaOB 

pPal1 

pPa24 

pPa42 

Target 

pPa07 pPa08 pPall pPa16 pPa24 pPa33 pPa42 pPa47 

+++ ++ 

+++ ++ 

+++ 

++ 

++ ++ 



Table 7. Cross-hybridization of P. bertolonU -specifie clones 

Target 
Probes 

pPb03 pPh05 pPb08 pPb27 pPb43 pPb68 pPb69 pPb70 pPb75 pPb78 pPb81 pPb82 pPb88 

pPb03 +++ +++ 

pPb08 +++ 

pPb27 +++ ++ 

pPb43 +++ 

pPb68 +++ +++ 

pPb82 +++ 

00 
~ 

l 



Fig. 1. The sau3AI-digested total DNA from two diploid species of Phleum. The 

partial digestion ofDNA was perfonned in Sau3AI (1 unitlflg DNA) at 37°C for 

40 min. 5 J.lg DNA was loaded in each weB and fract.ionated clectrophoretically 

on 0.8% agarose gel. Lane 1: undigested DNA of P. bcrtolonii (M33), lane 2: iLs 

digest,::d DNA, lane 3: undigested DNA of P. alpinum, lane 4: its digested DNA, 

and lane 5: 1 Kbp ladder fragment markers. 
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Fig. 2. Comparison of the hybridizations of the colonies froIJ..l the library of P. 

alpinum to 32P-labeled total DNA probes from P. alpinum Üit) and from P. 

bel tolonii (b). The aITOWS pOÎltt 10 the colonies showing hybridization signaIs 

specifie to the total genomic probe from P. alpinum. 
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Fig. 3. Comparison of the hybridizations of the colonies from the library of P. 

bertolonii to the total DNA probes from P. bertolonii (a) and from P. alpinum 

(b). The arrows point to the colonies showing hybriàization signaIs specifie to 

the genomie probe from P. bertolonii. 
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Fig. 4. Dot-blot analysis of the colonies exhibiting hybridization signaIs specifie 

to the genomic probe from P. alpinum in colony hybridization. The dot-blotted 

plasmid DNA from these colonies were hybridized iü the total DNA probes 

from P. alpinum (a) and from P. bertolonii(b) under the following stringencies: 

hybridization in 50% formamide and washing at 55°C in the final step (1); 

hybridization in 50% formamide and washing at 65°C (2); hybridization in 60% 

formamidc and washing at 55°C (3); and hybridization in 60% formamide and 

washing at 6GDC (4). The washing in the first two steps was performed at room 

tempera turc for aIl stringencies. The exposure timc of the hybridized 

membranes was 24 h. 
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Fig. 5. Dot-hlot analysis of the colonies exhibiting hybridization signaIs specifie 

to the genornic probe from P. bertolonii in colony hybridization. The dot-blotted 

plasmid DNA from these colonies were hybridized ta the total DNA from P. 

bertolonii (a) and from P. alpinum (h) under the following stringencies: 

hybridization in 50% formamide and washing at 55°C in final step (1); 

hybridization in 50% formamide and washing at 65°C (2); hybridization in 60% 

formamidc and washing at 55°C (3); and hybridization in 60% formamide and 

washing at 65°C (4). 
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Fig. 6. The inserted fragments of the P. alpinum genome-specifie clones and 

the veetor plasInid pUC19. The inserts were excised by EeoRI and HindIII. 

Lane 1-8: pPa07, pPa08, pPall, pPa16, pPa33, pPa24, pPa42 and pPa47; lane 

9: 1 Kbp ladder fragment markers. 
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Fig. 7. The inseried fragments of the P. bertolonii genome-specifie clones and 

the vector plasmid pUC19. Lane 1-13: pPb03, pPb05, pPb08, pPb27, pPb43, 

pPb68, pPbt,i), pPb70, pPb75, pPb78, pPb81, pPb82 and pPb88; lane 14: The 

fragment markcrs. 
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Fig. 8. The schematic diagram of the inserts of 6 genome-specifie clones used 

for sIoi-blot and Southern blot analyses. 
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Fig. 9. Slot-blot hybridization of the total DNA from four Phleum species using 

genome-specific clones as probes. 50 ng DNA of each sample was Ioaded onto 

a membrane using a slot-blot template and probed with pPb68 (column 1), 

pPb43 (culumn 11), pPb27 (column III), pPa08 (column IV), pPa07 (colum V), 

and pPa11 (column VI). The hybridized membranes were exposed for 24 h 

(column 1) and 15 h (aU the other columns). 
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Fig. 10. Southern-blot hybridization of the total DNA from four Phleum 

species: P. pratense (Iane 1-2: M46, M103), P. bertolonii (lane 3-4: M33, M40), 

P. alpinum (lane 5-6: M39, M27) , and P. m01danum (Iane 7: M29) using P. 

bertolonii-specific clones as probes. 5 pg EcoRI-digested total DNA was loaded 

each Iane and the Southern-blotted DNA was probed by pPb27 (a), pPb43 (b) 

and pPb68 (c). The exposure time of the hybridized membrane was 20 h. 
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Fig. Il. Southem-blot hybridization of the Sau3AI-digestedP. bertolonii DNA 

to pPb27 (a) and pPb43 (b) showing ladder patterns. The digestion was 

performed at 37°C for one hour in the following enzyme concentrations: 0 

unitlllg DNA (lane 1), 0.5 unitlJ.lg DNA (lane 2), 1 unitJllg DNA (lane 3) and 2 

units (lane 4). 

" 
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Fig. 12. Southern blot screening of the total DNA from four Phleum species: 

P. pratense (lane 1-2: M46, MI03), P. bertolonii (lane 3-4: M33, M40), P. 

alpinum (la ne 5-6: M39, M27), and P. montanum (lane 7: M29) using P. 

alpinum-specific probes: pPa08 (a) and pPa1I (b). 
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Abstract 

SDS-PAGE analysis of seed proteins was carried out to evaluate the 

genetic variability and to identify the cultivars in the forage crop, timothy 

(Phleum pratense L.). Nineteen cultivars of timothy were examined. Among 

them five were from Europe and fourteen from North America. A total of 44 

protein monomers were detected in mature seed extra ct by SDS-PAGE 

followed by Coomassie blue staining. Except for two pairs, an the cultivars 

were differentiated by SDS-PAGE analysis of seed storage proteins. In the 

electrophoretic profile, no protein bands were round to be specific either to 

European or to North American cultivars, which is an indication of their 

genetic similarity. Twelve samples of cultivar Toro harvested from Alberta 

and Manitoba (Canada), Idaho and Minnesota (USA), were compared and no 

significant differences were found in their seed protein banding patterns, 

which suggests environ mental stability of timothy seed proteins. 

Key words: SDS PAGE, variation, timothy cultivar identification, seed 

storage proteins 
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Résumé 

[Variation de la protéine et identification de cultivars de fléole des prés par 

électrophorèse des protéines des semence sur gels dénaturants de 

polyacry lamide.] 

Titre abrégé: Identification des cultivars de fléole des prés par électrophorèse. 

L'électrophorèse sur gel de polyacrylamide au sulfate de dodécyl (SDS-PAGE) 

nous a permis de distinguer 19 cultivars de la fléole des prés (Phleum 

pratense L.) et démontrer la variation génétique. Cinq étaient d'origine 

européenne et 14 de l'Amerique du Nord. L'analyse SDS-PAGE nous a permis 

de séparer 44 protéines à partir d'extraits de graines mures. Tous les 

cultivars peuvent être identifiés d'après le profil électophorétique à l'exception 

de deux paires. Puisqu'aucune protéine n'était spécifique soit aux cultivars 

européens soit à ceux de l'Amérique du Nord on peut supposer une origine 

génétique commune pour tous les cultivars. Nous avons comparé les profils 

électrophorétiques des protéines de semence de 12 échantillons du cultivar 

Toro, récoltés a différents endroits (Alberta et Manit.oba au Canada, et Idaho 

et Minnesota aux Etats Unis). Aucune différence significative n'a été détectée. 

Cette donnée suggère une stabilité face à l'environment au niveau des 

p_ otéines de semence chez la fléole des prés. 

Mots clés: Électrophorèse sur gel de polyacrylamide au SDS, identification de 

cultivars des fléole de prés, protéines d'emmagasinage des semences. 
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Introduction 

Timothy (Phleum pratense L), a perennial grass, is grown extensively in 

the northeast quarter of North America, the Pacific northwest states of the 

U.S.A. and northern Europe.lt is a major forage species in NOl'\vay, Hwedcn, 

Finland and Iceland (Klebesadel and Hclm 1986), dS weIl as in ca stern 

Canada. In the province of Quebec. Canada, timothy accounts for about 50% 

of aIl forage seed sold each yenr. 

The most rccent studies on thé gcnome III timothy (P. pratense L) with 

Giemsa C-banding and genome-specifie sequence analyses (Cai and Bul1en 

1991a, b) have provided sorne important information which addH to our 

understanding of the genome constitution and evolution in timothy. However, 

information about genetic variation, which can aid in the identification of 

genotypes 01' cultivars is qui te limited in this speclCS. Investigation of gonetlc 

variability in P. pratense has practical significance for timothy hreeding. 

Phenotypic difference not only allows selectIOn of hybrids but aiso permits 

identification of genotypes or cultivars. Phenotyplc variatIOn in Umothy has 

bee'l. traditionally studied by examining the morphology. Although 

morphological charuct.ers are considered to he an source of markers for 

genetic selection and for discrimination bctween cultivars, only a limited 

number of variations can be detected by morphological observation. Many 

differences such as disease resistance and storagé produe~s ID the cndosperrn 

or other organs are Ilot exprcsscd morphologicully. l{ecf~ntly, phenotypic 

variation has also been obscrved in thlS spccies for sorne chernH.:al characters 

and physical properties such as erude protein and in 8ltU dry matter 

digestibility (Surprenant et al. 1990), packed volume, watl'r rctention and 
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solubility (Surprenant and Michaud 1988), and yield (Faris 1970). 

Unfortunately, most ofthese cha~acters are quantitative traits and thus are 

not effective markers for genetic selection or for identification of genotypes. 

Phenotypic diversity in seed storage proteins are considered to be an 

important source of variation. About 80% of seed proteins serve as a storage 

function. These include globulins of dicotyledons and prolamines of 

monocotyledons (Konarev et al. 1987). The storage p-roteins in seeds belong 

to a large protein family, which covers a lot of structural gene products, i.e. 

polypeptides. Most variation in polypeptides can be easily detected by 

SDS-electrophoresis. Electrophoretic phenotypes of seed ston: ge proteins can 

therefore serve as useful markers for selection and they are also considered 

to be potential identifiers and descriptors of cultivars. SDS-polyacrylamide 

gel electrophoresis (PAGE) of seed storage proteins is thus a useful technique 

for investigating phenotypic variation in natural and cultivated populations 

and is a powerful tool for cultivar identification. This technique has the 

advantage over morphological observation in that it offers a rapid and reliable 

evaluation of genotypic differences among most of the cultivars before the 

development of the matw-e plants. It has been widely used to discriminate 

cultivars and their hybrids in breeding programs and to a lesser extent in the 

seed trade. This has led to the successful identification of cultivars in a 

variety of cereals (Ferguson and Grabe 1986; Wrigley et al. 1987) and pasture 

grasses (Gardiner et al. 1986; Gardiner and Ford 1987~, as well as sorne 

other crops (Barratt 1980; Kapse and Nerkar 1985; Onokpise et al. 

1988). 

In forage grasses, the successful identification of cultivars by SDS­

PAGE has been reported in at least 10 species, including species in the 
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genera Lolium and Festuca which are close to the grass timothy. Perennial 

(L. perenne L.) and Italian (L. mu ltiflorum Lam.) ryegrasscs were readily 

differentiated, and distinctive banding patterns were obtained for seed 

proteins from a range of cultivars and varieties of each (Gardiner ct a11986). 

There is no report on the analysis of seed storage proteins in timothy (P. 

pratense L.) to demonstrate variation and cultivar identification. 

For successful timothy production one needs good management and sced 

of high genetic quality. The use of a rapid and reliable technique to identify 

the cultivars in this species and to establish the purity of sceds should benefit 

both the breeders and the farmers. In the present paper we report the 

valiation of SDS-PAGE banding patterns of seed storage proteins of timothy 

which can be used to distinguish the cultivars of this species. 

Materials and Methods 

Nineteen cultivars of timothy (P. pratense L.) were 11sed in this study. 

Five of them are from Europe and the others are from North America. The 

seeds of five European cultivars: Erecta, Pecora, Alpage, Tiller and A.S.352 

were supplied by the Institute National de la Recherche Agronomique, 

France. The North American cultivars used in this study are a11 from Canada: 

Mariposa and Richmond, from a commercial supplier, Pickseed, Ontario; 

Itasca, from the University of Guelph; Champ, Basho, Bounty, Salvo, Climax 

and Toro, from the Plant Research Centre, Ottawa; Glcnmor, Timfor and 

Winmor, from Northrop King Seeds Ltd, Ontario; Bottina and Tiiti, from S. 
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S. Johnson Seeds Ltd, Manitoba. The following samples of Toro supplied by 

Oseco Inc. in Ontario were used to test the environmental influence on 

protein banding patterns: Lot 6-97, Lot 6-426, Lot 7-195, and Lot 7-217 

(Alberta, Canada); Lot 7-684 and Lot 6-521 (Manitoba, Canada); Lot 6-567, 

Lot 6-1026, Lot 7-702 and Lot 7- 947 (Idaho, USA); and Lot 7-540 and Lot 

7-651 (Minnesota, USA). rrhe seed storage proteins were extractcd using a 

method described by Gifford and Chinnappa (1986). 0.2 g mature seeds were 

ground in a mortar in 2 ml O.05M sodium phosphate (pH 7.5). The 

homogenate was centrifuged in a Sorvall RC2-B centrifuge at 7000 rpm for 

five minutes. The supernatant containing soluble proteins was removed, the 

pellet was reextracted twice, and the supernatants were combined. Insoluble 

proteins in the pellet were extracted by boiling the suspension for five 

minutes in an equal volume of 65 mM Tris-Hel (pH 6.8) containing 2% (w/v) 

SDS, 10% (v/v) glycerol and 2.5% (v/v) 2-mercaptoethanol (ME) followed by 

centrifugation and collection of the supernatant as described above. Before 

electrophoresis, extracts of soluble proteins were boiled for five minutes in an 

equal volume of 65 mM 1'ris-HCI (pH 6.8) containing 2% SDS, 10% glycerol 

and 2.5% ME. Extracts ('If insoluble proteins were used directly. 

The SDS-PAGE process was conducted in a Bio-Rad Protein II Slab Cell 

in 14% acrylamide gel using the technique outlined by Gifford and Bewley 

(1983). Mter electrophoresis, the gel was fixed in 45.4% (v/v) methanol and 

9.2% (v/v) glacial acetic acid for one hour and then was stained in 2.5% (w/v) 

Coomassie Blue R250 solution (stain dissolved in fIXer solution) over night. 

The gel was subsequently destained in an aqueous solution containing 5% 

ethano1 and 7.5% acetic acid until the background colour was completely 

washcd out. The electrophoretic experiment for aIl the cultivars was repeated 
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four times. The Coomassie Blue stained gel profile was scanned and 

quantified by a Bio-Rad Model 620 Video densitometer and 1-D Analyst 

computer program. Differentiation of protein banding patterns between 

cultivars was evaluated by the proportion of differentiated protein bands (Pp) 

which is calculated according to the following formula: 

where, dl and d2 are the numbers of protein bands respectively specifie to 

either of two cultivars in a comparison; Tn is the total number of protein 

bands, which includes the numbers of differentiated bands (dt + yd2) and the 

bands common for two cultivars; ;y is an average frequency of null bands. 

Results 

The storage seed proteins from 19 cultivars of timothy (P. pratense L.) 

were SDS-PAGE analyzed. Following extraction of the seed proteins from aIl 

19 cultivars of timothy in this study, about 50% of the protein content was 

found in the insoluble fraction. As no obvious differences in the SDS-PAGE 

profile were shown between soluble and insoluble fractions (data not shown), 

subsequent gel profiles were obtained using a combined soluble and insoluble 

fraction. In the reduced condition under which the proteins were treated with 

2-mercaptoethanol, a total of 44 protcin bands were separated by SDS-PAGE 

among the timothy cultivars observed in this study. These protein bands were 

distributed along the SDS acrylamide gel in a range of Rf 0.16 to 0.97. The 
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molecular weight of them were determined using the curve constructed with 

Bio-Rad standard proteins (14.4 to 97.4 KDa). Each of these protein bands 

should represent one protein mono mer or one polypeptide ü aIl the protein 

mono mers are completely separated. In fact, overlapping usually exists in 

sorne bands and thus sorne protein monomers can not be identified in 

SDS-PAGE gel profile. A cornputor-monitored densitometer (BioRad) was used 

to scan the gel and quantify the band intensities. Sorne thin bands which 

were difficult to be identified with the naked eyes could be recognized by the 

densitometer. Table 1 shows the relative mobility (Rf), rnolecular weight and 

average band intensities of the proteins bands detected in the examined 

cultivars. The densitometer-scanned data showing the band intensities in the 

individual cultivars are presented in Appendix (Table 1, II). The Coomassie 

Blue gel profile showed iwo zones (from Rf 0.44 to 0.49 and from Rf 0.61 to 

0.66) with very high intensity (Fig. 1). Among these protein bands, 14 were 

rnonomorphic, revealed in aIl 19 cultivars and the others were polymorphie. 

Arnong the polymorphie bands, seven were detected in 18 out of the 19 

cultivars. The following protein bands: No. Il, 17) and 24 were found only in 

a rninority of the cultivars. 

SDS-P AG E banding patterns of seed proteins were compared among these 

19 cultivars. Tb~ pLoportion of differentiated proteins (protein monomers 

which were electrophoretically different between cultivars in a pair-wise 

comparison), Pp, was used to evaluate the phenotypic divergence of seed 

storage proteins between cultivars. The band intensity data recorded by the 

densitometer was used as a reference for the identification of cultivars but not 

included in Pp values. The comparison of prote in banding patterns among five 

European cultivars is summarized in Table 2. Based on the data listed in 
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Table 2, aIl these five cultivars can be distinguished from one another. Among 

ten pair-comparisons shown in Table 2, A.S.352 and Tiller shows the highest 

degree ofprotein divergence. In A.S.352, 30 protein bands were detected and 

in Tiller 33 bands were found. Among these protein bands, 26 are in common 

and the rest are specifie to one or the other cultivars. Although most of these 

differentiated bands do not stain intensely, they are nonetheless reproducible 

when the analysis is repeated. These incompatible proteins may be due to 

differenees in amino aeid sequences in the polypeptides or to loss of the 

uolypeptides as a result of the failure of gene expression. Regardless of the 

cause it is clear thi!!. cultivar A.S.352 does not have three of the differentiated 

protein band., present in Tiller. 

The eomparison of seed protein banding patterns among the North 

American cultivars (Table 3) shows that aIl the J4 North Ameri('flY) cultivars 

can be distinguished from one another by the SDS-PAGE banding patterns 

except three pairs of cultivars, Climax:Richmond, Basho:Bounty and 

Timfor:Winmor, in which the Pp values are too low to allow them to be 

distinguished. Between Climax and Richmond, only about 6% of the proteins 

are different and between Basho and Bounty, only 4% of the proteins are 

different. These differentiated protein bands are neither major bands nor 

readily reproducible. The protein banding patterns for Timfor and Winmor 

are even closer, only about 3% of the seed proteins are different. The 

densitometer scanning data does not distinguish the protein banding patterns 

in these three pairs of cultivars. In contrast to these three pairs of cultivars, 

another three pairs of cultivars, Sai vo-Timfor, Toro-Basho and Salvo-Glenmor, 

exhibited high degree of phenotypic difTerentiation. The Pp value calculated 

in these three pairs were respectively 0.31, 0.32 and 0.31 (Table 3). This may 
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to sorne extent reflect the distant genetic relationships in these cultivar pairs. 

Among aU the seed pro teins revealed in the cultivars examined, no protein 

bands were found ta be specifie tù European or to North American cultivars, 

and hence it is impossible to distingLish cultivars from the two continents on 

the basis of banding patterns. The proportion of differentiated proteins (Pp) 

between European and North American cultivars are listed in Table 4. In 

terms of the Pp values calculated within and between European and North 

American cultivars, the variation ofseed proteins revealed between European 

and North American cultivars is not greatly different from those detected 

within each group. The Pp values calculated within European cultivars range 

from 0.14 to 0.24; while within North American cultivars, the Pp value a range 

from 0.12 to 0.32 except for those obtained in three pairs (Climax:Richmond, 

Basho:Bounty and Timfor:Winmor); and they vary from 0.10 to 0.33 when the 

two geographic groups are compared. These results indicate the genotypic 

similarity between European and North American cultivars. This finding 

agrees weIl with the reported domestication of the species in Massachusetts 

in the eighteenth century (Piper,1924) and its subsequent shipment to Europe 

as weIl as the exchange of breeding material across the Atlantic in this 

century. 

The samples from the cultivar, Toro, harvested in different sites were 

compared to see if there is an environmental influence on protein banding 

patterns. The seeds of Toro were harvested from four production sites: Alberta 

(four seed lots) and Manitoba (two seed lots) in Canada and Idaho (four seed 

lots) and Minnesota (two seed lots) in the USA. The SDS-PAGE profile shows 

no outstanding differences in ban ding patterns among these samples and the 

data from densitometer scanning (Fig. 2) show relative stability ofindividual 
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bands among these samples. The data indicates no significant influence from 

the environment on the banding patterns of seed proteins. Simi.lar results 

have been reported in other grass species (Ferguson and Grabe 1986; 

Gardiner et al 1986). The environmental stability of seed storage proteins has 

Jt~en confirmed not only by PAGE electrophoresis but also in other studies by 

reversed phase high performance liquid chromatography (RP-HPLC). More 

recently in an assessment of soybean seed proteins by RP-HPLC technique, 

Buehler et al (1989) demonstrated that different seed production sites did not 

significantly affect either quantitative or qualitative aspects of the 

chromatogram for a given cultivar. 

Discussion 

In arder to quantitatively evaluate the phenotypic divergence of seed 

storage proteins between timothy cultivars, a parameter, termt1d proportion 

of differentiated proteins (Pp), was calculated in ihis study. In calculation of 

this value, the total number of protein bands represented by T n and the 

number of differentiated bands represented by Dn were involved. If the 

differentiated bands (Dn) is defined as those protein bands specifie to either 

of two cultivars, respectively represented by d} and d z, then Dn = d} + d2 and 

thus Pp = Dlr n = (dl + d2)rr n' It should be pointed out that this formula in 

most cases results in a biased value of Pp beeause differentiation of one 

polypeptide without 1088 of it (nuU band) between any two cultivars results 

in two divergent bands which are respectively specifie to one or to the other 

of the two cultivars, thus leading to increase the number of cultivar-specifie 

bands. In the case of A.S.352 and Tiller, for instance, Dn = d} + d2 = 7 + 4 = 
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Il, Tn = 7 + 4 + 26 = 37 and hence Pp = Dftn = 11/37 = 0.30. This value is 

higher than it should be. In orcier to reflne the Pp value 50 that it can 

correctly reflect the genetic differentiation between cultivars, a modified 

formula, Pp = (dl + 'Yd2)!fn was used to calculate the Pp. The y in this formula 

is an average frequency of null bands, which is calculated by 

n 

y=l/nE [(~-d2) / (~+~)] 1 
i-1 

where, [(dl - d2)/(d1 + d2)J. is the frequency ofnull bands in the ith comparison. 

When calculated among aIl the 19 examined cultivars y = 0.29. Tn is 

calculated by T n = dl + Yd2 + C n , where Cn Îs the number of those protein 

bands co mm on for two cultivars. The above modified formula for calculation 

of Pp has eliminated the portion of increased specifie bands from polypeptide 

differentiation. With the modified formula, the proportion of differentiated 

protein between A.S.352 and Tiller is Pp = (7 + 0.29 x 4)/(7 + 0.29 x 4 + 26) 

= 0.24. 

In SDS-PAGE of seed proteins for identification of cultivars, the situation 

in outbreeding species is likely to be different from that found in inbreeding 

species. In inbreeding species, such as most cereals, in which SDS-PAGE of 

seed proteins is extensively used for distinguishing the cultivars (see review 

by Cooke 1984), each seed in a pure Hne gives rise to the same protein 

banding pattern. In outbreeding species, however, genetic variation may weIl 

exist within cultivars to a greater or lesser degree. This was conflrmed in 

Westwolds ryegrass (L. multiflorum Lam.) (Gardiner et al 1986). In timothy, 

no test of within-cultivar variation of seed proteins was conducted in this 
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study and hence no information on this aspect is availahlc. Howcvcr, the 

research on some other traits such as forage yicld, in vitro dry matter 

disappearance (IVDMD), percentage dry matter and mineraI content reported 

by Berg and Hill (1983) showed sorne variation within cultivars of timothy. 

A high degree of gcnotypic variation withill a cultivar would make 

identification based on the frequency of particular bands obtained frorn 

individual seeds extremely time consuming. In timothy, il would he v('ry 

difficult to analyze the protein pattern in individual seeds bccausc the smal1 

seeds do not contain sufficient protein to allow SOS-PAG~j analysis. 

Nevertheless, the pattern of bands obtaincd by analyzing a meal made from 

a bulk sced sample sufficiently large tü rcprcsent the interbrecding 

populations provides an average picturc of the banding pattern of proteins 

presept in the individual genotypes which together comprise the cultivar. 

According to Gardiner et al (1986), 0.2 g secds gave a reproducible pattern in 

ryegrass. In our pre-analysis of seed proteins in five cultivars of timothy 

(Climax, Salvo, Champ, Bounty and Alpage), the comparison of banding 

patterns ofproteins extracted from 0.1 g, 0.2 g, 0.4 g, 0.6 g and 1 g bulk seed 

sample confirmed that the 0.2 g random seed sample is sufficicntly large to 

give rise to a reproducible pattern in timothy. 

Seed protein profiles have been shown in the present paper to be a 

discriminating tool for identification of timothy cultivars. Togcther with the 

scanning by the densitomcter, SDS-PAGJi~ banding patterns of seed proteins 

can serve as a 'fingerprint' for the purpose nf seed identification to establish 

plant variety rights or for identifying unknown or wrongly labellcd Hnes of 

timothy. In addition, seed protein profiles may provide evidence of origin and 

genetic relationships of the timothy cultivars. Most of the timothy cultivars 
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were devcloped by polycross and mass selection (Powell and Hanson 1973), 

hence, the precise parents of them are mostly unknown. Data from 

SOS-PAGE analysis of seed proteins may help to identify the ancestors of the 

cu1tivars. 
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Table 1. The migration rate (Rf), molecular weight and average band 
intensity of the storage seed proteins in nineteen timothy cultivars 

Band Molecular Band Band 
number Rf weight(KDa) intensity number 

(O.D.) 

1 0.161 ? 0.056 17 

2 0.170 ? 0.051 18 

3 0.178 ? 0.060 19 

4 0.191 92.1 0.066 20 

5 0.226 76.4 0.062 21 

6 0.237 70.5 0.084 22 

7 0.256 63.3 0.072 23 

8 0.274 58.3 0.144 24 

9 0.283 56.2 0.139 25 

10 0.297 52.2 0.134 26 

Il 0.305 49.7 0.082 27 

12 0.319 46.4 0.114 28 

13 0.333 42.7 0.092 29 

14 0.340 42.1 0.064 30 

15 0.353 41.2 0.062 31 

16 0.370 40.4 0.065 32 

Molecular Band 
Rf weight(KDu) intensity 

(D.D.) 

0.411 37.9 0.083 

0.437 36.4 0.218 

0.444 35.8 0.235 

0.452 35.1 0.213 

0.474 34.2 0.200 

0.481 33.9 0.154 

0.488 33.3 0.106 

0.519 31.7 0.084 

0.526 31.0 0.074 

0.540 30.4 0.073 

0.570 29.0 0.068 

0.578 28.3 0.093 

0.630 25.3 0.330 

0.667 23.5 0.300 

0.678 22.7 0.286 

0.693 22.1 0.171 
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Table 1. (continued) 

Band Molecular Band Band 
number Rf weight(KDa) intensity number 

(O.D.) 

33 0.707 20.9 0.128 39 

34 0.727 20.2 0.132 40 

35 0.752 19.1 0.185 41 

36 0.763 18.7 0.171 42 

37 0.771 18.2 0.142 43 

38 0.796 17.1 0.138 44 
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Molecular Band 
Rf weight(KDa) intensity 

(O.D.) 

0.809 16.6 0.126 

0.815 16.0 0.123 

0.863 ? 0.109 

0.889 ? 0.121 

0.926 ? 0.122 

0.969 ? 0.257 



Table 2. Proportion of differentiated seed proteins (Pp) 
among European cultivars of timothy CPhleum pratense L.) 

Alpage 

A.S.352 

Erecta 

Pecola 

A.S.352 

0.22 

Erecta 

0.18 

0.17 

Pecola 

0.22 

0.22 

0.18 

Tiller 

0.21 

0.24 

0.14 

0.20 
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Table 3. Proportion of differentiated seed proteins (Pp) among North American cultivars of 
timothy (Phleum pratense L.) 

Bot. Bou. Cha. CIL Gle. Ita. Mar. Rie. SaI. Tii. Tim. Tor. Win. 

Basho 0.20 0.04 0.18 0.23 0.22 0.22 0.25 0.24 0.22 0.22 0.26 0.32 0.24 

Bottina 0.20 0.20 0.15 0.23 0.14 0.14 0.16 0.22 0.23 0.21 0.20 0.23 

Bounty 0.18 0.21 0.22 0.18 0.25 0.24 0.22 0.24 0.29 0.29 0.27 

Champ 0.22 0.26 0.18 0.27 0.28 0.24 0.25 0.19 0.21 0.18 

Climax 0.23 0.12 0.21 0.06 0.22 0.16 0.19 0.19 0.16 

Glenmor 0.21 0.18 0.21 0.31 0.19 0.23 0.27 0.19 

Itasca 0.20 0.13 0.23 0.18 0.16 0.18 0.13 

Mariposa 0.15 0.22 0.17 0.21 0.16 0.22 

Richmond 0.26 0.14 0.16 0.20 0.17 

Salvo 0.18 0.31 0.25 0.29 

Tiiti 0.23 0.25 0.21 

Timfor 0.20 0.03 

Toro 0.20 



Table 4. Proportion of differentiated seed proteins CP p) between 
European and North American cultivars of timothy 

Bas. Bot. Bou. Cha. Clio Gle. lta. 

Alpage 0.21 0.22 0.21 0.16 0.27 0.18 0.20 

A.S.352 0.19 0.19 0.16 0.25 0.20 0.11 0.15 

Ereeta 0.17 0.14 0.21 0.23 0.12 0.18 0.16 

Peeola 0.26 0.17 0.22 0.29 0.17 0.23 0.12 

Tiller 0.27 0.20 0.27 0.20 0.14 0.24 0.17 

~"lar. Rie. SaI. TiL Tim. 'l'Of. Win. 

Alpage 0.19 0.25 0.33 0.26 0.15 0.28 0.18 

A.S.352 0.21 0.15 0.22 0.12 0.26 0.29 0.26 

Erecta 0.11 0.12 0.17 0.10 0.21 0.19 0.19 

Pecola 0.22 0.13 0.28 0.19 0.23 0.24 0.23 

Tiller 0.18 0.13 0.25 0.16 0.18 0.17 0.16 
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Fig. 1. SDS-PAGE profiles of seed pro teins from eighteen timothy cultivars: 

Itasea (lane 1), Mariposa (lane 2), Pecola (lane 3), Richmond (lane 4), Salvo 

(lane 5), Tiiti (lane 6), Tiller (lane 7), Climax (lane 8), Glenmor (lane 9), 

Alpage (lane 10), AS352 (lane 11), Bottina (lane 12), Basho (lane 13), Bounty 

(lane 14), Champ (lane 15), Timfor (lane 16), Winmor (lane 17), and Erecta 

(lane 18). 
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Fig. 2. Densitometer scans of protein bands of the cultivar, Toro, harvested 

from four sites: Alberta (Toro-l), Manitoba (Toro-2), Idaho (Toro - 3) and 

Minnesota (Toro-4). 
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0.t4 
O.ll[ 
O.10[ 
O.OB, 

0.38 
(\.36 
0.34 
0.32 
0.30 
0.0:3 
0.26 
o.z4 
0.22 
0.20 
U8 
0.11; 
0.14 
0.12 
O.HI 

Mal 
0.06 

Toro-4 
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General conclusions 

Genome constitution and genome phylogenetic relationships 

The fundamental cytological distinction between autopolyploid and 

allopolyploid may include two aspects: (1) chromosomal behaviour in meiosis 

where an autapolyploid may exhibit a high frequency of multivalents while 

an allopolyploid is not expected ta show multivalents but a high frequency of 

bivalents, and (2) chromosome morphology and hcterochromatin patterns, 

which are potentially similar between chromosome sets in autopolyploids but 

differentiated in allopolyploids. However, no distinction can he made between 

these two forms of polyploids in the genus Phleum, depending on the patterns 

of chromosome association in meiosis, because the data from meiotic 

observation in earlier studies of timothy showed no response of chromosome 

association to the ploidy levels. A survey of somatic chromosomes was 

attempted in this study using C-banding to determine the genomic 

constitution in hexaploid P. pratense. This procedure made it possible to 

distinguish between the two forms of polyploid in tms species. In terms of the 

characteristics of the C-banded karyotype, two chromosome sets inP. pratense 

could not be distinguished from each other but the other set was obviously 

differentiated from them. This finding along with the evidence from the 

karyotypic comparison between P. pratense and two diploid species P. 

alpinum and P. bertolonii led to two primary conclusions: (1) P. pratense is 

most likely an allohexaploid consisting of ' genomes, A and B, presumably 

with the genome of AAAABB; (2) These two genomes May have come from P. 

alpinum and P. bertolonii respectively. These tentative conclusions were 

further contirmed by a molecular study using genome-specifie probes. 

DNAIDNA hybridization on slot blot and Southern blot demonstrated that the 

blotted DNA of P. pratense could hybridize to the probes specifie to P. 
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alpinum and to the probes specific to P. bertolonii. This clarifies the 

allopolyploid nature of P. pratense and suggests the participation of these two 

diploid species in the genome construction in this allohexaploid. In contra st 

to P. pratense, another species P. montanum showed no hybridized signal 

either to P. alpinum-specific probes or to P. bertolonii-specific probes, thus 

implying that it was unlik.ely involved in the genome construction of P. 

pratense. 

While this study has brought about a concrete advance in the 

understanding of the phylogenetic origin and evolution of P. pratense, it 

would be more fruitful ü the analyses were extended to the remainder of the 

species in this genus. Further research is suggested to extend the conclusions 

drawn in this study. A fruitful area of extension is to screen the karyotypes 

for the remainder of the species in Phleum using the C-banding technique. In 

addition, it would be very interesting to screen the genomic DNA of aU these 

species through Southem blot analysis using the probes specifie respeetively 

to these two genomes which are available in this laboratory. Thus further 

research May be e~peeted to add more knowledge to our understanding of the 

gene pool in Phleum. 

Phenotypic variation of seed storage proteins and cultivar 

identification 

The data from SDS-PAGE analysis of seed storage proteins presents a 

new field of information on the genetic variation in cultivated timothy. Such 

data confumed that the SDS-PAGE patterns of seed storage proteins were 

distinguishable arnong a1119 cultivars except for two pair. The following two 

kinds of data seern crucial for characterization of phenotypic difTerentiation 

of seed storage pro teins between the cultivars: 

The first category of the data was from the calculation of the proportion 

of differentiated proteins (pp)' The formula used to calculate Pp was first 
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proposed in this thesis and seems to work wel~ in measurement of differences 

of the protein banding patterns in this species. The Pp data make it possible 

to quantitatively evaluate the protein phenotype differentiation between the 

cultivars in timothy, thus presenting a criteria for cultivar discrimination in 

this forage species. 

The second category calI'e from the computer-monitored densitometer 

scanning of the SDS-PAGE profile. Coomassie blue-stained protein patterns 

showed many thin or minor bands in timothy. Scanning of the protein bands 

with the densitometer seems very important in that it not only aids in the 

identification of these minor bands but also provides a density for each band, 

which makes it possible to characterize the protein banding patterns 

quantitatively. Therefore, densitometer scanning data played an important 

role in confll"ID.ing phenotypic differentiation between the cultivars in timothy. 

It has been shown that SDS-PAGE analysis can he used for the 

identification of genot.ypes or cultivars in timothy. It may also provide some 

information on the origin and genetic relationships of the cultivars in this 

species. 
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AppendixI 

The densitometer-scanned data of the seed storage 
proteins in timothy 



i 

" 

139 

Table J. The band intensities (O.D.r of the seed storage proteins in five 
European cultivaTS of timothy 

Band 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
Il 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Alpage A.S.352 

0.038 0.038 

0.036 0.042 
0.053 0.067 
0.040 0.055 
0.080 0.087 
0.052 0.066 
0.112 0.048 
0.124 0.139 
0.119 0.111 

0.091 0.113 
0.080 

0.045 
0.046 
0.202 0.243 
0.215 0.243 
0.216 0.223 
0.216 0.232 
0.180 0.187 
0.123 0.117 

0.057 0.080 
0.045 0.067 

Erecta Pecola Tiller 

0.058 0.088 
0.060 0.054 
0.068 0.066 0.081 
0.068 0.080 0.120 
0.093 0.075 0.079 
0.119 0.100 0.118 
0.075 0.096 0.040 
0.181 0.186 0.167 

0.171 0.158 0.137 

0.058 0.148 0.125 
0.093 

0.078 0.081 
0.089 
0.067 0.095 0.088 

0.291 0.282 0.192 
0.288 0.282 0.220 
0.273 0.170 
0.266 0.250 
0.229 0.165 
0.161 0.146 0.128 

0.105 0.093 0.080 
0.134 0.068 0.082 



Table l, Continued 

Band 
No. 

27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

Alpage 

0.044 

0.299 

0.298 
0.206 
0.116 

0.186 
0.132 

0.115 

0.163 
0.151 
0.114 
0.332 

AS352 

0.071 

0.318 
0.294 

0.220 

0.119 
0.167 

0.135 
0.134 
0.141 

0.108 
0.091 
0.108 
0.249 

140 

Erecta Pecola Tiller 

0.095 0.073 0.068 
0.096 0.109 0.088 
0.389 (}.375 0.281 
0.370 0.279 

0.346 0.259 
0.237 0.213 0.160 
0.166 0.130 0.121 
0.182 0.166 0.140 
0.211 0.276 0.171 

0.188 
0.114 0.184 0.149 

0.143 
0.173 

0.127 0.101 0.067 
0.138 0.127 0.071 
0.159 0.135 0.083 
0.300 0.308 0.262 

• The O.D. value of each band is an average calculated among those recorded 
in four repeats. 
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Table II. The band intensities CO.D.)" of seed storage proteins in 14 American cultivars of timothy 

Band Bash. Bott. Boun. Cham. Clim. Glen. ltas. Mari. Rich. Salv. Tiit. Toro. Winm 'l'imf. 

No. 

1 

2 
3 

4 

5 

6 

7 

8 

9 

10 

11 

0.040 0.066 0.056 0.054 0.041 0.054 

0.042 0.043 

0.064 0.051 0.087 0.049 

0.055 

0.048 0.050 0.049 0.062 0.037 0.071 0.067 0.057 0.069 0.093 0.060 

0.056 0.040 0.098 0.032 0 051 0.062 0.085 0.056 0.054 0.072 0.040 0.092 0.042 0.086 

0.050 

0.066 0.057 

0.096 

0.050 0.071 0.052 0.067 0.046 0.053 

0.082 0.069 0.089 0.060 0.111 0.054 0.054 0.059 

0.082 0.069 0.076 0.060 0.108 0.074 

0.040 

0.053 

0.050 

0.175 0.038 0.182 0.050 0.165 0.144 0.189 0.146 0.138 0.125 0.170 

0.144 0.191 0.110 0.110 0.173 

0.106 0.072 0.060 

0.142 0.097 0.106 

0.072 0.065 

0.180 0.159 0.177 

0.125 0.139 

0.l26 0.108 0.182 0.095 0.158 

0.089 

0.183 0.079 0.104 0.085 0.131 0.190 

0.068 0.081 0.089 

12 0.143 0.082 0.]78 0.105 0.150 0.098 0.138 0.079 0.103 0.082 0.075 0.169 0.120 0.107 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 
25 

26 

0081 

0.071 

0.101 0.039 0.055 0.081 

l\068 0.053 0.121 0.046 00'11 

0.079 

0.046 0.052 

0.071 

0.060 0.040 

0.040 

0.074 0.059 0.052 0.056 0.046 

0.162 0.081 0.088 

0.031 0.042 

0.038 0.053 

0.086 0.038 0.049 

0.246 0.150 0.289 0.117 0.245 0.250 0.275 0.184 0.196 0.135 0.171 0.270 0.225 0.218 

0.255 0.139 0.289 0.177 0.251 0.245 0.279 0.191 0.207 0.175 0.152 0.294 0.256 0.264 

0.226 0.137 0.274 0.159 0.235 0.220 0.251 0.162 0.182 0.112 0.148 0.283 0.229 0.230 
0.226 0.137 0.274 0.110 0.216 0.212 0.251 0.149 0.162 0.126 

0.175 0.086 0.196 0.099 0.154 0.206 0.178 0.148 0.118 0.101 

0.132 0.061 0.169 0.073 0.114 0.078 0.134 0.058 0.082 0.073 

0.101 0.092 0.130 0.095 

o 112 0.051 0 163 

0.054 

o 078 0.052 0.081 0.047 0.053 0.050 

0.112 0.045 0.064 0.042 0.044 

0.152 

0.075 

0.061 

0.045 

0.217 0.202 0.206 

0.164 0.160 0.150 

0.114 0.082 0.101 

0.113 

0.050 0.051 

0.090 0.025 0.048 

27 0.123 0.049 0.151 0.058 0.072 0.050 0.079 0.054 0.044 0.039 0.046 0.087 (l.051 0.052 



H2 

Table II, continued 

Band Bash. Bott. Boun. Cham. Chm. Glen. ltas. Mari. Rich Sn\v Tlit. Toro. Wmm 'l'mIr 

No. 

28 0.072 0.087 0.112 0083 0096 0100 0085 0060 0120 () (lH(i 

29 0.335 0.265 0.386 0.287 0.353 0.338 0.377 0310 0.307 028·1 0277 0369 o :J58 o :\(in 
30 0.327 0.350 0.361 0.254 0329 0.309 0.273 0269 0.220 0233 0344 

31 0.193 0177 0.350 0.250 0319 () :1 Hi 

32 0.211 0.167 0.239 0095 0.173 0134 0.202 0136 0144 0111 o 1ln o ln o )[12 

33 0.159 0.069 0.208 0.082 0.114 0.116 0.077 0.089 0.068 0.193 0103 o OBI 

34 0.141 0.080 0179 0.101 0.142 0.101 0.153 0077 0.085 0.079 0071 0169 0111 0105 

35 0.238 0.119 0.181 0140 0.186 0.110 0.228 0.155 0.124 0149 0121 0.213 0168 o 140 

36 0.220 0.201 0.146 0.190 o la9 () l:!:! 

37 0.162 0.091 0.140 0.140 0.083 0.168 0109 

38 0.J55 0.104 0.178 0.138 0.173 0.090 0.170 0.109 0.109 0.OB1 0183 o 1:~0 o IHi 

39 0.117 0.140 0.158 0.111 0083 o lOG 0195 0140 o Ofi2 

40 0091 0.140 0101 0104 0094 0.070 0191 

41 0.121 0.082 0.161 0.088 0.109 0.079 0.118 0.090 0076 0074 0091 0.112 0114 o OH!! 

42 0.157 0.096 0188 0.103 0.131 0088 0.092 0081 0075 0082 0077 0130 0114 o OB!I 

43 0.157 0.115 0.211 0.121 0126 0.088 0.130 0090 0.093 0102 0091 0129 0124 0106 

44 0.315 0.190 0.336 0.222 0248 0.206 0.269 0211 0.195 0198 0180 0:147 o 2:l5 o 2W 

• The O.D. value of cach band is an average calculated among those recorded in four repeats. 
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Appendix n 

The reprint of paper 1 published in "Genome" 
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Characterization of genomes of timothy (Phleum pratellse L). 
J. Karyotypes and C-band!og patterns in cultivated timothy and twu wild relatives 1 

Q CAl 

Plant Scœnce Department, Macdonald College ol A1( Gill VII/l'l'nit l', 2//11 1 uAel/l/)rl' RIII/d, 
Ste-Anne-de-BellevuC', Que, Cal/lit/a 119 \' J('(} 

AND 

M R BUIIIN 2 

PIanI SCience Department and Agnculture Canada, Ste·{ (H' Forage ClOfl (~l'log(,I/t'//( 1 abOlI/lOI' , 
Macdonald College. S/e-Anne-de-lk/levl/e, QI/I' , ('anada 119\' /Cli 

Corre~p(lnùmg EÙltor R 1 Phllhp ... 

Recclveù Septl'Ill ber 6, 19X9 

ALccptl'd Augu ... t 2. 1990 

CAl, Q., and BULUN, M R 1991 CharaLlerllatlOn 01 gl'nOIl1\!\ 01 tllllothy (P"'e/(III prall'I/It' 1 ) 1 1-.,11\,,1\1"" 

and C-banding pattcrn~ III cultlvated Bmothy and two wtld rcl.ltlve, ('cnomc.34 'i2-'iH 

ln an atlempt to know the phylogcny of tlmothy (Ph/el/m pralel/le). Ihe cul(lv.lIl'Ù ~pCLlC'" .\IIt! 1 \ID wlld r, 1.111\ "', 

Phleum alpmum and Phleum bert%nu, were kuryolyped wlth ulI!Vcntlolldl anù (ill'lll~J C-h.illdllll-! IIIL'th"d, III Illl 
hexaplOid p, prateme (2n = 6x = 42). two ,ct~ 01 ,evcn dlrOmO\Ornl" wcre mdl\t IIlgl",h"hlc 1 Will l\1l h 01 h"1 "PI" 

fil morphology dnd fil band mg paltern., and the thlrd ~el 01 ,cven I,';U" round 10 he dlflelcnll,lfl'd 1'0111 1 helll 1 \\" 
genomcs, A and B, were tentatlvcly e\tabh~hed The b"ndcd k"ryotypc 111 <.IlplOid /' IJI'I/IIli/" (2/1 :: \ 1,,\) \\ .1' 

close to the A genome. whlch wa., telraplOld 111 P pralen\(', and thc J...HYOlypc III l' /wr/%/lll (211 ~\ 1..\) \\.1\ 

analogom to Ihc B genomc m P pralense. Whldl \uggC\t\ the\e "pl'ClC,> wcrc lhc gl'nollle dOl1or\ 01 l' I,rllll'I/\t' 

Key words chrommomc. gcnomc, allopolyplOld. (J,cllI,a C-banùmg 

CAl, Q , et BUI l LN. M R 1991 Chdractcfl/"t1on 01 gellomc\ 01 tllllothy (/'h{eulII WUlel/\(' 1 ) l ,""IIVOl\pc, 
and C-bandmg pattern., m cultlvaled IImolhy and two wIIJ rel.1I Ive, ('cnomc. 34 'i2 'iX 

Dans le but de connaÎlrc la phylogelle~e du l'IIIel/m pralen"e. 1" 1 Icole dc, pre,>. le, ldl ypl vpc, ('Il'II1 .... 1 th: l'C'l'l'lC 
cultivée el deux espèces sau"age~, Phfeum a/pmum et l'hlel/l1l "erl%nll ont etc l'X"I11I11l'\ 1 C\ h.lIllk, ( ohl L'flUl'\ .1111\1 

que la longueur et les rapports dc~ bra~ dc~ chromo,omc\ ont Londllli a 1',delllilIL"llOll de .. gCIIlllIlC<' dl' lL''' l"pCle\ 
En ce qUi roncerne l'espèce hexaplOldc P fJraten~e (2n - 6x 42). on " trouve que dcux groupe, dl' ,cpl LlIlOI1lIl 

~omes étalent Identlque~ tandl'> qu'un trOl.,leme groupc ùe ,cpt chromo~ollle\ ct,,11 dillerent dc, dcu\ prClTlICr" '"I 
la base de la morphologie et dr la dl~lrJbutlOn dc; banùe, (' L (' caryol~pc de l'c\peLe dlplOldc /' a/pin/IIII (2\ 2\ 1-1) 
cst proche de génome A (létraplOldc chc.l P pralen~e) tdndl, quc le ldryotypl' dc P h('rl%,," (2/1 2\ 14) Il'<'\l'lIl 
bIc au génome B de P pratense 

MOIS clés chromo~omc. génomc, allopolyplOide. bande, C. wlorallon de (jll'm,,, 

Introduction 

Timothy (Phleum pratense L.) IS an ImpOltant foragc 
crop, wldely grown ln cool, temperatc reglons of the world, 
mcIuding North America and Europe In thc gcnus Phleum, 
of which at least 10 spccies have been PO~ltlvely Identlflcd, 
while another 10 may have speCIfie rank, only the .,PCCIC!, 
p, pratense is of major cconomic importancc (Nath 1967) 

nature and onglll or the polyphm! gCIlOllll: III /), pra/cIl\(' 
One hypothe'>l" <,aw the cultlvated P !)fU/l'lI\(' a .... 111 .1110 
hcxaplOld contalllmg two dlc,tlflcl gCIIOIIll:', Whldl weil' pw 
po,>ed 10 l'Oille from P alplllul1/ .\I1d!' nodo\()11I. rell.llIlcd 
P. berlolonll (Munlllng and PrakJ..ell 1940, 1 eV.lII 1 (HI. 
Stebhlll'> 1950), A ,>econd hypol he ... lc, lOl1\ldcrcd Ille "pCUl" 
to bc an .ll1topolyplOld of 1) II(}(JO\O/fl (MYt'" 1 1) H, 
NordcmklOld 1945, Wllton and Klchl:c,aùd i Inl) lite l.lllt 1 

pomt of vlew .,cern" to hl: generally au,cptcd II()\vnl'l, Il'l 
author<, hcltcve lhat a deflflllc UHlLlU\lO!l l.llIlIllt Ill' dl,I'.\ JI 

becau<,e of d lad. 01 condu\lve eVldellle 1 r, 1111 ( vI (llu,", ,,: j 

gencllc<" 

The cultlvated species P. prateme almo'it always appca,,> 
In the literaturc a~ a hexaploid wlth a ba,>\(' chromo'mme 
number of o;even, Thc phylogcnctic rc1atlOn~hlp bctween thl' 
species and the wlld !,pecies of Phleum was a frequent 'iubJcct 
of study during the period 1930-1954 Few Illvc'itlgatlom 
have been published In the last two decadcs, Most 01 the 
studies on phylogenetic relatlonshlps in Phleum 'ipcCIC'i wcrc 
concentrated on interspeclfic hybndlzatlOn, A senc,> of 
investigatIons on thc fertlhty of mterspcciflC hybnd:. and 
chromosomaf behavlOr in melOSIS of pollen mothcr ccII'> III 
P. pratense and ln mterspeclflc hybrids have been reported 
(Muntzmg 1935; Muntzing and Prakken 1940; Nordcnc,kiold 
1941, 1945). From the!>e studlc,> came hypothese<, about the 

IStallOn contributIOn No 397 from Agnculturc Canadd, 
Research Stallon, Sle·Foy, Que., Canada Ut V 2B 

2Author to whom ail corrcspondcncc should be addrc\,cd 

Pnnted Ir ( .ilîl<lda / ImpnITK' au ( .anada 

The dclalled karyotype\ 01 l' !}fUI('f/II' .tllil 11\ • ' .. 11\( , 

have bccn poorly unùer"lood WIItofi alld K It'h, ,,,, It:l ( 1 ln li 
rcporlcd thc <.hromo,>ome !Ilorphology (knj!tli . .11111 1 dllt1 ,) 
01 IIHec Phfeum \PCCll''' Ilicludlllg l' prlllel/\(, .1IId \IIO\H<I 

thal the threc genomec, III fJ pf(/(,11\1' hdd '>111111.11 L11f10111l1 

,>omal morphology, Ihu ... ,>upporllllg Illc dlllopolyplold 
nature Only III two 01 Ihe Ihrcc 'pCLle,> LouIt! Il1l'~ , 1.I~L 
,>tatl,>tlLal Lompamon". a,> LylologlLdl prepardllOIl\ WCll dtl 
ficult to obI am 10 the Itmd IdXOIi 1 he IIllorllhltlOIl W.I\ 

hmltcd In thl'> ,tudy he<.au\c bandlllg Wd<, not ycl aVdtl.lh!e 
for Ihe gcnu,> JoaLhlmlak (I<Jill) c,howeù Ihe IIr ... 1 h.llldlll).' 
wuh a Phleum U'>lIlg the By (hydroLhlorlL .ILlt!) IcdlllHjlll: 





l \1 \'IJIIlIII' 

1 
T \BII 1 LI~t of ~peI:IC~ ~llIdled. Ihelr aI:CC~\lOn IlUmbcl. ,om,\ll~ 

ch rom morne numbcr, and \l1I1rCC 

ACl:l''>,IOII 
SpCCIC\ No 2n ~ourLc 

------ --

P (J/U/ense 1\146 42 Agm.ullure (.II1.lll.l. \le·1 0\ 
Rc,cdr~h ""1.11 Ion. l)lIe 

1\I44 42 AgnLlIllurc (.lIhlùa, 1'1,1111 
RL',,:arch (enlie. 011<1\\,1 

M35 42 JarÙIl1 bOldlllqllc ndllllll,tI 
ùe IklglqllC, i\kl'c 

P afplllum 
~~p, rhue/lcl/II/ M27 14 Ilomnl',chel (,.lIlcn IInd 

Bot:lIl1\dll" :\11I'l'IIIII, 
Berlin· \).Ihkm 

1\139 14 !\111\CIII11 IIdllOlldl d'ill'loIIC 
Ihlllllclle, 1',111' 

p, bert()fO/1/1 1\'140 14 i\llI,ellll1 Il.lllOnai d'hl,IOIIC 
ndlurclle, l'an, 

1\133 14 Ilola.mdler (,.lIlcn ulld 
Hotalll" 'II.!' ~111'1.!1I111. 
Bcrlln·l)dhklll 

1\11 fi 14 l'ldlll (,cnc Rc,ourLc, 01 
( dlhldd. Otl.lll.1 

-------------- - - - .. 

on the dlplOld P hoehmefl \\ hile ot Itlterc'ot, tlm techlll(jue 

did not prove to be a practIcal lIa:- 10 prCr"le b,\I1dcd 

karyotype~ thal COli Id be leadd} lepe,lled (~I R Bullen, 

unpubli<;hed re,ultc.,), The OhJcclI\e 0\ thl., ,Iud:- \\<, ... 10 

obtall1 the C-b,1I1dcd karyot:- pc," 01 P j!wtefl\e and 1110 Il Ild 
,pCCIC~ whlch appcal ta he gcnorne dOlll)" (onlmlll!!!! the 

genome donor, \\Ollld contnhllle 10 Ihe under\landlng 01 

Ihe ongll1 and elolullon 01 Ihe pol~plold gCllome 01 t11110111\ 

Matcriah and mcth(}d~ 

Thrcc 'PCcl;;, 01 l'I1/Cl/111 (/' pra/I'I/IC, l' Idlll//lIlII "p 
Ihue/Ill/m, ,\l1d l' !lcr/o/IJ//II) \\CIC lI\cd Illl thl' ,lUth l'h/C1/1/1 
l'rute/Lw 1'> .1 cullll,lIed 'pCLll', .Incl Ihe othl'I 11\(1 .Ire c,",cnll.llll 
Il dd Thcw ,pelle\ and ,1LLC,'IOIl n 11111 bCI , dll Il'>ied lt1 Idbk 1 
')peLlmen\ \\1\1 be lkptl\ltel.l1l1thc ~-krb,lfIul11 01 \1L(,11t l'lIl1er,111 

The pldllt' Ilere groll Il 011,\ gnl\\ th ch,lIl1ber Il Ilh 01 pllLlwpcnod 
0, 16 h. ,If d IIght II1tC'l,IlI ni <)4 I{! ~1 " 1 .Inti ,1 tClllpeldllllc 
o!IR I:!O( (Ilght tl.lfk) 10,.111~ OUi Ihc prelre,lIl11ent III 111l' rool 
IIp,, Ihe root" \1111 atlddlctI 10 lhc rc't 01 thl' pl,\tlt, Ilcrc 1 III llIC 1 'cd 
iii 0002 l\1 H-Il\dro\~qull1()llI1e ,,,Iullon ILlI 1 h One u:lltII1IClr" 
rool IIp\ Il crc cul ,mtl Il\ed 111 1\1l'I11,1I101 - gidlldl ,ILL'lIl dl Id (2 1) 
for 12 h l'or the col1\cnl1oll,11 dlrOI1IO"lll1e nl"CII,illon, thc rl'nl 
IIP\ lIerc h)ùlol)/cd III 0 21\1 HC 1 Jt 60 ( lor (, 111111 1 h.: ,l1d.:, 
\Vere maùe ,.md ,>t,llllCd lollo"llIg the IIIdhod de'LTlheù h, ( ,li ,1IId 
ChlllnJppa (JI)1l7) 1 or Ihe (iICIll'" <. ·h,lf1dll1~ 01 Ihe dlTLlIIHl\Ollle" 
the II\cd TOot up, IICfC h)lllolv/nflll 01 \1 H( 1 dt 6(J ( lor l) mlll 
dnd then \Ljua\hetl 111 45° {) .\œl1l ,\ud fhc ,lIdc, IIl'l': dlled ,Il 111l1l11 
lemperatllre lm ~ d.l\'> '-,lIb'c(jUl'1l1Il , Ihe dTlcd ,lIdc, ',lerL' 
denatured 111 5U'1) b,lfIUIll Indro\dl.k dt 20 ( 101 "\ 111111 ,md tllell 
llIcubated \Il 2;< ')'-,<.. (1 x. () 15 ;-'1 ;-.Jd( \ plu.. () Ol~ \1 'Wlllllll 
L1trdtc) ,olllllon dl fiW( lor 1 Il .ind Il,lIneù IIllh ~Oll ('Il?I11"\ III 
1/15 fil pho'phatebulkl (pH (, H) ThcLlllol1111\OrnC'\\CTCoh,erled 
and photl'graphetl mmg ,\ 1 clll Ortholu\ Il 1IllLrO'lOpc leI! L.:lh 
1\llh IIcll-,prl'ad metdphd'l' dHlllllll,OI11C\ Inl l'<ILh dllC',\IOI' 'Il'rl' 
\l,cd lor 01110111,1, ,\IId Ull1l1rbLlIOll 01 IdIO!,!ldl11' 

, Re .. ult~ 
The "aryo(ype und C-bulldlng patterl/ 1/1 P pratcmc 

The thrce accc~~lam lrom P pwtenw' lI'>!cd III T,ü)\c 

were "aryotyped The \ornall\ . .' ccli, In ail t hrce a\xc,'>!on" 

\\144, \\ 135, and :'\ I4h, Il l'Il' ,ho\l Il tll h,1I l 4~ ,111 \ '11111','lll,' 

\llIh the e\leptlolllli 1110 pl,lllh nI :\l·~h, ,,111"\ ,1 L'Il' IllllIl,l 

ln lun e 1111,111: 1 h,1I1 42 l 11 1 (lllh l'Llllll" ()I1l' pl,llll \1 ,1 ~ .' 1/ ' , 

:lndlhcothl'I \1,1 ... 2/1 -l(l Ihl'IltIIl\Ill'lllll~,III,lIl1l1,,\II'" 
\\a\ L'on ... ldl'Il'd III hl' 1 Ill' hl'\,lplllld Illllllbl'I III 1'11/,",/ 
IL,JiI, Lllll'I,llI1)! III 1111 L'l' ','h III 'l'I l'Il III ,dllh, ,l, ,," 

hC\,lplold ,lIld lilplllld, B dIlPIllIl'Llllll" \\\'IL','II, Il,,1, , 

IlIllm IHlmhel', ,JiI!1L11I)!h \llllll' ll'II, ,11l1\\1I1 \II' l" Il. l' 

ccli 1 he: 1l1l'lpl1l'\ll!!\ LlI IlIdllldu,\l d\1I'IIII"",\\,' \, 

'PCl'Il" l.lll hcdl.JI,ldl'llll'tI h\ Ih,'d,II,II'IL""lIkd III 1,.1'1. 

and 11\ Ihl' phOlll' ,1Ild IdILl;':I,lIl1' 111 IlL' ~II \, ,11"\\11 l, 

1 able 2, t hl" !1I11ll1Ll'Llllll' 'Ill' 1,111)!L" 1 f (llll \ Sil Ill" -' , .. , 

\\'1111111 Ihl' l'III o Il Hl ,Ll III l' Llllllpknll'llt. l-l 1'.111' Ilf \.111"111. 

,OIllL" .!Il' I11l'I,ILL'lItIIL ,11111 Ihl' \llhl'I 'L'\l'II (l,III' Il' 

,uhtlll'idl l'Ill 1 IL 1 \Ill p.1ll' III lhllllllll,PIIlL'\ ( \h) Il,'1< 

,hll\\11 lu hdll' dl'IIIlLl '.1Il'IIIIl" \lllh IOIl~ 'L'''lIld.!11 ,1111 

,II III IL) Il , 1 hl'Ie: \\l'IL' 1I11.1pp.1ll'lIl ,III Il'Il'II'''' 111 ~.I1 1011 l" 

1001lld bel \\ l'l'II l.1I 1: \.'1 l'Ill .ILL L'\'oIOlh .11'.11 t Il (1111 t Ill' 1 Il Il ,,1.1111 \ 

lllenllOlled .Iho\l' III .IddillOIl 10 Ihl' dll 1111 1 Il>\ 1I11, 111l'1 

phlllll!!~, Illl' (·b,\I1dlll).'. P,l\ll'llI' 1,1 /' 1""1,'//\, '.hl,'111I' 
,OIllC, I\ell' e\'[lI\llIl'd -\, \11\11111 III Ill'\ 1 .III.! ',: Il,, 

LU\OI\Pl ul'Il.lInl'd dl'llllL1 Il'iOllll'lll \1.111(/', ,111..1 ," 

Ilolllelll' h,ltllh ", l\l'll ,l' ,Ollll' IlIll'l Loi 1.11 \ \l,IIIt! .. \\l,l, 
42 Lflllllllll'UI1IL'" ,Illl\\,'d !l'I 0 IlIl'l Il hdllLl, ,llId ,,'111111111, II, 

hallll'> .\mO!1)! t Il l'III 10 lhIIlIIlO\!lll1l" L lllll.lllll'd IlIt\.'II,d,1I \ 

h,lIIlh .tlld thl' 'dll'lllI,'d, IlIllIllO'OIllC, \hp\lL'd Ihl' 'l'lI'lltl 

.ln ullhlllLIIOIl h,llIti 1 Ill' Il'ioml'IIL hdlld, \\'l'IIIU! to hL 

\ldhle, hut IhL' Ll'IIIl ,'llll'Il, hdlll" IIl'll ,I\I~I!I" 1.I'I,d"" 
dcpe Ild 11I,l! 011 1 il (.' li 1\ 1 ~ 11111 .. Id l' l' pit hl' , l'i 1 Il 1\.1, Il' '1 1'<1 t il .1 1 

\OIllC dllllllH 1\(11; Il" ,lIp\l11I L! , Lili 1 (1l11l'll, hd 111I', li 1 Il1l'ld phd '" 

IIC!l' nul b,lndcLI I!\ :11l' \..C1Illll Iq'I\\11 III 1'II\I\\\.l.lpll,I'" 

III d.1I111 lill' ppilpllllli 11.!IIIII'1I1 /, /'Ie/II'I/I(' thl' 11H11 

pholo[!\ .Ilill l h,IJ1L1II1[! PdIlL'III' 111111"1\\(/11,11 li l "lllIl\lllIll' 

P,l\I, \\l'Il' 1I1111P,lll'd \101 phlllol'ILdl ,1111J1,I1I1\ \\ ,l' IIlIIIl" 

.lIllOIl[! ,llllll' dIlOilll"\1I111", 1 hl' '111111.11 LllIlIlIlIl\Ollll'I'.lII' 
C,lIlhl'[lUIII1I11'c\l:II)!IOII)'\ .\1, \~, \1,\1 \" \/1,.\11\1 

/\7, a\ ,hO\llllll 1 dhk 2 1,lLil t!IOllp llllll.llll' 1\\1l \111111.\1 

LillOtllO.,OIlll' P,III', l"L,'pl 11\!II!I(llIP", \1 '\11\1 \, \1 Ill' Il 

,d,o .,!J,lIe .1 '111111,11 11101 pll\)lo1'1 \\1111 Il:: dlld ln, Il'I''' 

Il\eh NOl on" 1 hl' 11\!llplllllot!\ hlll III,' ( h,llallll" P,II:' III 

,11ll\\cd Ihc '111111,1111\ hCII\l'CII "'lll'!ltllldlll" dll,IIIII""111t 

p.I\I' ln Ihl'\è 'L'\l'II ).'lllllP" ,l, \Il'II \, ,11\1\\11 III Ill' '" 

C\ll'pl fl)! 1\4 (01 Il 1'/(/t(,I1~('), '111\"\ III, It IllIll' 'l, 1 1'1,1 

oPlhe IOll)! .IT11h .Ill' dlill'Il'III III h,lIId 1111"11 11\,111\ .111" 

lIl\hOllle p:lIr~ III Ihc olh,'1 ,\ )!IllIlJl' ,11,," ,!JlP,II' Il' \1 .. 111111," 

b,tIldlll,L! Pittll'll1' 1I00H'\1'1, Ihl: 11111..1 ,,1 II: \, IL'II III' 'l," 

\OIlI~' ,\TC 1I1(l,II~ dl\IIII)!III,h.lhiL Il''111 111'111 i ,l, " 

IllIplv Ih,1I Iherl' .trL' 11\0 !JollloIO~!lII' \, l, ,,],11' 1 '1'11' 

hOlllolo,l!()1\'> "l'I., L('II'I~IIII!! (lI .. nLl, 'II '1. '-<III' 

" Il/(/I('f1~(, Ihc ~.tI\!ltlpC!l1 tlm 'p' , .. \ ,111 

,tilllPol:-rlold III t\l(l ddtcl\:111 ).'11\1\11' "Iii 1)11,1 

tell,lplOld .ind Ihl' olh"l llJplold ()I Il''' "'l,, 

~.\I\(ll)pl: dat,! .lllJ (-h.lIldl11).' Jl.III"lll' ,,,, hllvlll' 

gcnolllc... ,lT" lellt,)tIIL'" IIdllll'd lOI l' /'/1/1"1/\(', 'l' 
IClraplOld d\ i!CI10ll\l';\ ,tllc1lhl' IllpIOld'\\ ~'l'llllIll'- B III 1\", 

l,t,l", Ihrec Lllr01l1l1\01l11' p,lIr, IlTL'\lIllldhh 110111 1 III 1111 ' 

gl'll0l1lC<' .,h,lIl' d \lllIlidl 111111pll11101'\ llll\\l\l'I, 1 h, < ,,] 

hl' 'lHll'Ù 1 nt (1 !-TIHlIIlC 1\ (lI B \11111 Ihl' ,ml III dl,lllllt " .. l' : 

mg p,lllcrm 1 he ( ·h,tIlLlIIlI' pdill'III' III 'llLll\ldd.lIlhl'lfl' 

~l)llIe palr\ .Ire dl"Ulhl'd \11011/\ 11'1 Ill' Illl 1(1111' ',"1 

nOlTIl'nddture thc 111\\l'r "hl. lettl'I "p" 1 .. \I\l'd lu dl"I"I,,,' 

IhechronHN1IllC', flOlll/ 1 1"(Itl'l/l(', ",," l' Il'l'd Illl Illl ,1 .. " 
rTlmOlllc\ from /' afr/II/I/II, ,lIId "h" 1'> Il'1't! 11\1 1111l\1 1">111 
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1 ABI 1 2 fhe Icnglh\ (/-lm) and drm ratlo~ (lIS) of the chromo\omc\ from three Phleu11/ speCle\ 

/' /l1ll(1'11\(' 

1 lfl)!' h 
l '> 

,"1. 

1 ffl 11 

r:, 

! '1 Ii'f 1/\/' 

1l'1I!,lh 
l, .... 

/' ilc! (0/01111 

l1.'nglh 
1 1') 

AI 

709 t 0 51 
1 1 H t 0 OS 

(, 72 t 0 29 
1 21 1 () 07 

7 26 t () 79 
1 lH t () Il 

BI 

772;047 
1 53 .t 013 

7 62 t 0 RO 
1 53 t () " 

A2 

649 ct 010 
1 221009 

6 2H -;_ 043 
1 14 ±O 07 

647 tO,70 
1.41 ± 0, Il 

B2 

652±0,40 
1 20 J_ 0.07 

698:t 0.80 
1 17 ± () 08 

NIlIt l'hIc""" /,'II/f'/ne "Iun ... , [Ill t\\ II .\ gl'Ilomc.· ... 
·Noi 111<. hHhll!o! 1111.' .... lh.'IIIIl' 

A3 

6 IO±O 37 
1 38 i 0 OR 

587 ± 053 
1 44±0 19 

S 8S±0,S9 
1 34± 0,08 

B3 

6,12± () 38 
1.55±014 

6.40± 080 
151iO 15 

P hert%/lu rhc dcta!l\ 01 t he pail., of chromosomes arc 
a ... loll<m., 

/1/1/--1 hl' chrommolllc., \\-crc- banded on both end~ a., 
\\cll a., al thc cCllllOlllcrc In addlllOn, an Hltctcalary band 
\\,J ...... CCII III Ihc IOllg <Hill 

/I·l.? (/Ild 11/\3- r hcrc \\crc tclol1lcnc band., on both end., 
"JIll ,1 ccntllllllCrlC b,\I1d 

/1.14, JI -15, Ilnd fJ ·17-- 1 hc ~ hroll1o.,omc,> were banded at 
Ihc ccnlromclIl reglon .I11(j on Ihc end olthe long arm ln 
ICHm 01 1 hc band \!lll'INty, the h'lomeTlc band., III pA5 
\l'l'Illcd 10 hl' (hlkrent hctwcl'n hOIl1Glo~oll" chrommome 
11.111 \ r hc h,Hld 111 one p,ur \\ a., mllLh t hldcr t han the othcr 
OIlC 

Il 1ti-- 1 hl''''l' Llno!l1o\oI11CC, \'cre lounel 10 be 
dl\IIII!!III ... h:lhlc 110111 other, b) ha\'JI1g dl<,llnct <,atclhtec,. In 
.IddlllOIi ln Ihc tclOllll.'r1C and Lcnlromenc band" \\I1lch were 
\IIIIII.\! 10 pA4, pAS, and p,\ 7, ,\ \l'condary con~tTlctlon 
h.llld \\,1 ... Ic\cakd 

1 hl' !lIcl1lbel\ 01 !!C1101lll' B .,ho\\ed the 10110\\ II1g 
( h"lldll1~ p.lllclm 

l,nI 11110.. 1\ Ihc blg!!l' ... t chfllmmome paIr ln the 
" Il'tlIt'I1\(' Lli \ ot'lx' 1 c1ol1\l'Tll b,lIld\ on both end., and 
.1 ,l'IIII \lIlWlll /l.llld ,1\ "cll.\ ... <lll IIllcrcalary band IIllhe long 
.11111 \\ L'I L' dl'lIl\lll ... t 1 .Ilcd 

l'II:! 1\\1', l'.tll ,li dllonlll<,omc, haù the Ilchc\t banu~ ln 

,Ih' \\ !tllll' dllllmoo..olllL' l'Llll1pkmcnt, IIlcllldlllg t\\'o tclomenc 
\1 .. Ild,. 1 \\ 0 IlIll'll,tI.11 \ h,lnd\, one on the .,hort ,mn and Ihc 
,'llll'l (lll the IOllg al 111, .J'" "dl <1\ ,1 ct'ntrOI11CTlC band 

f' 1 1 1 \\ 0 tclO11lCIIl h,lIl\.1-. ,mu olle Lent rornenc band 
\1 t'I \.' ",'.Ihl\ \1\lI,lllIl.'d 111 .. ùdltlOn, onc II1tl'fc.lIary band 
\\Hlld. III IlHl\1 L,I"L',. bc ... Cl'Il 111 Ihl' ... hl'rt .1tl11 

/,n-l lfl/Ii fl/lti 1 hl' dllllnlLhOI11C\ "l'le banded ,\1 the 1.:C11-

1:,)JIll'IL' .llld \111 b'llh dl\l,lIll !..'nJ\ 
1'//5 1 hc dll lll1H1 ... ,)!I1l' (l,1\I cOIll,lIllcd ,1 Ul1H.jlle bandlllg 

".llll'IIl, h.l\ Ill!! ,Ill 11\1 el L.t1,lr~ h.tnd III Ihe "hort arm. a 
1 l'I \1 III L'I l,' \l,lIId lln the 1\\Il!! .Irm, and <1 Cl'l1tromCïtc band 

/1/1 ~ - Iim Chfl)!IW\Ollll' p.UI h,ld ,1 "lIll1l,lr mlHpholog~ 

A4 

567±041 
1.64 ± 020 

5.34 ± 048 
180 ± 0 18 

5,70rO 54 
1.56±O 16 

84 

560±O.38 
1.19 ± 020 

623 ± 078 
117±OIO 

AS 

497 ± 0,35 
1 52±0 14 

482 ± 035 
182 ± 022 

526±O.43 
1 49±0,24 

85 

5.33 ± 039 
1 13 ±O.OR 

5.79± 0.67 
1.17 ± 006 

A6 

454 ±O 27* 
2 32 ± 0.43 

424:t0 22* 
2 ,4 ± 0 2R 

446 ± () 56* 
2 05±0 19 

B6 

5.05 ± 028 
1 12 ± 008 

5,25±062* 
1 84±O 26 

A7 

428±0.43 
281±037 

380=,=0.25 
272 ± 043 

4.2R ± 0 43 
272 ± 027 

B7 

452±O.30 
285 ± 026 

478 ± 034 
2,77±0 34 

and bandmg pattern to pA 7, contaming a centromenc band 
and a telomenc band on the end of the long arm, 

The banded karyotypes lf1 the wtld spe('fe~ 
P. alpmum ssp rhaetlcllm 
Both of the acce,>slom trom thl~ "pecle,> were round to 

be dlplOld, \VIth 14 chromo~ome~ and 111 most ca"es one or 
two B-chromosorne,> ln It~ chromo"ome complement, there 
\Vere two ~ubrnetaccnlnc and flve metacentnc chrommome 
paIrs, wlth the length~ ranglllg From 4.28 to 7 27 /-tm. In thls 
l!1ve~ttgatlOn, one ,>atelhted chromosome paIr (the slxth) wa~ 
Idenllfled for thls '>pecle~ The delalled karyotype data can 
be ~een m Table 2 

The karyotype of thls specle~ \\as further a'isayed by the 
C-banding techml)lIe The banded chromosomes and the 
IdlOgrams of the C-bandlllg pattern arc shown ln Fig. 2b 
Il can be ~een trom thts fIgure Ihat ail chromosome~ III thts 
speclc,> are banded at the cenlromere and on enheJ or bath 
end~ of the chromosome'i Two chromosome pair" were 
found to have mtercalary band,>, whlch were shown III the 
long arm ln the flr,>t chromosome and III the short arm m 
the ~econd. The telomenc band~ were dl~tllbuted on two 
dl.,lant end, of t he chromosome~ III the followmg chromo­
'iome palr~. aAl, aA2, aA3, and aA5, and only on the long 
arm end 1!1 aA4 and aA 7, A secondary con'itnctlOI1 hand 
wa,> revealed 111 the satelhted chromosome pair, aA6. It 
should be pOlllted ouI that polymorphtsm ofC-bandmg pat­
tern., between the two homologom chromosomes was round 
111 some chrom050me pair<;, ln Ihe aA 1, one chromosome 
had leloJTlellC band~ on both ends, whlle Its partn-:r showed 
oniya thlll band 011 the ~hOl t arm end 1 n the aA6, one chro­
mmome had a telomeTtc band on the end of the 'iatelllte but 
Il'' partner dld not. ThiS phenomenon was al.,o reported 111 f 
A/hum (Loldl 1983; Cal and Chmnappa 1987) t 

Compamon of the banded karyotype~ between P a/pmum 
and P pratense showed that the rnorphology and band mg 
pattern of P a/pmum \'.a5 qUlte 51mIlar to the chromosome~ 
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in the A genomc of P pratense. Among the ~hromo~ome 
complement ln p, a/pmulII, ch romosomes aA l, aA3, aA4, 
aA6, and aA7 were, re~pcct)\'ely, analogou~ to the pAl, 
pA3, pA4, pA6, and pA7 ln the A gcnomc of P. pra/l'me. 
Slight difterenccs 10 bandlng were found ln anothcr two 
chromosome palr~ A ,hort-arm mtercalary band was tound 
ln the aA2 chromosome 111 P. alplnuflI but nol 10 the pA2 
ln P. pratense The aA5 ln Pa/pmI/ill had a Iclomenc band 
on the short arm, ,.,hlle the pA5 lJ1 P pratell'le dld not 
These data ~uggest a cime relal IOmhlp bctween the gellome 
af P. a/plf/IIIII and 1 he A genome 111 P praten::,e 

P bert%nll 
LI"e P. a/p/f/U/11 , P bello/unll wa, faund la be dlplald, 

with 14 chromo,ome~ lf1 ail e\,1I11111ed dcce~'lom. Tht· 
"aryatype data arc presented ln Table 2. There \.,ere two 
chromosome pair,> that \\ere ':>ubmetacentrtc and fJ\e 
metaeentnc, The '>l'''th ~hromo,>ome had a satelhte The 
C-bandtng treatment of the chromosome,> levealed ahun­
dant hetcrochramatl11 lJ1 Ihe P. berta/onl/ complement A, 
!>hown 10 Fig 2e. the hcterochromatlll wa., mamly 
dl~trtbllted tn telomenc and centnc reglom, "mllar ta the 
case~ In P a/plll/lln and P prateme <\11 the chromQl,omc~ 
ab~erved ll1 thl~ ~pCCI\~, \\cre found to carry telomenc band\ 
Among them, ftve chromo\omc pail \ (bB l, bB2, hE3, bB4, 
and bB5) had IWO lelomcrIc band~ and the alher,> had Ollt.' 
tclomenc band, whlch wa~ locatcd tn the long arm ln com­
parison \VIth the telomenc band .. , the CClllrOrnCrtC band 
~eemed to be thm and \ arlable A!though 1I1 ~omc ccli,> lhat 
were trl metaphasc, ail chromo<,omc, wei e ,hown to have 
the centromeTlc band, III many ccll~, e,peclally th()~e tn pro­
metapha'it:, only two or threc patr~ of chromo,>ome~ were 

balltlctl at the ccntrolllere,:> IlItelc,llar:. bamh \\ere fOlilld 
III four chromo,>ome palr~. In the bB 1 and hB4, ,111 1Il1!.'1 
c,tlary band wa\ pre,ellt III the IOllg arm (he hB2 dl101l10 
,>ome contailled two IlIIerullary h.!t1(h loc,lted 111 lhe IOIl)! 
and ,hon arm~, re,>pectl"ely 1 he bBl cOllt,lIlled OIll' Illt!.'1 
calary banJ III t!le ':>hort al III A .,cclllltLIl y u)ll\tnLl JOIl h.tlld 
Wil, fOllnd 111 the bB6 chrommonll' l'O!\IIIOI pill'Ill Il! 

C-bandlllg pattern,> between hO!l1ologoll,> dlf(JIl1()"OIllL'~ \\,1'-

1 Oltnc\ trl the bB2 chrol11O'>olllc pail, wIJel e olle etH OIl1O\OJlll' 
had an lIltcrc,llary b,llld III thc .,horl ,lfIn hlll Ihe othl'I dit! 
not 

The J...aryotype,> and ( -IMlldlll!,' (l,llIl'llh \\ell' L!Jll1p,lIl'd 
between P he, /0/0/111 ,md /' !ifll/ef/\(' 1 he )!CllOlIll' III 
P hert%ntl ~eell1eJ 10 makI! the ~el\ome B 11\ l' Ilfll/('II'f' 

111 tel In'> nI L1uonlo\on!e l1lolpholo)!~, IlIdudlllt.' 1 Ill' kll"l Il, 
and arnl ratio, ail tlle LIIJOIIIO\Ol11l'" l'\11 pl 1)11< III 
P !Jer(o/Ollli \\ere 'lIl11l.tr ln the .,1\ \. hllllllll"tllll! ' Il, ,; .. 
gCllome B 1 hc e'\ccpIIlHl<tI dJr(HIIU'>PJlIt' l' 1 III hl,I, II, 

P herlo/Of/II, \\h'ch l' dl'>tln,!.!lI"h~d Ilo!1l pll(, 'II IJ li'I;( , 

III that the lormel b,ld.t ,all:lllt~ \\hlk Ihl 1,Itiu d" ' 
The C-bant.llllj! pdttr:rn rc\ealcd IlIlhr: /) h('fI(JI"',,, " 'l'II" 
wa., to .,anle e1(lent ~11I1t1ar r (J 1 h.tl ,110\\ Il 1(11 II. H l'l'III ,Il" 
III P pra/eml! Four cltrornmolllc, (!lB l, hl!', ilB l, ,IIICI 

bB7) ln the lorlller had c\L.udly 'IIL' ,aille h.llldll 1 !-' P,lttl'11i 
a, the four mcmbcr ... (plll, P H2, pIn. ,1IId pB7, 1 l "IW\.\I\d., 1 
III the I,ltt<:r Wh<:n the bB4 and pB4 \\Cle ullllpdrcd, "ni Il 
had olle ccntrorneflL. balld and tv,o IL:loIl1CIIL h"/Ill-. dml v,r:1<' 
nnly dltleretlt ln thJ.llhl' long ,mil (lj the former lI.ld .III 
lPlercdlary bdllJ whtlt: the ot her 'rKlIC' JIU 11<11 Kl'l.tll\ \'1\ 
greater 'vanatlon III oalldlng pattern, hel\\L'L'n 1 hc,(' 1\\" 
geno!11c,> ()L.currcd ln the rem,lIl1l1lg t\IO I.lrrolllO\IH1Il\ 1 hl 
bB511l1h<: p, her/olof/II gellomL' \\a, dl\crgellt Irolll Ihe pB" 
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1 Il, ~ 1 h~ b.\IIdl'l! 1..11 \\'\\l'~' and Id\ll);~.l.Im .. 01 (,-bandmg. p.\tlcrn .. for three Ph/el/III ~peC1C~, (a) p, pralense, wherc IWO of the 1 
\ )!l'lll \ 11\ l" .ml! t hl' 11111' ni (hl' Il i!CIl(lIll~' 01 1 hl' h~\"plold ar~ ,hOl\ Il: (b) p, IIlfJ1I1U111, where 1 he A gcnome " \hown; (c) P bert%nl/, 

Il hl'(l' Ihl' Il )!l'Il\\IlW l' ,hlH' Il Illi (h~ Ilolllcnd<l( IlIC 01 (h~ mdll Idual chroIl1mom~\, the lo\\cr ca~c letter~ "p," "a," and "b" are 
\l'l'<I (,\ \k,\g.Il.\(~ Ihl' ~\\\lC"'I'I\II\!\I\g. "'p~CIC, (' l'rCI{(,I\\l'. l'alpI/II/III. and p, /Jrrto/OI1I1. re.,pecIl\ch 



1 

l \1 \\1) III 1 II\, 

of timothy a~ Il had a leloment,;' band on Il'. ,hort arm 
wherca~ the latter had an IIlterùll.tr\ b,ln.: 111 the ,amc arm 
The bB6 wa., ddlerelll l'rom pRo 1;1 lhat thc lormcl had ,1 
'iccondary eomtnctlOl1 band \\ hClea, Ihe lattel h,lll .1 

le\ol11cnc band 111 the ... hort alrn 

l>i,clI"lOn 
The re,lIlt, \\ Ith rc-.pect to th~' chi 0I110,0I11C IlUl11bel, ln 

t he,e three ,peCle, l11elltlont:d aboq: art: III ,lgl cement \\ 1111 

01 her rcpor h (\\ lit on ,IIH.I l\.lebc'ddcl IlJ7 ~, l eppner IlJHO) 
Howc\el, the ~ar~ot~pe, ob,cnçd ln P fI/a[ell\e ... CCIll 10 
dl"agrce \\\th Iho'l: l\~pOltcd b:- \VIllon ,lnd l\.lebC'<llkl 
(1973), The m,un drtklencc l' Ihdt Ihe~ IOlllld thlee cl 11 0-
mo,omc pair, \\lIh dl ... tlllcl ,.tlcIlIlC' \\ht'Iea, l)llh 1\\0 P,lIl, 
01 ,atclhted ehromo,omc, \\ere Idel1tttled Ifl tlll' ,11Id) 1)11-
tClenee,lI1 Ihe dppcarance ,md numbel 01 ... atelllle ... ha\e 
heell no!ed pl eVlOu,ly betv"ccn blOI) pl:, 1!1 1 hc gra" 1.111111\ 
1 n TI//IC/lln 1/1 0 I/()(,() ( CIII/I 1.. \\ herc '1 \ bllll~ pc.., \\ l'I l' 
analy<,ed, only 1 \\ 0 had '>,llelltte., olt hl' "tlIlC appea l.lllll' 
\\hlle the aIller, \\ere ,1I1 d1lkrenl. t:\cn \.lI~lI1g III tht,;' Hum­
ber 01 pair, (W,llIle., ,tIld Klmbel 19n) \\'hlt..: thl'IC l' LOIll­
pelent ... ampllllg 01 thc plalllIl1dlCIldlIII b0111 thc \\olh 01 
\VIIlon and "kbe,,\dd and !hc pn.:-.enl \t\\lltc,>, Ihe l111mbl'1 
of blot)pe\ ... tudlcd 1" (00 ,mal! to dldl\ am llll1dlhlOIl, 
aboul \Ihat l'il ,ldlld,lfd haryot)pe 111 IC"I)L'CI tu \;ttellllc, 
1'01 Illllothv ln Iig 20 tlll' ,hltt II1lhl' \.unllguI,lllon ollhc 
kal~ol~pe IIllc,pCLlIO ,1 ,aldltte 1" 1l11l,llaled Il'' thc bB(1 
Ilom thc dlplOid fhal dtW\ nol ,tH'" d \atl'lllll' 1\11\.'11 I1ll\'>l­
poraled mte Ihe hC\dplOld !\ ,1 111 1 l.tr phenO!1lClllIIi ha, ,\ho 
bccn rcported 1!1 1\ he,lt 1 he dlplold 7/ illt'II"I /I/()IW( (I( llllll 
l ,\\hlch ha, 011': or t\\O pail \ t'I "atclltlc,. Jcpcndlng on 
the biotype (\Vaille,> alld l\.1!l1bl'r 1973), lO/llllbul .... , Il, 
A genoll1c 10 lire h.:\aplold \\'hCdl T (/<'1//1'11111 (Rtlcy 1%5) 
Howe\'cr, the kal\'otype ot thepol:-plold \\hl'.1I, AABBDD, 
c\hlbtt., only 1\\0 p,lIr, 01 ,alelllteu ChIOIllO,Oil!l", 1 B ,md 
68 (Gill 19R7), \dlllh Ihmc 01 the A gcnol1lc nol hell1!! 
detel'ted Although the rncchalmrn 1" 1I1lkllt)\\Il, Il \\ould bc 
rea,onable to \uppo,e Ihal part 01 the addfllallon 01 the 1Il'\\ 
polyplold l.ell Ilouid be to ,uppre".., ,0111l' 01 the IDNA dllll­
Il)' 10 Ihe rOlllt Ih,1I thc end 01 thc l.'hlol11o,ol1le l'ould 110 
longel be rl'l'oglll/cd a, a ,dtcliite 

ln addition wc tnund Il diltrcult to ,l"lgnlht.: f> f1/(/(ellll' 

ehrorno~ome, ItIlo threc ,1I1111al group, lO!I\I'>ll!lg 01 ,c\cn 
.:hromo,orne, 1!1 thc \\a)' th,1! Willon ,md Klelw'.Idd dld 
J t 1'> dcar 10 ll~ thal t\\ 0 "eh nI \c\ en chromo,nme, arc \ er\ 
.,Imllar 10 the l'Olre,pondlng l'hro!ll()~ol1le" \\ tille Ihc !hlrd 
'>1.'1 01 ,c\cn l, dl,tlllglll,hablc Irom IhC!1l 

Onc al 1 he IIHl e<lrllcr hYPol he,c\ col1"ldercd 1 h,lI 
P prutell\e', arrgtll \\d" b) \\.1) 01 dll{)polyplnld~ ln "lIP­
porI 01 t!m eon~epl, Grcgor ,l!1d ",amome (1930) obt.tIlKd 
tnplOld h) bnd .. (21/ -=- 21) lrom lTO,.,lIlg dlplold P I,ra/efl\(, 

(2n = 14) wllh tClldplold P (//fllf1/{f1I (2n c 2~) l'iom Iim 
hlghly "tcnle tnplOlt!, 1 our he\aplolJ pianI'> \\ cre obi allled, 
one of \\ hl ch prO\ ed cr ll",-!el ttle \\ Il h 1 he !1dtur,tI he'\apl<)J(1 
p, flru/('fI<;(' l hl, Impllcu thal P flw/eflse Tllight hl' .Ill 
allopolyplOld (lI d dlplOld P fJrt.11eme (211 - 14) ,lIld 
Ictraplold p, a/pllll/Ill (211 co 28) !\lul1tll!1g (1'135) lurlhcr 
conduded thal the he'\aplold p, praleme (2n - 42) mal he 
an allohc\aplold dl Ica,1 Ill\ 01\ mg the gcnolllc (N) 1101\1 
P lIodosom l he gcno01ll LOn,1 tlut Ion I!I P pra/efi\e 1\ d, 
eon,ldclcd 10 he NNAABB (!\lunlllng IlJ35) or 
NNAIAI;\èA~, \\here AI and ;\~ dfe ,ulllllcntl} homolo-

gOll', to pel 1\111 IOIIll.llllHlllf hll.lklll' ht'I\\Ù'1l dll"lllll"llIl., 
01 Ihc 1\\0 ge!1()!1lL" (:\llI!lt/lIlg .lIld l'I.l~kt'll Ill·lIl) ln ,Ill 
( 1941 ) 'Iud Icd h,lphlld pl,l nl\ nt l' /" a/ol\(' .Illtl 1 III 1 Il cl 'l'l,Il 
bl\,t1cnt' .tnd "'1.'\CtlUIIII,lklll'. "Il'hhll'" (111'\(l1 ulll\lIIl'lIt,'d 
th,\I .,lllle Ihl') t,pl~.I11\ Inllll .,L'\l'II hll,lIl'llh .III.! 'l'I l'II 
1I1l1\,Ikllh, thl'II !!ClIlllIIl~ !llllllld,IIllU.,t bl' \ \1\ ,lIld Ill.!! ,'1 

IhL' dlplmd \ \ \ \BIl 1I\l\Il'Il'I, f\;\lI,kl"~I,\ld (l'III. l'II", 
IlJ49j, h,ht'd llll hCI 'Iudlc, ,1111\"11.1, hl'II\"lll /' l'I,iI,'I/',' 
,md I) 1l()(/t"O/1I ,\I\d f> al/'lllfIIll, 1'1'11"",,1 tll\' dlll.1l11l 

pUlllt III \ICII th,11 I1l'\dpll lld /' /"11(,'1/',' Il,1\.I1l ,1111111,1,11.1 
dl'\dopL'd 1101ll I} lIo!lU\11/1/ 1 lit' nld,'II" '111'1"'111111' Il, 1 
h\'pot he,,, l' 1 !J,\! 1 hl' ,II 1 Illl I,ilh ." IItlll'\I/l'.1 hl'\.II'I"ld ,,1.1111<. 
01 /' 110r!O\(}11I \\l'IC Illlllld 1(1 Il.1 \l' \111111,11 dll 1l1l1lI\"III.II 
bdl"\ 101 III 1l1l'IU.,I' III 1 lit' ht'\,ll'Illid /' !'/(I/I'/I\(' ,llltl ,il ... " 
Ihc\ \\l'IC clll-,.,-ll'lllk 1\ltlll'ddl olhl'I Il ,11(1uld hl' 11\III1lL'd 

Oll! Ih,\! dlpll)ltl l' /"(/(1'1111 (2/1 1 H ,llld /' I1Ur!O\(1/11 

1I',t'd 111 ea 1 hL'1 Il III h 1t1l!! Il 1 Il.! \ t' hl't'II /' /1,.11 "/U/II/ \, Il li cl 
IIlg III 1IIIIllplllll'" (jI)SOl. dlpl(1ld l' /1/11/1'1/\(' "Hild ht' 
a""I,l!lIcd III P /1/(/(('1/\(' "'p /l('lfuful/ll III .tddl!I'"1 1\1 dll'I'lld 
il hell%l/II (211 I·n, ,\Il ,1\11\\tcll.\pl\l1l1 \II Ihl' 'l'l'lit' 11.1' 
bCl'lI plodUl'l'tllol hl l'l'dl Il!! l'Ill (1l"l" (Blll!! ,llld 111"1\11"111 
IlJX6) ,\tUlIdlll,l! III \\ illolt ,lIId J."ldll"dlkl (1 (171) ,111.1 1\<11 
1111 (!9ïh), l' /WlI%l/l/ Il,1'' 1'11'\1(10,1\ ~1I(l1111 l' 
l' !/Or!OIO/l1 1 hl' ,11IOllh)'\lllll' .t.,."ILldllllll ,1I1t! hl'II,III"1 III 

111l'1(\'" ui polkn IlHlllll'l ll'II\ III IIndplllld IIIItOIIlI \\,'Il' 
l'\l1l'lll'd to hl' ,,\1 IIIQHlIt.!I11 !!lIllk IOlhe f1'lhpltlld Ildlllll 
llllh" .,Pl'lIC., 1 hl' hlt'Ill'I 1 1 l'qlll'l1L \ ,1\ '1II.1dll\,dt'lll' Il1lh, 
111,t dl\l"OIl 01 Illl'II"I' 111/' (",I/I'I/Ir' Il'polll'd b, 'I\l'l\ 
(1944) 'Cl'Illl'd tl' 'lIPIHllt Ih, ,II"pllhpl("d '11(l1l1t ':Ilil 
11I1l'ol \ \BI!I j> l'/II/l'II\!' 1 IIlI\ CI l'I , t\J"ldt'll'hl(lld(I'I~") 
1 l'pOl tl'd ,1 \. CI \ 1,\\\ ! 1 L'qULlll \ \II q\l,ldll\ ,Iklll ,111.1 ,,1IlL'1 
Illulll\,dl'ill IOlllldllllll III Ihl' IIll'lll\l, III l' 11/11/1'1/\1' 1111, 
hlou!!hl IllIll ljUl',IIOIi Ihl' Ullllllhullllll 01 1 hl' 1111111111.1111)/1 
llolll1hc IllCIO"" olltl'\.tpIOld" /1111«'1/1(' III Iltl' IlIllh-"\.llld 
Ill,!! 01 pohplOld Il.tIIlIC ul Ihc l' 1'111/('1/11' ,'l'II,)(lll 

Inuul ,llIth, thl'c\:delllt' IIOIll Ilrl'.II1,!lI"" <lI ( /l,IIl\kd 
k.llyot\PC' "L'elll\ III ,Upptlll Ihl' l',lIllll hll'Illirl"'" jlll)flll\ld 
b~ (1leglll ,IUti "Idll,nrl1l (l'no), \111111/1111' .iIHII'I.tUtli 
(!940),dlld<"khblll,(1950) ()lIllt",IIII"hll\\ Ih,ll!\\"'ll, 
01 ~l'\ClIlliroll1()"OIl1C'.IIl'\t'l\ '111111,11 IlIl,,1L1i olhu lOI III< 
L(Hll'\pondIU)! IUdl\ldlidh III ~.tllol',pl' il1'lIJlhlllll~\ ,llili 
(-h,llldHll! pdUl'lll, I\hdl' ,111<)1111'1 \L1 III 'l'\lll '''llll 
dl~llnglll,hable 1 he 1\lll '111111.11 dlltllllll,(l111l' "tl' 111.1' 
bctol1!! ln thl' '.Illll' )!l'1l01Ill' (li 1111'111\ 1I01l1\Iltll!\lIl" l'l'lWlll .. 
1 hl')' hall' bl'l'Il dc,lglldll'd ,!,- 1!1'IIPIIIl 1\ 1 Ill' olliei li Il l' 111.\\ 
belong 10 d dJllul'll1 ,l!elllllllC, dl'''l'lloIll'd .l', 1!lllllllll B 
1 hClcltllC, Ihe )!l'1l01llIl IOIIllIlI.t (II /, I)fUII'l/ll' ,II,"1Id l" 
,\ -\B 1 hl, IC\UII llllllcldc\ \\11 li Ihl' l'dl III 1 oh\l".III'111 ,,1 
II1l'lll", ln h,q,(llid I) Ilft/(el/Ie \\ IIUl 111' .. 1 IL Il'' .11111 " ' , Il 
11111\ ,1Icnl' IICI t: IOllnd (1 l'l,Ill 1'),ll! 

Ihl' lllrllp,I!I\OIl ,,1 ( h.llldul f,lIllll\jll' 1",1 Il 
P IJllI/('1/11' ,llld I) aill/ill/lll ,I:rd 1',1 l' (lll /' J ,( Il (' ,llld 
P /J<'I/O/(J1I11 III Illl' .,Iulh IlIlplll' 111.111\1, III \ ,,\ 
l' /11(//('1/1(' \Id" likl'II dOIl.rll'd hl /' ,tI/"", 1 111,( 'II' 
,l!CIlIllllt,: B \101., III'L'I\ dOll.llcd 11\ l' /J"II 111,," Il \' .. 11', Il 
c\ldl'lIlC Il o III dlllcll'III 1'1\t,:,llg,IlI(lIl' Id' "1 J' l" Il,111/''' 

,1\ .t prngl'llilol 01 /) /1/11/1'1/1(', Illl'/,l' Il'' Il! ,l, !l, , 
1) Illa/el/lt'l' lOll\ldl'lCd ,111 dIlIOlll'\dplllld 'II Il! ,dl,,,,, ',1 
plolel NC\l'rthclc\\, ,oml L\ltkllll' 110111 ,.111111 Ill"If' 
(Nordell'klold 1941, Il)4'iJ 'l'l'IIi<, 1II11.1\1)(,dl!c 1,,1 l' 11//11111//11 

d~ a progl'llItof Ldndlddlc iii IlIc<<: IqW!!'., II\!' h\hlld 
bc!\\cCIl J> !Hl/('III/, (21/ .12) .111.1 l' 111/1/1111111 1llllll'dllc'" 



(d "()\II \(>1 '4, l'J'II 

~alllclc\) wcrc LOlllparcu wlth the hybnu~ bct\lccn P pru/eme 
(2/1 42) allu /) !lor/m()11I (/) IWrlolul1l1) (211 - 14 anu 
211 2X) r he /e~ult ~h{)weu thdt the hybrtu~ lrom 
/, /Iw/el/\(, P ulp/f/llm dpreareu clbnorm,t1, mduulIlg IllW 
<,I,tf'dlty, ~tcnllty, ,md Irrq.!,uldr hchdVIOI 01 lllromO.,omc~ 

IIll'I(}~I\ III U)llt 1 a~l, t he hybnd~ 1 rom P pru/ense-
1I(1t//II/l1I1 (l' /Wf(oIOIlIl) hehavl'd norm,Jlly rherclore, 
",l, Il,kIOld LOJlLludcu th,lt P alplfwm 1'> llllhkcly to PaJ­
'1.11' III Ihc IOIIll.ltIOIl 01 thc gcnoll1e III P pru/ense. 

1 l 'IL IlIJl p011l1 01 \ICI\, Ihe l:\llknle Irom NOtden.,k,old\ 
l, " <111(\ IIllt ll'pUUldtc thc hypothe'>l'> that P UIPlIIlllI/ 

"II III Iltl prO)!l'llltOI'> 01 P jlra/ef/!'(, 1 he rea~on 1'> that 
" ,1" "11I1I!lll lOll\lllullOIl Hl!) pra/el/se", lIlueed J\J\J\ABB 
, , \ III' Il \ IIOIlI 1) 1111'''111111 ,mu B 1 rom P herlolollll), 

l, \ 111,,1 hcl \H:t.:11 1) IJllI/l'me (he\,lpIOld) and P bel (olof/II 
I,,,d) \IJlI hdve the !!eIlOn1e pattern 01 J\J\BB or J\ABBB 

, dUll'li )!dlllctc 111 l' her/olof/II), whiie the hybnd Irom 
:1I1I11'f/IC' (he\aplolu) - P a/plllimi (dlploa.!) \\111 halc 
\ '\B (II I\AA/\B (umeuulcu gametc Irl P alplll1l11l) ln 

.le 'l' lu III" thc le,>ulh leporteu hy Nordemklold C,Hl reaully 
,'e l\pl,lIl1ed Ihe aben,lI1t heh,lvlor 01 the hybnd Irorn 
l' II/all'I/\(' /' all'/ll/ll/l Illlfht he ,lltnbllteu to II'> 
IIl1h,JI,IIHed genOllle Ul/I',tllutll11l, 111 \\ hlch ollly olle copy 
(Ii the Il gl'I1011ll' c\1~teu On the othel hand, the hybnd Irom 
l' il{a/c'II\!' - l' !Iel/%f/II rU"c\~l'd ,1 bal,IIILcJ genorne 
.,tIIlLIIIIC, wlllch LOllt,lIlled at le,l\t Iwo l0!l,e'> 01 ellher A 
,li B, .11IL1llm IllI)!hl .ILlOllllt lor 11\ lluIIll,,1 bdhlvlor III blol­
(l)!\ ,lI1d L \ lolo!!1 

III addltHHI lu dllol11O<,ollle ob\L'natloll ,lI1d Intcl'>pcclllc 
h\'hlld Il1\e~tlg,ltloll III Ihe e<lll\ ,tudll'~ 01 Ph/eulII '>P(CIC'>, 
.,nlllc ~tlldle,> \Il'IC ,11'>0 l,trlled out 10 Ic" ,nhentame mode)., 
01 Indl\ Idu,1I gCIlt' lOCI 111 the hl'\.tplold P p/ale!15e by u.,mg 
lhllllOpll\1I 11I.lIkeT~ (We\l'l,>cll )941, Myer,> 1944; 
NOldemklold 1,)5." )1)54, Nld~en ,lI1d SmIth 1(59) Thc,>c 
.,llId'l'''' \\ el c lOIl'>ldel cu prom,.,lllg 111 1 hClr abdll y ta con-
111111 the pnlyplllld Il.tture ot P "fl/reme An autohcxaplOid 
\'(lilld l'\11Ihll he\.I",oJllIC ... egregallon, whlle an .tl1oh<.'xapIOid 
\\lHlld l',lubll d1'>1lI111L 01 lh~oll1ll plu,> telra",ollll\: <,egrcgatlon. 
lllllllllllll,ltel\, tLlO Ic\, IllU \\eledcalt .... !th 111 the",e,>tud,e,>, 
"0 110 lOIlLlu,l\c l'\ldl'l1u: wa~ obtamed 

III dddlllOIl III llic lhree ~p(;ele., [l'ported m tlm paper, 
l' 1111\//11/11/ .IlId l' I//ol1[UflU/1/ \\cre ,11'>0 kalyolypcd 
\1111I11I)!h the h,lIldll1g \',1'" Ilot llptlJ11l/ed 101 the,>!: t\\O 

'pl\ Il',, the pl eh 1111 Il ,11 ~ e\ Idencc ~h(med that thelr b,IIlU-
1 Ill' l'.IttCl1i 'l'emed 10 be qlllle dillerent lrom l'llher thL' A 
,II B I.'l'l1(lflll'\ \1 le,I ... 1 olle Lan eOllLluue t h,l! therl' are more 
'li.11I 1\\11 gl'l101lll'\ ln Ihl' gellll\ 

\\ 11Ik thl' ... t\ld\' 111 tl"" rq)()Jl h,l\ PIO\ Idl'd ~ome Ill1por­
\,lIlt 1111,11111.111011 \lnlh~ g~Il11l11e lOtl'>tllutlon 01 P !l!a(cnw 
111.1 il, 1'11\ III!!t'l1l'tlL lt'latll'l1'>hlp \\1tl1 "'Ollle \\lld reldtI\C~, 
1IIIII1l'i \\ \II ~ 1111 1 hl' IlWll'llll.t r ,l'peet ,., 1 eqlllred to 1 cm 1 orec 

l 'illtl.lI LllIlclll,,'On., III ,1\\ Il 111 thl~ \tud~ III our nc\t ,tudy, 
·1, ','c 11l1lqll~ lit h\ br Idl/at 1011 01 gcnome-\peL'IIIt: probe, to 
'I, ,i11,\111O'11l11~\ 01 1 hl' l'Melll1l ~P~CIL" \\111 he u\eu to 

101\ the pl1\ l\lgl'l1\ 

\d.,ncm Il'dgt'lIH'nh 

Il, II" Il.1'' 'Il ppor t L'd b\ \)lr IL ult ur t' t'.m,lda The 
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